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Abstract

Isothermal crystallization of syndiotactic poly(propylec®elefin)s (olefin= ethylene, 1-butene, 1-pentene, 1-hexene, 4-methyl-1-pentene)

was studied. The melting behavior of isothermally crystallized polymers was investigated by differential scanning calorimetry, and the

equilibrium melting temperaturér’)) was determined by Hoffman—Week's plot. Crystallization rate and Avrami exponent of isothermally
crystallized copolymers from the melt were measured by depolarized light intensity technique. The half time of crystatligaties found to

be dependent on the degree of supercooliip (but independent of the comonomer. The Avrami exponemtsf(copolymers were detected

by the Avrami plot and the averageanged from 2.0 to 2.8 for the primary crystallization process in any copolymer. The effect of isothermal
crystallization temperaturd) on the crystalline structure of copolymers was studied by wide-angle X-ray diffraction (WAXD). The WAXD
patterns of all the copolymers were similar to the pattern of Cell Il in the syndiotactic polypropylene. The WAXD pattern of 1-butene copolymer
with small amount of 1-butene indicated the existence of CelldIL999 Elsevier Science Ltd. All rights reserved.
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1. Introduction showed a clear dependence on the crystallization tempera-
ture. Furthermore, the effect of crystallization conditions on

In the past few years, development in metallocene cata-the crystalline structure was investigated by wide-angle
lysts, particularly by Ewen and co-workers, has enabled us X-ray diffraction (WAXD), and small-angle X-ray scatter-
to synthesize highly syndiotactic polypropylene with ing (SAXS), electron diffraction (ED) and solid statiC
isopropylidene(cyclopentadienyl)(9-fluorenyl)zirconium NMR spectroscopy [6—25]. Ordinary WAXD pattern of
dichloride {Pr(Cp)(Flu)ZrC}) in good yield at conventional  syndiotactic polypropylene showed three major diffraction
polymerization temperature [1]. After the finding, a number peaksat? =12.1, 15.9 and 20%&lerived from (200), (010)
of studies have been carried out on the crystalline structure,or (020) and (220,121) reflection planes, respectively
morphology and properties of highly syndiotactic polypro- [4,8—-17,19,21,24,25]. When the isothermal crystallization
pylene. was carried out at a higher temperature (more than

For the helical @g,), conformation of syndiotactic poly- 120°C), the reflection peak atf2=18.8 was observed,
propylene, three types of unit cells differing in the packing and assigned to the reflection from (211) planes. Polarizing
arrangement of the polymer chain were reported [2—5]. The microscope, transmission electron micrograph (TEM) and
crystallization conditions (crystallization temperature and atomic force microscopy (AFM) were applied to the obser-
time, etc.) were found to affect the crystallization behavior, vation to determine the effect of crystallization conditions
crystalline structure and morphology of syndiotactic poly- on the crystalline morphology [7,8,18,20,26—28].
propylene. The effects of the crystallization temperature on  However, some reports have been presented about the
the melting behavior of syndiotactic polypropylene have syndiotactic propylene-based copolymers prepared with
been studied by differential scanning calorimetry (DSC) syndiospecific metallocene catalyst [29-35]. We studied
[6—13]. When the crystallization was carried out at low the properties and structures of syndiotactic poly(propy-
temperature, a double melting peak was observed in theleneco-olefin)s (olefin= ethylene, 1-butene, 1-pentene,
DSC patterns. The first melting peak (low-melting peak) 1-hexene, 4-methyl-1-pentene) and found the peculiar crys-

talline structures of syndiotactic poly(propylene-1-

m author. Tel+81-743-72-6083; fax:-81-743-72-6089 butene) [31]. The syndiqtactic poly(propylene—l-butene) :

! Present address: Graduate School of Matérials Science, Nara Institutes’howed a higher melting temperature and crystallinity

of Science and Technology, Takayama 8916-5, Ikoma, Nara 630-0101, compared to the other copolymer_s having the same
Japan. comonomer content. Furthermore, this copolymer showed
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Fig. 1. DSC melting curves of syndiotactic poly(propylesteethylene):
(a) sample P-E3; and (b) sample P-E7.

the expansion of unit cell along tleeaxis with an increase
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Fig. 2. DSC melting curves of syndiotactic poly(propylestel-butene):
(a) sample P-B2; and (b) sample P-B7.

