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ABSTRACT: The degree of miscibilityof (iPP)/atactic propylerfautene random copolymer (a(P/B)) blends

has been evaluated by usiggparameters obtained from a series of SANS experiments. It was found that the
observedy value decreased with increasing the butene content in a(P/B) from approximately zero in iPP/aPP. It
showed a relatively larger negative value when the butane content was high. The temperature dependence of
for this blend system was also measured. The sign of the slopgL/T plot was apparently affected by butene
content. It changed from positive to negative with an increase of butene content in a(P/B), indicating switching
of the phase behavior from a UCST to an LCST system. SANS results were analyzed with the lattice cluster
(LC) theory. It is estimated that the enthalpic interaction between a propylene and a butene monomer unit is
negative. The value of trangauche exchange energy obtained from the LC theory is found to be associated
with the segment length evaluated from SANS.

Introduction head-to-head PP bleA#liPP/EHR blend,ethylene-norbornene
(ExN1-x)/E,N;—, blend}® etc. In general, dominant interactions
between polyolefins without polar groups are dispersive forces,
and hence the interaction parametefslietween components
re usually positive. These theories assume that the interaction
etween the same species is most preferreqy aratlies between

It is well-known that miscibility control of polyolefin polymer
blends is very important for both industrial applications and its
inherent scientific interest:® To understand the miscibility
between polyolefins, many researchers have performed variou
experiments such as morphology observation by TEM, ) - L .
observation of phase diagrams by small-angle light scattering dlfrer.e.nt.speme.s are always positive except for blends with
(SALS)/#and estimation of by small-angle neutron scattering _ SPecific interactions. _

(SANS)9-14 pressure-volume—temperature diagrams (PV1, In the material shown in this paper, negatjyealues were
solubility parameterd314 etc. Among them, SANS is one of observed by SANS even though the pplymer components were
the most powerful experiments which can quantitatively estimate Nonpolar. We performed SANS experiments for an iPP/atactic
the degree of miscibility between polyolefins, and many SANS Propylene-butene random copolymer (a(P/B)) blend system,
studies for polyolefin blend systems have been reported. TheseVhich showed relatively larger negatiyevalues with increase
SANS results have been often utilized to construct theories of Of the butene content in a(P/B). In this paper, we will show
miscibility in order to explain the experimental dafe.116-18 SANS results for iPP/a(P/B) fand dl'scuss the origin of negative
Until now, various theories have been proposed such as thex vValues and the decreaseyofvith an increase of butene content
segment matching (SM) theot§! the lattice cluster (LC) in conjunction with the temperature dependencg loy applying
theory16-19 the solubility parameter (SP) thed®/etc. Inthe ~ the SM theory and the LC theory.

case of the SM theory, the key issue is in matching the segment
length of polymers. That is, the degree of matching is
proportional to the extent of miscibility due to nematic structure  Materials. iPP used was polymerized with propene by an
formation. The SM theory was successful in explaining the isospecific metallocene catalyst system; dimethylsilyl bis(2-methyl-
miscibility behavior of isotactic PP (iPP)/ethylenethyl eth- 4-naphtylindenyl) zirconium dichloride and methyl aluminoxane
y|ene random Copolymer ((EElfx) and Syndiotactic PP (SPP)/ with H; in toluene at 50C. C3Dg, pl_JrChased fr.oljn JUnsei'Kagakl'J
E.EE;_, blends when the ethylene to ethyl ethylene ratio was Co., was used as a monomer in synthesizing d_euterated iPP.
changed911 On the other hand, the LC theory expresses the Synthesized crude iPPs were, at first, roughly fractionated by the

- . - . . . Soxlet method, and the boiled-heptane soluble part was removed
monomer structure using lattice approximation, and it precisely from the sample. The molecular weight distribution was measured
describes the entropic term based on the monomer structure

’ e A by GPC with standard polystyrene calibration, adg/M,, values
The LC theory has successfully explained the miscibility of iPP/ getermined were all around 1.6. Second, polymers extracted by the
Soxlet method were further fractionated with trichlorobenzene and
* Corresponding author. E-mail: nozue@sc.sumitomo-chem.co.jp. Ad- 2-€thoxyethanol mixed solvent to obtain a sample with a narrower
dress: Sumitomo Chemical Co., Ltd. Petrochemicals Research Laboratory,molecular weight distribution. For the fractionated iPP, weight-
2-1 Kitasode Sodegaura City, Chiba 299-0295, Japan. TelephtBé: averaged molecular weights of two iPPs were measured by high-
436-61-2342. Fax+81-436-61-2316. temperature GPC-MALLS in trichlorobenzene as a solvent. The

