Macromolecules 1983, 16, 1101-1108 1101

(30) Equation IV-5 is applicable also to cylindrical microdomains.!
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(35) It should be noted in Figure 4 that the widths of the first-order
and second-order peaks remain essentially constant with in-
creasing temperature, despite the fact that the higher order
peaks (the third- and fourth-order peaks) disappear with in-
creasing temperature. This fact strongly suggests that the
disappearance of the higher order peaks with increasing tem-
perature is due to the increasing interfacial thickness but not
to the disordering of the lattice structure or the smallness of
the grain structure within which the orientation of lamellae is
coherent, as is the case in the wide-angle X-ray diffraction.
The effect of the interfactial thickness on the SAXS profile is
given by

I(s;0) = I(s;0=0) exp(—4nr2q2s?)

where ¢ is the parameter characterizing the thickness of the
diffuse interphase and I(s;o0=0) is the scattered intensity for
the system having zero interfacial thickness. Thus the greater
the scattering angle, the larger the intensity decay due to the
finite interfacial thickness ¢.724%

(36) Hashimoto, T.; Kowsaka, K.; Shibayama, M.; Kawai, H., to be
submitted to Macromolecules; Polym. Prepr., Am. Chem. Soc.,
Div. Polym. Chem. 1983, 24 (2).

(37) It should be noted that an effect of thermal expansion should
increase the domain size and domain identity period D with
increasing temperature. However, this effect is trivial and
much outweighed by the effect of segregation power. The
effect of the different thermal expansion coefficients in both
phases in the phase-separated Systems may vary the scattering
contrast, affecting the scattered intensity. However, this effect
is again much outweighed by the effect of the segregation
power.

(38) The “grain” refers to a region in wich the orientation of the
lamellar microdomains is coherent. Increasing segregation
power accompanied by increasing concentration involves de-
formation of the grain in such a way that its dimension normal
to the interface should expand but the dimensions parallel to
it shrink.
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ABSTRACT: Investigated in this work were the effects of solvent-casting conditions, the presence of hom-
opolymer in the continuous phase, and the magnitude of block molecular weights on the structural features
of styrene-butadiene diblock copolymers and diblock copolymer-homopolystyrene blends containing spherical
domains of polybutadiene. Domain boundary thickness, domain size, and domain packing order were determined
from small-angle neutron scattering (SANS) measurements. Domain boundary thickness was essentially identical
for all samples and in agreement with theory. Contrary to theory, sphere radius was found to be proportional
to the 0.37 power of polybutadiene molecular weight; this is shown to be an artifact of the solvent-casting
process. Under equilibrium conditions, the domains form a body-centered-cubic paracrystalline macrolattice

which is disrupted by the addition of homopolystyrene.

Introduction

Block copolymer structure and properties have gener-
ated considerable scientific interest over the past 2 decades.
Recent years have found significant advances made in the
study of morphology, in large part due to the growing
popularity of small-angle scattering techniques. Hashi-
moto et al.'® have been particularly active in this area,
examining polystyrene~vinylpolyisoprene diblock co-
polymers containing lamellar and spherical (rubber) mi-
crodomains by small-angle X-ray scattering (SAXS). Their
results leave several unanswered questions with respect
to the spherical morphology. For example, these authors
found the domain radius to be almost half that predicted
from theory,” which they contend is a result of the process
of solvent casting. Also, no specific domain packing order
could be clearly established for their samples.

The present paper is part of a larger study designed to
examine relationships between microphase structure and
mechanical behavior in block copolymers and polymer
blends. Five polystyrene—polybutadiene diblock co-
polymers and seven diblock copolymer-homopolystyrene
blends have been prepared, three of these containing
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perdeuterated polybutadiene and all exhibiting a mor-
phology consisting of polybutadiene microspherical do-
mains.

The structural features of these materials have been
investigated by small-angle neutron scattering (SANS),
exploiting the enhanced contrast that results from the use
of deuterated butadiene. We presently report on the do-
main order, domain size (also determined by electron
microscopy), and domain boundary thickness in solvent-
cast films; homopolystyrene content and block molecular
weights are the major variables of the study. SANS de-
termination of the polybutadiene block single-chain be-
havior has been reported separately.® The dynamic me-
chanical properties of these materials and their relationship
to the presently detailed structures are reported in the
accompanying paper immediately following this one.

