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ABSTRACT: The melt-state phase behavior of isotactic polypropylene (i-PP) blended with a series of
poly(ethylene/ethylethylene) random copolymers has been investigated using small-angle neutron
scattering (SANS). These PEExx copolymers, where xx is the percentage of ethylethylene (EE) units,
were prepared by hydrogenation of anionically polymerized polybutadienes with controlled amounts of
1,2 addition. Random phase approximation (RPA) fits to the scattering data for blends of i-PP with a
deuterated, low molecular weight PEE90 at 180 °C indicate a statistical segment length for i-PP that is
10% less than that reported previously. Scattering from blends of i-PP with higher molecular weight
PEE90 and PEE73 at 180 °C can be quantitatively fit using the RPA theory with y as the only adjustable
parameter, indicating melt miscibility. PEE46 and PEE62 are strongly and marginally immiscible,
respectively, with i-PP at 180 °C. These results establish a “window” in EE content in which these random
copolymers can form single phase mixtures with i-PP.

1. Introduction

Isotactic polypropylene (i-PP) is a saturated hydro-
carbon polymer governed by nonspecific dispersive
interactions, leading to nearly athermal mixing with
other saturated hydrocarbons. Nevertheless, it is well-
known that i-PP phase separates from most other
polyolefins, including polyethylene,»=3 poly(ethylenepro-
pylene) rubber (EPR),*~® and polyisobutylene.” Re-
cently, we have performed studies focused on gaining a
better understanding of experimental and theoretical
aspects of polyolefin thermodynamics, with an emphasis
on mixtures that contain commercial i-PP.89 In this
paper, we describe experiments confirming the melt
miscibility of i-PP with poly(ethylene/ethylethylene)
random copolymers, denoted PEEXxx, where xx refers to
the percentage of hydrogenated 1,2 additions in a
saturated 1,4/1,2-polybutadiene random copolymer. The
microstructures of i-PP and PEExx polymers are shown
in Figure 1.

Nonideal mixing in polyolefin blends has been the
subject of much attention in recent years. Two ambi-
tious theoretical approaches to the larger problem of
polymer—polymer thermodynamics are the polymer
reference interaction site model (PRISM) of Schweizer
and co-workers°-14 and the lattice cluster theory of
Dudowicz and Freed.’516 Although both of these first-
principles theories are relevant to our work, a quantita-
tive assessment of them would be well beyond our
present scope.

The semiempirical solubility parameter formalism
adopted by Graessley and co-workers in evaluating their
experimental results on polyolefin blends’~25 provides
a tractable alternative for dealing with such mixtures.
This treatment, based on regular solution theory, as-
sumes that the Flory—Huggins interaction parameter
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Figure 1. Microstructures of i-PP and PEExx polymers.

(x) of a blend is described by the difference in the
solubility parameters () of the two components. If
unique solubility parameters can be assigned to each
component of a new polyolefin mixture, phase behavior
may be predicted. Solubility parameters have been
determined for a series of amorphous saturated hydro-
carbon polymers, either through direct measurement of
y by small-angle neutron scattering (SANS)?2-24 or
through determination of PVT properties.?® Notably,
i-PP has not been included in the matrix of saturated
hydrocarbon polymers studied by Graessley et al.22-24

This extensive body of experimental work has re-
vealed several interesting nonideal mixing effects in
polyolefin blends yet to be accounted for by present
theories of polyolefin phase behavior. One is the
“deuterium swap” effect!%20 in which the magnitude of
%, as measured by SANS, depends upon which compo-
nent of the blend is labeled with deuterium, a phenom-
enon also noted by others.2627 In blends of saturated
polybutadienes of varying branch contents, these studies
have all found that labeling of the component with
higher branch content tends to increase y. “lrregular
mixing” has also been observed in some polyolefin
blends,?* for which the reported y parameter varied from
that calculated on the basis of the solubility parameters
of the individual components. About 25% of the mix-
tures in these studies fall into the “nonideal” category.24
Observation of the “deuterium swap” effect and the
nonuniversal variations in the temperature dependence
of x in their blends led Graessley et al. to comment that
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the “interactions between saturated hydrocarbons are
primarily enthalpic.”2

The conformational asymmetry theory developed by
Fredrickson et al.28730 js an alternative approach to the
description of nonideal mixing in polyolefin blends. In
this treatment, a correlation is established between
differences in statistical segment length and the excess
free energy of mixing. The statistical segment length
(b) is related to the radius of gyration (Rg) of a polymer

by
_ 2
R, = b(N/6)* (1)

where N is the number of statistical segments. On the
basis of data from polyolefin blends and block copoly-
mers, Bates et al.3! reported a correlation between the
magnitude of ¥y and the asymmetry in the statistical
segment lengths of the two components or blocks, a
result also observed by Graessley et al.?* Bates et al.3!
speculated that the excess free energy of mixing in these
blends might result from an entropic penalty associated
with nonlocal conformational rearrangements that ac-
company mixing.

