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Introduction. The particular chemical structure of a 
Symmetrical diblock copolymer results in a lamellar 
microdomain morpho1ogy.l Adding a homopolymer to the 
diblock copolymer causes a morphological change from 
the lamellae to cylinders and finally to a disordered 
spherical ~hase.~B It is interesting to extend these results 
to blends of diblock copolymers containing a crystallizable 
block. In such a blend the geometrical constraints existing 
because of the presence of the microphase separation may 
provide control over the order of the crystalline phase. 
The study of such a blend might lead to a fundamental 
understanding of molecular alignment, which is an im- 
portant issue in designing new materials, such as polymer- 
matrix supported liquid crystalline displays or nonlinear 
optical polymers. 

We recently synthesized a nearly symmetrical ethylene- 
propylene diblock copolymer (DEP). Since the polypro- 
pylene block is completely atactic and the polyethylene 
block is crystallizable, this block copolymer should be 
suitable for the type of investigation mentioned above. 
This paper presents our preliminary results from rheology, 
differential scanning calorimetry (DSC), and transmission 
electron microscopy (TEM) measurements on this DEP 
diblock copolymer and its blends with atactic polypro- 
pylene (APP). 
Experimental Section. The sample of poly(butadiene- 

b-2-methyl-1,3-pentadiene) was synthesized by first an- 
ionically polymerizing l,&butadiene by n-BuLi and then 
adding 2-methyl-1,3-pentadiene. The resulting diblock 
copolymer was hydrogenated using Pd/CaCOs as a catalyst 
to form the ethylene-propylene diblock copolymer (DEP). 
Two samples of atactic polypropylene (APP) with different 
molecular weighta were prepared by hydrogenation of poly- 
(2-methyl-1,3-pentadiene) according to the Fetters meth- 
od? IR and NMR measurements confirmed that the 
hydrogenation was complete (saturation = 98%). Mo- 
lecular weight, ethylene content, and the other molecular 
characteristics for these samples are listed in Table I, as 
well as the abbreviations used in this paper. 

Two series of blends were prepared from UP190 and 
DEP113 and thenAPP15 and DEP113 by solution mixing 
using toluene as a solvent for DSC experiments and a 
mixture of toluene and 1,2,4-trichlorobenzene (1:l in 
volume) for TEM work. The polymer solution was poured 
onto a water surface at 95 "C, and the solvent was 
evaporated. This procedure prevents inhomogeneity 
which results from the crystallization of polyethylene 
before the mixing of the two components. 1,2,4-Trichlo- 
robenzene made the evaporation slower to give a smooth 
surface thin film necessary for TEM. All samples were 
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dried and annealed at 150 OC for 3 days under vacuum 
before the measurement. 

Storage (GI) and loss (G") moduli of DEP99 were 
measured as a function of frequency (0) in the temperature 
range 100-206 "C and at 3% strain on a Rheometrics 
dynamic mechanical spectrometer, RDS 7700, with par- 
allel-plate geometry. DSC measurements were carried out 
on a Du Pont differential calorimeter type 2000. Before 
the measurement the sample was annealed at 180 "C for 
30 min and then cooled at 10 "C/min. The data obtained 
in the second cycle were used in the analysis. TEM 
measurement was done on a JEOL 100 CX TEMSCAN 
electron microscope in the bright field mode and with the 
filament potential of 100 kV. The specimens for TEM 
were quenched by liquid nitrogen after annealing at 150 
"C for 3 days, so it is believed that the morphology in the 
melt state was "frozen". The specimens served for the 
measurement without staining. 

Results and Discussion. It is essential to determine 
whether DEP forms a microdomain structure in the melt 
state. Small-angle X-ray scattering and TEM are not 
useful in this case because of the small electron density 
difference between the phases. Although not a direct 
method for determining morphology, rheological behavior 
has been shown to be related to the presence or absence 
of a microphase in block copolymers.6 

Figure 1 presents master curves of the frequency 
dependence of G' and G" for DEP99. Superposition 
appeared to be valid within experimental error? indicating 
that no order-disorder transition takes place in this 
temperature range. The dynamic elastic and loss responses 
at low reduced frequencies exhibited a limiting frequency 
dependence of G' - G" - uos5. This is in contrast to the 
typical terminal zone behavior of G' N u2 and G" - 01 
observed for homogeneous polymer systems. According 
to Bates? the exponent of 0.5 for both elastic end loss 
moduli at the low-frequency limit is cbaracterbtic of the 
presence of an ordered microphase in diblock copolymers. 
Since the block copolymer is symmetric (see Table I), the 
block copolymer should form a lamellar structure. How- 
ever, the rheological data only indicate the presence of 
microdomains. More detailed studies to determine the 
morphology may be provided by small-angle neutron 
scattering experiments from a DEP in which one of the 
blocks is deuterated. 