Experimental Section

Materials. Styrene monomer (Aldrich Chemical Co.) was
deinhibited by washing with 10% NaOH followed by distilled
water and was stored over CaH, at 0 °C. Prior to use, the styrene
was distilled and redistilled from fresh Na wire and used within
2 h.

1,3-Butadiene (Matheson, high purity) was deinhibited with
a 10% NaOH solution, dried over NaOH pellets and molecular

© 1983 American Chemical Society
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Table 1
Molecular Characterization Results

sample®  107°M, g% 107°Mp 3¢ (My/My)sp
SB1 79 11 1.06
SB2 77 21 1.06
SB3 85 45 1.07
SB4 149 20 1.07
SB5 126 46 1.06
SB6 122 66 1.07
SB7 560 59 1.11
SB8 450 123 1.15
SB9 420 230 1.12
SB41 80 13 1.07
SB42 78 54 1.10
SB43 380 46 1.10
S1 64 1.06
S2 116 1.05
83 390 1.05
Bl 20 1.04

¢ The subscript d signifies a perdeuterated polybuta-
diene block. ® Number-averaged molecular weight of the
styrene block determined by HPSEC. ¢ Number-averaged
molecular weight of the butadiene block determined by
HPSEC and UV absorption.

sieves, and condensed and stirred over CaH, at 0 °C for 24 h. The
butadiene was then condensed over several Na mirrors and was
frozen until use.

1,3-Butadiene-dg (Merck Sharp and Dohme, Litd.) was stirred
over CaH; at 0 °C for 24 h, condensed over several Na mirrors,
and frozen until use. The reported 98 atom % deuterium was
verified by mass spectrometry.

n-Butyllithium (Aldrich) was used as received or diluted with
cyclohexane and in each case was titrated by a modified® Eppley
and Dixon!® method. Reagent grade benzene (J. T. Baker Co.)
was distilled twice under argon, followed by the addition of a small
amount of anisole (5-10 times the concentration of initiator used
in the later polymerization).!! The mixture was then further
purified by a previously reported “living gel” technique.!?

The solvents used for film casting were reagent grade toluene,
benzene, tetrahydrofuran (THF), and methyl ethyl ketone (MEK);
each was used as received from J. T. Baker Co.

Polymer Synthesis and Characterization.® Diblock co-
polymerizations were carried out under highly purified argon in
a Pyrex reactor fitted with grease-free connectors and valves.
Benzene, initiator, and styrene were added to the reactor and
vigorously stirred for several hours at 40 °C. Following removal
of a small sample for later analysis, the butadiene was introduced
to the reactor and the temperature was raised to 50 °C. After
several hours, the reaction was terminated with methanol.
Homopolystyrene was prepared in the same manner as block
polystyrene and terminated with methanol. The polymers were
precipitated with methanol, dried under vacuum for several days,
and stored at —20 °C. A total of twelve diblock copolymers, three
of which contained fully deuterated polybutadiene blocks, plus
a polybutadiene and three polystyrene homopolymers were
prepared as described above.

Diblock copolymer composition was determined by ultraviolet
(UV) absorption in chloroform (Mallinckrodt, Inc.) at a wavelength
of 262 nm; in each case the UV result was in good agreement with
the synthesis stoichiometry. Block polystyrene (sampled from
the reactor), homopolystyrene, and diblock copolymer samples
were analyzed by high-pressure size exclusion chromatography
(HPSEC) employing a set of Zorbax PSM bimodal columns with
toluene as the mobile phase. The HPSEC instrument was cal-
ibrated with nine polystyrene standards (Polysciences, Inc.); this
provides for the direct determination of polystyrene sample
molecular weight, M, 5. In each case the polystyrene heterogeneity
index (M,/M,), as measured by HPSEC, was between 1.05 and
1.08. Block polybutadiene molecular weight, M, g, was calculated
from the HPSEC block polystyrene molecular weight and the UV
absorption composition. Diblock copolymer heterogeneity,
(My/M,)sg, was also determined directly by HPSEC. M, g, M, g,
and (M, /M_)gp are listed in Table L.
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Table II
Electron Microscopy Results

weight fraction domain size, A

sample SB S Rpreq? EEM” oR/l_-l’_c
SB1 1.00 129 117 0.07
SB2/S2 0.52  0.48 199 159 0.08
SB3/S1 0.35 0.65 333 231 0.13
SB4 1.00 193 152 0.09
SB5/S2 0.49 0.51 340 200 0.07
SB6/S2 0.34 0.66 430 243  0.07
SB7 1.00 394 243 0.09
SB8/S3 0.52 0.48 647 298 0.12
SB9/S2 0.34 0.66 1032 355 0.07
SBg41 1.00 137 122 0.06
SB42/81 0.35 0.65 357 224 008
SB43 1.00 309 177  0.07
SB43/82/B1  0.50 0.44¢ 247  0.42

