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ABSTRACT: Exciting new developments in polyolefin synthesis give rise to olefinic block copolymers with
properties typical of thermoplastic elastomers. The blocky copolymers synthesized by chain shuttling technology
consist of crystallizable ethylen@ctene blocks with low comonomer content and high melting temperature
(hard blocks), alternating with amorphous ethylenetene blocks with high comonomer content and low glass
transition temperature (soft blocks). This paper describes the materials science of these unique polymers as
characterized by thermal analysis, X-ray diffraction, microscopy, and tensile deformation. The crystallizable nature
of the hard block and the crystalline morphologies are consistent with an average hard block length that is well
in excess of 200 carbon atoms. The crystallizable blocks are long enough to form well-organized lamellar crystals
with the orthorhombic unit cell and high melting temperature. The lamellae are organized into space-filling
spherulites in all compositions even in copolymers with only 18 wt % hard block. The morphology is consistent
with crystallization from a miscible melt. Crystallization of the hard blocks forces segregation of the
noncrystallizable soft blocks into the interlamellar regions. Good separation of hard and soft blocks in the solid
state is confirmed by distinct and separgt@ndo-relaxations in all the blocky copolymers. Compared to statistical
ethylene-octene copolymers, the blocky architecture imparts a substantially higher crystallization temperature,
a higher melting temperature and a better organized crystalline morphology, while maintaining a lower glass
transition temperature. The differences between blocky and statistical copolymers become progressively more
apparent as the total comonomer content increases.

Introduction applications. More recently, olefinic block copolymers contain-

Contemporary advances in catalyst technology allow statisti- "d @morphous blocks with lowel, such as iPR-EPR, sPP-
cal copolymerization of ethylene with high levels of comono- P-EPR, and Pib-(ethyleneeo-hexene) (PE>-PH), have been
mer! Homogeneous ethyler@ctene copolymers with low  Synthesized using living single-site catalyst$? The block
crystallinity and low density (0.860.88 g cnt3) exhibit the length and composition can be precisely controlled through
characteristics of thermoplastic elastom&iEhe elastomeric sequential monomer addition strategies. However, because it is
properties depend on the fringed micellar crystals which serve @ batch process and requires a low reaction temperature, this
as network junctiond* However, these elastomers have a low approach is not economically attractive.

melting temperature which limits their application at higher  Anoiher approach to olefinic block copolymers is hydrogena-

temperatures. ) tion of anionically polymerized block copolymers of 1,4-
Commercially important thermoplastic elastomers possess ay, ;12 diene and isoprene to yield crystallizable polyethylene

blocky chain structure consisting of a high melting or high glass blocks and amorphous ethylergropylene copolymer blocks.
transition block and a low melting or low glass transition bléck. Diblock,2-23 triblock,24-28 and multiblock copolyme?8 have
The hard blocks form domains that serve as reinforcements andbeen p:repared by tlhis indirect route. Although this is not a
as physical cross-links to connect the elastomeric soft blocks. ractical route to commercial develo. ment of olefinic block
The concept of an olefin-based block copolymer would combine Eopolymers these copolymers provige excellent models for

high melting, crystallizable hard blocks with amorphous, ) . .
elastomeric soft blocks. exploring the structureproperty relationships.

Early attempts to produce olefinic block copolymers sought  Exciting new developments in polyolefin synthesis by The
to combine crystallizable isotacti® or syndiotactié®~12 polypro- Dow Chemical Company enable synthesis of olefinic block
pylene (iPP or sPP) blocks and rubbery amorphous ethylene copolymers in a direct wasf. The blocky copolymers synthe-
propylene copolymers (EPR) using Ziegiatta catalysts, but  sized by chain shuttling technology consist of crystallizable
were not commercially successful. Either the products were ethylene-octene blocks with very low comonomer content and
primarily blends of isotactic PP and amorphous copolyrfiets,  high melting temperature, alternating with amorphous ethytene
or the activity of the catalyst was very loWRecently stereo-  gctene blocks with high comonomer content and low glass
block polypropylenes have been reportéd.” Although the  yransition temperature. They have a statistical multiblock
isotactic or syndiotactic polypropylene blocks impart a high 5chitecture with a distribution in block lengths and a distribution
melting temperature, the relatively high glass transition tem- i, the number of blocks per chain. The molecular architecture
perature of the atactic blocks excludes many elastomeric giters from the well-defined block lengths of olefinic block

copolymers synthesized batchwise by anionic polymerization.
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Table 1. Characteristics of Blocky