T Petrochemicals Research Laboratory, Sumitomo Chemical Co., Ltd.. Lot : :
¥ Neutron Science Laboratory, Institute for Solid State Physics, The molecular characteristics of iPPs used for SANS are shown in Table

Experimental Section

University of Tokyo. 1. For the hydrogenated iPP sample, the mesopentaahigir),
8 Department of Applied Chemistry, Graduate School of Engineering, Which shows the degree of isotacticity of iPP, was measured to be
Nagoya University. around 0.97 by NMR. a(P/B)s were polymerized with hydrogenated
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propene and butene by a metallocene catalyst system. As-polym-  Table 1. Characteristics of the Fractionated Polymer Samples
erized polymers were fractionated W'mithodichloro.benzene and sample name M, Mo/Mn M,
2-ethoxyethanol. The a(P/B) samples used in this study are also

listed in Table 1. The microstructure of aPP was also measured D-iPP 15000 144 20000
with NMR, and its diad ratio wasiiny/[mr]/[rr] = 13:48:39. The :l;'gp 13%%%% 113:’5 ii%%%
My's of the fractionated a(P/B)s were measured by MALLS in a(P/B) (P/B= 80:20} 32 600 1.30 42900
trichlorobenzene as a solvent. The blend samples from the deuter-  5p/B) (P/B= 60:40) 32 000 1.50 47 000
ated iPP (d-iPP) and a(P/B)s were prepared by dissolving polymers  a(p/B) (P/B= 37:63) 37 000 1.34 47 000
in metaxylene at 130C, followed by precipitation into methanol. a(P/B) (P/B= 13:87) 34 000 1.42 44 300
The precipitate was filtered and vacuum-dried at’80for 1 day. aPB 26 000 1.44 35100

Samples were melted into the sample cells in a vacuum oven to
complete them without forming air bubbles.

Small-Angle Neutron Scattering (SANS) Measurements.
SANS measurements were performed on the instrument SANS-U
at the Institute for Solid-State Physics, The University of Tokyo,
installed in the research reactor JRR-3 located at Japan Atomic
Energy Research Institute, Tokai, Jap&aA flux of cold neutrons 2t
with a wavelength of = 7.0 A was irradiated to the sample, and
the scattered intensity profiles were collected with an area detector
of 128 pixelsx 128 pixels. The sample-to-detector distances were
set to be 2 m and 8 m, which covered the accessjbnge, being
0.006-0.1 A1, Here,q is the scattering vector defined as 4in
0/1 and 2 is the scattering angle. Scattered intensities were
circularly averaged by taking into account the detector inhomoge-
neities, corrected for cell scattering, transmission, and incoherent
scattering, and then scaled to the absolute intensities with a
polyethylene standard sample (Lupoléhjt

Analysis of SANS Profiles.The coherent cross section of a blend 2 3 4 5 6 789
of deuterated and hydrogenated polymers is given by eq 1 0.01

aThe ratios between propylene and butene in a(P/B)s are molar ratios.
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scattering vector q (A'l)

a _ E _ % 2.5(q) 1) Figure 1. SANS profile for a d-iPP/h-iPP (50:50) blend at 190
dQ Up Uy (O) and its fitting results (bold line) with eq 2.

wherebp and by are the scattering lengths of monomers of the 3o

deuterated and hydrogenated PP, which have the specific molar

volumesuyp and vy, respectively sy at the temperatures of SANS sl

experiments was calculated from the empiric formula of temperature

dependence of specific volume (#g), vg4 = 1.152+ 0.0078T -

(°C), which is described in the literatufé.Though this is the g

formula for polyethylenes, we used this equation for the analyses <

due to the reasonable agreement with the coefficient of thermal G 10 [

expansion and the density of iPP reported in other literafi$¥s. <

vy is calculated fromyg by the following formula: vy = My vgr! g

Na (Mmu: molecular weight of hydrogenated monomer uhit;