¢ Calculated from the formulas of Helfand and
Wasserman,’ assuming blends are pure diblock copolymers
containing the actual polybutadiene molecular weight.
b 1.3 times the values obtained by measuing electron
micrographs (see ref 16). ¢ Determined from measure-
ments of approximately 100 domains per micrograph.
4 Weight fraction B = 0.06.

The hydrogenated polybutadiene microstructure was deter-
mined by proton NMR to be 87% mixed cis and trans 1,4 and
13% 1,2 addition. As reported elsewhere,’ the perdeuterated
polybutadiene exhibits the same glass transition temperature as
the hydrogenous analogue, indirectly verifying the expected
similarity in microstructure.

Sample Preparation. The diblock copolymer samples ap-
pearing in Table I fall into three categories: ~12%, ~23%, and
~36% by weight polybutadiene. Those containing ~23% and
~36% rubber were blended with homopolystyrene as reported
in Table II so that all test specimens contained approximately
12% rubber. Film specimens used for SANS and EM analysis
were prepared by a solvent spin-casting technique®*® (see also the
paper immediately following this one), starting with 2-5% solu-
tions of the polymer in either toluene, benzene, or a mixture
composed of 70% tetrahydrofuran and 30% methyl ethyl ketone
(THF/MEK). Solvent was removed over a period of several days
while a nitrogen atmosphere was maintained within the casting
chamber. When toluene was the solvent, casting was done at 80
°C. Samples were cast from benzene and THF /MEK starting
at 60 and 50 °C, respectively, and the temperature was increased
to 80 °C during the course of solvent removal. Uniform thin films
(approximately 0.05 cm) were obtained in this manner. Films
were annealed under vacuum from 24 h at 120 °C, cooled (~20
°C/h) to room temperature, and stored in the dark under vacuum.
Samples subjected to SANS analysis were reannealed several days
prior to their examination.

Structural Analysis. Electron micrographs were obtained
on a Phillips 200 electron microscope (EM) operated at either
60 or 80 kV and calibrated against a diffraction grating carbon
replica (21600 lines/cm). Samples were stained with osmium
tetraoxide'* and sectioned on a LKB ultramicrotome fitted with
a freshly prepared glass knife,

Small-angle neutron scattering (SANS) experiments were
performed on the 30-m instrument at the National Center for
Small-Angle Scattering Research (NCSASR), Oak Ridge National
Laboratory,'® employing neutrons of 4.75-A wavelength and
sample-to-detector distances ranging from 1.8 to 15.3 m. SANS
results were obtained from four-layer samples that were ap-
proximately 0.2 ¢m thick. One 0.05-cm-thick specimen was also
examined. Scattering data have been corrected for background
scattering and detector sensitivity. Details concerning pinhole
sizes, scattering geometry, sample transmission, and detector
settings of individual spectra have been reported elsewhere.’

Results

Electron microscopy of sample SB6/S2 cast from tolu-
ene revealed a cylindrical polybutadiene microstructure,
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Figure 1. Electron micrographs of solvent-cast polystyrene-
polybutadiene diblock copolymers and blends. Samples were
stained with osmium tetraoxide, which preferentially darkens the
polybutadiene domains.

while the same sample cast from THF /MEK contained
spherical microdomains of polybutadiene. Therefore, all
samples containing homopolystyrene were cast from
THF/MEK in order to ensure a spherical morphology.
Unblended diblock copolymer films (Table II) prepared
from each of the three casting solvents exhibited a
spherical morphology; presently reported EM results were
obtained from toluene-cast samples. The effect of casting
solvent on structure was determined by SANS as discussed
in the following sections. Micrographs from five repre-
sentative samples listed in Table II are presented in Figure
1. The morphology of a sixth sample, designated
SB43/S2/Bl, is also shown in Figure 1; this ternary blend
of a diblock copolymer and both homopolymers is dis-
cussed in detail in the following paper on mechanical
properties of these materials. Sphere radii and standard
deviations were calculated'® from representative popula-
tions of approximately 100 domains and are listed in Table
1L
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Table III
Neutron Scattering Lengths and
Scattering-Length Densities

10"p, 10y,
monomer cm cmrem™?
styrene 2.328 1.416
butadiene 0.416 0.415
butadiene-d, 6.66 6.65

Three characteristic SANS spectra are presented in
Figure 2 in the form of intensity contour plots, along with
electron micrographs taken from the corresponding sam-
ples. All samples examined were found to scatter iso-
tropically as demonstrated by Figure 2. Therefore SANS
data have been radially averaged and are reported in units
of relative intensity, I(®) (@ = 4w\ sin 6, where X is the
radiation wavelength and 0 equals half the scattering an-
gle).