New Olefinic Block Copolymers 2853

Ethylene-Octene Copolymers

total octene content

hard block
short content I2 Mw
material code (wt %) (mol %) (wt %) (9/10 min) (kg/mol) Mw/Mn
EO18.9 SS 48.3 18.9 0 1.2 129 2.1
(EO0.5)g-b-(EO18.9), H18 39.8 14.2 18 1.7 112 2.0
(EOQ0.5)7b-(EO18.9)3 H27 35.6 12.2 27 14 124 21
(EOO0.5)0-b-(EO18.9}0 H40 29.6 9.5 40 1.0 110 2.0
(EO0.5}7-b-(EO18.9)3 H57 22.0 6.6 57 1.0 108 1.9
(EOQ0.5)7b-(EO18.9}3 H67 17.4 5.0 67 11 100 1.9
(EOQO0.5}>-b-(EO18.9)g H82 10.1 2.7 82 1.0 102 1.9
EOO0.5 HS 2.0 0.5 100 4.0 77 1.8
Table 2. Physical Properties of Blocky Ethylene-Octene Copolymers
density X2 Tm AHm XeAHP Te Xewaxp® Ty(DMTA) TA(DMTA)d

polymer (g/en?) (Wt %) (C) Ugh (wt %) (C) (wt %) (C (C)

SS 0.8582 —44

H18 0.8649 8 114 19 7 74 6 —43

H27 0.8795 19 118 49 17 94 19 —42 91

H40 0.8929 29 119 79 27 98 30 —40 91

H57 0.9022 36 121 89 31 100 35 —34 95

H67 0.9097 41 122 115 40 101 41 =31 97

H82 0.9202 49 124 137 47 104 50 -19 98

HS 0.9349 59 126 170 59 109 57 98

a Crystallinity from density? Crystallinity from heat of melting® Crystallinity from WAXD. 94 From tand, T is taken asTy.

the anionic block copolymers, to emphasize the important
differences resulting from the blocky architecture.

Materials and Methods

The blocky ethyleneoctene (EO) copolymers synthesized by
the chain-shuttling metho®,were supplied as pellets by The Dow
Chemical Company together with information on octene content,
molecular weight, and molecular weight distribution as given in
Table 1. Results from the statistical analysis of the chain-shuttling
phenomenon were also provided by Dow. Homogeneous EO

copolymers with essentially the same composition as the hard block

(0.5 mol % octene) and as the soft block (18.9 mol % octene) were
used as controls and are designated as HS and SS.

The weight percent hard blookyg in the blocky copolymers
was calculated from the weight percent total octeges

48.3— w, (%)

We(*) = 5263

1)

taking the octene content of hard and soft blocks as 2.0 wt % and

MPa pressure for 1 min to remove air bubbles, held at 10 MPa for
4 min and cooled to ambient temperature at approximatel§CL5
min~1in the press. The compression molded films were subsequently
stored at ambient temperature for 2 days before measuring the
physical and mechanical properties.

Density was measured according to ASTM D15@% using
small pieces cut from the compression molded films. A 2-propanol
water gradient column with a density range of 8180 g cn13
was used. The reported density is the average of at least three
specimens and has an error of less than 0.0005 @.cm

Specimens weighing 510 mg were cut from compression-
molded films for thermal analysis. Thermograms were obtained on
a Perkin-Elmer Series 7 differential scanning calorimeter (DSC).
Scans were taken betweets0 °C to 190°C with a heating/cooling
rate of 10°C min~1.

Wide-angle X-ray diffractograms (WAXD) were obtained at
ambient temperature using Ni-filtered Cuiadiation on a Rigaku
RING2200 Ultima diffractometer in the reflection mode with a
scanning increment of 0.05

Specimens for optical microscopy (OM) were made by sand-
wiching a pellet between two glass slides, heating atI®or 5

48.3 wt %, respectively. The blocky copolymers are designated as min under minimal pressure, and slowly cooling &3min~1 on

(EOO0.5)-b-(EO18.9)00-x Where EOO.5 is the hard block, EO18.9
is the soft block, and is the hard block content as weight percent.
For convenience, a shorter sample code,islused hereafter. The
local comonomer distribution within the hard and soft blocks was
statistical and homogeneous.

The product of the chain-shuttling process is a multiblock
copolymer with a distribution of block lengths and a distribution

a Mettler hot stage. After 1 day at ambient temperature, polarized
optical microscopy was performed on the specimens with an
Olympus BH-2 microscope. A/4-plate was used in birefringence
measurements.

