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ABSTRACT: Isotactic propyleneethylene (iPPEt) and propyleréutene (iPPBu) copolymers have been prepared
with different metallocene catalysts. The different influences of stereodefects (isalatéats), ethylene and
butene comonomeric units on the crystallization of ¢thendy forms of isotactic polypropylene (iPP) have been
discriminated. Both iPPEt and iPPBu copolymers crystallize from the melt as mixtureswétiy forms. The
amount of they form increases with increasing crystallization temperature, comonomer concentration, and content
of rr stereodefects. In iPPBu copolymers, the amount ofytfierm decreases for concentration of butene units
higher than 16-14 mol % and is always lower than that crystallized in iPPEt copolymers. Butene units, therefore,
favor crystallization of ther ando. forms at low and high concentrations, respectively. These data have indicated
that the crystallization of thg form of iPP is not only related to the value of the average length of the regular
propylene sequencékipel] but is also related to the inclusion of stereodefects and constitutional defects in the
crystals of iPP. Very different proportions of ethylene and butene units are included in crystalsooéiite/

forms of iPP. Butene units are included indifferently in crystals ofdrendy forms, but probably more easily

in the a form at high concentrations. Therefore, at low butene concentration, up to nearly 10 mol %, the effect
of shortening of the length of regular isotactic propylene sequences prevails and induces crystallization of the
form. For butene concentrations higher than 10 mol %, the effect of inclusion of butene units in crystals of the
o form prevails, producing a decrease of the amount ofytlierm and crystallization of the pure form for

butene contents higher than 30 mol %.

Introduction presence of constitutional defects, such as comonomericZinits.
Recent extensive investigations of the crystallization proper- The most important parameter that influences the crystallization

ties of isotactic polypropylene (iPP) produced with metallocene 0; tr;]ea a”dIV forms has been rleported to be thegal\zltzasghe length
catalysts have demonstrated that the microstructure of the chain®f the regular isotactic propylene sequentes®122:Short
strongly influences the polymorphic behavior and the physical regular isotactic sequences would induce crystallization of the

- - ; 1-38-17 Since | N ;
properties of iPP;2° Single-center metallocene catalysts allow ¥ form-= =27 Since in metallocene-made iPPs the defects are
a perfect control over the chain microstructéteand iPP randomly distributed along the polymer chains, even a small

samples characterized by different kinds and amountegit- amount of defects shortens the length of the regular isotactic
andstereoirregularities can be produc@®Tailoring the chain sequelrr_ces_, redl:ccu;]g th? melztlgggtlezr?;)\(/a\;atl;re agd fal\_/orlng the
microstructure affords opportunities for a fine-tuning of the cryl/st.a 'Zﬁ.t'og of t e;;] orm === ’f' P e tc:un a |”r]ear
physical properties, and iPP samples having different melting '€ ationship between the amount of théorm that crystallizes

temperatures and properties of stiff plastic materials or elas- oM the melt and the average length of isotactic sequeticés.
tomers can be obtainéd16 Moreover, the amount of thg form strongly depends on the

A unified view of the crystallization behavior of metallocene- Molecular mass be_cat;si,se of the influence of the latter on the
made polypropylene has been recently suggestet: 1619 ipp crystallization kineticg’18 It has been found that the crystal-

samples characterized by chains including different types of Ilzatlonbof they forfrr]d;s f?vored for fzalrlnpltt?s Wlththlghtr}wolefgla;h
microstructural defects (stereodefects and regiodefects) gener!'@SS Decause ot the lower crysiajlization rate, at ieast in the

ated by different catalysts generally crystallize as a mixture of 'ange of molecular mass between 70 000 and 600+000.
the o and y forms2-1° The fraction of they forms increases The influence of the presence of comonomeric units, on the

with increasing crystallization temperature and the content of cryStallization of iPP has also been analy?&d! Investigations
defectst-368-10.12-18 Crystals of they form obtained in these ~ ©" the structure and physlcal properties of polypropylene-based
samples always present structural disofd@#L12161%haracter- ~ COPOlymers prepared with ZiegleNatta catalysts are well-
ized by a succession of bilayers of chains along a crystal- known ag“j ha\(e been extenswely. reported n the Igss recent
lographic direction with chain axes either parallel, as indhe  literature?**itis well-known that with conventional Ziegler
form, or nearly perpendicular to each other, as inttierm.7.9 Natta catalysts, comonomer incorporation is not uniform; thus,
The formation of ther form seems to be favored by the presence the lower-molecular We'gh_t fractlpns contain a h_|_gh(_er percentage
of stereodefects (mainlyr isolated triads) 36812 and/or of comonomer and exhlblt_ co_nsm_ierable solubility in hydrocar-
regiodefects (2,1 and 3,1 insertioh®)'” and also by the bons. The nonrandom dlStI:IbUlIOI‘] of comonomers and the
presence of other types of microstructural defects prevented the

* To whom correspondence should be addressed. Telephbi@&9 081 study of the effects of the single comonomeric units on the
674346, Faxt 130 081 674090, E-mail- dlaudio derosa@unina.it crystallization behavior of iPP. :

t Universitadi Napoli “Federico II”. Copolymers prepared in recent years with metallocene

*Basell Polyolefins. catalysts are instead more chemically homogeneous, and show
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Chart 1. Structures of Metallocenes Used in This Study
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Me;Si ZrCl, Me.Si ZrCl,
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A B C D

low levels of solubles even at relatively high comonomer metallocenesA andB are not completely regioselective, with
incorporatior®-67 The advantage of using metallocene catalysts being almost fully isoselecti?&° and B7 less isoselective than
is that they afford incorporation of large contents of comonomer, A. On the other hand, the tw@;-symmetric metalloceneS and
copolymerization of cyclic and other comonomer types that are D are fully regioselective but not perfectly isoselective, viltheing
not easily incorporated with classical Ziegié¥atta catalysts, less isoselective tha_tﬁ.71 The MAO-activated metallocenes were
and excellent control of stereoregularity. In addition, metallocene Supported on spherical Si(articles, or on porous polyethylene
catalysts may yield copolymers with a truly random comonomer ©F pg)zlypropylene particles following a Basell proprietary technol-

distribution, uniform intermolecular distribution of the comono- ©9Y: . .
mer content, and narrow molecular weight distribution. The microstructural data of all samples have been obtained from

1 i i i -
All the structural studies on both ZiegleNatt&12527.3%nd 3C NMR analysis. All spectra were obtained using a Bruker DPX

. 400 spectrometer operating in the Fourier transform mode at 120
metallocene-based copolymé* 430 agree with the hypoth- °C at 100.61 MHz. The samples were dissolvedhvat8 wt %/v

esis that any comonomers induce a similar effect of shortening concentration in 1,1,2,2-tetrachloroethahet 120°C. The carbon
the regular isotactic sequences favoring the crystallization of specira were acquired with a9pulse and 12 s of delay between
the y form over that of thex form. Alamo et aIf!S have found pulses and CPD (WALTZ 16) to removel—23C coupling. About
that the effect of the comonomer in enhancing the fractional 1500-3000 transients were stored in 32K data points using a
content of they form is the same as the role sferee and  spectral window of 6000 Hz. For iPP samples, the peak of the
regio-defects in the homopolymer chain. Thus, independent of mmmnpentad in thé3C spectra (21.8 ppm) was used as a reference.
the chemical nature of the counit, as the comonomer and/or For propylene-ethylene copolymers, the assignments of the peaks
crystallization temperature increase, the content ofytlfierm were made according to Randaland Tritto et al* and the triad
increases at the expense of thphase'® However, differences  distribution and copolymer compositions were determined according
in the partitioning of the ethylene, I-butene, I-hexene, and to Kakugo’ The PBjs(mm) peak at 21.8 ppm (nomenclature
l-octene units between the crystalline and noncrystalline regionsaccording to RandaH) was used as internal reference. The product
leads to contents of thephase that differ among the copolymers of reactivity ratiosp x rg was calculated from the triads according
because this produces different values of average length of theto Carman et al’> adapted for propylene-rich copolymers P
propylene sequences that crystalftfe. propylene; E= ethylene).

To date, all the studies reported on metallocene-based iPP 05
copolymers have allowed highlighting the different effects of rpxrg=1+ (#EF',DEEJF 1) - (P + l)(%Jr 1)
different comonomers on the crystallization of thdorm of
iPP 1274448505455 hut could not discriminate between the The tacticity of propylene sequences was calculated as,PPP
influences of stereodefects and constitutional defects becauseontent from the ratio of the jj(mm) (28.74-28.45 ppm) and the
in all published papers the copolymer samples have beenwhole Ts; (28.74-28.30 ppm).
prepared with only one type of metallocene catalyst and are, For the3C NMR of iPPBu copolymers, each spectrum was
therefore, characterized by different contents of comonomeric acquired with 15 s of delay between pulses. The assignments of
units but a fixed concentration steree andregio-defects. the resonances and the 1-butene content for the propytartene

In this paper we report a study of the crystallization properties coPolymers were determined from the diad distribution, from the
and polymorphic behavior of isotactic propylergthylene S carbons, according to RandéliThe peak of the propylene
(PPED) and propyienebutene (PPBu) copoymers prepared TSNS tarbonatoms was sed as ntrmal eference 20,63 po.
with metallocene catalysts of different stereo- and regioselec- . : . .
tivities. The chosen catalysts allow for the synthesis of obtained from the & peaks using the following equations P

X 4 ) . ropylene; B= butene):
copolymers with a well-defined microstructure, for instance propy )

E

samples with a very small concentration of stereodefects or BB = 100S,,(BB)/=S,,
regiodefects and variable amounts of comonomeric units or
copolymers with similar concentration of comonomeric units PB = 100§,,(PB)ZS,,

but different concentration afteree andregio-defects®® This

precise control of microstructure affords the opportunity to PP=1008,,(PP)ES,,

discriminate the effects of ethylene and butene comonomeric [P] = PP+0.5PB
units and that ofr stereodefects on the crystallization behavior
of iPP. [B] = BB+0.5PB