A theoretical treatment of this hypothesis has been
developed using a parameter § (originally defined by
Helfand and Sapse3?) that describes the conformation
of a polymer independent of its degree of polymerization,

2 _ bi2
Bi ~6v, 2

The excess interaction energy density a. for an athermal
blend of homopolymers A and B is related to the second
derivative of the excess free energy density FE with
respect to component volume fraction ¢a,3°
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where Ap~! is a cutoff length that separates local
(segmental-scale) and nonlocal mixing effects® and ¢ is
a dimensionless parameter describing the degree of
conformational symmetry. o, may be related to the ¥
parameter measured using small angle scattering by?3°

7. = 0 (VaVg)"? (5)

where ¥ = %. in the limit of athermal mixing. Ideal
mixing is recovered for the conformationally symmetric
case (e = 1). Graessley et al.2* have noted that estimates
of Ap~! based on y parameters measured for model
polyolefin blends indicate that Ay~ ~ 0.25 (babg)Y2,
which is inconsistent with the nonlocal nature of the
theory.

Extensive experimental work has been performed on
i-PP blends during the last four decades. We briefly
review some of the more recent work pertaining to the
phase behavior of blends of i-PP with other saturated
polyolefins; a review of much of the older literature in
this field was provided by Plochocki.! The immiscibility
of melt-blended HDPE and i-PP in the crystalline state
has been reported on the basis of results from optical
and electron microscopy.? PE/i-PP phase separation has
also been observed in the melt using SANS.® Optical
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microscopy has been used to show that crystallized
polyisobutylene/i-PP blends exhibit a two-phase struc-
ture.” Phase-separated structures have also been
documented*~® for blends of i-PP with several EPR
samples of varying propylene contents. Most notably,
Lohse® has used SANS to measure melt phase separa-
tion in several i-PP/EPR blends, including a blend of
i-PP with a 91.6 wt % propylene EPR. Significantly,
the only sample in this study that was found to be melt-
miscible with i-PP at 200 °C was a polydisperse atactic
polypropylene, with My/M,, = 14.79.6

Prior to our work, isotactic poly(1-butene)3 (i-P1B)
has been the polymer most often identified as being
compatible with i-PP, although there have been conflict-
ing reports of the miscibility of these materials. Amor-
phous-state miscibility across the full range of compo-
sitions has been claimed on the basis of the observation
of one glass transition temperature in a series of
blends®* and reductions in the equilibrium melting
temperature of the i-PP component in blends.3® In
contrast, another report claimed miscibility of i-PP/i-
P1B blends occurs only for i-PP concentrations below
20% or above 80%.36 Cham et al.3” have directly
observed liquid—liquid phase separation in an i-PP/i-
P1B 70/30 (w/w) blend by optical microscopy and noted
growth of i-PP spherulites in both coexisting liquid
phases above the melting point of i-P1B. These fea-
tures, coupled with an observation of a single glass
transition by dynamic mechanical analysis, led Cham
et al.3” to suggest “a significant degree of molecular-
level mixing in each phase.” In addition, Bartczak et
al.3® have reported that i-PP/i-P1B blends quenched
immediately after melt blending show a homogeneous
morphology, while samples allowed to anneal display a
phase-separated structure. Taken together, the body
of work in this area suggests that these two polymers
are partially miscible, with phase-separation kinetics
often controlling the observed microstructure.

A different approach to the exploration of the ther-
modynamics of i-PP blends has been taken by our
group.®® Previous experimental work3! and the confor-
mational asymmetry theory3° described by egs 3 and 4
both suggest that the excess free energy of mixing of a
polyolefin blend will be minimized when ¢ = 1. Guided
by these results, we developed model polyolefins in
homopolymer and block copolymer architectures that
are compatible with i-PP. Using the SANS data of
Ballard et al.,3° we calculated Bi_pp?2 ~ 5.2 x 1072 A~!
at 175 °C. On the basis of measurements of g for PE
and PEE, we concluded that i-PP would be conforma-
tionally symmetric with PEE73, an amorphous, atactic
statistical copolymer of ethylene and ethylethylene (EE)
with 73% EE repeat units.® Using sequential anionic
polymerization followed by catalytic hydrogenation, we
prepared a polystyrene—PEE73 diblock copolymer that
was completely melt-dispersible in i-PP,® suggesting
that i-PP and PEE73 are thermodynamically compat-
ible. Here, we report a SANS study of the melt phase
behavior of blends of i-PP with a series of hydrogenated
polybutadiene homopolymers of varying branch con-
tents. An important component of this study is a new
measurement of the statistical segment length of i-PP
using a deuterated, low molecular weight PEE90 poly-
mer as a “polymeric solvent”. This investigation quan-
titatively establishes the melt miscibility of PEExx
random copolymers with i-PP over a restricted range
of ethylethylene content, confirming our prior specula-
tion.8
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Table 1. General Butadiene Polymerization Conditions

polybutadiene

microstructure: temp, time,
% 1,2 addition [THF]:[Li]2 °C h
46 +£1 45:1 40 18
62+1 85:1 30 24
73+1 85:1 20 36
90 +1 pure THF —55 8-24

a1n cyclohexane.