Free surfaces for atomic force microscopy (AFM) were prepared
by melting the polymer on a glass slide at 19D for 5 min and
cooling slowly at a rate of 3C min~! under nitrogen in a

in the number of blocks per chain. A statistical analysis of the chain- Rheometrics DSC. The thickness of the polymer film was at least
shuttling phenomenon revealed the copolymers to have a mostequal to the spherulite diameter. After aging 1 day at ambient
probable distribution of block lengths and number of blocks per temperature, the free surface was imaged in air with a commercial
chain. Preliminary model calculations of the polymers used in this scanning probe microscope Nanoscope llla from Digital Instruments
study predicted that the bulk of the polymer had between 2 and 10 operating in the tapping mode. Images were collected at ambient
blocks per chain. The molecular weight of the average hard block conditions. In most cases, intermediate tapping force was used,
of an H82 chain with the weight-average molecular weight (Table however hard tapping was required for imaging blocky copolymers

1) and 6 blocks (3 hard blocks) would be 28 kg/molat900 C

with low crystallinity, H27 and H18. The ratio of the set point

atoms in the backbone. The corresponding values would be 22 kg/amplitude fp) to the free oscillation amplitudeé\() for each AFM

mol or ~1500 C atoms for H67; 21 kg/mol e¥1400 C atoms for
H57; 15 kg/mol or~1000 C atoms for H40; 11 kg/mol e¥800 C
atoms for H27; and 7 kg/mol ox500 C atoms for H18.

Films 0.5 mm thick were compression molded from the pellets.

image is given in the figure caption. Height and phase images were
recorded simultaneously. The spherulitic structure was more
apparent in height images and the lamellar morphology was better
revealed by the modulus difference in phase images.

The pellets were sandwiched between Mylar sheets and preheated Dynamic mechanical thermal analysis (DMTA) was carried out

at 190°C for 5 min under minimal pressure, cycled from 0 to 10

with a Polymer Laboratories dynamic mechanical thermal analyzer.
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Figure 1. Thermal behavior of blocky EO copolymers: (a) first heating thermograms; (b) cooling thermograms; (c) second heating thermograms.
Specimens were aged-12 days after compression molding. The heating/cooling rate wa€ Iin=*.

A rectangular specimen with dimensions of 17 mm by 7 mm was at less than 0.2% strain at 1 Hz from80 to 10°C below the
cut from the compression molded film and tested in dynamic tension melting temperature.



Macromolecules, Vol. 40, No. 8, 2007 New Olefinic Block Copolymers 2855
160 A . . r 180 F® T - : T i
150 | 7]
120 | . ”
120 F .
) )
0 S
< 80} 1 E 90 F () 1
£ 5 °
60 | ]
40 | 1
m HS 30 F . ]
® Blocky EO e )
O Statistical EO g
0 N N N N N N N N N N N N N N N N N N N 00/. . 1 " 2 ' " " 2 " ' a 2 " " 1 2 "
0 10 20 30 40 50 0 20 40 60 80 100
Hard Block (wt%
Octene Content (wt%) (wte)
0 250 —— T
'(b')”' e e e e e e L e (b) a s
® Blocky EO
200 O Ss ]
10 ¢ g O  Statistical EO
5150 | .
_ 20 ] 3 1
£ E _
> <100 | ]
F a0} ]
50 | .
40T o BockyEO ]
O  Statistical EO ss
O S8 0 N P R 1 L Do |
-50 e 0 10 20 30 40 50
0 10 20 30 40 50 60 Octene Content (wt%)

Octene Content (wt%)

Figure 2. Effect of comonomer content on (a) melting temperatur
and (b) glass transition temperaturd@®) (blocky EO copolymers;H)
hard block; ©) soft block; () statistical EO copolymers. Data for
statistical EO copolymers are from Bensason ét@lass transition
temperature is taken as the peak temperature gffedaxation in the
tan o curve. The solid lines are to guide the eyes.

Figure 3. AHn as a function of (a) hard block content and (b)

e comonomer content. For blocky copolymers, the solid lines are the
linear least-square fits and the dashed lines give the linear extrapolations.
For statistical copolymers, the dashed line is the linear least-square fit
through the data. Key: &) blocky EO copolymers;M) hard block;

(O) soft block; () statistical EO copolymers. Data for statistical EO
copolymers are from Bensason etal.

100

The stressstrain behavior in uniaxial tension was measured with
ASTM D1708 microtensile specimens cut from the compression
molded films. The separation of the grips was 22.3 mm including
the fillet section; the specimen width was 4.8 mm. Specimens were
stretched in an MTS Alliance RT30 at a strain rate of 500% thin
at ambient temperature. Engineering stress and strain were defined
conventionally. A pattern was coated on some of the specimens
by depositing a gold layer over a square grid. These specimens
were photographed during deformation to obtain the specimen
profile. For recovery measurements, specimens were stretched to
300% engineering strain, the lower grip was released and the
recovered length was measured after 10 min.
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Results and Discussion