Figure 2 shows a comparison of DSC cooling thermo- 
grams between two series of blends of DEP113 and APP190 
and of DEP113 and APP15. DEP113 showed a relatively 
broad main crystallization peak with an onset temperature 
of 94 "C and a secondary peak near 65 "C. Upon blending 
APP19O with DEP113, the main peak became sharper 
and the onset shifted to lower temperatures. The overall 
changes (crystallization temperature and peak shape) were 
relatively small. However, for the blends of DEPl13 with 
APP15, such changes were much more pronounced. 
Adding APP15 to DEP113 up to 45 wt % caused the 
crystallization peak to shift to lower temperature. When 
the composition increased to 50 from 45 w t  %, the 
crystallization temperature abruptly decreased by about 
10 "C. Above 50 wt %, by contrast, the peak shifted to 
higher temperatures. Although those data are not shown 
in this paper, DSC melting thermograms showed feature- 
less additive behavior for this series and all the blends 
melted at the same temperature of about 100 "C. Con- 
sequently, the cooling thermograms suggest that the 
crystallization kinetics change between the region of 75- 
50 wt  % and the one below 45 wt % of APP15 in the 
blends of DEP113. 
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Table I 
polyethylene ethyl branch 

contentb (wt %) content( (mol %) sample abbrevn M,IMnn 
ethylenepropylene DEPll3 113 OM) 1.12 48, f = O.4Ed 3.0 

D E W  99 loo 1.01 so,f=O.W 3.0 

UP190 190 OM) 1.1 0 

diblock copolymer 

atactic polypropylene U P 1 5  15 100 1.05 0 

a Calculated from unhydmgenated prenvsors' results which were mennured by GPC with low-angle laser light scattering. The calibration 
wan done by standard polybutadiene samples. From NMR. From 1% NMR and FT-IR. Symmetric fador defined 88 the polyethylene 
volume fraction in DEP in the melt state. 
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Figure 1. Mantar curves obtained from dynamic mechanical 
shear measurements for DEP99. Here a= is the shift factor. 
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Figure 2. DSC cooling thermograms measured for two series of 
blendsofDEPll3 and AF'P190and ofDEPll3 andAPP15. The 
cooling rate is 10 OCImin. 

Two types of morphology were observed by TEM in the 
hlendaofDEPll3 andAPP. Anordered bicontinous phase 
was observed for 25-45 wt '36 of APP15 and for all 
compositionswithAPP1SO. On theother hand, adiscrete 
cylindrical morphology was observed for blends with more 
than 50 wt % of APP15. TEM micrographs in parts a and 
b of Figure 3 show examples of a bicontinuous and 
cylindrical phase obtained for 35 and 50 wt '36 of APP15 
in the blend, respectively. The dark area represents the 
polyethylene crystalline-rich phase that diffracts an elec- 
tron beam. Here it should be mentioned that the 
micrographs represent 'frozen" morphologies in the melt 
state of the blends because the TEM specimens were 
quenched from 160 OC by immersion in liquid nitrogen. 

It is well-known that, for blends of a diblock copolymer 
(d-AB) mth  a corresponding homopolymer (h-A), the 
morphology is quite sensitive to the relative homopolymer 
molecular weight (Mh.dM&A), whichis defined by dividing 

Figure 3. Bright field electron micrographs of the blends of 
DEP113 and APP15 (a) a bicontinuous structure obtained for 
35 wt 7% of APPl5; (b) a cylindrical structure for 65 wt % of 
APP15. The white bars correspond to 1 rm.  

the molecular weight of h-A by that of A in d-AB.*J When 
hfh.A/&.A > 1, h-A cannot merge into the A-rich phase in 
the microdomain, resulting in macrophase separation. On 
the other hand, when Mh.A/hfd..A < 1, h-A can he solubilized 
in the A-rich phase and can induce morphological change, 
usually from lamellae to ordered cylinders and finally to 
a disordered spherical phase. Assuming our blends act in 
a similar way, this means that in the melt state macrophase 
separation is expected for the blend of DEP113 and 
APP190, while APP15 can be solubilized into the polypre 
pylene domain in DEP113 and may create various types 
of morphologies depending on the composition. 

Such a process can lead to interpretation of the resulta 
obtained by DSC and TEM. Since the blend of DEPll3 
with APP19O is macrophase separated, blending does not 
affect the polyethylene microdomain, which agrees with 
the results of TEM. The TEM observation indicates that 
the polyethylene phase has a bicontinuous structure for 
all the compositions in the melt state and blending does 
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not change the morphology of the polyethylene phase. 
Consequently, crystallization kineticsof polyethylene must 
be the same and blending only reduces the amount of 
crystallinity in the overall sample. For the blends of 
DEP113 and APP15, the morphology of the polyethylene 
domain in the melt state can change upon blending. Such 
morphological change brings about geometrical constraints 
in the crystallization of polyethylene, which may depress 
the crystallization As obaerved by TEM, 
the polyethylene crystalline phaae takes on a bicontinuous 
p h e  between 25 and 45 wt 9% and a cylindrical mor- 
phology at more than 50 wt !% of APPl5 for the blend 
with DEP113. This feature dearly correaponds to the 
difference in the cryatallhation kinetics shown in the DSC 
thermograms for the APP15 blend. 

Summary. The frequepcy dependence of G’ and G” 
suggestathat the DEPW forms a microdomain in the melt 
state. Two series of blends of DEPll3 and APPl90 and 
then DEP113 andAPPl5 were studied by DSC and TEM. 
The reaulta of the DSC meaeurements can be interpreted 
in the framework of the currently accepted microphase- 
separation model for homopolymer/diblock copolymer 
blends.23 TEM micrographs are also consistent with this 
interpretation. We are currently studying the isothermal 
crystallizrttion kinetics of the polyethylene in these blends. 
Also, we are in the process of an invwtigation of the 
morphology for these blends by small-angle X-ray scat- 
tering, optical microscopy, small-angle light scattering, 
and additional TEM. 
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