Avogadro number). The specific molar volume of deuterated

sample,vp, is same with that of hydrogenated sample under the

supposition that the volume per monomer unit is the same between ) ) S

deuterated and hydrogenated samples and only the molecular weight 2 3 4 5 6 7809

of monomer unit is different. 0.1
The structure facto§(q) in eq 1 is given by eq 2a based on the q (A‘l)

L 06
random phase approximation (RPAY, Figure 2. SANS intensities obtained from d-iPP/a(P/B) (P#B60:
S t= [N, 5P (qug 2)],1 0Ny, bP (qug 2)],1 _ 40) blend at 190C and their fitting results with eq 2.

p"™w,D¥D D D HNW,HPHTH H

Fitting Result

1 =—0.00195
Rg,,pp-75.7A

L th O 00
T T T T

Ztorlvo (22) the form factor of componemfand it is assumed to be represented
Yy by the Debye function. The molecular weight distributions of all
p(qZRgz) _A@+Ug) A1 (2b) the present polymers were taken into account by assuming a
1+ U)-£ Shultz-zimm distribution?”:28
U=Q-1 (2c) Results

E=’R/I(1+2V) (2d) In Figure 1, the SANS profile from the d-iPP/h-iPP (50:50)

_ blend at 19C°C and its fitting result with eq 2a is shown. Free

Yo = N Unlb (2e) parameters in eq 2a aRy p andypx under the supposition that

. . the segment length of a monomer umi= (6R,%/N,)*/?) of d-iPP
wheregp is the volume fraction of the deuterated component and and h-iPP are the same. We obtairRgh = 49.5 R for the

Ry.0, Ry,n Nw,o, andNy 4 denote the radii of gyration and the weight- . ] .
averaged number of segments per chain of the deuterated (subscriptﬁydmgenated iPP and a smad va[ug (<107%) by applying .
a least-mean-square method as a fitting procedure. The ratio of

D) and the hydrogenated (subscript H) species, énis the _ ) ! ’ |
molecular weight distributionM,./M,,), respectively, while/py is Ry to M2 (RyM,}*?) obtained in this experiment is 0.40 and
the Flory-Huggins interaction parameter between deuterated and iS almost consistent with the value obtained from iPP (6.37
hydrogenated polymer®i(q?R4?) (i = D or H) in eq 2b denotes  0.40) with narrow molecular weight distributioM(/M, ~ 1.7)
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g ™,
Py 101 Eg&é& curves and their slopes become smaller with decreagiwhich
st are typical scattering patterns for miscible polymer blends under
7 "%g% the measured condition. In Figure 4, the estimatedlues for
6 ® d-iPP/a(P/B) (50:50 by weight) blends are plotted against the
<L propylene content in the copolymers. It can be easily recognized

2 3 4 5 6 789
4 0.1 that y decreases with decreasing propylene content in a(P/B)
a@H while remaining negative. In Figure 5, the temperature depen-
(©) dence of d-iPP/aPP, d-iPP/a(P/B) (P#60:40), and d-iPP/

Figure 3. SANS profiles for three d-iPP/a(P/B) blends at various
temperatures. a(P/B) materials are aPP (A), a(P/B) ¢PA®:40) (B),

and aPB (C).

previously reported by other authd¥® The very smallypn

aPB is compared, and it is clearly recognized that temperature
dependence between d-iPP/aPP and d-iPP/aPB is quite different
and the slopes gf vs 1T plots show opposite signs. The change

of sign of this slope was already reported in iPP/EHR blend
system by Seki et af.where the increase of hexene content in

value means that d-iPP and h-iPP can be recognized asethylene-hexene random copolymer (EHR) made the sign of

equivalent species, as is also already repdtiéd. €
We measured SANS data for various d-iPP/a(P/B) blends with Of the longer branch comonomer component in the blends

slope negative. It should be noted that an increase of the content

different compositions in the molten states at 155, 170, 190, commonly makes the slope negative. The hexene segment in
and 210°C. The measuring temperature was always lowered EHR may play the same role as that of butene in our present
from 210 to 155°C stepwise in each sample. Although 1%5 blend system.