SANS Analysis

We have examined three structural features present in
the materials given in Table IT by means of SANS: domain
boundaries, domain sizes, and domain packing. These are
treated separately below since they represent the dominant
mechanism of scattering in separate regions of momentum
transfer Q.

Domain Boundary. The domain boundary thickness
of a two-phase material can be determined by using the
Porod region of a small-angle scattering curve. As detailed
by Koberstein et al.,!” diffuse phase boundaries produce
deviations from Porod’s law, which can be represented by

Kp
Ihea(Q) = EW(Q) (1)

Kp = 21rAi(pbp - b‘:’bm)2

where A; is the total interfacial area of the system and p,
and py, are the scattering-length densities (Table III) of
the particles and matrix, respectively. H(Q) is the Fourier
transform of a smoothing function that, when convoluted

7

0.5u

Figure 2. Contour plots of SANS intensities for typical samples, together with the corresponding electron micrographs. The circular
rings confirm the isotropic nature of the samples (the square object in the center is the beamstop).
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Table IV
SANS Results

domain boundary
thickness (A) + 10%

domain size

domain packing

sample? AR a R, A ogr/R D,A domains/paracrystal

SB41-T 20 14 124 + 2 0.11 £ 0.01 347 + 2 110
SB41-B 21 14 1212 0.13 + 0.01 345 = 172
SB41-M 20 14 124+ 3 0.12 + 0.02 340 + 124
SB41-M?® 21 14

SB1-T 117°¢ 325+ 2 241
SB43-T 23 15 197+ 3 0.11 + 0.01 635+ 4 40
SB43-B 23 16 196 = 3 0.11 + 0.01 638 + 4 36
SB43-M 23 16 181+ 3 0.09 + 0.02 579+ 4 42
SB7-T 222+ 3 0.11 + 0.01

SB42/81-M 22 15 221+ 3 0.10 = 0.01 690+ 5 5

@ Casting solvent: T = toluene, B = benzene, M = THF/MEK. ® Sample thickness = 0.05 cm. ¢ Calculated from UV

composition and Bragg spacing assuming a bec packing mode.®

with a step profile, produces the diffuse scattering-length
density profile. Two such interfacial composition profiles
are considered. The first, introduced by Ruland?® and used
extensively by Hashimoto et al.,'® is obtained from a
Gaussian smooth function of standard deviation ¢, which
results in the following version of eq 1:

Kp
Iobsd(Q) = @ exD(_UZQZ) @

The parameter o, which provides a measure of interfacial
thickness (see Discussion), can be determined from a plot
of In (JQ%) vs. Q2.

The second profile corresponds to that predicted by
Helfand and Wasserman,”!? for which!®

K, ra1Q /4 ’
Iobsd(Q) - E(W)

where q; is defined as the interfacial thickness (see Dis-
cussion). Equation 3 can be series expanded to give

Kp (1ra1Q/4)2
I04(Q) = 23—4 1- 3

from which a; can be determined by plotting I§* vs. @2

In order to apply eq 2 and 4 to SANS data, one must
first subtract the incoherent scattering contributing to the
recorded intensity. The procedure for determining this
correction is illustrated in Figure 3. For @ > 0.15 A1, all
scattering curves were found to be linear and nearly in-
dependent of @; that is, one observes only incoherent
scattering. Sample S3 (polystyrene homopolymer) serves
to demonstrate that in the absence of any known hete-
rogeneities, this behavior in fact persists to a low value of
@; note that the heterogeneous samples contain ~88%
polystyrene. Therefore, for values of @ < 0.15 AL, the
incoherent scattering intensity can be estimated from an
extrapolation of a linear regression of the data at higher
€. A similar procedure is routinely employed in SAXS,
although in the case of X-rays, the background intensity
is due to thermal diffuse scattering and the correction must
be developed as a power series in Q.2 Incoherent
background corrections are given in Figure 3 by the solid
lines. The slight slope associated with incoherent scat-
tering is instrument related? and has been shown to have
no effect on the domain boundary thickness calculations.’

