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ABSTRACT: An isotactic polypropene (i-PP) prepared with a metallocene catalyst system and two random
copolymers of propene and ethene with 2.8 and 5.7 wt % ethene, respectively (PP-co-E-2.8, PP-co-E-5.7),
were isothermally crystallized during simultaneous small- and wide-angle X-ray scattering (SAXS, WAXS)
in synchrotron measurements. Identical measurements were carried out after adding 0.3 wt % N,N'-
dicyclohexyl-2,6-naphthalene dicarboxamide, a S nucleating agent (5-NA). All samples form the
y-modification to a certain extent. WAXS data show that the a-modification is predominant in i-PP, PP-
co-E-2.8, and PP-co-E-5.7 isothermally crystallized without 3-NA at temperatures below 125 °C. Adding
B-NA leads to significant amounts of the g-modification at all crystallization temperatures in all three
samples. Thus, the three modifications can be tailored by the crystallization regime of the nucleated
samples. The simultaneous occurrence of the three modifications has also implications on the SAXS data.
The formation of the y-modification in addition to the a-modification does not lead to a one-dimensional
correlation function K(z) with two distinct long periods or lamella thicknesses. In contrast, the formation
of the p-modification results in a long period which can be distinguished from that of the other

8775

modifications after generating K(z).

Introduction

The different crystalline modifications of isotactic
polypropene, denoted as a-, -, and y- modification, have
been a topic of research for more than 40 years. A
predominant a-modification can be suppressed by the
occurrence of the y- or f-modification. The y-modifica-
tion, unique in the field of synthetic polymers due to
the nonparallel chain packing of the 3;-helices in the
unit cell,* can be induced for example by the application
of high pressure during the crystallization process,?2 in
random copolymers of propene with 2.5—-20 wt % of
other 1-olefins,*~10 by the crystallization in shear fields,
by using very low molecular mass samples, or in
isotactic polypropene samples prepared with a metal-
locene catalyst system, due to structural defects.11713
Quenching conditions in order to obtain the S-modifica-
tion of isotactic polypropene were discovered by Padden
and Keith!415 and by Turner-Jones et al.1®6 Nowadays,
a number of nucleating agents to achieve the formation
of large amounts of the -modification are available.17.18
The g-modification is also unique in the field of crystal-
lization of synthetic polymers due to the frustration
phenomenon in polymer crystallography.’®?° From a
practical point of view there is some interest in the
p-modification of isotactic polypropene caused by an
improvement of mechanical properties.'” Energy calcu-
lations show that the p-modification is less stable
compared to the a-modification and that the y-modifica-
tion is even slightly more stable than the o-modifi-

* To whom correspondence should be addressed.
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cation.?1=2% The hexagonal P3; space group was assigned
to the S-modification.1920.24 The orthorhombic unit cell
of the y-modification is due to Meille et al.?> with
experimental confirmation by Lotz et al.?6 A general
review on the crystallization behavior of isotactic polypro-
pene is found elsewhere.?”28 The assignment of the
WAXS reflections was provided by Natta et al.2® for the
monoclinic a-modification and by Briickner and Meille!
for the orthorhombic y-modification.

In this work it is demonstrated that the s-modifica-
tion can be introduced additionally to the o- and
y-modification when propene—ethene random copoly-
mers are crystallized in the presence of a s-nucleating
agent (3-NA). The ratio of the crystalline modifications
can be tailored by the copolymer composition, the
nucleating agent, and the temperature regime during
crystallization. Three samples are used for crystalliza-
tion experiments: neat isotactic polypropene prepared
with a metallocene catalyst system (i-PP) and two
random copolymers of propene and ethene with 2.8 and
5.7 wt % ethene, respectively (PP-co-E-2.8 and PP-co-
E-5.7). N,N'-Dicyclohexyl-2,6-naphthalene dicarbox-
amide is used as a §-NA.17 The crystallization is studied
by simultaneous wide- and small-angle X-ray scattering
(WAXS and SAXS) experiments using synchrotron
radiation.