was near the nominal melting point of deuterated iPP, it never _, )
crystallized within several hours at the temperature after DISCUSSIon

complete melting and annealing. We obtainedsalue and The yx value variations depending on butene content in
segment length from fitting procedure using eq 2, where free a(P/B) and on temperature are validated by the theories in detail
parameters wergy of a(P/B) andy. In Figure 2, a typical fitting and are interpreted. Before getting into detailed discussion, it
result of SANS profile for d-iPP/a(P/B) is shown. The curve should be noted that the deuterium switching effect previously
excellently fits to the experimental data. In Figure 3, the reported may be also effective in the present blend systems to
variations of SANS profiles with temperature are compared some degree and that absolytealue is sometimes different
among three blend series, i.e., (A) d-iPP/aPP, (B) d-iPP/a(P/B) as much as 420 x 104 by switching the deuterium labeled
(P/B=60:40), and (C) d-iPP/aPB. These profiles show smooth component3 However, even if we take the labeling effect into
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considerationy value of iPP/a(P/B) would still be negative with
increasing the ratio of butene monomer in a(P/B).

We will now attempt to compare the measured variation of
x with the predictions of existing theories in the literature. At
first, to check the SM theory, segment lengths were estimated
for iPP, aPP, aPB, and a(P/B)s from the formhla= (6Rs%
N, by applyingRy values obtained by fitting procedure, and
they are plotted in Figure 6. From our experiment, the value of
the segment length of iPP for three-carbon reference volume is
5.3 A. By comparing Figures 4 and 6, it is considered that SM
theory qualitatively explains the lowering of the interaction
parametery between iPP and a(P/B) with increasing butene
content in a(P/B). As is seen in Figure 6, the segment length of

Macromolecules, Vol. 40, No. 2, 2007
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Figure 6. Segment lengths of various a(P/B)s calculated fiRyand
N.. The dotted line shows the segment length of iPP. The segment length
of aPP is larger than that of iPP, which is caused by the [rr] rich

aPP used here is larger than that of iPP or that of aPP previouslymicrostructure in aPP.

reported because ther] rich structure like the present aPP
sequence has a larger segment length than e [rich

fitting results show that enthalpic interaction between propylene

structure'® and the value becomes smaller with increasing and a butene monomer units is negative. Furthermore, the-trans
butene content in a(P/B) and a matching with the value for iPP gauche conformational exchange energies for three different
segment length is accordingly attained at around 60% propylenepolymers give the following relationshipEapr > Eipp > Eape
content. However, the SM theory cannot explain the further Itis easily understood that the conformational exchange energy
decrease of value with increasing the butene content, namely ©of aPB is smaller than that of iPP because of its small segment

decreasing the propylene content for iPP/a(P/B) blends havinglength. Moreover, the present aPP hasrid equence-rich
apparently negative values. This must be the limitation of the Structure, and hence it is reasonable that conformational free

SM theory, so this theory cannot correctly reflect the dominant energy of aPP is larger than that of iPP.
factor of miscibility in the case that attractive interaction works

However, in principle, the LC theory cannot explain the

between polymers. Therefore, we have to adopt another theoryeXperimental data by monomeric or segmental structure without

to interpret our results.

Second, applicability of the LC theory was examined for our
SANS results. By using the following formula of the LC theory
introduced by Dudowicz et al% we can estimate the value of
the enthalpic term and the conformation energy.

X=xd T+ xs

=G5 VSersPIBIL = X7 + |/Spprs(PIB) -

1
;(riPP_ r(P/B)’) (3)
Spp=3 Spe=1 Sep = 0 Sepp= 3
L=l L=
Sapp= 4 S Spe =0
Sypie) = X+ 41— X)
tri tri
2 S
Z

9T 1T expEykT)

Fem) = Xrappt (1= Xl apg

wheres ands" (i = iPP, aPP, aPB, a(P/B)) are parameters
determined from lattice structures of monomerss the molar
ratio of propene in a(P/B), arifl, (i = iPP, aPP, aPB) denotes
trans-gauche conformational exchange energy, whereas the
lattice condition numbez equals 6 for three-dimensional space.
In our caserippwas fixed as 1.20, which was the value adopted
in the previous paper and was calculated fregtk = 300 K.
From the excellent curve fitting result fgrvalues between iPP
and a(P/B) (solid line shown in Figure 4) using the above
formula, we obtain the following resulte/kT = —0.0003,r 5pp