2. Experimental Section

Materials. Cyclohexane used in polymerizations was puri-
fied by distillation from an orange poly(styryllithium) solution,
while THF used in polymerizations was purified by distillation
from purple Na/benzophenone solution, both under argon.
Butadiene (Aldrich) was purified by successive distillation from
dibutylmagnesium (Aldrich) and n-butyllithium (Aldrich).
1,1,4,4-Tetradeuteriobutadiene was prepared from butadienyl-
2,2,5,5-d4 sulfone (Aldrich) using procedures described else-
where*® and purified in the same manner as perprotiobutadi-
ene. sec-Butyllithium (Aldrich) was used as received, and the
concentration of active anion in this initiator was measured
using the double titration technique of Gilman and Cartledge.**
Pd/CaCOs; (5%, Strem) was used as received for heterogeneous
catalytic hydrogenation. Cyclohexane for hydrogenation reac-
tions was sparged with argon before use. Deuterous and
hydrogenous chloroform, methanol, 2-propanol, ethylene gly-
col, decahydronaphthalene, and THF for size exclusion chro-
matography (SEC) were all used as received. Isotactic polypro-
pylene (Escorene PP3045, a nonwoven fiber grade resin with
a melt flow rate of 37 g/10 min) was generously supplied by
Exxon Chemical Co. This material, referred to as PP3045, was
used as received.

Anionic Polymerization. Five hydrogenous polybutadi-
ene polymers, with 46, 62, 73, and 90% 1,2 addition, were
synthesized using documented anionic polymerization tech-
niques.*®42 A mixture of cyclohexane and THF was used for
synthesis of the 46, 62, and 73% 1,2-polybutadienes, with the
amount of 1,2 addition controlled by the [THF]:[Li] ratio.*®
Pure THF was used as the solvent for the preparation of the
90% 1,2-polybutadienes. The conditions for each reaction are
given in Table 1. In each case, the amount of 1,2 addition
was verified using solution *H NMR spectroscopy (Varian VXR-
500) at 20 °C, through comparison of the integrated area of
the characteristic vinyl (1,2) and olefin (1,4) resonances*
occurring between 4.8 and 6.0 ppm. A pulse delay time of 30
s was employed to ensure complete relaxation, leading to an
estimated error of £1% in the reported 1,2 content.

The polydispersity of each reaction product was determined
by size exclusion chromatography (SEC) (Altex differential
pump, Rheodyne injector, 4 Phenomenex phenogel columns
with 5 x 105, 5 x 104 5 x 103, and 500 A pore sizes, and a
Waters R401 differential refractometer), with THF or chloro-
form as the mobile phase. All samples had a polydispersity
(Nw/Ny) of less than or equal to 1.07, based on comparison with
polystyrene standards.

A low molecular weight, partially deuterated polybutadiene
(d4PB90) was produced by polymerization of 1,1,4,4-tetradeu-
teriobutadiene in THF. The number-average degree of po-
lymerization (N,) of this polymer was determined by end-group
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analysis of the *H NMR spectrum taken at 20 °C,*° assuming
90% 1,2 addition. Through comparison of the integrated peak
area of the proton resonances of the sec-butyl initiator frag-
ment at approximately 0.85 ppm to the integrated area of the
olefin peaks occurring between 5.2 and 5.7 ppm, we obtained
N, = 171 + 9 for this polymer. SEC analysis of this material
yielded Nw/N, = 1.03. A fully hydrogenous polybutadiene
(PB90C) was prepared under the same conditions, with N, =
236 + 12 and Nw/N, = 1.04.

Catalytic Saturation. All polybutadienes were saturated
through reaction with either H; or D, at 500 psi and 70 °C
over the 5% Pd/CaCO; catalyst for approximately 16 h.
Polymer concentrations in cyclohexane ranged from 10 to 30
g/L, and the amount of catalyst varied between 2 and 3 times
the weight of the polymer. Reactions were performed in either
a Parr Instrument Co. high-pressure reactor or a specially
designed pressure reactor.*® In all cases, saturation was
confirmed by the disappearance of the characteristic vinyl and
olefin resonances between 4.8 and 6.0 ppm in the 'H NMR
spectrum. The saturated polymers are referred to as PEEXxx,
where xx is the percentage of 1,2 addition in the butadiene
precursor.“6 These copolymers are derived from random 1,4/
1,2-butadiene copolymers, and the resulting compounds are
random copolymers of ethylene and ethylethylene. The poly-
ethylene segments consist of four main-chain —(CH_)— units,
as illustrated in Figure 1.