The product of reactivity ratioss x rg was determined from the
diads according to Kakugo et &b.ypxrg = 4[PP] x [BB]/[PB].2

All iPP homopolymer samples and iPPEt and iPPBu copolymer  The iPP homopolymer samples are described in Table 1, whereas
samples have been prepared at temperatures between 60 and 7be iPPEt and iPPBu copolymers are described in Tables 2 and 3,
°C in liquid monomers, with the four metallocenes shown in Chart respectively. We have used the designation YEX or YBX, where
1, activated with methylalumoxane (MAO). The tWg-symmetric Y is the symbol of the metallocené (B, C, D) and X is the molar

Experimental Section
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Table 1. Weight-Average Molecular MassesNly,), Polydispersities {1,/M,), Melting Temperatures of As-Prepared SamplesT,), Contents of
Stereoerrors (r), Concentrations of Secondary 2,1-Erythro Units (2,1e), and Total Concentration of Defectg)(of the iPP Homopolymer

Samples Prepared with the MAO Activated Metallocenes A-D (Chart 1)

sample catalyst/cocatalyst/carfier My Muw/M Tm (°C) [rr] (%)° [2,1€] (%Y € (%)
iPPA A/MAO/PE 237 500 2.2 151 0.2 0.8 1.0
iPPB B/MAO/PE 254 600 2.0 147 1.0 0.7 1.7
iPPC C/MAO/PE 142 400 2.2 140 2.5 <0.1 2.5
iPPD D/MAO/PP 247 000 2.3 133 35 <0.1 3.5

apPE = polyethylene, PR= polypropylene” Melting temperatures of as-prepared samples from DSC scans at heating raté@i0. ¢ [rr] is the
percentage of primary stereoerrors over all monomer umits=[ [mrrm] + [mrrr]. ¢ Secondary insertions 2,1 are only of the erythro type, and their amount
is also normalized over all monomer units = [rr] + [2,1e].

Table 2. Weight-Average Molecular MassesNly), Polydispersities \,/M,), Melting Temperatures of As-Prepared SamplesTm), Concentration
of Ethylene Comonomeric Units (mol %), Products of Reactivity Ratios p x rg), Contents of Stereoerrors (r), Concentrations of Secondary
2,1-Erythro Units (2,1e), and Total Concentration of Defectsd) of the Isotactic Propylene-Ethylene Copolymers Prepared with the MAO

Activated Metallocenes A and D of Chart 1, Where the Homopolymer Data from Table 1 Are Also Included for Comparison

sample catalyst/cocatalyst/carfier My Muw/Mp Tm (°C)P mol % ethylene  rpx rgt [rr] (%)¢ [2,1€] (%0} € (%)
iPPA A/MAO/PE 237500 2.2 151 0 0.2 0.8 1.0
AEO0.6 A/MAO/PE n.d. n.d. 145 0.6 n.d. n.d. 0.7 1.5
AE4 A/MAO/PE 292 800 2.1 127 4.0 1.3 n.d. 0.6 4.8
AE7.4 A/MAO/PE 288 600 2.1 112 7.4 2.0 n.d. 0.4 8.0
iPPD D/MAO/PP 247 000 2.3 133 0 3.5 <0.1 35
DE3.6 D/MAO n.d. n.d. 116 3.6 1.6 3.6 0 7.2
DE13.1 D/MAO 193 400 2.0 55 13.1 1.2 3.2 0 16.3

a PE = polyethylene? Melting temperatures of as-prepared samples from DSC scans at heating rattCaini) °Calculated according to ref 76[rr]
is the percentage of primary stereoerrors over all monomer urniis=[[mrrm] + [mrrr]. The content of stereoerrors in the copolymers from A/IMAO/PE
is not determinable and is assumed to be the same as that found in the corresponding homopolyn§&eBdidary insertions 2,1 are only of the erythro

type, and their amount is also normalized over all monomer units. [2,1€] is the sum of the concentrations of isolated secondary 2,1-Erythrq Bnits (PSP

= propylene, S= secondary 2,1 propylene unit) and secondary 2,1e units after ethylene insertion BPESRhylene). [PSP] and [PESP] are 0.6% and

0.08%, respectively, for the sample AEOQ.6, 0.27% and 0.31%, respectively, for the sample AE4.0, and 0.09% and 0.29%, respectively, for the gample AE7

fe = [rr] + [2,1e] + [ethylene]. n.d= not determinable.

Table 3. Weight-Average Molecular MassesNl,), Polydispersities (1,/M,), Melting Temperatures of As-Prepared Samples T,), Concentration
of Butene Comonomeric Units (mol %), Products of Reactivity Ratios ip x rg), Contents of Stereoerrors (r), Concentrations of Secondary
2,1-Erythro Units (2,1e), and Total Concentration of Defectsd) of the Isotactic Propylene-Butene Copolymers Prepared with the MAO

Activated Metallocenes A-D (Chart 1), Where the Homopolymer Data from Table 1 Are Also Included for Comparison

sample catalyst/cocatalyst/carfier Mw Muw/Mp Tm (°C)P mol % butene  rpx rg¢ [rr] (%)¢ [2,1€] (%} € (%)
iPPA A/MAO/PE 237500 2.2 151 0 0.2 0.8 1.0
AB1.9 A/MAO/SIO, 316 500 2.2 143 1.9 n.d. <0.1 0.5 2.4
AB4.3 A/MAO/PE 228 700 2.1 137 4.3 1.0 <0.1 0.4 4.7
AB4.4 A/MAO/SIO, 207 000 2.0 138 4.4 0.8 <0.1 0.5 4.9
AB8.2 A/MAO/PE 178 500 2.0 125 8.2 0.9 <0.1 0.2 8.4
AB8.3 A/MAO/SIO, 200 000 2.1 120 8.3 0.9 <0.1 0.3 8.6
AB13.6 A/MAQ/ SiO, 161 500 2.4 110 13.6 0.8 <0.1 0.1 13.7
iPPB B/MAO/PE 254 600 2.0 147 0 - 1.0 0.7 1.7
BB1.6 B/MAO/PE 225 000 2.0 138 1.6 n.d. 1.0 0.6 3.2
BB2.8 B/MAO/PE 251 600 2.0 132 2.8 n.d. 1.0 0.5 4.3
BB3.7 B/MAO/PE 225700 2.0 130 3.7 1.6 0.8 0.6 5.0
BB6.0 B/MAO/PE 229 000 2.0 123 6.0 14 0.7 0.3 7.1
iPPC C/MAO/PE 142 400 2.2 140 0 2.5 <0.1 2.5
CB1.3 C/MAO/PE 172 900 2.1 135 1.3 n.d 2.4 n.v 3.7
CB4.6 C/MAO/PE 175 700 2.0 123 4.6 n.d 2.4 nv 7.0
CB8.2 C/MAO/PE 176 700 2.0 112 8.2 1.2 1.9 n.v 10.1
iPPD D/MAO/PP 247 000 2.3 133 0 3.5 <0.1 3.5
DB1.4 D/MAO/PE 214 000 2.1 126 1.4 n.d. 3.4 <0.1 4.8
DB2.2 D/MAO/PE 214 500 2.0 124 2.2 n.d. 3.4 n.v 5.6
DB6.4 D/MAO/PE 214 400 2.0 113 6.4 1.0 2.5 n.v 8.9
DB17.9 D/MAO 368 400 3.1 85 17.9 0.9 2.2 nv 20.1
DB36.4 D/MAO 204 000 2.7 67 36.4 n.d. 2.2 n.v. 38.6

apE = polyethylene; PP= polypropylene® Melting temperatures of as-prepraed samples from DSC scans at heating raté@fri. ¢ Calculated
fromrp x rg = (4[PP] x [BB])/[PB]?) according to ref 759[rr] is the percentage of primary stereoerrors over all monomer units=[[mrrm] + [mrrr].
e Secondary insertions 2,1 are only of the erythro type, and their amount is also normalized over all monomer &njits] + [2,1e] + [butene]. n.d=

not determinable. n.v= not visible.

content of ethylene (E) or butene (B) units in the copolymers.  The various iPP homopolymer and copolymer samples were
Narrow molecular weight distributions amg x r, values close to isothermally crystallized from the melt at different temperatures.
1 are good indicators of narrow comonomer distributions in the Powder samples were melted at Z@ and kept for 5 min at this
copolymers. The mass average molecular masses were evaluatetemperature in a Natmosphere; they were then rapidly cooled to
from size exclusion chromatography (SEC). the crystallization temperaturd,, and kept at this temperature,
The calorimetric measurements were performed with a dif- still in a N, atmosphere, for a time long enough to allow complete
ferential scanning calorimeter (DSC) Perkin-Elmer DSC-7 in a crystallization aff.. The samples were then rapidly cooled to room
flowing N, atmosphere (see Supporting Information). Densities were temperature and analyzed by X-ray diffraction. In the various
measured by flotation of compression-molded films at°25in isothermal crystallizations, the crystallization tirheis different
solutions of water and ethyl alcohol. depending on the crystallization temperature. The shortest time is
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24 h for the lowest crystallization temperatures and increases with  All catalysts produce iPPEt and iPPBu copolymer samples
increasing the crystallization temperature, up to 2 weeks for the with microstructures similar to those of the homopolymer
highest crystallization temperatures. _ o samples prepared with the same catalyst. Exampl&€diMR
X-ray powder diffraction profiles were obtained with Ni-filtered spectra are reported in the Supporting Information. However,
Cu Ko radiation with an automatic Philips diffractometer. The o concentrations of stereoerrors and 2,1e regiodefects are
relative amount of crystals in the form present in our samples not constant with the comonomer concen{ration (Tables 2 and

was determined from the X-ray diffraction profiles, by measuring | icular. for iPPB | h . f
the ratio between the intensities of the (L1@flection at & = 3). In particular, for iPPBu copolymers the concentrations o