Experimental Section

Materials. The samples used for crystallization experi-
ments were provided by BASF AG. One neat isotactic polypro-
pene was prepared with a metallocene catalyst system (i-PP)
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Table 1. Characteristics of the Polypropenes

ethene  ethene
content content  Zgefects Mw Mw/  Tm
polymer  [wt%]2 [mol %]2 [%]2P [kg/mollc My¢ [°C]d
i-PP 1.1 280 2.0 150
PP-co-E-2.8 2.8 4.0 n.d. 236 4.3 150
PP-co-E-5.7 5.7 7.1 n.d. 232 4.3 145

a13C NMR spectroscopy.  Calculated according to Fischer et
al.!l ¢ GPC. 9 DSC, heating rate 10 °C/min; n.d. = not determined.

and two Ziegler—Natta type random copolymers of propene
and ethene with 2.8 and 5.7 wt % ethene, respectively
(PP-co-E-2.8 and PP-co-E-5.7). Table 1 summarizes the char-
acteristics of the polypropenes. All polymer samples contained
0.05 wt % Irganox 1010 and 0.05 wt % Irgafos 168 (both from
Ciba Speciality Chemicals) as stabilizers. The nucleated
samples contained 0.3 wt % N,N’'-dicyclohexyl-2,6-naphthalene
dicarboxamide, which is known as a highly active S-NA
without staining effects.'” It was obtained from New Japan
Chemicals under the trade name NJ Star NU100. The melting
point of the 5-NA is 405 °C.

Compounding. Introduction of the 8-NA into the polymer
was achieved by using a ZSK25 corotating twin screw extruder
(Werner&Pfleiderer) at temperatures between 190 and 230 °C.
Prior to extrusion, the polymer granules were coated with the
S-NA by mixing the respective polymer and the appropriate
amount of 5-NA by using the RRMini tumble mixer (Engel-
mann).

Equipment. Differential scanning calorimetry (DSC) mea-
surements were performed by using a Perkin-Elmer DSC7.
The samples were heated from room temperature up to 220
°C applying a rate of 10 °C/min and subsequently cooled to
—40 °C at the same rate. By heating the samples again to 220
°C (at 10 °C/min), the melting points were determined. The
crystallization is studied by simultaneous wide- and small-
angle X-ray scattering (WAXS and SAXS) experiments using
synchrotron radiation at the HASYLAB synchrotron labora-
tories at DESY, Hamburg.?° The samples are melted at 190
°C and then isothermally crystallized at various temperatures
between 105 and 140 °C. The data are taken until the degree
of crystallinity remains constant. The wavelength for observa-
tions was chosen equivalent to the Cu Ka radiation at 1 =
0.154 nm. The measured SAXS intensity is corrected for
background scattering, and then the one-dimensional correla-
tion function K(z) is calculated by cosine Fourier transforma-
tion.31’32

K(z) = L “475°1(s) cos(2sz) ds (1)

where | is the scattering intensity and s is the scattering
vector. From the correlation function the values for lamella
thickness, long period, and crystallinity are determined.3®

Results and Discussion

One metallocene i-PP and two random copolymers of
propene and ethene with ethene contents of 2.8 and 5.7
wt %, respectively, have been used for crystallization
experiments. All neat samples were crystallized, or 0.3
wt % S-NA was added prior to crystallization experi-
ments. All samples show in their WAXS traces a
nonvanishing y-(117) peak at all temperatures applied
for isothermal crystallization experiments. Figure la
depicts the WAXS traces obtained after isothermal
crystallization at 105 °C. The i-PP without -NA crys-
tallizes predominantly in the a-modification, and traces
of the y-modification can be observed. The random
copolymers have a larger amount of the y-modification
compared to the i-PP sample. The o-to-y ratio can be
influenced by the crystallization temperature. This is
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Figure 1. WAXS traces obtained after isothermal crystal-
lization (a) at 105 °C for i-PP, PP-co-E-2.8, and PP-co-E-5.7
and (b) at 115 °C for i-PP and g-nucleated samples of i-PP,
PP-co-E-2.8, and PP-co-E-5.7 with 0.3 wt % -NA each.

typically observed for metallocene i-PP and discussed
in detail elsewhere.'12” The g-modification can only be
observed after the addition of certain nucleating agents.
This is demonstrated in Figure 1b. The peak maximum
of the reflection in the range of approximately 15° < 260
< 17.5° is shifted to smaller angles for samples with
B-NA compared to samples without 5-NA. This is due
to the fact that the chosen resolution for WAXS mea-
surements in the high-temperature regime does not
allow for separation of the a-(040) and y-(008) peaks at
about 20 = 17° 10 and the 8-(300) peak at 26 = 16°. Thus,
the shift of the peak maximum in the WAXS traces of
samples with -NA is due to the overlap of the two
reflections. The same phenomenon occurs for the peak
in the range 21° < 26 < 23°. Also, this peak is composed
of several reflections of the different modifications. From
the WAXS measurements the crystallinity ¢ of the
samples can be obtained to be in the range of ¢ ~ 0.3—
0.4 for all samples in the high-temperature regime.
Quenching the samples to room temperature after
isothermal crystallization at various temperatures leads
to different WAXS traces as can be seen for i-PP in
Figure 2. It is most characteristic that the reflections
in the ranges 15° < 20 < 17.5° and 21° < 260 < 23° are
separated and can be assigned to the different modifica-
tions. While the crystallinity increases to ¢ ~ 0.8, a
decrease of the amount of g-modification in comparison
to the o- and y-modification is detected after the
guenching procedure when compared to the samples
before quenching. This is in agreement with literature
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Figure 2. WAXS traces obtained after isothermal crystal-
lization of i-PP with 0.3 wt % 8-NA at different temperatures
and final quenching to room temperature.