N
o

Thermal Behavior. The first heating, cooling, and the
subsequent heating thermograms for blocky EO copolymers are
shown in Figure 1. All of the blocky copolymers showed sharp
melting and crystallization peaks. The peak temperatures shifted
only slightly as the amount of crystallizable hard block

0 T
0 20 100

40 60
Density Crystallinity (wt%)
eFigure 4. Comparison of crystallinity from density and crystallinity

decreased. The primary effect of composition was a decreas
in the transition enthalpies. The results for the peak melting
temperature ), the heat of meltingAHp), and the crystal-
lization temperature T) are summarized in Table 2. The

from DSC heat of melting. Key: &) blocky EO copolymers;®) hard
block; ©, V) statistical EO copolymers. Data for statistical EO
copolymers are from Bensason efal.

homogeneous copolymer HS, which had the same comonomercontent the melting peak temperature of the hard block decreased
content as the hard block, showed a peak melting temperatureonly slightly, whereas the heat of melting decreased proportion-

at 126°C. In H82, the hard block melting peak appeared at a
slightly lower temperature of 124C. With increasing soft block

ally to the hard block content. Small changesTyparalleled
the decrease iy, with the result that the undercooling{ —
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Figure 6. Wide-angle X-ray diffractograms of blocky EO copolymers.
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Temperature (°C) Figure 7. Polarized optical micrographs of blocky EO copolymers:
Figure 5. Dynamic mechanical relaxation behavior of blocky EO (a) HS; (b) H82; (c) H57; (d) H40; (e) H27; (f) H18. The inserts are
copolymers: (a) lod='; (b) log E"; (c) tand. 20 um by 20um areas.

Tc) was about 20C for HS and for all the blocky copolymers  second heating thermogram (Figure 1c). A similar aging peak
except H18. in the thermogram of the homogeneous copolymer SS, which
The sharp melting peak and high melting temperature were nad the same comonomer content (18.9 mol %) as the soft block,
substantially different from the thermal behavior of homoge- confirmed this interpretation. A previous stl_de indicated that
neous statistical EO copolymers, where the melting endotherm15—17 mol % octene was required to achieve a completely
broadened considerably and shifted rapidly to lower temperature@Morphous statistical EO copolynter. .
with increasing comonomer contéithe sizable difference was The value ofAHy, taken from the first heating thermogram
seen by comparing the peak melting temperature of blocky and decreased Ilnearly_ with _decreasmg hard block content, Figure
statistical EO copolymers in Figure 2a. The broad crystal size 32 The linear relationship betwegin and hard block content
distribution and defect distribution in statistical EO copolymers Wrs can be described as
resulted from the statistical distribution of crystallizable chain

lengths® whereas large, less defective crystals formed from the AH,(Jg 1) = 1.69,¢ (2)
long ethylene runs in the hard blocks of the blocky copolymers.
The small low-temperature melting peak at about’@7in The linear relationship extrapolated &H, = 0 for 100%

the first heating thermogram of H18 was identified with ambient soft block, which was consistent with the negligible crystallinity
temperature aging of the soft block# disappeared from the  of SS. The linear relationship further indicated that the hard
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block crystallinity was constant across the composition range (a) HS
from H82 to H27, and equal to 58 wt % takiadH,° of 290 J
g~! for the polyethylene crystdk The exception was H18,
which exhibited somewhat lower crystallinity than anticipated
from the linear relationship. It was noted that this polymer also
crystallized with a higher undercooling than the other blocky
copolymers.

The dependence ohHy, on total comonomer content for
blocky copolymers is compared with data from the literature
for statistical copolymers in Figure 3b. Extrapolation of the
linear relationship for statistical copolymers toH;, = 0 ”
identified 17.3 mol % (45.6 wt %) as the lowest octene content (c) H57
for an amorphous copolymer. The octene content of the soft KRS
segment of 18.9 mol % (48.2 wt %) was slightly higher than
this. This result, combined with the linear dependencAldf,
on hard block content, led to a slightly higher crystallinity for
a blocky copolymer compared to a statistical copolymer of the
same total octene content.

The weight fraction crystallinity Xcan) based on the total
copolymer (hard block plus soft block) is calculated as

m

- AH
XeanWE96) =75 x 100 ®3)

m

The results are compared with the weight fraction crystallinity
from density ¥¢,) assuming a two-phase model with constant
amorphous phase and crystalline phase densities

on ) — &: P~ Pa
X, (Wt %) p(p — p) x 100 @)