Matched pair hydrogenated and partially deuterated samples
were prepared for each PEExx polymer; the latter are referred
to as PEExxd. The degree of polymerization for each of these
materials was measured by SANS experiments performed on
matched-pair, ¢4 = 0.5 blends (discussed below), with the
exception of the PEE90OA sample, for which the degree of
polymerization was taken from the anionic polymerization
reaction stoichiometry. The d,PB90 specimen was saturated
with deuterium and is referred to as dsPEE90.

Density Measurement. Densities of the PEExx samples
were measured by the density gradient column technique,
using 2-propanol/ethylene glycol as the medium at 26 °C.*> The
average number of deuterium atoms per repeat unit in the
partially deuterated samples (Table 2) is calculated on the
basis of these results. Since the density is increasingly
sensitive to the changes in molecular weight in the low M,
limit, we prepared the PEE9OC material to establish the
density of a hypothetical fully hydrogenous N, = 171 sample,
for comparison with the dePEE90 specimen. Assuming that
the density can be described by p™* = x + y/Ny,*” and with the
measured values for PEE90B and PEE90C, we estimate the
density of fully hydrogenous, N, = 171 PEE90 as 0.859 + 0.002
g/cm3. Based on this value, we estimate 6.30 + 0.13 deuterons
per dePEE90 repeat unit.

Sample Preparation. Isotopic matched pair blends of
PEExxh and PEExxd polymers, referred to as PEExxh+d, with
a deuterated polymer volume fraction (¢eeexxa) Of 0.5, were
prepared by solvent evaporation from n-pentane in air with
subsequent drying in vacuum at 60 °C. Matched pair blends
were loaded between quartz disks separated by 1.25 mm
aluminum spacers and then sealed with adhesive (5-min
epoxy, silicone, or Varian Torr-Seal) in an argon-atmosphere
glovebox. Blends of PP3045 with PEE46d, PEE62d, PEE73d,
and PEE90Ad, also with ¢pgexxa = 0.5, were prepared by
codissolving the components in decahydronapthalene at 180

Table 2. Polymer Molecular Characteristics

polymer pH, gCm3a pp,gcm-3a np® Nw b(25 °C), Ac b(180 °C), Af
PEE46 0.8570 + 0.0003 0.8935 + 0.0002 2.32 £0.02 1180 + 60°¢ 7.7+£04 7.4

PEE62 0.8607 + 0.0002 0.8971 + 0.0002 2.27 £ 0.02 1470 + 80¢ 6.5+ 0.3 6.4

PEE73 0.8650 + 0.0002 0.8979 + 0.0002 2.07 £0.02 1290 + 70¢ 6.1 +£0.3 6.1
PEE90A 0.9086 + 0.0002 2.50 £ 0.02 630 + 30d 5.2
PEE90B 0.8688 + 0.0002 0.9068 + 0.0002 2.38 £ 0.02 1470 + 80 51+0.2 5.2
PEES0C 0.8590 + 0.0006 236 + 12¢

dePEE90 0.9570 + 0.0003 6.30 £ 0.13 171 + 9¢ 5.2
PP3045 1260 + 170°¢ 5.6 £0.2°

a All densities measured at 26 °C. py and pp refer to the polymer saturated with hydrogen and deuterium, respectively. ® Average
number of deuterons per C, repeat unit. ¢ Determined by SANS. 9 Based on reaction stoichiometry and SEC. ¢ Based on 'H NMR and

SEC. f Estimated from b(25 °C) and (3 In Rg/dT).57:58
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°C, followed by precipitation in cold methanol. The precipitate
was dried in air, followed by further drying for 12 h at 100 °C
under vacuum. Blends were then loaded within aluminum
spacers mounted on quartz disks, and allowed to flow into the
neutron cells by heating under vacuum for 6 h at ap-
proximately 200 °C.#8 After cooling, these samples were sealed
under argon. Two dsPEE90/PP3045 blends, with ¢ppsoss =
0.124 and 0.173, were prepared by loading appropriate amounts
of the neat polymers and a small stir bar in a 1.02 mm thick
cylindrical quartz cell. The cell openings were then sealed with
epoxy under flowing argon. The mixtures were homogenized
by stirring on a hot plate at approximately 220 °C for at least
2 h, followed by rapid cooling, which induced crystallization.*®

Small Angle Neutron Scattering. The majority of the
SANS measurements reported here were performed using the
W. C. Koehler 30 m SANS instrument at Oak Ridge National
Laboratory, Oak Ridge, TN. Experiments were conducted with
a neutron wavelength A = 4.75 A (AA/A = 0.06) and a sample-
to-detector distance of 10 m. Raw data were corrected for
detector sensitivity and beam-blocked instrumental back-
grounds and normalized to sample transmission and sample
thickness. Absolute intensity calibration was accomplished
using Al-4 aluminum and Porasil B secondary standards, as
described elsewhere.*® All scattering patterns were azimuth-
ally averaged to produce one-dimensional plots of absolute
intensity versus the magnitude of the scattering wavevector
g = (4x/2) sin(6/2), where 6 is the scattering angle. Additional
measurements were made using the NIST/Exxon/University
of Minnesota 30 m SANS instrument at the National Institute
of Standards and Technology, Gaithersburg, MD (A = 7.0 A,
AAA = 0.09, sample-to-detector distance of 10 m), and the 12
m SANS instrument located at the Risg National Laboratory,
Roskilde, Denmark (1 = 5.6 A, Al/A = 0.09, sample-to-detector
distance of 5 m). Similar data reduction and analysis proce-
dures were used with these instruments.