data which indicate that the -modification can only be
obtained at crystallization temperatures above 100
°C.3334 From the peak heights h, of the a-(130) peak
and h, of the y-(117) peak, the ratio X, = hy/h, can be
evaluated directly.’® But the relevant peaks for the
determination of X, have only a small intensity at high
temperatures, so the error in X, is large. For the
samples quenched to room temperature the calculation
of the ratio is more accurate. These samples have at
crystallization temperatures of 125 °C and above a ratio
Xay of about 0.6 + 0.2. For higher crystallization
temperatures, this ratio decreases very slowly. At
temperatures of 120 °C and below, there is a significant
difference between the samples with and without 5-NA.
If there is any amount of S-modification in the sample,
the ratio Xq, does not change significantly, but the
samples i-PP, PP-co-E-2.8, and PP-co-E-5.7 without
B-NA and therefore without S-modification contain
much more a-modification so the ratio X, increases to
values between 1.3 and 2.0.

The i-PP sample crystallizes after the addition of 0.3
wt % [-NA nearly exclusively in the f-modification at
moderate crystallization temperatures up to 125 °C.
Nevertheless, traces of the a- and y-modification can
be detected. The addition of small amounts of comono-
mer, in this case ethene, increases generally the ten-
dency of the formation of the y-modification.’® This is
also indicated in Figure 1b where i-PP, PP-co-E-2.8, and
PP-co-E-5.7 are crystallized at 115 °C in the presence
of 0.3 wt % -NA in comparison to the neat i-PP sample
at the same crystallization temperature. Basically all
three modifications can be observed. In Figure 3a the
time-resolved WAXS traces for i-PP at T, = 115 °C in
the presence of 0.3 wt % 5-NA are shown. The formation
of the a- and y-modification is strongly suppressed. The
time-resolved WAXS traces for PP-co-E-2.8 at T, = 120
°C with 5-NA in Figure 3b show significant a-(130) and
y-(117) peaks.

WAXS measurements are able to provide information
on the crystal modification and the degree of crystal-
linity. Corresponding information can be obtained from
SAXS measurements where additionally the lamella
thickness and long period can be measured assuming a
model of lamella staples with alternating changes in the
electron density.3132 In most cases it is assumed that
the crystalline regions have a high electron density
whereas the amorphous regions have a low electron
density (an exception is for example syndiotactic poly-
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Figure 3. Time-resolved WAXS traces obtained after a
temperature jump from 190 °C to the crystallization temper-
ature: (a) i-PP with 0.3 wt % -NA at 115 °C; (b) i-PP-co-E-
2.8 with 0.3 wt % -NA at 120 °C.

Q 1.
)
§
=l 1
il
g1
) $
dac : v\
—_ 011 012 0‘.3 Of4 015 9 [o] ofe
) o
X 7
Lo 1 -I‘.. .I.. da J. d
1Q" 15 20735 30 35 40
/
/J Length [nm]
J
r J
S
B LI

Figure 4. Correlation function K(z) of neat i-PP isothermally
crystallized at 115 °C. For explanation of data evaluation see
text. The inset depicts the original SAXS trace.

styrene). The ideal model can be varied by assuming
an extended interface between crystalline and amor-
phous regions or even by proposing a three-phase
model.3> Our data evaluation is based on a two-phase
model assuming amorphous regions and crystalline
regions with uniform electron density. Figure 4 shows
the one-dimensional correlation function K(z) and the
schematic data evaluation derived for i-PP after iso-
thermal crystallization at T, = 115 °C. The inset shows
the original SAXS data. The first maximum of the
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Figure 5. Normalized correlation function for i-PP with 0.3
wt % (-NA obtained at different crystallization temperatures
after complete crystallization. The inset shows the original
SAXS traces.