C

density and crystalline phase density, respectively. Using the =¥

o

generally accepted valuesga‘andpc for pol_ye_rthylene of 0'8.55 Figure 8. Free surface AFM phase images of blocky EO copolymers:
and 1.000 g cm? respectively’? crystallinity from density  (a) HS @A/A, = 0.80); (b) H82 A/A, = 0.70); (c) H57 A/A, =
agreed quite well with crystallinity from DSC heat of melting, 0.60); (d) H40 As/A, = 0.70); (e) H27 AsJA, = 0.48); (f) H18 @y
Figure 4. A good one-to-one correlation of these two crystallinity A = 0.44). Arrows indicate the radial direction. Note the different
determinations was also found for statistical EO copolymers Scale in the image of HS.
and results from the literature are included in FigureBbth ) ) ) )
statistical and blocky EO copolymers can be described satis- —44 °C in tand which was accompanied by a drop in storage
factorily using a simple two-phase model of crystalline phase Modulus of more than 2 orders of magnitude. The blocky
and amorphous phase. However, it is noted that the amorphousOPolymers with high soft block content, H27 and H18, also
phase of the blocky copolymers has two contributions, both with €xhibited an intensg-relaxation at the same temperature as
essentially the same density. One contribution is from the the peakin SS. This suggested that the soft block mobility was
amorphous soft block and the other is from the noncrystalline MOt significantly affected by the hard block crystallization. With
regions of the hard block. increasing hard block content, tifbrelaxatlon decreased in

Dynamic Mechanical RelaxationsThe dynamic mechanical ~ intensity and moved to slightly higher temperature. In these
relaxation behavior of the blocky copolymers, HS and SS is Compositions, it appeared that the soft block mobility was
shown as storage modulug'), loss modulus ") and loss reduced somewhatdye to restrictions |mposed_by the crystalline
tangent (tand) in Figure 5. Two primary relaxations were ~Phase®® However, T increased to only-19 °C in H82. The
observed in the temperature range examined. They wereoctene content had a much larger effec_t on'[_}';lef_stanstlcal
conventionally identified as the crystallioerelaxation andthe ~ copolymers, as shown by the comparison in Figure 2b. The
lower temperature amorphofsrelaxation. Thex-relaxation at ~ €ffect was especially noticeable in copolymers with higher
about 98°C in tand was the most intense relaxation of HS. A  crystallinity, where the blocky copolymer could hatg10°C
decrease in-relaxation intensity paralleled the decrease in hard '0wer than the statistical copolymer of the same octene content.
block content. HoweverT, decreased only slightly from The pealg-relaxation temperature in the tarcurve is given
98 °C for H82 to 91°C for H27, Table 2. Then-relaxation ~ asTg(DMTA) in Table 2. It has been suggested that the peak
was not recorded in H18 due to softening and flow of this temperature inE" should be taken adg, rather than the
composition. In contrast, decreasing crystallinity of statistical commonly used definition from the tah curve3’ The peak
EO copolymers was characterized by a substantial decrease ifemperature in th&" curve was about 18C lower than that in
T until the a-relaxation overlapped with thg-relaxation? the tand curve.

The g-relaxation is usually identified as the glass transition  Crystal Structure. The WAXD patterns are shown in Figure
of ethylene copolymer®-3% Thus, the primary relaxation of 6. In copolymer HS, the peaks & &f 21.50, 23.90, and 30.05
the copolymer SS was the very intengaelaxation peak at  were assigned to the (110), (200), and (210) crystallographic

2,50 pm o 2,50 um
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Figure 9. Engineering stressstrain curves of blocky EO copolymers and copolymers HS and SS & 2Bhe strain rate was 500%/min.

Table 3. Tensile Properties of Blocky Ethylene-Octene Copolymers

density XeAH 5% secant yield fracture fracture recovery
polymer (g/cmd) (wt %) modulus (MPa) stress (MPa) stress (MPa) strain (%) (%)

SS 0.8582 3.0 0.80 8.9 1239 95
H18 0.8649 7 5.9 0.2 1.2+ 0.1 14+ 2 1234+ 54 94
H27 0.8795 17 1&1 25+0.2 17+ 3 1096+ 66 85
H40 0.8929 27 432 5.1+0.1 26+ 3 1042+ 66 68
H57 0.9022 31 721 7.3+0.2 32+3 925+ 36 62
H67 0.9097 40 9& 1 10.4+£ 0.5 35+1 896+ 40 47
H82 0.9202 47 166 2 13.7+ 0.8 42+ 3 831+ 37 28
HS 0.9349 59 27%3 19.9+ 0.4 43+ 2 997+ 53 14