SANS measurements of PEExxh+d mixtures were con-
ducted at room temperature, while the i-PP containing samples
were examined at 180 °C. The d¢PEE90/PP3045 specimens
were thermally equilibrated prior to acquisition of SANS data,
through heating for approximately 30 min at 205 °C, followed
by annealing for approximately 20 min at 180 °C in the sample
stage. PEExx/PP3045 samples were equilibrated by heating
for 15 min at 220 °C, followed by an additional 15 min of
annealing at 180 °C in the sample stage. In conjunction with
the sample preparation technique, this procedure provides
adequate time for single-phase mixtures to homogenize, while
permitting phase separation to occur in thermodynamically
incompatible blends.

We observed excess scattering intensity at q < 0.09 nm™!
in data taken from some of the undiluted PEExx blank
samples, PEExxh+d blends, and PEExx/PP3045 blends. As
noted in a previous publication,® we believe this scattering is
due to residual hydrogenation catalyst in the saturated PEExx
materials.5! To ensure that this effect did not interfere with
guantitative analysis of the data, we have discarded all data
below g = 0.09 nm.

3. Results and Analysis

Background Corrections. Plots of the total scat-
tered intensity as a function of q for undiluted PEE46d,
PEE62d, PEE73d, PEE90Ad, and PEE73h are shown
in Figure 2. All of the fully hydrogenous samples
produced essentially g-independent profiles above q =
0.09 nm~1, consistent with primarily incoherent scat-
tering, as illustrated by the data from PEE73h. Three
of the partially deuterated compounds (PEE46d, PEE62d,
PEE73d) exhibited a significant forward scattering
component. This effect has been attributed to nonuni-
form labeling of individual chains in the heterogeneous
catalytic deuteration reaction.5253 Balsara et al.52 have
shown that forward scattering from such samples has
both coherent and incoherent components. They as-
sumed that the high-g asymptote of the scattering
pattern can be taken as the incoherent level for the
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I(q), cm’
=

10 T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5

q, nm’

Figure 2. Total SANS intensity for undiluted PEE46d (filled
triangles), PEE62d (open circles), PEE73d (filled squares),
PEE90Ad (open triangles), and PEE73h (filled diamonds).
Data sets have been progressively offset by a factor of 10. For
clarity, only 50% of the actual data points are shown. The solid
curves through the 46d, 62d, and 73d scattering patterns
represent best fits to eqs 6—8 plus a constant corresponding
to the incoherent, high-g asymptote. The 90Ad and 73h
patterns are shown with flat lines corresponding to the value
calculated for incoherent scattering from these samples.

sample. After subtraction of this incoherent component
from the scattering data, it was found®2 that the residual
coherent intensity could be fit to the function

(@) = (B® — B*)Nvgp(¥) (6)

where B? is the average square contrast, B2 is the
average contrast squared, N is the degree of polymer-
ization, v is the segment volume, and gp(x) is the Debye
function,>

9p(¥) = (2Ix°) (e — 1+ X) (7)
where
x = °Ry (8)

We have fit the coherent component of the PEE46d,
PEE62d, and PEE73d data to eqs 6—8 using a non-
linear least-squares fitting technique, with the prefactor

(B2 — B)Nv and Ry as independent variables, as
shown in Figure 2. These results are consistent with
the explanation of the origin of coherent forward scat-
tering proposed by Balsara et al.>2 and Reichart et al.53
We have subsequently corrected the data for all blend
samples containing PEE46d, PEE62d, or PEE73d by
subtracting the estimated incoherent background for
each component and the coherent background contribu-
tion of the partially deuterated material from the total
scattering intensity.5?

Curiously, the SANS profile from the pure PEE90Ad
material did not contain a significant coherent compo-
nent, as shown in Figure 2. We attribute this to
variations in heterogeneous catalytic hydrogenation
conditions.