Typical plots, based on eq 2 and 4, for deuterium-labeled
samples are shown in Figure 4. The quantities ¢ and a;
have been determined from least-squares linear regressions
in which each point has been weighted with its associated
variance. The results are listed in Table IV, where the
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Figure 3. Radially averaged SANS intensities for samples SB41
and S3 (homopolystyrene). Straight lines fitted to the high-@
data are used to determine the incoherent scattering correction.

convention established by Hashimoto et al.? for defining
the interfacial thickness (based on a Gaussian smooth-
ing-function model) has been adopted:

AR = (2m)V% (5)

Domain Size. Intraparticle scattering from a collection
of uniform spheres of radius R can be described? by the

form factor
_onf J22@R) \?
fAQR) = —é—(—( R (6)

The Bessel function J3,o(QR) is periodic, producing local
maxima in f,2(QR) at QR = 5.765, 9.10, 12.33, etc. In order
to more fully describe the scattering behavior of our sam-
ples, we have adopted the methods developed by Hashi-
moto et al.? for including the effects of diffuse domain
boundaries and a distribution in sphere sizes:

Iobsd(Q) = K(pbp - pbm)2 X
[ fPRIRSP@R) dR/ fPR) ARIW@ (@)

K is a constant that includes such factors as particle
concentration and beam intensity, and W(Q) is an inter-
particle interference function.? The effects of a diffuse
domain boundary have been accounted for by modifying

f.(@R)
f(QR) = f(QR) exp(-0?Q?/2) (8)
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Figure 4. Porod plots'” for the sigmoidal interfacial profile model
(top) and the Helfand-Wasserman’ profile model (bottom).

where ¢ is taken from the Porod analysis. A Gaussian
distribution in sphere sizes has also been assumed:

P(R) = (constant) exp[-(R - R)?/203% 9

Domain radii and size distributions have been deter-
mined by modeling SANS data with eq 7, using R and o
as fitting parameters and setting W(Q) equal to unity.?

In all samples, good agreement was obtained between
the model and data for QR > 5, as demonstrated in Figure
5. For some samples, particularly sample SB41, the model
fails to describe the SANS features for @R < 5, a conse-
quence of neglecting interparticle interference (see below).
Domain dimensions determined by SANS are listed in
Table IV. The slightly higher mean sphere-size distribu-
tion determined by SANS, (og/R)sans = 0.11, vs. that
from EM, (og/R)gym = 0.08 (Table II), can be attributed
to neglecting instrument resolution effects in eq 7. Dif-
ferences in R are discussed below.

Domain Packing. Interparticle interference from a

randomly distributed ensemble of spherical particles can
be described by??

Vo -
w =1+ 7f5(2QR) (10)
1

where V;/V, is the volume fraction of spheres. Therefore
the simulations shown in Figure 5 have been modified by
eq 10, and the low-@ results are plotted (dashed lines) with
the SANS data in Figure 6. With the possible exception
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Figure 6. Low-Q SANS intensities compared with the inter-
particle interference (eq 10) from a randomly distributed ensemble
of spheres (dashed line) and a set of Gaussian functions fit to the
Bragg peaks (solid line).

of sample SB42/S1, this modification fails to explain the
interparticle scattering behavior of the samples. Thus a
paracrystalline structure of the type described by Hose-
mann and Bagchi® is indicated

W@ = Z@Q*S@QF (11

where Z(Q) represents the paracrystalline lattice factor,
S(Q) is the paracrystal shape amplitude, and the asterisk
signifies a convolution product.

The local maxima in intensity apparent in sample SB41
(and to a lesser extent in SB;® and SB42/S1) can be in-
terpreted in terms of Bragg scattering from a mosaic of
paracrystals; i.e., a Debye—Scherrer powder pattern is ob-
served.” Each peak is associated with a paracrystalline
planar spacing D, as described by Bragg’s law:

2D sin § = A (12)

Such planar spacings have been measured by fitting the
resolvable peaks with Gaussian functions

— . )2
IBragg(Q) = ZC,' eXp[_l/z(g) ] (13)

1

added to an arbitrary background, as indicated by the solid
curves in Figure 6. D spacings corresponding to the main
Bragg peak in each sample are listed in Table IV. A
discussion of the higher order reflections evident in sample
SB4l has been presented elsewhere.?
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The mean paracrystallite size in a given sample may be
estimated from the Bragg peaks in a powder pattern by
using a modified Scherrer formula. Assuming a spherical
geometry, the paracrystallite radius is given by?