EX-270 spectrometer. The weight-average molecular

of 1-butene content. These phenomena suggested isomorphweight (M,,) and molecular weight distributionv,/M,) of

ism of syndiotactic poly(propylenee-1-butene).

Analysis of syndiotactic poly(propylenes-olefin)s is
stil not complete as compared to the syndiotactic
polypropylene.

In this work, we carried out the isothermal crystallization
of syndiotactic poly(propylenee-olefin)s and studied the
effect of the crystallization temperature on the crystalliza-
tion behavior and crystalline structure of the copolymers.

2. Experimental
2.1. Materials

The syndiotactic poly(propylenes-olefin)s (olefin=
ethylene, 1-butene, 1-pentene, 1-hexene, 4-methyl-1-
pentene) were prepared using isopropyl-(cyclopentadie-
nyl)(9-fluorenyl)zirconium dichloride iPr(Cp)(Flu)ZrC})/
methylaluminoxane (MAO) (molar ratio of Al/Z= 1000)
at 25C in bulk polymerization, and in toluene in the case of
propylene—ethylene copolymerization [31].

2.2. Characterization of copolymers

¥C NMR spectra of copolymers were measured at
67.8 MHz in o-dichlorobenzene at 136 with a JEOL

the polymers were determined by gel permeation chromato-
graphy (GPC, Waters 150CV) at 14D usingo-dichloro-
benzene as solvent. DSC measurements were made on a
Seiko DSC-220 under the following conditions. A sample
(ca. 5 mg) in an aluminum pan was kept at AB@or 15 min

and then quenched to the crystallization temperaftgeirf

oil bath. The sample was analyzed by heating at a rate
of 10°C/min from room temperature to 20D. WAXD
patterns were obtained on an automatic Rigaku-RU200B
diffractometer in the transmission mode using GuK
radiation.

2.3. Kinetic study of isothermal crystallization

The depolarized light intensity (DLI) technique was used
to follow the crystallization of copolymers [36—38]. Isother-
mal crystallization was carried out with the Kotaki MK-701
by measuring the intensity of the depolarized light passing
through the specimens during isothermal treatment. The thin
film of the polymer (about 100.m) was fused between the
glass cover slips in the furnace at 280for 5 min and then
rapidly transferred to the crystallization bath, maintained at
a selected temperature in the range of 80=C2@ntil the
crystallization was completed.
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Fig. 3. DSC melting curves of syndiotactic poly(propylez®i-hexene):
(a) sample P-H3; and (b) sample P-H6.

Table 1
Composition and properties of syndiotactic(propyleosslefin)s obtained
with iPr(Cp)(Flu)ZrCY/MAO

Sample Comonomer (mol%) M, (x10™% M,/M,® T2°(°C)
PP - 0 26.6 2.1 166.7
P-E3 Ethylene 3.1 10.9 2.2 143.5
P-E7 7.2 9.3 2.0 117.8
P-B2 1-Butene 2.1 158.0
P-B7 6.6 24.4 1.9 144.4
P-B12 115 132.0
P-PN4  1-Pentene 3.9 132.2
P-PN5 5.1 24.7 2.0 122.7
P-HX3 1-Hexene 2.8 140.2
P-HX6 5.6 25.7 2.0 117.2
P-MP2  4-MPT-f 2.4 142.4
P-MP4 4.2 23.3 1.9 131.5

2 Content of comonomer in copolymers determined§ NMR.

P The weight-average molecular weight of polymers were determined
from GPC using polystyrene standards.

¢ Equilibrium melting temperature determined by Hoffman—Week’s
plot.