PEExx Degree of Polymerization and Statistical
Segment Length. Degrees of polymerization and



3654 Weimann et al.

5

10

I.(q), cm™

10°
00 01 02 03 04 05

T 1

q, nm”

Figure 3. Background-corrected SANS results for ¢4 = 0.5
matched pair blends at 25 °C: PEE46h-+d (open triangles),
PEE62h+d (filled triangles), PEE73h+d (open circles), and
PEE90Bh+d (filled squares). Data sets have been progres-
sively offset by a factor of 10. For clarity, only 50% of the actual
data points are shown. Solid curves correspond to best fits to
eqs 7—10 with the degree of polymerization N and statistical
segment length b as adjustable parameters. Results of these
fits are given in Table 2.

statistical segment lengths of PEE46, PEE62, PEET7S3,
and PEE90B were determined by fitting the random
phase approximation (RPA) structure factor for a two-
component, homogeneous blend of monodisperse poly-
mers,3°

S7Ha) = [paNAGo (X1 + [(1 — ¢a)Nagp(X)] ™ — 27
9)

to background-corrected SANS data acquired from
matched-pair specimens at 25 °C. The coherent scat-
tered intensity (l¢(g)) for a two-component polymer
blend, in absolute units of cm™1, is described by

(@) = v (bs — bg)*S(q) (10)

where ba and bg are the coherent scattering lengths of
A and B segments, respectively.

I.(q) data were modeled with eqs 7—10 using a
nonlinear least-squares fitting technique, with the
degree of polymerization (N) and the statistical segment
length (b) as adjustable parameters. Due to the reduced
level of deuterium labeling and modest molecular
weights, these matched pair mixtures lie far from the
critical point for phase separation. As a consequence,
S(q) is relatively insensitive to minor variations in y
around the anticipated value.>® In these calculations,
we have simply fixed y at 1 x 1074, approximately the
expected isotopic value for these samples.5%5 The data
were fit over the range 0.09 < q < 0.45 nm™1, and the
results are illustrated in Figure 3. Corresponding
statistical segment lengths, based on a four-carbon
repeat unit at 25 °C, are listed in Table 2. Reported
errors are estimated on the basis of the consideration
of systematic errors arising from uncertainty in the
density measurements necessary to calculate coherent
scattering lengths, in absolute calibration,*® and in
background corrections.
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Figure 4. Background-corrected SANS results from dgPEE90/
PP3045 blends, with ¢ppzoss = 0.124 (open symbols) and 0.173
(filled symbols). Solid curves represent a simultaneous best
fit of both data sets using egs 7—14, with the number-average
degree of polymerization N, and the isotactic polypropylene
statistical segment length b as adjustable parameters. Values

of b= (5.6 + 0.2) A and N, = 525 + 70 were obtained from
this fit, assuming Nw/N, = 2.4.

i-PP Degree of Polymerization and Statistical
Segment Length. We have developed a new method
for determination of the number-average degree of
polymerization (N) and the statistical segment length
(b) of PP3045, which was necessitated by a lack of
deuterated i-PP. On the basis of results discussed below
which demonstrate that PEE9O and PP3045 are melt
miscible, we prepared the dgPEE90 sample for use as a
“polymeric solvent” for PP3045. Low concentrations of
i-PP and the relatively low molecular weight of dsPEE90
ensured that our blends of these materials were far from
the critical point, minimizing the effect of y on RPA fits
to the data. The high deuterium content of dsPEE9S0
afforded sufficient contrast to make these measure-
ments feasible.

SANS patterns for dpp3oas = 0.124 and Ppp3oas = 0.173
samples at 180 °C, corrected for incoherent background
scattering, are shown in Figure 4. In order to fit these
data using the RPA, we must account for the polydis-
persity of the commercial PP3045 component. To do so,
we have followed the treatment described by Higgins
and Benoit,>” making the assumption that the molecular
weight distribution of the PP3045 sample may be
described by the Schultz—Zimm distribution function,
expressed in terms of the dimensionless degree of
polymerization u = N/ONLP859
k

k7

1 —
%u exp(—ku) du (11)

w(u) du =

where I'(k) is the gamma function. k, the width of the
distribution, is related to the number-average and
weight-average degrees of polymerization (N, and Ny)
through

DNZEIZ NW 1
ND SN TR (12)

Given this molecular weight distribution, it can be
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shown5” that the Debye function for polydisperse coils,
which we shall refer to as gp(x), can be expressed as

)
Op(X,) = X—nz[xn —1+|1+ K ] (13)

with

X, = 0°Ry” (14)
where Ry, is the number-average radius of gyration.
Briber et al.®0 have used a similar approach for the
analysis of SANS data for dilute blends of d-polystyrene
with a polydisperse sample of poly(vinyl methyl ether).