Rerystar = 0.2770/(B cos 6) (14)

where B is the full width at half-maximum intensity (in
radians) of the Bragg peak observed at a mean scattering
angle of 26. Values for B (=2.354¢) have been obtained
from the best fit of eq 13 to the first interference maximum
(Figure 6). The number of domains per paracrystal can
then be calculated from Ry, Repheres and the volume
fraction of polybutadiene as determined by UV absorption.
These values are also given in Table IV.

The influence of multiple-scattering effects on the Porod
and domain size measurements in spherical domains has
been shown?® to be related to the total scattering proba-
bility.

f@ _ Dp(67*)R

k02 k02 (pbp - pbm)2 (15)
where p is the volume fraction of spheres, k; is the
wavenumber, and D is the sample thickness. For the
samples examined, s(0)ky? < 0.55, which should result in
less than a 2% error due to multiple scattering in the
measurements.? In fact, no significant difference in in-
terfacial thickness was found between the thick (0.2 cm)
and thin (0.05 cm) specimen of sample SBy1-M (Table IV).
Also, op/R for sample SB7 lies within the range of values
determined for the deuterated samples having 27 times the
total scattering probability. Therefore, multiple-scattering
corrections to the SANS data were not considered neces-
sary.

Discussion

Domain Boundary. Polymer-polymer interfaces have
been a topic of intense theoretical discussion for more than
a decade.'92%3% In particular, Helfand has published
extensively on the subject with Tagami,3*% Sapse,? and
Wasserman.®® According to these authors, the density
pattern of polymer B across a symmetric interface is given
by

pp(x) = ¥%(1 - tanh (2x /ap)) (16)

Neglecting nonlocal interactions®

Ba2 + B2 1/2
al=2(A2—aB) am

Bx? = (1/6)pokbk® (18)

where pox and by are the density and Kuhn statistical
length, respectively, of segment K and « is the polymer-
polymer interaction parameter. The modified version of
Porod’s law given by eq 3 was derived from the interfacial
composition profile of eq 16.

The physical parameters pox and by have been reported
in the literature!® for polystyrene and polybutadiene as
follows:

pos = 10.1 X 103 mol/m?®  bg =6.84A

pog = 16.5 X 103 mol/m®> by =6.34A

Roe and Zin?® have determined the pair interaction pa-
rameter A for polystyrene and 1,4-polybutadiene, which
they found to be a weak function of temperature (°C) and
composition, ¢:
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Asg = X+ Moy + AT (cal/cm®) (19)

The constants appearing in eq 19 were averaged over all
the reported values and with 95% confidence limits are
given by Ay = 0.996 £ 0.174, A\; = 0.040 £ 0.243, and Ay =
—0.00200 £ 0.00116. Therefore at 25 °C and ¢ = 0.5

asp = Asp/RT = 1.63 X 10° (22%)  (mol/m? (20)

This value is nearly identical with that calculated according
to Rounds® (o = 1.62 X 10° mol/m?3 £ 72% at 25 °C),
although Roe and Zin have provided a substantial im-
provement in precision.

The absence of nonlocal interaction terms in eq 17 is
justified® since a/p; << 3. Based on the above physical
parameters, the interfacial thickness is calculated to be
OQ1predicted = 15 % 2 A, in excellent agreement with the
experimentally determined values (Table IV). Also, since
a1 is dominated by local interactions, it is not surprising
to find that this parameter is insensitive to changes in the
solvent-casting parameters.

Hashimoto et al.'>* have examined the domain bound-
ary in a set of polystyrene-vinylpolyisoprene (SI) diblock
copolymers and blends by SAXS. In agreement with the
present study, they found that the interfacial thickness is
essentially independent of molecular weight, homopolymer
content, and casting solvent, although their value of AR
=~ 18 A is slightly smaller than that presently reported,
AR =~ 22 A. This variation can be explained in terms of
the differences in physical parameters between the two
systems. Parameters pox and bk have been measured! for
vinylpolyisoprene but the interaction parameter for the
polystyrene—vinylpolyisoprene pair has not been reported.
According to eq 17, the differences in interfacial thickness
can be accounted for if ag; = 1.13agp, a difference quali-
tatively indicated in a recent publication by Cohen and
Wilfong.®