correlation function, i.e., the long period dgc, corresponds
to the length of the repeating units of crystalline and
amorphous layers in the crystalline stacks.3¢ The thick-
ness of the smaller layer (either the crystalline or the
amorphous) is represented by the length d.. The “self-
correlating triangle” at the origin is framed by the
baseline, which limits the curve at the first minimum
(—B), and a straight line as linearized shape of the curve
at the beginning. The intensities Q and B can be used
to calculate the electron density difference Ap between
the amorphous and the crystalline phase. The crystal-
linity as volume fraction of the crystalline parts in the
lamellae stacks can be calculated via ¢ = Q/(B + Q) =
dc/dc, but there remains an uncertainty whether ¢ or 1
— ¢ is the correct value for the crystallinity. In the case
that ¢ is not very close to 0.5 the decision can be made
employing WAXS data. An additional confirmation for
¢ is the equation de. = ¢(1 — ¢)dac, which is independent
of the determination of B.

The samples without 5-NA do not show any -modi-
fication, and from the SAXS traces the long period and
the overall crystallinity are well detectable. Samples
with 0.3 wt % S-NA have significant peaks in the WAXS
traces for the g-modification as discussed above. The
peak intensities of the a- and y-modification in the
samples without ethene but with -NA show a clear
temperature dependence. With increasing crystalliza-
tion temperatures above 125 °C, the amount of the a-
and y-modification increases in addition to the dominat-
ing S-modification. This behavior can also be detected
by SAXS measurements as shown in Figure 5. The
normalized correlation functions of i-PP with 0.3 wt %
S-NA isothermally crystallized at different temperatures
derived from the corresponding SAXS traces shown in
the inset of Figure 5 are depicted. The measured
decreasing intensity for higher crystallization temper-
atures is due to a decrease in crystallinity and sample
thickness. From the correlation function a significant
long period can be detected for the crystallization
temperatures 115 and 125 °C. The long period increases
from 23 to 28 nm. At a crystallization temperature of
125 °C a small shoulder in the correlation function at
17 nm can be identified (marked by an arrow a,y). At
elevated crystallization temperatures (between 130 and
140 °C) the curve between 16 and 40 nm becomes very
flat. It consists of two small local maxima: one at a
shorter length close to the shoulder at about 18 nm and
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Figure 6. K(z) measured for PP-co-E-2.8 with 0.3 wt % 3-NA
after isothermal crystallization at 115 °C. Simulation of a
correlation function K(z) assuming additivity for a sample
containing nearly exclusively the o/y-modification (i-PP, T, =
115 °C) and nearly exclusively the -modification (i-PP + 0.3
wt % B-NA, T, = 115 °C).

the other one at 30 nm and above (very weak, marked
by an arrow f).

The origin of the occurrence of two different long
periods for crystallized i-PP is given by the different
equilibrium melting points of the a-, 8-, and y-modifica-
tions. The shoulder and the arising peak at about 18
nm are the result of a partial crystallization of i-PP in
its a- or y-modification whereas at lower crystallization
temperatures the -modification is by far predominant.
These results are identical with that obtained from
WAXS measurements discussed above. The crystallite
thickness depends inversely on the supercooling accord-
ing to the Gibbs—Thomson equation. The g-modification
with an equilibrium melting point in the range of 174
°C forms thicker crystallites at an identical crystalliza-
tion temperature than the o- or y-modification with
equilibrium melting points given in the literature
between 188 and more than 200 °C.%7 Furthermore, it
has been known that the typical crosshatching of the
o-modification, a kind of homoepitaxial growth, does not
appear in the g-modification.3® This may have a sub-
stantial contribution on the melting behavior due to the
fact that the crystal thickness of the crosshatched
lamellae is thinner compared to that of the mother
lamellae. This may lead to the appearance of two
melting points of i-PP in the o-modification after
isothermal crystallization at one supercooling temper-
ature.

The random copolymers PP-co-E-2.8 and PP-co-E-5.7
with -NA show in all measurements large amounts of
the 5- and y-modification, even at crystallization tem-
peratures between 115 and 125 °C. This distinguishes
them from the i-PP sample with g-NA, which crystal-
lizes in this temperature range nearly completely in the
p-modification. In Figure 6 the correlation function in
the area between 10 and 30 nm for PP-co-E-2.8 with
B-NA isothermally crystallized at 115 °C is shown. In
Figure 1b the corresponding WAXS measurement is
represented by full circles.