Using eqs 7—14, the two data sets were simulta-
neously fit over the range 0.14 nm~! < q < 0.60 nm™%,
allowing Nnypp3o45 and bpp3o45 to vary. The statistical
segment volume, which fixes N, was defined by following
our previous convention,3!

v = (1.084 x 10 %) exp[6.85 x 10~4(T — 296)] (15)

with v in cm® and T in absolute temperature. This
expression corresponds closely to a four-carbon polyole-
fin repeat unit in the melt state and gives a segment
volume of 119.6 A3 at 180 °C. Ny peego Was fixed as 176
(see above), while bpeggo Was fixed at 5.3 A (see below).
The Debye function for monodisperse coils (eq 7) was
used for the dgPEE90 component. On the basis of the
manufacturer’s suggestion, we used (Nw/N;,) = 2.4 for
PP3045, giving a value of k ~ 0.71. The value of y was
fixed as 5 x 1074, roughly the expected isotopic value.5056
Calculations show, however, that variation of y from 0
to 5 x 1073 has a negligible effect on the values returned
by the fit. From the simultaneous fit to the corrected
data shown in Figure 4, and consideration of systematic
errors, we find that Nn,pp3045 =525 4+ 70 and that bpp3045
= 5.6 + 0.2 A at 180 °C, based on the four-carbon
segment volume defined by eq 15.

i-PP/PEExx Phase Behavior. Background-cor-
rected SANS results for ¢peexxg = 0.5 PEE73d/PP3045
and PEE90Ad/PP3045 blends are shown in Figure 5.
In order to quantitatively fit these scattering data to
the RPA theory, it was necessary to make assumptions
concerning the change in the statistical segment length
of the PEExx polymers with temperature, as the PEExx
matched pair specimens were not studied at 180 °C. We
have assumed a linear interpolation between the re-
ported values®:62 of (3 In Ryg/dT)pe = —0.58 x 1073 K1
and (3 In Rg/dT)pee = 0.2 x 1073 K™ to estimate the
high-temperature values listed in Table 2. The Debye
functions extracted from the data shown in Figures 3
and 4 were used with these minor temperature correc-
tions. This allowed us to fit the data for the single-
phase mixtures using eqs 7—14, with y as the only
adjustable parameter. Results of these fits, over the
range 0.09 < g < 0.45 nm™1, are shown in Figure 5 for
the PEE73d/PP3045 and PEE90Ad/PP3045 blends; the
best-fit values for ¥ are (3.4 £ 1.5) x 10 and (1.9 +
2.5) x 1074 respectively. We note that for these
samples,®0:56 the expected isotopic contribution to y is
~0.7 x 1074 Within the uncertainties in gp, gp, and
the SANS intensity calibration, the RPA calculation
guantitatively models the data, leading us to conclude
that both systems form nearly ideal single-phase mix-
tures.

In Figure 6, the measured background corrected
scattering patterns for the PEE46d/PP3045 and PEE62d/
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Figure 5. Background-corrected SANS results for PEE73d /
PP3045 (filled symbols) and PEE90Ad/PP3045 (open symbols)
blends. The PEE73d/PP3045 data have been offset by a factor
of 10. The solid curves correspond to best fits using eqs 7—14,
with y as the only adjustable parameter. Values of ypee7adrr3oss
= (34 + 15) x 10~ and X PEE90d/PP3045 = (19 + 25) x 10™* were
obtained from these fits.
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Figure 6. Background-corrected SANS results for PEE46d/
PP3045 (open symbols) and PEE62d/PP3045 (filled symbols)
blends. The PEE62d/PP3045 data have been offset by a factor
of 100. In each case, the solid lines have been calculated for
the limits of ideal mixing (y = 0) and thermodynamic stability

(o = x9)-

PP3045 blends at 180 °C are compared to calculations
made using eqs 7—14 for the limiting cases of y = 0
(ideal mixing) and y = x5 (thermodynamic stability). The
experimental data for the PEE46d/PP3045 mixture falls
outside the window of possible scattering patterns for
single-phase blends over the entire gq range, indicating
immiscibility. This finding is consistent with those of
Alamo et al.,’® who recently calculated that the scat-
tering at high g from a two-phase polymer melt will
always be less than that of a homogeneous melt of the
same composition. For two-phase samples, we note that
when domain dimensions are large, the “Guinier”
regime of the scattering pattern is close to the transmit-
ted beam and is beyond the resolution of traditional
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pinhole SANS cameras. However, as shown by Alamo
et al.63 and Bates et al.,%* the scattering cross section
generally contains a strong component of “Porod” scat-
tering from the domain interfaces (I(g) ~ g% in the q
range 0.01-0.1 nm~%. At higher g values, 0.1 nm~1 <
g < 1 nm™1, the “Debye” regime is observed, in which
lower intensity scattering arises from molecules within
the domains, with I(q) ~ g2. The low-q cutoff of these
data at 0.09 nm~! prevents us from unambiguously
observing the Porod regime for the PEE46d/PP3045
sample. However, the high-q scattering behavior of this
sample, with a coherent scattering intensity 1 order of
magnitude less than that of the PEE90 and PEE73
blends, clearly identifies it as phase separated.