a Strain recovery from 300% strain

planes of the orthorhombic unit cell of polyethylene. With even H18 which had only 7 wt % crystallinity. The spherulite
increasing soft block content, the two strongest reflections of diameter decreased somewhat frerBO um in H82 to ~18
the orthorhombic unit cell persisted, but the intensity decreased,um in H18. However, the primary effect of decreasing hard
whereas the intensity of the broad amorphous halo incrésed. block content was to reduce the intensity of the birefringence
The small shift of the crystalline peaks to lower scattering angle pattern. All the spherulites exhibited negative birefringence,
with increasing soft block content suggested that the orthor- which is typical of polyethylene spherulites. The negative
hombic unit cell was slightly dilated due to chain branchifig.  birefringence indicated that a significant fraction of the lamellae
However, the distortion was much less than reported in statistical were oriented radially with the chain direction tangential. The
EO copolymers. The diffraction peaks of the orthorhombic unit banding pattern became progressively weaker from HS to H57,
cell of a statistical copolymer with crystallinity intermediate as seen in the inset in Figure-7e, and disappeared from H40
between H18 and H27 were much more diffuse and shifted to onward.
much lower angle® It has been suggested that the crystal  The corresponding high-resolution AFM phase images of the
defects in the statistical EO copolymers are enough to producefree surfaces in Figure 8 revealed lamellar structures in all the
some amount of hexagonal forth?! The hexagonal form was  blocky copolymers. Banding was observed in HS, H82, and
not observed in any of the blocky copolymers. H57, which was consistent with the optical microscopy. The
By resolving the multiple-peak pattern into the individual higher resolution of the AFM allowed measurements of the band
crystalline peaks and an amorphous H&lthe weight percent  spacing. In HS regular twisting of lamellar ribbons with a
crystallinity was estimated from WAXD using spacing of about 2.xm was clearly seen. The band spacing
decreased to about Ou8n for H82. The banding was irregular
A in H57 and was lost from H40 onward.
A+ A, Predominantly radial orientation of the lamellae confirmed
the interpretation of the birefringence pattern in the optical
whereA. is the total area under the crystalline peaks Apts microscope. The primary effect of increasing soft block content
the area under the amorphous halo. The results given in Tablewas to decrease the packing density of the lamellae due to
2 correlated well with the other two crystallinity determinations, accommodation of a larger fraction of amorphous material in
confirming the good phase separation in the solid state. the interlamellar regions. In addition, the lamellae of H27 and
Solid-State Morphology. Polarized light micrographs in  H18 were more fragmented and acquired a segmented appear-
Figure 7 illustrate the effect of soft block content on the ance much like a string of beads. However, even in H18,
spherulitic morphology. Copolymer HS showed space-filling lamellar fragments as long as 200 nm were seen.
spherulites about 3644 um in diameter. Large, space-filling The spherulitic and lamellar morphologies were consistent
spherulites were also observed in all the blocky copolymers, with crystallization of hard blocks from a homogeneous melt.

X waxp(Wt %) = x 100 (5)



Macromolecules, Vol. 40, No. 8, 2007 New Olefinic Block Copolymers 2859

H82 H57 H27 % (a)' ' i i '
0.9202g/cm® 0.9022g/cm*®  0.8795g/cm’ 30 4 oV S
THERERE RERER,
LT . 254
g 4
= 20 - =
2 15
b $
% 10 By
> v @
5 1 *
0 o
50 T T T T T
(b) :
, ] t
| # ©
Sa0IEY T < £ g7 % ’
Figure 10. Photographs of tensile specimens at 150% engineering ?tg/ 30 1 %
strain. 8 ‘i
2]
Crystallization from a strongly microphase-separated melt would £ 20 -
have resulted in a domain morphology of spheres, rods or § i I
lamellae, such as observed in sBEPR and sPB-PE!EC e ®
Rather, it appeared that crystallization of the hard blocks forced
segregation of the noncrystallizable soft blocks into the inter-
lamellar regions. Crystallization of blocky copolymers as 0 : . : . .
spherulites, rather than as domains, was observed previously 6% y T y T T
in block copolymers with well-defined block lengths. Spherulites 1400 - (©)
of hydrogenated (polybutadiertepolyisoprene) (hPB>-hPI)
were attributed to crystallization from a single-phase #&lé. S 1200 1
Furthermore, spherulites of hRABRPI with only 12 wt % < 1000 -
crystallizable block were reported. s
Although spherulitic organization of lamellar crystals is & 800 A o ®
generally associated with long chain polymers, it is also % 7
observed im-alkanes and in crystallizable blocks that are long & 6001
enough to chain fold (about 200 carbon atoms). Lamellar “- 400 -
crystallization results from the tendency of crystallizable seg-
ments to attach progressively to a preferred growth plane. The 2%
spherulitic arrangement is thought to result from the pressure 0 A . . . .
of uncrystallized segments emerging from the lamellar surfaces, 0.86 0.88 0.90 0.92 0.94 0.96
which causes the dominant lamellae to divetge. , 3
Density (g/cm®)