20.7°, typical of they form,’8 and the (13Q) reflection at & = rr defects and 2,1e regiodefects decrease with increasing butene
18.6, typical of thea form:® f, = 1(117),/[1(130), + 1(117)]. content (Table 3). As a result, samples of iPPBu copolymers
The intensities of (117)and (130) reflections were measured from  with high butene content prepared with catalystandB have
the area of the corresponding diffraction peaks above the diffuse very high stereoregularity. CatalyAt is, indeed, almost fully
amorphous halo in the X-ray powder diffraction profiles. The isoselective for iPPBu copolymers (Table 3). For iPPEt copoly-
amorphous halo has been obtained from the X-ray diffraction profile mers prepared with catalygt, the content of stereoerrors is
of an atactic polypropylene, and then it was scaled and subtractednot determinable and is assumed to be the same as that found
to th(_e X_-ray dlffractlon'p_roflles of the melt-crystallized samples. in the corresponding homopolymer iPPA (Table 2).
The indices of crystallinity X;) were evaluated from the X-ray . ) . i
powder diffraction profiles by the ratio between the crystaline ~ These particular microstructures of iPPEt and iPPBu copoly-
diffraction aread) and the total area of the diffraction profilay, mers allow for the comparison of samples containing very small
x. = AJA:. The crystalline diffraction area has been obtained from concentration of stereodefects or regiodefects and variable
the total area of the diffraction profile by subtracting the amorphous amounts of comonomeric units or copolymers with similar
halo. _ _ _ concentration of comonomeric units but different concentration
CfonfOY(Tat_lt%ntah' anC:t packing keéféiggé’RfS|802U|at!0nsthhive been of steree and regio-defects. This, in turn, affords a unique
performed with the software pac rusing the forcé  onnortunity for studying the influence of constitutional defects
field indicated as PCF¥ in the CERIUS program. A cutoff on the crystallization behavior of iPP and discriminating the

distance & 4 A for attractive nonbonded interactions and for ffect F diff ¢ d st defect th
Coulombic interactions (dielectric constaat= 1) was selected, efects o l eren_ com_onomers and stereodeiects on the
polymorphic behavior of iPP.

and a spline function has been used fromo45tA to attenuate
gradually the interaction energy from its full value to zero. No The X-ray powder diffraction profiles of as-prepared samples
interactions ove5 A have been taken into account. of iPPEt and iPPBu copolymers, compared with those of the

Defects have been introduced in the central portion of molecular corresponding iPP homopolymer samples prepared with the
models of & iPP chain in 3/1 helical conformation constituted by 9 same catalysts, are reported in Figure 1. All homopolymer

and/or 12 monomeric units and the packing energy has beeng,mpies crystallize in the form, as indicated by the presence
minimized with respect to the positions of the atoms in the defective of the (130), reflection at 2 = 18.6' of the a form,” and the

portion of the chain by placing the model oligomer in a cluster of . - o 78
close neighboring chains free of defects, packed as i tiied/or absence of the (117)eflection at 2 = 20.T° of they form,

y forms of iPP according to the space grol/ce2 and Fi2d,’8 in the X-ray powd.er dlffractlon profilea of Flgurg 1A—F.
respectively. The atomic position of atoms aside the defect has beertowever, the low intensity of the (13pyeflection indicates
fixed during the minimization. Since the environment of the chains thata/y disordered modifications intermediate betweeand
is not 3 symmetric, minimizations have been carried out by placing y forms have been obtainé&*All iPPEt and iPPBu copolymer
the defect in the three consecutive positions over one turn of the samples are crystallized as mixtures of taendy forms of
helix and only the conformations corresponding to the lowest iPp, as indicated by the presence of both (13@)d (117)
conformational and packing energy are reported. The values of ofiections at @ = 18.6 and 20.1 of the o. and y forms,

conformational energy that nearly correspond to the total energy, : ; ; ; : :
because for the considered models of chains the values of therespectlvgly, in the dllffractlon profiles of Figure 1.
packing energy are very low, are given with respect to the energy N both iPPEt and iPPBu copolymers, the amount of crystals

of a defect-free model chain of iPP in Belical conformation. of they form, with respect to that of the form, increases with
increasing concentration of comonomers, as indicated by the
Results and Discussion increase of the intensity of the (11 7#eflection of they form
As_Prepared Samples_SampleS Of |PP homopolymer and in the diffraCtion pI’Ofi|eS Of Figure 1AF. In the case Of |PPBU
iPPEt and iPPBu copolymers prepared with catalpstndB copolymers this is true only up to butene concentration of 10

are highly stereoregular and contain only very small amounts 15 mol % (Figure 1€-F). The data of Figure 1F show, indeed,
of stereoerrors and regiodefects, due to secondary 2,1 erythrghat the intensity of the (117)eflection of they form decreases
units (2,1e). The stereoerrors are identified by thetriad for butene contents higher than nearly 15 mol %, indicating a
defects. Catalys@ is more isoselective thaB and produces  decrease of the amount of the form, and is zero in the
and 0.8 mol % of 2,1e regiodefects (Table 1). Homopolymer Which is crystallized in the purec from (profile f of Figure
samples prepared with catalygtontain slightly higher amount

of rr defects (about 1 mol %) and lower concentration of It is well-known that iPPBu copolymers crystallize in the
regiodefects ([2,1e} 0.7%). Homopolymer samples prepared whole range of composition, up to 100% of butene corfefi?
with catalystsC andD of Chart 1 are highly regioregular (no  Samples having concentration of butene units up to about 50
2,1 regiodefects are detectable) but less stereoregular andmol % crystallize in the polymorphic forms of iPP, whereas
therefore, contain only errors in the stereoreguldtyhe samples of iPPBu copolymers with butene content higher than
concentrations of stereoerroms in these samples (iPPC and 65—70 mol % show crystallinity arising from crystallization of
iPPD) are 2.5 and 3.5 mol %, respectively (Table 1), and they isotactic polybutene (iPB). iPP and iPB cocrystallize in iPPBu
correspond to the percentage of primary stereoerrors over allsamples with similar concentrations of propylene and butene
monomer units,if] = [mrrm] + [mrrr]. These concentrations  units (in the range 5660 mol % of butene). The data of Figure
are much higher than those in the samples prepared with1l indicate that samples of iPPBu copolymers showing iPP
catalystsA andB. crystallinity, with butene content lower than 50 mol %,
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C - iPPBu, [#] <0.1%, [2.1¢] = 0.1-0.5%

A -iPPEL, [r7] = 0.2%, [2,1¢] = 0.4-0.7%

ABI13.6

-1 = - 0, =
B - iPPEY, [r7] = 3.2-3.6%, [2,1€] =0 e s

AE7.4
7.4 mol% E

AB8.3
8.3 mol% B

DEI13.1
13.1 mol% E

s Q ABS8.2
v
2 ¢ 4.0 mol% E z B8z
.% . g
;E g DE3.6 AB4.4
AE0.6 K 3.6 mol%E 44 mol% B
0.6 mol% E

AB1.9
1.9 mol% B

(130),

(130)a

iPPA a iPPD

5 10 15 20 25 30 35 5 10 15 20 25 30 35 3 10 15 20 25 30 35
26 (deg) 20 (deg) 20 (deg)

D - iPPBu, [7] = 0.7-1%, [2,1¢] = 0.3-0.6% ) F - iPPBu, [17] = 2.2-3.4%, [2,1e] = 0
E - iPPBu, [r] = 1.9-2.4%, [2,1¢] = 0
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Figure 1. X-ray powder diffraction profiles of as-prepared samples of iPPEt copolymers prepared with catalystand D (B) and iPPBu
copolymers prepared with cataly#s(C), B (D), C (E), andD (F). The diffraction profiles of iPP homopolymer samples prepared with the same
catalysts (profiles a in AF) are also reported. The (13nd (117) reflections at 2 ~ 18.6 and 20, respectively, of thet andy forms of iPP,
respectively, are indicated. The concentrations (mol %) of ethylene (E) and butene (B) units are also indicated.

crystallize in theo. andy forms of iPP, or as a mixture of both, in highly isotactic samples prepared with cataly8tsand B
the y form being favored for low butene concentrations, up to (Figure 2A,C), containing negligible amounts of defects
nearly 15 mol % (Figure 1€F). Thea form is instead favored ~ (Tables 2 and 3). These data indicate that, as already demon-
at higher butene concentration and samples with butene contenktrated in the literaturk;38-12 either rr stereodefects? and
higher than 26-30 mol % are crystallized in the puceform 2,1 regiodefects$; 317 or constitutional defects (comonomeric
(profile f of Figure 1F). unitsy2a25.27.3042,43.480 induce crystallization of ther form.