Likewise, the comparison of the PEE62d/PP3045
scattering data to the y = 0 and y = ys cases (also shown
in Figure 6) indicates that this mixture has also phase
separated, as the single-phase RPA fails to fit the
scattering data at high q. However, these data fall
closer to the single-phase window than the data for the
PEE46d/PP3045 blend. We note that setting y < 0 does
not improve agreement between the calculated and
measured results for these two samples. Taken to-
gether, the results shown in Figures 5 and 6 identify a
“window” in EE content where the PEExx polymers are
miscible with i-PP, when both blend components are of
My =~ 70 000. On the low end, the limit is between 62
and 73% EE segments, while on the high end, the limit
is higher than 90%.

These conclusions are supported by the optical char-
acteristics of the blends. Visual inspection of the
samples at room temperature revealed complete opacity
in PEE46d/PP3045 and some degree of opalescence in
PEE62d/PP3045. Since the i-PP component in all the
blends is partially crystalline at room temperature, we
cannot make quantitative statements about melt state
phase behavior on this basis alone. Nevertheless, these
observations are consistent with crystallization from a
macroscopically phase-separated state. In contrast, the
PEE73d/PP3045 and PEE90Ad/PP3045 specimens were
markedly more translucent at room temperature.

4. Discussion

The primary purpose of this study was to determine
whether the apparent melt dispersibility of PEE73-
containing diblock copolymers in i-PP8 would translate
into true thermodynamic compatibility of i-PP and
PEExx random copolymers. Our results establish that
saturated, anionically polymerized 1,2/1,4-polybuta-
dienes with roughly 73% to 90% ethylethylene repeat
units can form nearly ideal single-phase melt mixtures
with i-PP.

Along with the obvious practical implications of this
work, our findings contribute to a general, evolving
understanding of polyolefin thermodynamics. Here we
restrict our attention to the theoretical and experimen-
tal treatments outlined in the Introduction. Evaluation
of our “miscibility window” using the solubility param-
eter approach’=25 is not possible without quantitative
knowledge of 6(T).6> However, our statistical segment
length measurements for the PEExx materials are
consistent with those reported by Graessley et al.2466
Taking dpeee7 = 0 as a reference,?467 the magnitude of
our reported y parameters for PEE73/PP3045 and
PEE90/PP3045 are consistent with d;_pp &~ 0.31 MPal/2
at 180 °C. This is close to the value of 0.25 MPa'? that
Graessley et al.2* have reported for an atactic polypro-
pylene (prepared by hydrogenation of poly(2-methyl-
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pentadiene)) at 167 °C. We note that on a four-carbon
repeat unit basis, ba—pp = 6.0 A.52 This suggests that
the miscibility of i-PP and a-PP observed by Lohse® is
gualitatively consistent with both the solubility param-
eter approach and the conformational asymmetry theory.

Since our initial identification of an apparent correla-
tion between statistical segment length differences and
miscibility in polyolefins,3! we have pursued theory?8-30
and experiments®? that might aid in designing com-
mercially useful blends. The concept of an excess
entropy of mixing, driven by conformational asym-
metry,3! guided our preparation of the PEExx polymers.
Our newly determined i-PP statistical segment length
yields Bi_pp?2 = 4.36 x 1072 A1 at 180 °C. This is nearly
symmetrically placed between the values of 32 for
PEE73 and PEE90. (Bpee73? = 5.18 x 1072 A~1, with
€PEET73/i-PP — 1.19; ﬁpEEgoz = 3.77 x 102 Afl, with
€i—ppipeego = 0.83.) This finding is in qualitative agree-
ment with the conformational asymmetry theory and
with the observed correlation between ¢ and miscibility
in polyolefin blends.2431

However, we note that at 180 °C, the limit of single-
phase stability occurs between xx = 62 and 73 for Ny, ~
1300 blends (i.e. 1.19 < ¢ < 1.27). From this, calculation
of A, ! based on eq 3yields 2.12 < A,~! < 2.62 A. This
value is considerably smaller than anticipated for the
cutoff length associated with the conformational asym-
metry theory.2®30 Graessley et al.2* have drawn a
similar conclusion from their results, as noted in the
Introduction.

Finally, we briefly discuss our new determination of
the i-PP statistical segment length. To our knowledge,
this important conformational parameter has only been
measured once before in the melt state,®® although
several @-solvent values have been obtained.®? Ballard
et al.?® reported ((Rg,w2@My)H2 = 0.34 (A mol/2)/gl/2
based on SANS measurements of a mixture of hydrog-
enous and perdeuterous i-PP at 200 °C. Usingeq 1, and
assuming® (3 In Ry/dT)i—pp ~ 0, this translates into
bi—pp.180 °C = 5.4 A on a three-carbon repeat unit basis,
or 6.2 A for a four-carbon statistical segment, about 10%
greater than our determination. Although the absolute
magnitude of the difference is small, it has a significant
impact on how we interpret our results, as discussed in
the previous paragraphs. While we cannot be certain
of the exact origins of this discrepancy, we point out that
isotope effects were not recognized two decades ago, and
Ballard et al.?® acknowledged both sample degradation
and uncertainties in background corrections at elevated
temperatures.
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