Good separation of the hard block lamellar crystals from the
interlamellar soft blocks was confirmed by distinct and separate Figure 11. Comparison of mechanical properties of blocky EO and
B- and o-relaxations in all the blocky copolymers. The statistical EO (?opolymers as a fu.nctlon of density (i.e., crystallinity):

S . e . . (a) yield stress; (b) fracture stress; (c) fracture strain. Data of statistical
o-relaxation is usually !dent|f|ed with 'the crysta!llne phase of g4 copolymers are from Bensason e al.
polyethylene. It is attributed to chain translation along the
crystalline axis** The reported decrease in therelaxation tion and high recovery from large strain, Figure 9. The sharp
temperature with decreasing lamellar thickness supports thisyielding maximum in the stressstrain curves of H82 and H67
interpretatior?® However, it has been noted that the translational was in contrast to the complex double yielding that characterized
component of the crystal stem motion is coupled to amorphous homogeneous statistical copolymers of similar octene coffteffit.
chain blocks at the crystal surfa®Thus, the mobility of crystal The tensile properties listed in Table 3 include the secant
chain stems also depends on the degree of surface order. Indeednodulus at 5% strain, the yield stress, and the ultimate stress
the strong effect of cooling rate on the-relaxation of a and strain for all the blocky copolymers, as well as the values
statistical EO copolymer suggests that the degree of surfacefor HS and SS.
order may be more important than the lamellar thickrielss. The distinctive features of yield behavior inferred from the
follows from the almost constant-relaxation temperature of  stress-strain curves are illustrated with photographs of the
blocky copolymers that the lamellar crystals retained a high specimens at 150% engineering strain, Figure 10. The blocky
degree of surface order, with good separation of the crystalline copolymer with highest hard block content, H82, showed
hard blocks and the interlamellar amorphous blocks, even in behavior typical of a semicrystalline thermoplastic. Highly
the copolymers with very low hard block content. localized yielding produced a well-defined neck, which propa-

Stress-Strain Behavior. The uniaxial stressstrain behavior gated along the gauge length in a stable manner. Cold drawing
of the blocky copolymers ranged from that typical of a of the neck was followed by uniform strain-hardening at high
semicrystalline thermoplastic, with localized yielding and neck- strains. The H82 specimens exhibited very little recovery after
ing, to that of an elastomer, characterized by uniform deforma- fracture.
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Figure 12. Classification schemes of blocky and statistical EO copolymers based on hard block content.

With increasing soft block content, the modulus decreased, The vyield stress, a bulk property that typically depends on
the yield stress decreased, and the neck became more diffusetotal crystallinity, showed the same dependence on crystallinity,
The nonuniform cold drawing region of the stressrain curve as reflected by density, for blocky and statistical copolymers,
became shorter until it disappeared and only uniform strain Figure 11a. Similarly, the dependence of fracture stress on
hardening was observed. Concurrently, the slope of the straincrystallinity was comparable for blocky and statistical copoly-
hardening region decreased. Diffuse necking of H57 is illustrated mers, Figure 11b. However, because of the higher melting
in Figure 10 by a very gradual transition from the closer line temperature of blocky copolymers, it was anticipated that they
spacing on the less deformed region at the top of the photographwould maintain mechanical properties to higher temperatures
to the more widely spaced markings at the bottom. than the statistical copolymers. The blocky copolymers also