= 1.02 E/k = 412 K), rapg = 1.20 Epk = 160 K). These

an attractive “enthalpic” interaction, which is the “temperature-
dependent” attractive interaction, and we also have to discuss
the entropic interaction that can contribute to the temperature-
dependent attractive interaction. As for the contribution of
entropic interaction to the attractive interaction, some authors
reported experimental results, which indicate the existence of
an attractive “entropic” interactiot: 33 For example, in the
head-to-head polypropylene (hhPP)/polyisobutylene (PIB) blend
system, which is a miscible polyolefin blend system having the
negativey value by SANS, it was reported that the dynamics
of hhPP is strongly affected by the addition of PIB in spite of
little change in PIB dynamics, indicating the entropically driven
attractive interactio! Furthermore, the theoretical approach
using the simple lattice model had clarified that the entropically
driven mixing between the squares with different size occurs
due to the more effective packing between different sized
monomers although it has no temperature dependénneur
case, we should also consider the local stabilization effect like
local stable packing as a sort of temperature-dependent attractive
interaction. The reason why the temperature-dependent local
packing structure occurs could be attributed to the chain branch
of aPB, which can deeply penetrate into a random coil of iPP
rather than iPP itself and has an advantage with respect to the
effective local packing. In the previous report by Seki efal.,
1/T dependence of parameter for d-iPP/aPH has a slope with

a large negative value and it ensures the contribution of longer
side chains to the miscibility of blends due to better “temper-
ature-dependent” attractive interaction. In this aspect, we can
suppose that copolymerization of propylene with the monomers
having longer branches such as butene, hexene, and octene will
contribute to generate better interaction owing to local deeper
penetration. However, we also have to take into account that
the existence of longer chains affects the local structure such
as segment length of a copolymer and the “temperature-
independent” entropy term, which is well expressed by the
coarse-grained models in miscible blends in molten state. Long
side chains could also strongly affect the dynamics of blends
due to its faster segmental motions compard with that of the
main chain.
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In future work, we should proceed to the dynamical experi- (11) Weimann, P. A;; Jones, T. D.; Hillmyer, M. A.; Bates, F. S.; Londono,

ments like quasielastic neutron scattering and neutron-spin

J. D.; Melnichenko, Y.; Wignall, G. D.; Aimdal, KMacromolecules
1997, 30, 3650.

echo spectroscopy to clarify the existence of local packing (12) Graessley, W. W.; Krishnamoorti, R.; Balsara, N. P.; Butera, R. J.;

structure and the effect of dynamics on the miscibility between
iPP and a(P/B) for deeper understanding of miscibility between

polyolefins.

Conclusion

SANS experiments have been performed in order to evaluate

the degree of miscibility for iPP/a(P/B) system by using ghe
parameter. It has been found that thealue decreases with

Fetters, L. J.; Lohse, D. J.; Schulz, D. N.; Sissano, JMacromol-
ecules1994 27, 3896.

(13) Graessley, W. W.; Krishnamoorti, R.; Reichart, G. C.; Balsara, N. P.;
Fetters, L. J.; Lohse, D. Macromolecules995 28, 1260.

(14) Balsara, N. P.; Fetters, L. J.; Hadjichristidis, N.; Lohse, D. J.; Han,
C. C.; Graessley, W. W.; Krishnamoorti, Rlacromoleculesl992
25, 6137.

(15) Maier, R.-D.; Thomann, R.; Kressler, J.;"Maupt, R.; Rudolf, BJ.
Polym. Sci., Part B: Polym. Phy4997, 35, 1135.

(16) Freed, K. F.; Bawendi, M. Gl. Phys. Chem1989 93, 2194.

increasing the butene content in a(P/B) and shows a relatively (17) pudowicz, J.; Freed, M. S.; Freed, K. Racromolecules991, 24,

larger negative value. SANS results obtained were analyzed by

5096.

the lattice cluster (LC) thory, The analysis indicated that the (18) Freed, K. F.; Dudowicz, Macromolecules998 31, 6681. _
temperature-dependent attractive interaction exists between(19) Delfolie, C.; Dickinson, L. C.; Freed, K. F.; Dudowicz, J.; MacKnight,

propylene and butene. Furthermore, tragauche conforma-

tional exchange energy estimated from the LC theory could be

associated with the segment length evaluated by SANS.
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