The fraction of they form for as-prepared samples of iPPEt  Therefore, for samples containing a non-negligible concentration
and iPPBu copolymers is reported in Figure 2 as a function of of rr stereodefects, the effect of the presence of constitutional
comonomer concentration (Figure 2, parts A and C, respectively) defects is added to the contribution due to the presence of
and of the total concentration of defeetsdefined as the sum  gtereodefects.
of concentrations ofrr stereodefects, 2,1 regiodefects, and . .
comonomeric units (Figure 2, parts B and D). It is apparent quever, for both iPPEt and'lPPBu copolymers the daFa of
that for all samples the amount of theform increases with fraction of they form as a function of the total concentration
increasing comonomer concentration, and decreases in the cas@f defects ¢ = [rr] + [2,1e]+ [comonomeric units]) are fitted

of iPPBu samples with butene contents higher thanfimol by single curves (Figure 2B,D) indicating thatstereodefects
% (Figure 2C). Moreover, for similar concentrations of butene and comonomeric units exert a similar effects on the crystal-
or ethylene units, the amount of theform is higher in more lization of they form, at least in conditions of fast kinetic-

stereoirregular copolymer samples prepared with catal@sts controlled crystallization from the polymerization medium of
andD, containing high amount af defects (1.9-3.6%), than as-prepared samples. Therefore, from these data, it is still
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Figure 2. Relative amounts of the form (f,) in as-prepared samples of iPPEt (A,B) and iPPBu (C,D) copolymers as a function of ethylene (A)
or butene concentrations (C), and of the total concentration of def¢BtD), that is, the sum of concentrationsrofstereodefects, 2,1e regiodefects,
and comonomeric units. (A,B) samples iPPEt prepared with the cataélystth [rr] = 0.2% @) andD with [rr] = 3.2—3.6% (). (C,D) samples
iPPBu prepared with catalyséswith [rr] < 0.1% @), B with [rr] = 0.7-1% (), C with [rr] = 1.9-2.4% (1) andD with [rr] = 2.2-3.4% @).
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Figure 3. Melting temperaturesl{,) of samples of iPPEt (A,B) and iPPBu (C,D) copolymers as a function of ethylene (A) or butene (C) concentrations,

and of the total concentration of defeet¢B,D), that is, the sum of concentrations rofstereodefects, 2,1e regiodefects and comonomeric units.

(A,B) as-preparedd,0d) and melt-crystallized®, B) samples of iPPEt copolymers prepared with the catalyststh [rr] = 0.2% O, ®) andD

with [rr] = 3.2—3.6% (d, W). (C,D) as-prepared (open symbols) and melt-crystallized (filled symbols) samples of iPPBu copolymers prepared with
catalystsA with [rr] < 0.1% ©, @), B with [rr] = 0.7-1.0% >, ), C with [rr] = 1.9-2.4% (», A) andD with [rr] = 2.2-3.4% (d, W). The

values of melting temperatures of iPP homopolymer samples prepared with the same catalysts are also reported at zero comonomer concentration.

difficult to discriminate the role played by stereodefects and degree of structural disorder (curve c of Figure 1B), and prevents
constitutional defects and discriminate between the effects of crystallization for ethylene concentrations higher than-28
ethylene and butene units. Only at very high concentrations of mol %54

comonomeric units (higher than 15 mol %) are the effects of = The melting temperatures of as-prepared and melt-crystallized
ethylene and butene clearly different. Butene units favor (by cooling the melt to room temperature at cooling rate of 10
crystallization of thex form (Figure 2C,D) and do not prevent  °C/min) samples of iPPEt and iPPBu copolymers are reported
crystallization (Figure 1F), whereas ethylene induces crystal- in Figure 3 as a function of comonomer concentration (Figure
lization of the purey form (Figure 2B), although with high ~ 3A,C) and of the total concentration of defeets= [rr]+ [2,-



6606 De Rosa et al. Macromolecules, Vol. 40, No. 18, 2007

le] + [comonomer] (Figure 3B,D). It is apparent that the 707 A
melting temperature decreases with increasing ethylene or butene 6o
concentration (Figure 3A,C). In both iPPEt and iPPBu copoly- PPBu
mers, for similar amounts of comonomeric units (ethylene or 50 DUMD B~ e Sm-a
butene), the melting temperature decreases with decreasing > A
stereoregularity (Figure 3A,C). Lower melting temperatures are %407
observed for samples of iPPEt and iPPBu copolymers with 309 @ ABX (7] <0.1% 2,161 = 0.1:0.5%
higher concentrations aof defects (Figure 3, parts A and C). e ggﬁ: g;{:%;;;{’f;géﬁgg-g—O-é%

However, in the case of iPPEt copolymers the data of melting 20 4 DBX, [rr] =22-3.4%; [2,le] =0

X . © AEX, [1] = 0.2%; [2,1¢] = 0.4-0.7%

temperatures as a function of the total concentration of defects A DEX, [r] = 3.2-3.6%; [2,1¢] =0
(e = [rr] + [2,1€] + [ethylene]) are fitted by a single straight O T 6 % 10 2 4 1o 18
line (Figure 3B), indicating thatr stereodefects and ethylene mol% comonomer
comonomeric units exert similar effects in decreasing the o
melting temper_ature of polypropylene._ 1709 . g}gr]r)]EXO(?r_r;l:/OO).Z—Sﬁ%; el 0-0.7%)

Samples of iPPBu copolymers having the same total con- ® ABX ([rr] = <0.1%; [2,1¢] = 0.1-0.5%)
centration of defecte(= [rr] + [2,1€] + [butene]) present, 1507
instead, different melting temperatures (Figure 3D). In particular, 1304
more stereirregular samples containing high content défects o
(samples DBX with fr] = 2.2—3.4%), show melting temper- < 110
atures lower than those of more stereoregular samples with = 90
similar values ofe, containing lowerrr content but higher iPP and iPPEt
concentration of butene (for instance samples ABX wittj [ 70
< 0.1%). This indicates thatr stereodefects and butene
comonomeric units exert different effects in decreasing the 50— T 15 2
melting temperature of polypropylene, the disturbance of butene mol% defects (¢ = [7] + [2,1¢] + [comonomer])
units being lower than that due to the presencerofriad or mol% rr stereodefect
stereodefects. Figure 4. (A) Degree of crystallinity X)) of as-prepared samples of

: : . iPPBu copolymers prepared with catalystsvith [rr] < 0.1% @), B
Moreover, the comparison of melting temperatures of iPPEt with [rr] = 0.7-1.0% ), C with [1] = 1.9-2.4% (1) andD with

and iPPBu samples AEX and ABX or DEX and DBX prepared [rr] = 2.2-3.4% () and of iPPEt copolymers prepared with the
with the same catalysté\(andD), therefore, containing similar  catalystsA with [rr] = 0.2% () andD with [rr] = 3.2—3.6% (») as
concentrations afr and 2,1 defects, clearly indicates that iPPBu  a function of comonomer concentration. (B) Melting temperatiikg (
copolymers always present melting temperatures higher thanof as-prepared samples of iPPBu copolymers prepared with the catalyst

> y ) ‘
those of iPPEt copolymers of similar concentration of comono- éaglt;lst[srg :\,i&l[ﬁ]pl a(? gozf ;F,EEDt SV?E]OI[{?]]H:S ETEE?;ZS‘/OW&S‘ the

mer. compared with the melting temperatures of samples of iPP homopoly-
The degree of crystallinity of iPPEt and iPPBu copolymers, mer () of different stereoregularity containing variable amountrof
evaluated from the X-ray diffraction profiles of Figure 1, are stereodefects, reported as a function of total concentration of defects
g . ' (in the case of iPP homopolymet¢s= [rr]).
reported in Figure 4 as a function of the comonomer concentra-

_tion. F(_)r IPPEL copolymers t_he crystallinity _decreases with 1A,B with the ethylene concentration. In the case of as-prepared
increasing ethylene concentration, whereas all iPPBu copolymer 4 melt-crystallized samples of iPPBu copolymers, which

samples present a high degree of crystallinity, arounq 50%, thatcrystallize as mixtures of the andy forms, the increase of
does not greatly change with the butene concentration, at least) jone concentration induces, instead, an increase of the Bragg

up to ”.e‘i“'y. 14-15 mol % (Figure 4A). A slight dec_rease of gistances of equatorial reflections of both crystalsxadnd y
crystallinity is observed only for butene contents higher than ¢, .o (Figure 1G-F).

15-16 mol % (Figure 4A). The values of Bragg distances of (110§040),, and (111)

The data of melting temperature (Figure 3) and crystallinity (eflections of theo form and (111), (008), and (202)
(Figure 4) indicates that butene units produce less disturbancerefiections of they form, which occur at 8 ~ 14, 17, and 21,
of thg crystall_ization of_iPP tha}n that produced by ethylene units, respectively, in the diffraction patterns of taeandy forms of
notwithstanding the bigger size, and even less than that of  ijpp homopolymer, are reported in Figure 5A. It is apparent that
stereodefects. This is also confirmed in Figure 4B where the 4t |ow butene contents, up to 204 mol %, the Bragg distances
melting temperatures of iPP homopolymer samples of different of (110), and (111) reflections of thea form and of (111)
stereoregularity, containing onfy defects;? are compared with  and (202) reflections of they form are nearly constant, whereas
those of iPPEt and iPPBu copolymers. It is apparent that wherease Bragg distance of the (040)eflection of thea form, or
IPPEt copolymers present melting temperatures similar to those g, reflection of they form, slightly increases with increasing
of stereodefective iPP homopolymers, iPPBu copolymers show pytene concentration (Figure 5A).
melting temperatures higher than those of both homopolymers  Thjs indicates an appreciable increase of the dimension of
and iPPEt copolymers. the b, axis of the monoclinic unit cell of the. form and of the

This different behavior may be related to the inclusion of ¢, axis of the orthorhombic unit cell of the form with
comonomers in crystals of theandy forms of iPP and their  increasing butene concentration (Figure 5B) and inclusion of
different compatibility with the crystalline lattices that may butene comonomeric units in both crystals of thandy forms
produce different proportions of ethylene and butene units of jPP21.22¢.35.270.5qnclusion of butene units in crystals of the
included in crystals of the. andy forms?21-2325,270.33,3541.47.56 4 andy forms mainly produces increase laf andc, axes of

For our iPPEt copolymer samples, we have not observed crystals of thex. andy forms, respectively, which correspond,
changes of the values of the Bragg distances of equatorialin both theo. andy forms, to the direction of stacking of bilayers
reflections in the X-ray powder diffraction profiles of Figure of chains/®"whereas tha, andc, axes of theo. form and the
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6.97 periodicity of iPP chains along the chain axis, are nearly constant
6.8 A up to butene concentration of @4 mol %. In fact, since in
ZZ the y form the chains are oriented along the diagonals of the

ab face of the unit cell® the periodicity of iPP chains along
the chain axisd, axis for thea form) corresponds in the crystals