The deformation of H27 was macroscopically uniform. The Possessed higher extensibility before fracture than the statistical
spacing of the marks in Figure 10 corresponded to the COPolymers, Figure 11c.
macroscopic strain. The deformation showed elastomeric char- Classification of Blocky EO Copolymers.The fundamental
acteristics with a low initial modulus, a gradual increase in the difference in chain architecture of blocky and statistical EO
slope of the stressstrain curve at higher strains and large copolymers has considerable impact on the crystallization
instantaneous strain recovery after fracture. Copolymer SS with behavior. The blocky architecture imparts a substantially higher
virtually no crystallinity exhibited very low strength, and only crystallization temperature, a higher melting temperature, and
a small amount of strain-hardening before fracture. High a better organized crystalline morphology. The differences
extensibility and considerable strain recovery of SS were become progressively more apparent as the total comonomer
attributed to chain entanglements. content increases and the crystallizable sequences in the
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statistical copolymer become increasingly shorter compared to  With density of 0.87-0.88 g cn12 and crystallinity less than
the long crystallizable sequences that persist in the blocky 20%, elastomeric H27 and H18 are classified as type I. They
copolymer. are characterized by space-filling spherulites. The short, dis-
Crystallization of the blocky copolymers as space-filling _co_ntinuous lamellae have prgdominately radial or_ier)tation. This
spherulites with radial lamellar organization is consistent with 1S N sharp contrast to statistical copolymers of similar crystal-
crystallization from a homogeneous melt. Although the hard 'INity- Type I statistical copolymers exhibit a mottled birefrin-
and soft blocks differ considerably in the comonomer content, 9€Nce pattern and granular morphology of small fringed micellar
the blocks are short enough to be miscible in the &fdltpon crystals? In both blocky and statistical type | copolymers,
cooling, crystallization of the hard blocks forces segregation of crystal_s actas the physmal_cross—llnks t.h?‘t impart large recovery
the noncrystallizable soft blocks into the interlamellar regions. from high strain. However, it can be arjt|C|pated that the lamellar
The crystallizable blocks are long enough to form well-organized crystals of the blocky copolymgrs will b.e stronger and more
lamellar crystals with the orthorhombic unit cell and high temperature stable than the fringed micellar crystals of the
melting temperature. Good separation of hard and soft blocks statistical copolymers.
is confirmed by distinct and separate and a-relaxations in
all the blocky copolymers. This is in contrast to the statistical o ) )
copolymers where decreasing length of the crystallizable Characterl_zz_anon of the solid-state structure and properties of
sequences results in smaller and more defective crystallineth® néw olefinic blocky copolymers reveals that they conform
structures as the comonomer content increases. Despite thd® the concept of a thermoplastic elastomer in which crystalli-
fundamental differences in crystallization habit, a bulk property 2aPle blocks with lower octene content serve as physical cross-
such as the yield stress exhibits a common dependence orlinks to connect amorphous rubbery blocks with higher octene
crystallinity for blocky and statistical copolymres. content. The properties of the blocky copolymers range from
. - thermoplastic to elastomeric depending on the relative amounts
Like the statistical copolymers, the blocky EO copolymers ¢ harg and soft blocks. Compared to statistical ethylesetene
present a broad range of properties, ranging from thermoplastic

o : ; copolymers, the blocky architecture imparts a substantially
characteristics of H82 to elastomeric behavior of H18. Although higher crystallization temperature, a higher melting temperature

the property changes occur gradually with the relative amounts,yhile maintaining a lower glass transition temperature, and a
of alternating crystallizable and amorphous blocks, it is useful petter organized crystalline morphology. The hard blocks
to categorize the polymers based on composition, Figure 12. crystallize as space-filling spherulites even when the fraction
Correspondence in the relationship between crystallinity and of crystallizable hard blocks is very low. Good separation of
comonomer content facilitates comparisons with a similar p5rq and soft blocks is confirmed by distinct and sepafate
classification scheme for statistical EO copolymévehich is andq-relaxations in all the blocky copolymers. The difference
included in the figure. Indeed, the blocks are statistical petween blocky and statistical copolymers is most apparent in
copolymers that bracket the usual range in copolymer composi-the elastomeric compositions with high comonomer content.
tion, and therefore HS and SS are included at the ends of theaithough crystals act as the physical cross-links that impart high

Conclusions

composition range.

With very low comonomer content and density about 0.94 g
cm3, HS closely resembles HDPE? It is characterized by
large negative spherulites with thick, well organized lamellae.
Type Il copolymers are LLDPE-like with 0.940.92 g cn13
density and 46:50% crystallinity. Both blocky and statistical
copolymers in this category crystallize as banded space-filling
spherulites with closely packed radial lamellae. They deform
by yielding with a sharp neck. However, the effect of the blocky
architecture is evident. Because of longer crystallizable se-
qguences, blocky type Il copolymers have crystallization and
melting temperatures about @ higher than LLDPE. The
melting temperature is about 2@ higher than that reported
for olefinic block copolymers synthesized by anionic polym-
erization and hydrogenatidfi-2° For the latter, some amount
of 1,2-substitution in the crystallizable blocks introduces
branches, which are responsible for the lower melting temper-
ature.

Plastomer type Il blocky copolymers, exemplified by H57
and H40, have density of 0.8®.90 g cnt2 and crystallinity
of 25—35%. They exhibit slightly smaller spherulites than type
lll. The presence of discontinuous lamellae differentiates type
Il from type Ill. As a result of lamellar discontinuities, the reg-
ular banding pattern is not observed. In contrast, type Il statis-
tical EO copolymers crystallize as a mixture of short lamellar
crystals and fringed micellar crystals. Type Il statistical copoly-
mers can form spherulites if they are slowly cooled from the
melt, however the radial organization of the lamellae is not
as well-developed as in the spherulites of type Il blocky
copolymers

recovery to both blocky and statistical copolymers, it is
anticipated that the lamellar crystals of the blocky copolymers
will be stronger and more temperature stable than the fringed
micellar crystals of the statistical copolymers.
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