The complete correlation functions are depicted in the
inset. A single long period cannot be detected; the area
is flat and extended. The shape of the curve can be
simulated by a simple combination of the measured
correlation function of an a- and y-rich sample (i-PP
crystallized at 115 °C, see Figure 4) and a -rich sample
(i-PP with -NA crystallized at 115 °C), as indicated in
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Figure 7. (a) Time-resolved correlation function K(z) for i-PP-
co-E-2.8 with 0.3 wt % [-NA obtained at a crystallization
temperature of 115 °C. (b) Enlarged area of K(z) in the range
of the first maximum.

Figure 6. Although the samples differ in their ethene
content, the simulated curve derived from an addition
of the single correlation functions fits the experimental
findings quite well. The different long periods can be
distinguished from each other while the thickness of the
crystalline or amorphous layer from the first minimum
of the correlation function yields only a single mean
value. The measured value is determined by the thick-
ness distribution of crystallites, which is not sharp;
otherwise, a plateau in the correlation function arises
in the range of the first minimum.

In Figure 7a the time-resolved correlation function
K(z) for i-PP-co-E-2.8 with 0.3 wt % [3-NA obtained at a
crystallization temperature of 115 °C after a quenching
step from 190 °C is depicted. To identify the tempera-
ture dependence of the long period, an enlarged area of
the correlation function K(z) in the range of the first
maximum is shown in Figure 7b. In the beginning of
the crystallization a peak at about 42 nm can be
identified. With increasing crystallization time this long
period decreases to 30 nm, and after about 350 s a
second peak at 20 nm appears. As stated above, the
larger long period belongs to the S-modification which
therefore dominates the crystallization at early times.
The smaller long period is associated with the occur-
rence of a- and y-crystallites. The samples with pre-
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Figure 8. Long period and lamella thickness from SAXS
measurements for (a) i-PP with 0.3 wt % 5-NA and (b) PP-co-
E-2.8 with 0.3 wt % B-NA. The full symbols correspond to
measured values while the open circles are calculated from
long period and crystallinity.

dominantly o-modification (i-PP) have the highest crys-
tallinity of about 35% at the lower crystallization
temperatures and 30% at the higher ones, and they
show the shortest long periods between 13 and 16 nm.
With increasing y-content (random copolymers) the
crystallinity is 3% less, and the long period increases
in the same manner. The crystallinity of samples
including a large amount of S-modification (nucleated
samples) decreased for another 3%, and the long periods
are shifted to a length between 23 and 30 nm.

In Figure 8 the results from SAXS measurements for
pB-nucleated i-PP (Figure 8a) and PP-co-E-2.8 (Figure
8b), isothermally crystallized at different temperatures
between 115 and 140 °C, are depicted. The long period,
i.e., the length dg, splits into two paths if besides the
p-moadification a significant amount of a- and y-modi-
fication is formed. The long period with the larger length
scale is in continuation to the long period determined
at lower temperatures and is therefore associated with
the S-modification. The long period arising at shorter
lengths as written above is related to the a- and
y-modification. For the lamella thickness only a single
value is measured even in the case that two different
types of lamellae are present. The crystalline lamella
thickness calculated from long period and crystallinity
(determined from the d,. and d..%%) is depicted by open
circles. For samples with one dominating modification
this length is nearly the same when measuring the
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lamella thickness d. from the correlation function
directly. When two or more modifications arise with
different long periods (and lamellae thickness), the
direct analysis gives an average value of the indirectly
calculated length. The g-modification has, caused by the
lower equilibrium melting point, enlarged lamellae.

Conclusions

Simultaneous WAXS and SAXS measurements are
capable of determining the time- and temperature-
resolved formation of the o-, 8-, and y-modification of
isotactic polypropene and random copolymers of propene
and ethene. By using a metallocene i-PP, the formation
of the y-modification increases compared to the o-mod-
ification, which is nearly exclusively formed during the
crystallization of conventional high molar mass Ziegler—
Natta type polypropene. This effect is even enhanced
by adding a small amount of ethene or other 1-olefins
to the polymer. But the two types of polymers, metal-
locene i-PP (with relatively large amounts of stereo- and
regioirregularities, 1.1% defects) and the random co-
polymers where the monomer units of ethene can be
considered as defects in the polymer helix, behave
differently when a 3-NA is added prior to crystallization.
The i-PP samples are able to crystallize nearly exclu-
sively in g-modification when isothermally crystallized
between 115 and 125 °C, while the random copolymers
always crystallize to a large extent in the o- and
y-modification for all crystallization temperatures under
investigation. From the temperature dependence of the
different amounts of a-, 5-, and y-modification the long
periods, derived from SAXS measurements, can be
assigned. The long period of the g-modification is much
larger than the other ones, so smaller long periods
within the lamella stacks can be detected simulta-
neously.
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