2 649
3 of they form to D = 1/2 M@Vﬁ—i—[ﬂ)yﬁ = 6.54 A, with @, (=

g 8.55 A andb,0= 9.9 A, the average values of tlae andb,

S axes of they form crystals for iPPBu copolymers with butene

E concentration up to 14 mol %, whereas the angles between the
m

diagonals corresponds on average t6.99

The data of Figure 5B allow explaining the experimental
evidence that iPPBu copolymers tend to crystallize imtifierm
at low butene content, up 45 mol % (Figure 1&-F), and in

43 diine thea form at higher concentrations (Figure 1F), the maximum
42 oy amount of they form being achieved at butene concentration
of 13—14 mol % (Figure 2C,D). In fact, since the 3/1 helical

0

413 3 0 15 20 25 30 35 40 conformation is not disturbed by the presence of butene and
mol% butene the ¢, axis of theo. form is basically constant at 6.5 A, and at
0 low butene concentrations, up to-145 mol %, thea, axis of
’ the unit cell of thex form is nearly constant with butene content,
o s the dimensional equivalence of tleeand c axes, typical of
, ‘ crystals of theo form of iPP @, = 6.65 A, c, = 6.5 A)9is
b axis, o form . . ..
E— o malntalned also in iPPBu (_:opolymers uptoa butene_ concentra-
_ 2 tion of 14-15 mol %. This equivalence is the basis for the
§ 42.0 B S crystallization mechanism of homoepitaxiebranching of the
8 w8 a form that leads the typical cross-hatched morphof&gy,
g o1 0 E involving the growth of transverse daughter lamellae on mother
E 10.1 b axis, y form ’ g lamellae of theo form and nearly perpendicular orientation of
:5 1001 3 chain axes, witha and ¢ axes of daughter lamellae oriented
2 r7.1 g parallel to thec anda axes, respectively, of the parent oli&#
z 99 a axis, o form 2 This packing scheme of isochiral layers occurs in ¢héorm
9.8 6.9 as a local accident, linked with a “stumble” in the alternation
8.7 of helical hands. In the orthorhombjcphase this packing of
8.6 - r6.7 isochiral layers becomes systematic, and generates a bilayer
a axis, y form : . . . .
8.5 — structure with perpendicular orientation of chains at molecular
8.43 . , , ; 6.5 level.”® Moreover,y form can branch on the phase through

0 3 1015 200 25 30 3 40 the same mechanism of homoepitdRylt has been, indeed,
mol% butene

Figure 5. (A) Values of Bragg distancesl) of (111),, (008), and shown that when iPP crystallize e_ls mlxtures of Fhemd v
(202), reflections of they form of iPP and (11Q) (040}, and (111) forms, crystals of ther form can epitaxially crystallize on the
reflections of theo form of iPP, observed in the X-ray powder lateral (010) growth faces of theeform mother lamella&® and
diffraction profiles of as-prepared samples of iPPBu copolymers, as a even when very high amount of theform are evidenced by

function of butene content. (B) Values a{(0), b (»), andc (0J) axes X-ray diffraction, crystals of the form are probably nucleated

of the orthorhombic unit cell of thg form of iPP, and of (®) andb 18.85
(m) axes of the monoclinic unit cell of the form of iPP. The values over the preformed crystals of the form % and the

of Bragg distances of the same reflections and of axes of unit cells of Crystallization rates of ther and y forms become virtually
the o andy forms of iPP homopolymer are also reported at 0% of identical4850

1 , 79 . . . e
butene concentratioft: Theo phase lamellar branching and/or the epitaxial deposition

a, andb, axes of they form are nearly constant, at least up to of the y phase on parent or o forms are possible thanks to
butene concentrations of 404 mol % (Figure 5B). We recall  the dimensional equivalence of thgandc, axes of thex form.

that in the orthorhombic unit cell of theform thec, axis does ~ In IPPBU copolymers with low butene content, up to-14
not coincide with the chain axis direction but correspond to the Mol %, the inclusion of butene units in the crystals produces
b, axis direction in the crystals of the form.7:9.11.78 only expansion ob, axis of thea form (or thec, axis of the

In copolymers with butene concentration higher than 15 mol ¥ form), whereas the, andc, axes of then crystals remain
%, which crystallize basically in the. form, a much larger ~ nearly constant (Figure 5B). Therefore, at these butene con-
increase of Bragg distances of (11@nd (040) reflections and ~ centrations the dimensional equivalence of éheandc, axes

of dimensions of the, andb, axes of the unit cell of the: of the a form is preserved and iPPBu copolymers probably
form is observed (Figure 5). The values of the b,, andc,  crystallize as iPP homopolymer, giving phase lamellar
axes of the orthorhombic unit cell for crystals of theform, branching and/or epitaxial deposition of thephase on parent

and of thea, andb, axes of the monaclinic unit cell for crystals 7 or a forms. This mechanism allows and favors crystallization
of the a form of iPPBuU copolymers are reported in Figure 5B. Of the y form when the microstructure of the chains, as with

The values of the chain axig, = 6.5 A and of8, = 99.3 of the presence of butene defects, tends to induce crystallization
the monoclinic unit cell of theo form of iPP° have been  of they form.
assumed to be constant with the butene content. In iPPBu copolymers with butene concentration higher than

This assumption is in agreement with the fact that the values 15 mol % the inclusion of butene in the crystals of iPP produces
of the a, andb, axes of they form, which are related to the  a stronger increase of both tlag andb, axes dimensions of
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Crystallization from the Melt. The X-ray powder diffraction

0.91] profiles of some samples of copolymers isothermally crystallized
@ ] from the melt are reported in Figure 7. The diffraction profiles
é 0.90 of the as-prepared samples are also reported in Figure 7 (profiles
= ] a) for comparison. All samples crystallize from the melt as
% ] mixtures of theo. andy forms as indicated by the presence in
[ 0.897 the diffraction profiles of Figure 7 of both (130pand (117)

] reflections at 2 ~ 18.6 and 20 of the oo and y forms,
0.88 ——————————— respectively. For each sample, the fraction of theform
0 o 10 15 increases with increasing crystallization temperature, as indicated
mol% ethylene by the increase of the (117yeflection of they form with
increasing crystallization temperature in the diffraction profiles
004 ethylene excluded of Figure 7. Moreover, for both iPPEt and iPPBu copolymers
8 0.93 the amount of they form generally increases with increasing
= concentration of comonomeric units (Figure 7B,C and Figure
2092 7D,E). In the case of iPPBu copolymers, as already observed
8 for the as-prepared samples, the amount oftfierm in melt-
8 091 crystallized samples decreases for butene concentrations higher
g 0.90 than 14-15 mol % (compare Figure 7H, | and L) and samples
g ethylene included with butene contents higher than-230 mol % crystallize from

0.896 T I T T T T s the melt exclusively int@ form atany crystallization temper-

mol% ethylene ature (Figure 7L). Samples of iPPEt copolymers with ethylene

. - o i )
Figure 6. Values of experimental density (A) and of density of the concentration higher than 10 mol %, instead, crystallize from

crystalline phase (B) of samples of copolymers iPPE, as a function of t€ melt in they form at every crystallization temperature
ethylene concentration. In B the experimental densities of crystals of (Figure 7C), although disordered modifications of théorm
copolymers iPPEt are compared with the theoretical densities of crystalsare always obtained, as indicated by the low intensity of the

of the a form calculated assuming complete inclusion of ethylene units (117), reflection at 2 = 20.2° in the X-ray diffraction profiles
in the crystals and complete exclusion from crystals (dashed line, the of Figure 7C

density of crystals is constant at the value of iBPs= 0.936 g/cr).

The comparison of X-ray diffraction profiles of iPPBu and
the o form (Figure 5B). Since the chain axis remains constant IPPEt samples containing similar concentrations of comonomeric
at 6.5 A, the dimensional equivalence of thgandc, axes of units and prepared with the same catalyst, therefore containing
the o form is lost and the mechanism of homoepitaxy and Similar concentration of stereodefects (for instance samples of
epitaxial crystallization of the form on crystals of thex form Figure 7, parts A and D), clearly indicates that a much higher
becomes less probab|e_ As a consequence, these iPPBu Copo|f0ncentrati0.n of th@ form is obtained in the melt-crysta”ized
mers crystallize mainly in the form (Figure 1F) and for butene ~ Samples of iPPEt copolymers.
concentration higher than 280 mol % crystallize in the pure Moreover, samples of iPPBu copolymers crystallize from the
o form (profile f of Figure 1F). melt in more ordered modifications of tlyeform (at low butene