4 4-Methyl-1-pentene.
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3. Results and discussion

3.1. Melting behavior and melting temperature of
copolymers

The melting behavior and the melting temperature of
isothermally crystallized polymers were investigated by
DSC at a heating rate of 30/min. The DSC melting curves
of typical copolymers (ethylene, 1-butene and 1-hexene
copolymers) are shown in Figs. 1-3, respectively. Double
melting peak or single melting peak with a shoulder are
observed in the DSC patterns of copolymers with low
comonomer content when the crystallization was carried
out at comparatively lowl,, while a single peak occurs in
the copolymers crystallized at high (Figs. 1(a), 2(a) and
3(a)). These phenomena were observed in the isothermally
crystallized syndiotactic polypropylene (homopolymer)
[6—13]. The double melting peak could be explained by
the reason that the sample melts at a temperature varying
with the crystallization conditions (first peak), recrystallizes
from the melt and completely melts (second peak). The
second peak almost disappears in the copolymer whose
comonomer content is more than ca. 5 mol.% (Figs. 1(b),
2(b) and 3(b)). This result indicates that the recrystallization
during the melting cannot occur due to the slow recrystalli-
zation at a heating rate A0/min in the copolymers with
high comonomer content (more than ca. 5 mol.%). A similar
tendency was reported in syndiotactic poly(propyleoet-
octene) by Kressler et al. [33].

The equilibrium melting pointT) was determined by
Hoffman—Week’s plot. The first melting peak in the DSC
melting curves was assigned 1@, at T.. The results are
summarized in Table 1 with the structures of polymers.
The heat of fusion per mole of repeating unkH,) of
copolymers was determined by Flory’s equation represented
as follows:

UTR(C) — UT(H) = —(RIAH,) In Ny,

where T2(C), T2(H) and N, are the equilibrium melting
temperature of the copolymer, the equilibrium melting
temperature of the syndiotactic polypropylene (homopoly-
mer) and the molar fraction of the propylene units in a
copolymer, respectively. In the previous report, we have
not determined the'l',?1 of polymers and hence, could not
calculate the accurate value®f, [31]. The ¥TS, is plotted
against—In N, in Fig. 4. TheAH, values of the copolymers
can be determined by the slope of the plots, and a value of
5.2 kd/mol for 1-butene copolymer and 1.9 kJ/mol for the
other copolymers are obtained.

3.2. Crystallization kinetics

Crystallization kinetics was studied on the basis of the
T2. The half time of crystallizationt(,) was determined
from the relative DLI technique at various crystallization
temperatures T¢). The ty, values of copolymers are



206

2.6
7

25r /

1UT,0 (x 103)

-InNp, (x102)

Fig. 4. Plots of 1T, against—InN,, of syndiotactic poly(propylenee-
olefin)s according to the Flory equation: propylene—ethylebe propy-
lene-1-butene [{), propylene-1-pentene<), propylene-1-hexene()),
propylene-4-methyl-1-penten@), and syndiotactic polypropylen@®j.

Table 2
Kinetic parameters for isothermal crystallization of syndiotactic polypro-
pylene and syndiotactic poly(propylese-olefin)s

d

Sample T2(C) AT®  t,°(s) n ° Ko (57
PP 80 86.7 11 230 255 2.%10°
90 76.7 14 2.12 2581072
100 66.7 30 2.79 5.2410°
110 56.7 85 2.78 3.0010°°
120 46.7 298 2.76 1.0810°7
P-E3 80 63.5 36 211 238 3.&10°
90 53.5 91 2.70 3.5810°°
100 435 294 2.34 1.1810°°
P-E7 80 37.8 1072 254 254 1.890°°
P-B2 80 78.0 13 238 231 15510°
90 68.0 22 2.15 9.0%10°*
100 58.0 60 2.58 1.7910°°
110 48.0 192 2.14 9.0410°°
P-B7 80 64.4 45 248 258 5.%107°
90 54.4 97 2.52 6.8810°°
100 44.4 432 2.74 4.1810°8
P-B12 80 52.0 82 210 223 6.630°
90 42.0 479 2.35 3481077
P-PN4 80 52.2 91 216 216 4.&70°
90 42.2 384 2.15 1.9810°°
P-PN5 80 42.7 475 245 245 18207
P-HX3 80 60.2 88 2.48 250 1.05107°
90 50.2 208 2.51 1.0810°°
P-HX6 80 372 1152 2.02 202 45407
P-MP2 80 62.4 37 224 252 2.3x310°*
90 52.4 79 2.57 9.2810°°
100 42.4 246 2.75 1.8410°7
P-MP4 80 515 203 208 220 1.x10°
90 415 470 2.31 4681077

2 Crystallization temperature.
bT0 — T, (K).

¢ Half time of crystallization.