Finally, as noted by Helfand and Wasserman,!® the in-
terfacial thickness obtained from a Gaussian smoothing
function model, AR, cannot be directly compared with q;,
a point overlooked by Hashimoto et al.1#4® Based on the
results given in Table IV, these parameters are related by
the proportionality constant

a; ~ 0.68AR (21)

Domain Size. Asreported elsewhere,'® a discrepancy
has been found between the measurement of poly-
butadiene sphere radius by electron microscopy and SANS.
We believe that this is an artifact of microscopy, possibly
related to staining, ultramicrotoming, or high-energy
electron beam damage. Similar effects have recently been
found in chlorosulfonic acid stained polypropylene.® Since
the SANS experiment is carried out on an unperturbed
sample of macroscopic dimensions and since sphere size
determination is relatively direct and unambiguous, the
SANS radii are accepted as correct and the EM radii have
been corrected by a factor of 1.3 (see ref 16). Corrected
EM radii (Table II) and SANS radii (Table IV) are plotted
in Figure 7 as a function of rubber molecular weight.

Also plotted in Figure 7 (lower set of solid points) are
the SANS results of Hashimoto et al.? obtained on a series
of polystyrene—vinylpolyisoprene diblock copolymers (SI)
containing spherical domains. The theoretical prediction’
(Table II) for the domain radius of each sample examined
in this study is also plotted in Figure 7 (upper set of solid
points). For the case of blends containing homopoly-
styrene, the theoretical calculations were based on true
polybutadiene weight fractions and molecular weights, with
the assumption that the samples consisted of pure diblock
copolymer. This was necessary because the theory” does
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Figure 7. log-log plot of mean sphere size R vs. the molecular
weight M, of the rubber block for SB samples examined in the
present study and SI diblocks studied by Hashimoto et al?> The
upper dashed line has the 0.68 slope based on Helfand and
Wasserman'’s results.” The solid line represents the best fit to
values obtained in this study by electron microscopy'® (open
circles) and SANS (crosses) and has a slope of 0.37. The lower
dashed line is fit to the results of Hashimoto et al.2 and has a slope
of 0.63.

not allow for the presence of homopolymer. Nevertheless,
this assumption seems reasonable since the spherical do-
mains consist entirely of block polybutadiene. Each of the
three separate sets of points in Figure 7 can be well rep-
resented by

R = (constant) M pper (22)

where 85 = 0.37 (this work), 8; = 0.63 (Hashimoto’s re-
sults?), and By = 0.68 (estimated from a linear-regression
calculation based on Helfand and Wasserman’s results’).

Solvent-cast block copolymers in the bulk state generally
reflect a nonequilibrium morphology established in a
solvated state. As pointed out by Hashimoto et al.,? in the
case of spherical domains the bulk domain size reflects the
number of chains per sphere, N, established at a particular
solvent concentration, ¢. Variations in N with further
reduction in solvent content require the transport of SB
(or SI) chains in a two-phase system; this is prevented by
an energy barrier which cannot be overcome once phase
separation has occurred. Using such arguments, Hashi-
moto et al. qualitatively explained the form of their data
shown in Figure 7; their SI diblocks and their casting
procedures led to formation of spherical domains that were
smaller than expected by a constant factor over the entire
range of molecular weight studied. Our results on SB
diblocks shown in Figure 7 also deviate from prediction
in the expected direction; the polybutadiene domains are
always smaller than predicted. However, the departure
from theoretical prediction is exceedingly small at low
molecular weights but it increases at higher molecular
weights. This result is intuitively satisfying since it is more
likely that equilibrium structures will be formed at the
lower end of the molecular weight scale. Furthermore the
higher casting temperature used in the present study (80
°C vs. 30 °C in the work of Hashimoto et al.?) and the
lower rubber content (12% vs. 17%) of our block co-
polymers both tend to favor the production of bulk
equilibrium structures from solvent casting. Semiquan-
titative support for these arguments has been presented
elsewhere? using the concept of a block copolymer—solvent
phase separation temperature T (and its dependence on
copolymer composition and molecular weight) which was
originally developed by Pico and Williams.4°
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The fact that samples SB41 and SB43 exhibit little or
no change in sphere size as casting solvent is varied (Table
1V) is consistent with the findings of Hashimoto et al.*
According to Pico and Williams,*® ¢q is relatively insen-
sitive to solvent type as long as the solubility parameter
of the solvent is close to the range of the two blocks. Such
is the case for the solvents and casting temperatures em-
ployed here.