Ethylene comonomeric units are also included in crystals of concentration, up to 1614 mol %) anda form (at butene
iPPEt copolymers, as proved by measurements of the densitycontents higher than 15 mol %), as indicated by the sharpness
of the crystalline phase. The values of the experimental density @1d high intensities of (117jnd (130) reflections at 2 ~ 20
of the semicrystalline iPPEt samples, measured by flotation on @hd 18 of they and a forms respectively, in the diffraction
compression-molded films, are reported in Figure 6A. The proflles of F|gu_re 7I}L(see_ also the thermal analys_‘.ls reported
density decreases with increasing ethylene concentration, aci" the Supporting Information). Furthermore, as discussed for
cording to the decrease of crystallinity (Figure 4A). The values @S-Prepared samples, melt-crystallized samples of iPPBu co-
of density of the crystalline phase of copolymers iPPEt are POlymers show values of crystallinities higher than those of
reported in Figure 6B. These values have been evaluated fromlPF_’Et copolymers having similar concentrations of comonomeric
the experimental density of Figure 6A and the values of UNits and stereodefects.
crystallinity and density of the amorphous phase. The vajue Finally, for both iPPEt and iPPBu copolymers, the comparison
= 0.854 g/crd of the density of the amorphous if¥fhas been of diffraction profiles of samples prepared with different
assumed for the density of the amorphous phases of iPPEtcatalysts containing different concentrationrofstereodefects
samples. The experimental density of crystals decreases withbut similar concentration of comonomeric units (for instance
increasing ethylene concentration (Figure 6B). Since the volume compare Figure 7, parts A and B, or Figure 7, parts D, F, and
of the unit cell does not change with increasing ethylene units, G), indicate that more stereoirregular samples, containing higher
the decrease of crystalline density indicates inclusion of smaller concentrations ofr stereodefects, develop a higher amount of
ethylene units in the crystals. This is confirmed in Figure 6B they form.
by comparing the experimental crystalline density with the  The values of relative amount of theform with respect to
theoretical density of the form crystals, calculated by assuming the o form, f,, in the various samples of iPPEt and iPPBu
complete inclusion of ethylene units in the crystals or total copolymers, evaluated from the intensities of (1.at)d (130)
exclusion. It is apparent that the experimental crystalline reflections in the diffraction profiles of Figure 7, are reported
densities are intermediate between the calculated ones, indicatingn Figure 8 as a function of the crystallization temperature. Data
that the ethylene units are only in part included in the crystals of the amount of the: form for iPP samples of Table 1, prepared
of iPPEt copolymers and, as already demonstrated in thewith the same catalysts, which were already reported in the
literature?”4856are partitioned between crystalline and amor- literaturel?1”are also reported in Figure 8 for comparison. As
phous phases. already observed in the literature for stereoirregular samples
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Figure 7. X-ray powder diffraction profiles of some samples of iPPEt and iPPBu copolymers isothermally crystallized from the melt at the indicated
crystallization temperaturg. The (130) reflection of theo form at 29 ~ 18.6> and the (117)reflection of they form at 2 ~ 20° are indicated.
The concentrations (mol %) of ethylene (E) and butene (B) units are also indicated. The diffraction profiles of as-prepared sample (profiles a) are
also reported for comparison.

of iPP homopolymér 36810121517 and for iPP-based co-  concentrations o$terea andregio-defects are very small and
polymers?7¢:30:42-44.48-50.65 for each sample the content of the nearly the same ff] +[2,1e] ~ 0.2—0.9%), this different
y form increases with increasing crystallization temperature, and behavior is only due to the different influence of ethylene and

a maximum amount of thes form is obtained at different  putene units on the crystallization of teeandy forms.
crystallization temperatures. Moreover, the amount of/tf@m
generally increases with increasing concentration of comono-
meric units (Figure 8). For samples of iPPEt and iPPBu
copolymers prepared with catalyst (Figure 8A and C),
containing a very small concentration of stereo- and regiodefects, o . :
the much higher amount of theform than that observed for cryst_alllzatlon higher concentratlorjs of theform than those
the homopolymer sample iPPA, containing similar or slightly ©Ptained for samples prepared with the catalxs(compare

higher concentrations af and 2,1 defects (Tables-B), is Figure 8, parts A and B, for iPPEt copolymers and Figure-8C
exclusively due to the presence of ethylene and butene units.for iPPBu samples). The effect of defects is clearly shown
The data of Figure 8A and C clearly indicate that, while for " Figure 9A where the fractions of theform in iPPBu samples
iPPEt copolymers the maximum fraction of théorm increases prepared with different cat.alysts containing different concentra-
with increasing ethylene concentration and achieves the valuetions of it defects and similar amounts of butene units are
of f, = 1 already for ethylene content of 4 mol % (Figure 8A), compared. It is apparent that the higher the concentration of
in the case of iPPBu copolymers the amount of théorm defects, the higher the fraction of threform crystallized from
achieves a maximum value for samples with butene concentra-the melt. The two effects of the presentestereodefects and
tions of nearly 8 mol % and then decreases for higher butene of comonomeric units in inducing crystallization of théorm
concentrations (compare samples with 8 and 13.6 mol % of are added, and stereoirregular iPPEt and iPPBu copolymers
butene units in Figure 8C). Since in these samples the containing high concentration of defects and comonomeric

In both iPPEt and iPPBu copolymers, samples prepared with
less stereospecific catalysB C, and D, containing higher
amounts ofr stereodefects (0-71%, 1.9-2.4%, and 2.23.4
mol %, respectively, for iPPBu copolymers), develop by melt-
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Figure 8. Relative amount of thg form of iPP,f,, with respect to thex form, evaluated from the X-ray diffraction profiles of Figure 7, in samples
of iPPEt copolymers prepared with catalysts(A) and D (B) and iPPBu copolymers prepared with catalyst¢C), B (D), C (E), andD (F),
isothermally crystallized from the melt, as a function of the crystallization temper@tui2ata off, for the four samples of iPP homopolymers
iPPA, iPPB, iPPC, and iPPD, prepared with the same catalysts, are also reported. The concentrations (mol %) of ethylene (E) and butene (B) units
are indicated.
units crystallize basically in the pure form (Figure 8B and influence in favoring crystallization of thg form. The effect
Figure 8E,F). of ethylene units is added to that of stereodefects and
Also for stereoirregular samples prepared with catalyst steroirregular samples also containing high ethylene concentra-
iPPBu copolymers present a peculiar behavior (Figure 8F). A tion crystallize from the melt in the pure form (Figure 8B).
maximum concentration of thg form is achieved already at The different behavior of ethylene and butene units is shown
low butene contents (26 mol %), favored by the presence of in Figure 9, parts B and C, where the fractions of théorm
high concentrations of defects (3.4 mol %), then the maximum that develop in iPPEt and iPPBu copolymers having similar
amount of they form decreases in samples containing high concentrations of comonomeric units androfstereodefects
concentration of butene units (sample with 17.9, mol % of and 2,1le regiodefects are compared. In the case of highly
butene, Figures 71 and 8F), and samples with butene contentsstereoregular samples prepared with the catalystontaining
higher than 30 mol % crystallize from the melt exclusively into very small amounts afr defects (Figure 9B), iPPEt copolymer
o form at any crystallization temperature (sample DB36.4 of samples always present much higher content of/tfeem than
Figure 7L). iPPBuU copolymers of similar comonomer concentrations. For
In particular, Figure 8F clearly show that the maximum stereoirregular samples prepared with the cat@lysontaining
amount of they form achieved for the homopolymer sample high concentrations of defects (2.2-3.4% for iPPBu and 3:2
iPPD, prepared with catalydD, is much higher than that 3.6% for iPPEt), at low comonomer concentrations42mol
obtained for the iPPBu copolymer sample having 17.9 mol % %) iPPEt samples still present higher amounts of thierm
of butene units. The presence of high concentratian défects (Figure 9C), but the difference between iPPEt and iPPBuU is
(3.5 mol %) induces crystallization of thg form in the not as high as in the case of more stereoregular samples (Figure
homopolymer sample, whereas the additional presence of very9B). This is due to the fact the when the comonomer concentra-
high concentration of butene units in the sample DB17.9, higher tion is low, the crystallization of both iPPEt and iPPBu
than 16-14 mol %, favors crystallization of thet form, copolymers is dominated by the presence of the high concentra-
notwithstanding the presence of stereodefects (2.2 mol %). Thistion of rr defects, that induces formation of théorm. At high
indicates thatrr defects and butene units exert a different comonomer concentrations, the crystallization is, instead, gov-
influence on the crystallization of the andy forms of iPP. erned by the different effects of ethylene and butene units, so
This unexpected behavior is not observed in iPPEt copolymersthat iPPEt copolymers crystallize basically in the purtorm
where rr defects and ethylene units seem to give a similar (sample with 13.1 mol % of ethylene in Figure 9C), whereas
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Figure 9. Relative amount of ther form of iPP,f,, evaluated from
the X-ray diffraction profiles of Figure 7, in samples of iPPEt and iPPBu
copolymers isothermally crystallized from the melt, as a function of
the crystallization temperaturg. (A) Comparison between samples
of iPPBu copolymers prepared with catalygts C, and D, having
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then decreases with increasing butene content (Figure 10C).
Moreover, in both iPPEt and iPPBu copolymers (and also for
the corresponding iPP homopolymers prepared with the same
catalysts) the value of,(max) increases with increasing
concentration ofr defects (Figure 10, parts A and C).

However, in the case of iPPEt copolymers, the daté,of
(max) as a function of the total concentration of defeets=(

[rr] + [2,1e] + [ethylene]) are fitted by a single curve (Figure
10B), indicating thatr stereodefects and ethylene comonomeric
units exert similar effects in inducing crystallization of the
form. The two effects are added, and samples containing the
same total concentration of defects give the same maximum
amount of they form regardless of stereoregularity and ethylene
concentration. Samples of iPPBu copolymers having the same
total concentration of defeetgive, instead, different maximum
amounts of they form (Figure 10D). In particular, more
stereirregular samples containing higher contentroflefects
(samples DBX with fr] = 2.2—3.4%), give values of,(max)
higher than those of more stereoregular samples with similar
values ofe, containing lower amounts af defects but higher
concentrations of butene (for instance samples ABX with [

< 0.1%). This indicates thatr stereodefects and butene
comonomeric units exert different effects in inducing crystal-
lization of they form.

The comparison of iPPEt and iPPBu copolymers, shown in
Figure 10D, clearly indicates that iPPBu copolymers always
produce lower values of the maximum amount of theorm.
Only in the case of stereoirregular samples containing high
concentration ofr defects (2.6-3.4%) prepared with catalysts
C andD do iPPEt and iPPBu copolymers give similar values
of f,(max), at least for total concentrations of defects up to
10—14 mol % (Figure 10D). This is due to the fact that in these
samples the crystallization is mainly governed by the presence
of high concentration ofr defects that induce formation of the
maximum amount of the form.