4 Avrami exponent.

¢ Average of Avrami exponent.
fKinetic constant.
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Fig. 5. Plots ofty, againstAT of syndiotactic poly(propylenee-olefin)s:
propylene—ethylene @), propylene-1-butenel{), propylene-1-pentene
(©), propylene-1-hexene(), propylene-4-methyl-1-penteneA), and
syndiotactic polypropylene).

summarized in Table 2 and the plots @, against the
degree of supercoolingAT = T2 — T.) are shown in
Fig. 5. Thety, markedly increased aT less than 55 K.
The plots ofty;, againstAT were located on almost a same
curved line.

Isothermal crystallization behavior of polymers can be
analyzed by means of the Avrami equation [39-44]:

(1= X)) = exp(—Kqt"), (€]

whereX; is the weight fraction of the crystallizable polymer
crystallized at timd, K, is the kinetic rate constant amds
the Avrami exponent, respectively. Eq. (1) can be written as:

log[—log(1 — X))] = nlogt + log(K,/2.3). 2

By plotting the quantity logf-log(1 — X,)] against lod, it

is possible to determine the value of the Avrami exponent
(n) from the slope of the curve. The Avrami plots of syndio-
tactic poly(propyleneo-1-butene) is shown in Fig. 6 and
Avrami exponents are summarized in Table 2. The value of
Avrami exponent of copolymers ranged from 2.0 to 2.8 for
primary crystallization. The transition of crystallization
process from primary to secondary crystallization process
was observed at; = 0.7—0.8 in any polymers. Balbontin et
al. and Cheng et al. measured the Avrami exponent of
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Fig. 6. Plots of logf-log(1 — X;)] against logt of syndiotactic poly(propy-
leneco-1-butene) (sample P-B2).
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Table 3
Crystalline  structure of isothermally crystallized syndiotactic
poly(propyleneec-olefin)s
Sample TA(°C) AT®  XS(®%)  Axial lengtH (A)
a axis b axis
PP 90 76.7 245 14.62 5.58
100 66.7 25.9 14.56 5.58
110 56.7 26.7 14.56 11.20, 5.60
120 46.7 34.4 14.36 11.12, 5.56
130 36.7 26.7 14.52 5.57
P-E3 70 735 23.1 14.56 5.56
80 63.5 23.1 14.62 5.58
90 53.5 23.8 14.58 5.59
100 435 255 14.50 5.56
P-B2 80 78.0 24.6 14.66 5.60
90 68.0 24.8 14.56 5.56
100 58.0 27.4 14.60 5.56
110 48.0 30.5 14.56 5.57
120 38.0 27.3 14.64 5.60
P-B7 70 74.4 229 14.76 5.60
80 64.4 235 14.76 5.60
90 54.4 23.8 14.66 5.58
100 44.4 26.4 14.72 5.59
P-HX3 70 70.2 20.1 14.60 5.57
80 60.2 20.6 14.64 5.57
90 50.2 22.0 14.60 5.57
100 40.2 22.1 14.64 5.58

2 Crystallization temperature.
b0 _ T
m [0
¢ Polymer crystallinity determined by WAXD.
d Calculated from the (200) and (010) or (020) reflections from WAXD.

syndiotactic polypropylene with various molecular weights
and syndiotacticities, and reported the values for the Avrami
exponentn=1.8-3.9 and 1.9-3.0, respectively = 2.6
was obtained in our experiment) [10,45]. The three-dimen-
sional (3D) crystal growth of syndiotactic polypropylene
was suggested by the Avrami exponent in the earlier report.
Lovinger et al. described a transition between 3D (spheru-
litic) and 2D (axialitic, rectangular single crystal) structures
in thin melt crystallized films as the crystallization tempera-
ture increased [3,5]. Cheng et al. studied the morphology of
syndiotactic polypropylene in the crystallization process by
polarized light microscopy observations and indicated that a
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Judging from the results, the crystallization rate of copo-
lymers depended on not the kind of comonomer, buA®n