Domain Packing. In a previous paper® we have shown
that the three Bragg peaks associated with sample SBy1
(Figure 6) are reflections from the (110), (200), and (211)
planes of a set of body-centered-cubic (bce) paracrystals,
in accordance with the equilibrium prediction of Leibler.*
Increasing block molecular weight (sample SBy3) reduces
this to one resolvable interference maximum, to which we
can ascribe no specific packing mode. Correspondingly,
the number of domains per paracrystal has dropped from
over 100 for SB41 to about 40 for SB43. While it is
tempting to also attribute these results to the departure
of domain size in SB,3 from equilibrium (Figure 2), there
is no clear reason why decreasing N should also affect the
packing order. On the other hand, the increase in solution
viscosity associated with raising the molecular weight can
perhaps account for the observed behavior.

Nearly complete loss of order is displayed by sample
SB;2/S1 and accordingly, the SANS results are nearly
predicted by the interparticle interference function given
by eq 10. In this case, neither the value of N nor solution
viscosity can be responsible, since SB42/S1 and SBy3 ex-
hibit similar bulk sphere radii. Thus the nearly complete
absence of paracrystallinity in sample SB42/S1 is due to
the presence of homopolystyrene.®

Conclusions

The bulk equilibrium structural characteristics of di-
block copolymers of the type discussed in this work
(spherical microstructure) can be accurately predicted from
theory. This has been demonstrated for two of the samples
studied, SBy41 and SB1, where Leibler*! correctly predicts
a bee macrolattice, Helfand and Wasserman’ specify the
sphere radius to within 10%, and Helfand et al.3>* exactly
predict the domain boundary thickness. Variations in
block polymer molecular weight, blending with matrix
homopolymer, and sample preparation by solvent casting
influence each of these structural features in a different
way. The domain boundary thickness is dictated entirely
by local interactions and accordingly is not affected by any
of these factors. Blending with matrix homopolymer has
no influence on domain size but leads to nearly complete
loss of paracrystallinity. Solvent casting can dramatically
affect bulk domain dimensions, as demonstrated by the
0.37 power dependence of sphere radius on block molecular
weight, in sharp contrast to the expected equilibrium value
of 0.68. Understanding these processes permits us to
critically determine the validity and range of applicability
of bulk equilibrium theories as stated above and provides
an added dimension of control over the structural features
attainable with these materials.
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Dynamic Mechanical Properties of Polystyrene Containing
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Boundaries and Rubber Molecular Weight

Frank S. Bates,! R. E. Cohen,* and A. S. Argon

Department of Chemical Engineering and Department of Mechanical Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139.

Received October 27, 1982

ABSTRACT: A model set of well-characterized anionically polymerized diblock copolymer-homopolymer
blends was prepared from styrene and butadiene. These materials contain microspherical polybutadiene domains
whose phase boundary thickness, size, size distribution, and spatial packing are all known from previous electron
microscopy and small-angle neutron scattering studies of the same set of samples. Dynamic mechanical properties
were determined in a tensile mode at 3.5 Hz between —-140 and +110 °C. Increasing the volume fraction of
interfacial material in these composites produces no change in the storage modulus and a small increase in
the level of viscoelastic loss in the region between the pure-component glass transition temperatures. Inclusion
of polybutadiene in a glassy polystyrene matrix results in a significant lowering of the rubber glass transition
temperature, TgB, which can be explained on the basis of negative pressure resulting from differential contraction.
Composites containing lower molecular weight polybutadienes exhibit smaller TgB depressions, suggesting
the possibility of cavitation in the rubber in these materials.

Introduction

Although the dynamic mechanical behavior of block
copolymers and polymer blends comprised of polystyrene
and polybutadiene has been widely investigated, clear in-
terpretation of the mechanical results has often been im-
possible owing to the lack of extensive molecular, inter-
facial, and morphological characterization data on the full
set of samples under investigation. Conflicting conclusions
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have been reported on the influence of various structural
features of these materials on the dynamic mechanical
behavior. This is particular true for the role of the in-
terfacial zone, the structural feature that is most difficult
to quantify and therefore most open to speculation in
terms of its effect on mechanical properties.

A series of microheterogenous composites based on block
copolymers and homopolymers of polystyrene and poly-
butadiene has been under investigation in our laboratories.
Primary focus has been on structural characterization via
neutron scattering and electron microscopy (see paper
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