The data of Figure 10 indicate that the effects of different
types of defects on the polymorphic behavior of iPP are

similar concentrations of butene units but different concentrations of different. Ethylene units and stereodefects produce a more

rr defects £0%, 2.4%, and 3.4 mol %, respectively). (B) Comparison

efficient effect in inducing crystallization of thg form than

between samples of iPPEt and iPPBu copolymers prepared with thethat of butene units. The role of the defects is, therefore, not

catalystA having similar concentration of comonomeric units. (C)

Comparison between samples of iPPEt and iPPBu copolymers prepare

with the catalysD having similar concentration of comonomeric units.

The concentrations (mol %) of ethylene (E) and butene (B) units are

indicated.

iPPBu samples with butene content higher than-1% mol %
crystallize mostly in thex form (Figure 9C).

As extensively reported in the literatute’8912-1517 the
maximum amount of ther form that crystallizes upon melt-

AUSt limited to the effect of shortening the length of regular fully

Isotactic sequences.

However, all data reported in the literature so far agree with
the hypothesis that the crystallization of thdorm is favored
when the regular isotactic sequences are $hgtf-1517.21and,
therefore, when the total concentration of any type of defects
is high and no differences have been observed for different kinds
of defects. However, only in the case of iPP copolymers, Alamo
et al*® have observed that ethylene, butene, hexene, and octene

crystallization procedures, depend on the microstructure if iPP comonomeric units produce different values of the regular
chains, that is, on type and concentration of defects andisotactic crystallizable propylene sequences because of the

molecular mas$’

The values of the maximum amount of théorm (f,(max))
that develop by melt-crystallizations of iPPEt and iPPBu

different degree of inclusion of comonomers in the crystalline
lattice. Comonomers rejected from the crystals would produce
shorter crystallizable sequences and higher concentration of the

copolymers, evaluated from the maximum of the curves of 7 phasé‘.g However, also from these literature data there is no
Figure 8, are reported in Figure 10 as a function of ethylene d|scr|m|nat|on of defects that'ente.r the crystal lattisee(eo
and butene concentrations (Figure 10A,C) and of the total Or regiodefectsor comonomeric units) between crystals of the

concentration of defects = [rr] + [2,1e] + [comonomer]
(Figure 10B,D). It is apparent that, while for iPPEt copolymers
the value off,(max) increases with increasing ethylene con-
centration up to achieve the maximum vafygnax)= 1 that

o or y forms. This is the key to discriminating the role of
different defects.

For metallocene-made iPP homopolymer samples and iPP-
based copolymers the distribution of defects (stereodefects and

remain constant for all ethylene concentrations compatible with comonomeric units) along the polymer chains is random; hence,

the crystallization (Figure 10A), for iPPBu copolymefigmax)

the values of the average length of the fully isotactic propylene

first increases, achieves a nearly constant maximum value andsequencefippl] have been evaluated as inversely proportional
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Figure 10. Maximum amount of ther form (f,(max)) as a function of concentration of ethylene (A) and butene units (C) and of total concentration
of defects ¢ = [rr] + [2,1e] + [comonomer]) (B,D) obtained in iPPEt (A,B) and iPPBu (B,D) copolymers crystallized from the melt.

iPP and iPPEt

to the total content of microstructural defects. Only recently .0- iPPBu, [+] = 0.7-1%

we have been able to analyze the single effect sfereodefects
on the crystallization of the anda forms of iPP thanks to the
structural studies of iPP homopolymer samples characterized 981
by a very simple microstructure, containing largely one type of _ = 1] <0.1%
defects (isolatedr triads) in a wide range of concentration and éoﬁ- N
free from any other microstructural defeétsThis allowed us e oy O iPP([rr] =0.5-11%)
. . . . . 5 ° }PPA([rr]:O.Z%, [2,1e] = 0.8%)
to find a precise relationship between the maximum amount of o £ O iPPB ([rr] = 1.0%, [21¢] =0.7%)
the y form and the average length of the fully isotactic a o e
sequence¥ which can be easily evaluated for these samples . ggggr’:]]jg;_/l/[2[1;]1:]0:10*3’50@)
from the 13C NMR data adlippld= (2[mni/[mr]) + 2. This 01 5y 2 CBX (7] = 19-24% 1) =0)
relationship is reported in Figure 11 in a logarithmic scale of I U e N
[Lippto amplify the region corresponding to very small values gl 4 o ® DEX(]=3236% [21d=0) : :
2 5 10 50 100 200

of [Lippland high concentration of defects. For iPPEt and iPPBu L= /e

copolymers, containing stereodefects, 2,1 reg'Odef_ECts’ and Figure 11. Maximum amount of the form, f,(max), crystallized by
comonomers, the average length of regular isotactic polypro- jspthermal crystallizations from the melt, evaluated from the maxima
pylene sequences can be roughly evaluatedlasll= 1/, of the curves of Figure 8, as a function of the average length of fully
wheree = [rr] + [2,1e]+ [comonomer] is the total concentra- isotacticdprqtp;]yler}e lsngef!tdhﬂ?w]D f<0f03‘1'310r/np|;)3 gf iP_tF;]B[U ?OP%YYmEYS

H H repared with catalysis wi r 1% y Wi ) = 0./—

tion of defects (Tables33). The values of maximum amount E%?tilted square, half solid); with [rr] = 1.9-2.4% (¥) andD with

of they form, fq/(max),.obtalned for |PPEt_and iPPBu copoly- [rr] = 2.2-3.4% (@) and of iPPEt copolymers prepared with the
mers and corresponding homopolymers iPRAPD from the catalystsA with [rr] = 0.2% (pentagon, half solid) aridl with [rr] =
data of Figures 8 and 10, are reported in Figure 11 as a function3.2—3.6% (hexagon, half solid), and corresponding iPP homopolymer
of the average length of the fully isotactic polypropylene SamplesiPPA®), iPPB (), iPPC (), and iPPD &), prepared with

sequenceflippiand are compared with the relationship found g;;S:rT;Zscﬂ;aslyzfénTESa?LY;?g[ne 'eD”gthl /gf Jyr!lgréseotizc%ce pt:)c;g?/lene
for iPP homopolymer samplé3. .

" ) concentration of defects = [rr] + [2,1e] + [comonomer]. The data
Itis apparent that the data H{max) obtained for the samples  of the copolymers are compared with the relationship betvigerax)

iPPA and iPPB containing 2,1 regiodefects are well-interpolated andLieefound in ref 12 for samples of iPP homopolymer of different
stereoregularity, characterized by the presence of variable amount of

on the relationship obtained in ref 12 with the iPP samples
. . . . rr stereodefects). For these samples the valueslbfsllhave been

containing onlyrr stereodefects (including the samples iPPC o 31 ated from théC NMR datal? as Wipel= (2[mni/[mr]) + 2.
and iPPD)!” As already shown in ref 17, this indicates that
stereodefects and 2,1e regiodefects give a similar effect of are also well-interpolated by the same curve corresponding to
reducing the length of regular isotactic sequences, at least forthe data of the stereoirregular iPP samples containing wnly
low concentration of defects (in the range3%), and give the stereodefects. This confirms that ethylene comonomeric units
same influence on the crystallization of theform. behave asr stereodefects at any concentration. They exert a

Moreover, Figure 11 clearly indicate that the datd,gihax) similar effect on the crystallization of iPP. Both ethylene units
obtained for all iPPEt copolymers (samples AEX and DEX) andrr stereodefects produce a shortening of the regular fully
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isotactic PP sequences inducing crystallization ofjthferm.
Samples of iPP homopolymers containing onydefects and
iPPEt copolymers characterized by the same valuggfiive
the same maximum amount of theform, regardless of the
relative concentration afr and ethylene units. At high defect
concentrationd higher than 57 mol %) and low average length
of iPP sequencedlpplllower than 15-20 monomeric units)
crystallization of the purey form is observed in both iPP
homopolymet? and iPPEt copolymer samples.

The data off,(max) for samples of iPPBu copolymer are,

Copolymers of Propylene with Ethylene and Buteré613

regular isotactic sequences. The different behaviorr ofte-
reodefects and ethylene and butene comonomeric units may be
related to the inclusion of stereodefects and constitutional defects
in the crystals of thex andy forms of iPP and the different
compatibility of the different defects within the crystalline
lattices of the different polymorphic forms of iPP, which
produces a difference in the partitioning of defects between
crystals of thea andy forms.

The results of Figures-36 and all data reported in the
literature?1:44148.56.65namely the higher degree of crystallinity

instead, not fitted by the master curve corresponding to the datay ippgy copolymers compared with that of iPPEt samples
of the stereoirregular iPP homopolymer and iPPEt copolymer (Figure 4A), support the hypothesis that the degree of inclusion

samples (Figure 11) and different relationships betvig@max)

andLippCare obtained depending on the stereoregularity. Only
for very low concentration of butene units and high values of

LippJthe data of iPPBu copolymers converge on the master
curve of stereodefective iPPs (Figure 11). Moreover, samples

of ethylene is much lower than that of butene. Because of the
inclusion of defects, the length of the crystallizable sequences
is much longer than the value dpplJof Figure 11.