3.3. Crystalline structure

Three kinds of unit cells were proposed for syndiotactic
polypropylene. The first one is tl&centered orthorhombic
unit cell (space grouic222;, Cell I) [2]. The second one
contains two chain segments in an orthorhombic cell (space
group Ra2y, Cell Il) [3-5] and the third one involves the
doubling of the cell along thie axis and corresponding to an
Ibca space group (Cell 11I) [3-5].

Crystalline structure of syndiotactic poly(propylece-
olefin)s was studied by WAXD. The crystalline structures
of the copolymers are summarized in Table 3. The WAXD
patterns of typical copolymers (ethylene, 1-butene and
1-hexene copolymers) are shown in Fig. 7(a)—(d). The
weak peak at 2= 18.8 from (211), which was derived
from the Cell 11l is observed in the poly(propylemme-1-
butene) with a low content of 1-butene (sample P-B2)
isothermally crystallized abAT =48 K (T,= 110C) (Fig.
7(b)) [3,5]. This result indicates that this copolymer (sample
P-B2) includes the crystalline structure of Cell Ill. By
contrast, the peak derived from (211) cannot be observed
in the WAXD patterns of other copolymers independent of
AT. The WAXD patterns of these copolymers are similar to
the pattern of Cell Il in the syndiotactic polypropylene [9].
This result suggests that these copolymers have crystalline
structures based on the unit Cell Il of syndiotactic
polypropylene.

Comparing the WAXD patterns of copolymers, the
broadening at 2 = 17-18 could be found in the ethylene,
1-hexene copolymers (Fig. 7(a) and (d)), while the peak
could not be observed in 1-butene copolymers (Fig. 7(b)
and (c)). Lovinger et al. observed the peak at about
20 =17 derived from (110) and (201) reflections in the
syndiotactic polypropylene of Cell 1l [4]. Zannetti et al.
calculated the WAXD of Cell Il and reported the peak at
20 =17 in both the calculated and observed WAXD
patterns [9]. These results suggest that the crystalline struc-
ture of poly(propyleneso-1-butene) is slightly different
from Cell Il as shown in other copolymers. This difference
could cause the peculiar properties of poly(propyleod-

heterogeneous nucleation was the main process in this Crysbutene) as reported previously [31]

tallization [10,26]. The Avrami exponents of syndiotactic
poly(propyleneco-olefin)s are within the limits of

previously reported value. It seems reasonable to consider4. Conclusion

that the crystallization behavior (nucleation and growth) of
syndiotactic poly(propylenee-olefin)s is almost the same
as that of syndiotactic polypropylene.

The rate constant(,) was calculated front,,, using the
following relation:
Kp = In 2/t])5. 3

TheK, values are summarized in Table 2 and the effect of
the comonomer on thk, could not be found.

It is clear that the kind of comonomer in the syndiotactic
poly(propyleneco-olefin)s does not affect the behavior of
isothermal crystallization. The Avrami exponen) 6f the
copolymers ranged from 2.0 to 2.8. These values were
almost similar to that of the syndiotactic polypropylene.
The t;» and K,, values depended on th&T value in any
copolymer. The WAXD pattern of poly(propyleres-1-
butene) showed a sharper peak of (010) reflection than
other copolymers. The WAXD patterns of copolymers
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Fig. 7. WAXD patterns of isothermally crystallized syndiotactic poly(propylea®lefin)s: (a) propylene—ethylene (sample P-E3); (b) propylene-1-butene
(sample P-B2); (c) propylene-1-butene (sample P-B7); and (d) propylene-1-hexene (sample P-H3).
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indicate the crystalline structure of Cell I, while
poly(propyleneeo-1-butene) with low 1-butene content
showed the peak of (211) reflection derived from Cell IIl.
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