It has been recently suggested that defects of stereoregularity,

of iPPBu copolymers characterized by the same value of the SUCh as isolated triads, can be more easily tolerated at low
average length of iPP sequences (having the same totalcOSt of conformational and packing energy in the crystal lattices

concentration of defeat) give different maximum amount of
they form depending on the concentrationrofdefects (Figure
11). In particular, at the same valuel&fss[) more stereirregular
samples containing higher contentrofdefects (samples CBX
and DBX with [rr] = 1.9-2.4% and 2.2-3.4%, respectively),
give values off,(max) higher than those of more stereoregular
samples containing lower content (for instance samples ABX
and BBX with [rr] < 0.1% and fr] = 0.7—1.0%, respectively).

of they form and of then/y disordered modifications?!*Low
conformational energy models of iPP chains containing
defects, proposed in ref 7, are shown in Figure 12A,B. In the
model of Figure 12B, the presence of defects produces
inversion of the chirality of the 3-fold helix and a bending of
the chain’ Calculations of the packing energy have indicated
that this bent defective chain could be accommodated in the
lattices of they form ando/y disordered modifications of iPP

iPPBu copolymers always produce values of maximum amount but not in the lattice of the. form.”:111n the low-energy model
of they form lower than those obtained for stereodefective iPP of Figure 12A, the chain stems connected by the punatual
homopolymers and iPPEt copolymers samples having the samadefect have the same chirality and maintain the same axis. The

value of Lippl] This indicates that the effect of butene units on
the crystallization of thes form is completely different from

resulting chain is straight and could be easily accommodated
in crystals of botho. and y forms, the values of the packing

that ofrr stereodefetcs and ethylene units. The single effect of energy being very similar foe. andy lattices. This suggests
butene units is given in Figure 11 by the curve corresponding that rr defects are possibly included in both and y form

to iPPBu samples containing negligible amountrioidefects
(samples ABX with fr] < 0.1%). Only in the case of
stereoirregular samples containing high concentratiorrrof
defects (2.6-3.4%) prepared with catalysts and D, iPPBu
copolymers give values df(max) similar to those of iPPEt

copolymers and stereodefective iPP samples, at least for total

concentration of defects lower thar-B8 mol % and values of
LippChigher than 1520 monomeric units (Figure 11). This is

due to the fact that in these samples the crystallization is mainly

governed by the presence of high concentratiomr aflefects

that induce formation of the maximum amount of théorm.
Finally, Figure 11 shows that for iPPBu copolymers, the

values off,(max) decrease for very low values [dfppJ(lower

than 10 monomeric units, corresponding to concentration of
butene units, or total concentration of defects, higher than 10

mol %) and these samples tend to crystallize in édhéorm.
The result that the crystallization of tleeform is favored for

crystals, but the inclusion in theform is more probable because
the bent conformation of Figure 12B is of the lowest energy
and compatible only with the crystalline lattice of theéiorm.

Similar calculations of conformational and packing energies
have been performed for iPP chains containing ethylene and
butene comonomeric units. The results of the modeling are
shown in Figure 12€F. Ethylene units behave as stereo-
defects, that is, the two low conformational energy models of
Figure 12, parts C and D, with parallel and bent chain stems
connected by the ethylene defect, respectively, suitable for the
packing in crystals of the. form and they form, respectively,
are isoenergetic. Therefore, ethylene units may produce inver-
sion of the chirality of the 3-fold helix and a bending of the
chain or a straight chain that maintains the same chirality before
and after the defect. Packing energy calculations have shown
that the bent conformations of Figure 12D having helical stems

very short values of the average length of the regular propylene With opposite chirality connected by the defect can be easily
sequenceflppCis reported here for the first time and is opposite @ccommodated only in crystals of the form or in a/y
to what has been generally accepted so far that short regulardisordered modifications, but not in theform, whereas the

propylene sequences favor crystallization of the
form.1-3.68-1517.21 For stereodefective iPP homopolymer and

model of Figure 12C can be accommodated in crystals of both
thea andy forms. This suggests that, as in the case dlefects,

iPPEt copolymer samples, instead, the maximum amount of the€thylene units may be included in crystals of thandy forms,

y form achieves the maximum valfigmax) = 1 for values of
Lipp= 20—30 monomeric units, and this remains constant for
all concentrations afr defects or ethylene units compatible with
the crystallization.

These data indicate that the crystallization of thform of

but inclusion in they form or in theo/y disordered modifica-
tions is more probable.

In the case of iPP chains containing butene units as defects,
only models of straight chain of Figure 12, parts E and F, with
the chain stems connected by the butene defect having the same

iPP is not just related to the value of the average length of the chirality and parallel axes, have low conformational energy.

regular fully isotactic propylene sequenckggl] Microstructural

Models of bent chains with helix reversal are, indeed, of high

defects or comonomeric units act as interruption of the regular energy. Packing energy calculations have shown that the
iPP sequences but their role is not only limited to shorten the modeled chains of iPP containing butene defects (Figure 12E,F)



6614 De Rosa et al. Macromolecules, Vol. 40, No. 18, 2007

AE=2.6kcal/mol AE=0.7 kcal/mol AE=1.6 kcal/mol AE=1.9 kcal/mol AE=1.2 kcal/mol AE=10.7 kcal/mol
of rr triads of rr triads of ethylene units of ethylene units of butene units of butene units

Figure 12. Minimum energy conformations of iPP chains in 3/1 helical conformation containing isalateidds (A, B), ethylene (C, D) and

butene (E, F) defects. The values of backbone dihedral anglesl8C, G ~ +60°, A ~ 12C°) and the chirality of the chain branches above and

below the defects (R= right-handed, L= left-handed) are indicated. The minimum energy conformation of chains containing an isolated
stereodefect (A) emulates the shape of a fully isotactic iPP chain and is close to that one shown in Figure 5 of ref 5, found using a simulated
annealing procedure. For chains containing isolated butene units (E, F), low energy conformations correspond to small deviations of the backbone
dihedral angles from the trans (T) and gauche (G) values. The pendant methyl group of the butene traitg$caonformation with respect to one

adjacent backbone methylene carbon atom arghircheconformation with respect to the second adjacent methylene group in model E, whereas

it is in gaucheconformation with respect to both adjacent backbone methylene groups in model F. The conformational energy of each defect is
given with respect to the energy of a defect-free model chain of iPP in 3/1 helical conformation. The atoms of the monomeric unit corresponding
to the defect1f triad, ethylene and butene) are indicated as gray circles.

could be easily accommodated without differentiation in crystals  In the case of iPPBu copolymers, butene units are included
of the a andy forms. without differentiation in crystals of thet and y form, but

These results can explain the data of Figure 10 and 11 thatProbably more easily in the form at high concentrations. At
have indicated thatr stereodefect and ethylene units favor low butgne concentration, up to nearly ;O mol %, the effect of
crystallization of they form, whereas high contents of butene Shortening the length of regular isotactic propylene sequences
units favor crystallization of the. form. This is possibly due  Prevails and induces crystallization of theform. Hence, at
to the fact thatr stereodefects and ethylene units are probably Nigh value offlipeLjin the range 16100 monomeric units, the
more easily included in crystals of theform, whereas butene ~ Maximum amount of the form increases with increasing butene
units are included without differentiation in crystals of bath ~ concentration and decreasitigesL] For high butene concentra-

andy forms, but probably more easily in the form at high tions, higher than 10 mol %, the effect of inclusion of butene
concentrations. units in crystals of thex form, that induce crystallization of

This analysis indicates that the crystallization properties and ttha;(;giTi’oﬁrf::I:ici\éirséhgi ?:ﬂihzjzo(;ﬁg:gigpg? ther
polymorphic behavior of iPP and corresponding copolymers form for butene content higher than-205 mol % determines
depend on a double role played by stereodefects, regiodefectsth loosi £ di . ? val ¢ d
and constitutional defects. The first effect is the interruption of € l00sing of dimensional eéquivalence o tim_ean Ca axes
the regular fully isotactic propylene sequences with shortening of thea form, so that the mechanism of epitaxial crystallization

: . f they form on parent. form lamellae becomes less probable.
of the average length of the crystallizable sequefites, which ort
favors crystallization of thg form that does not need for chain This produces a decrease of the amount ojtferm for butene

folding.® This effect is common to any defectst¢ree and concentration higher than 15 mol % andLipeClower than
regio-defects and comonomeric units) and may be more or less 10 monomeric unts, and a corresponding increase of the amount

efficient depending on the effective disturbance of the defect, .Of thea_ form that crystallizes fro_m the melt (F|gure_11). This
which, in turn, is related, in the case of copolymers, to the size IS conﬂrmc_ad by_ the fact that iPPBu samples W'th. bu_tene
of the comonomeric unit€ The second effect is due to the concentrations hlgher than 280 mol % always crystallize in
possible inclusion of defects in the crystals of thandy forms the purea form §F|gure 7,")' ) .

of iPP. This favors crystallization of the crystalline form that 't iS worth noting that in both iPPEt and iPPBu copolymers
better tolerates the defect within its crystalline lattice. In the the crystallizable sequences are longer than the average length
case of iPPEt and iPPBu copolymers, since different proportions ©f regular fully isotactic propylene sequendéser.] because

of ethylene and butene units are included in crystals ofothe of the |n9|u3|on of counits in the crystals.. In particular, in the
andy forms, the two effects act simultaneously, and one prevails @€ of iPPBu copolymers, the crystallizable sequences are
over the other depending on the compatibility of the different longer than in iPPEt owing to the complete cocrystallization of
defects within the crystalline lattices of the different polymorphic ProPylene and butene units.

forms. Ethylene andr stereodefects are included in crystals of
both a andy forms but are probably more easily included in
crystals of they form and ina/y disordered modifications of The crystallization properties and the polymorphic behavior
the vy form. In iPPEt copolymers and in stereodefective iPP of isotactic propyleneethylene and propylereéutene copoly-
samples, the effects of crystal inclusion and of shortening the mers prepared with different metallocene catalysts are analyzed.
regular propylene sequences produce the same result of favoringrhe precise control of stereoregularity and concentration of
the crystallization of thes form. comonomers has allowed studying and discriminating the

Conclusions
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influence of stereodefects and ethylene and butene units on thecopolymer samples and DSC heating curves. This material is
crystallization of theot andy forms of iPP. available free of charge via the Internet at http://pubs.acs.org.
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