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ABSTRACT: The spatial distribution of a midblock associating homopolymer confined within the lamellar 
microdomain.structure of a triblock copolymer is probed with small angle neutron scattering experiments. 
The materials examined are poly(stryrene-b-[saturated 1,Zbutadienel-b-styrene) triblock copolymers to which 
a low molecular weight poly(saturated 1,Zbutadiene) homopolymer has been added. The butadienes are 
saturated with either hydrogen, deuterium, or mixtures of the two gases in order to vary their neutron 
scattering contrast with respect to polystyrene. The results of contrast matching experiments demonstrate 
that there is a strong tendency for the homopolymer to localize at the center of the midblock microdomain. 
Experimental scattering profiles are modeled using one-dimensional scattering density profiles in order to 
obtain a quantitative description of the blend morphologies. This modeling indicates that two distinct 
scenarios exist for homopolymer localization in a triblock copolymer: one wherein the microdomain structure 
contracts and a second wherein there is an expansion of the microdomain. Possible origins of this behavior 
are proposed on the basis of the consideration of the configurations available to the midblock sequence, that 
is, tie chains that traverse the midblock domain, or loops that enter and exit the midblock microdomain 
through the same interface. 

Introduction 

Block copolymer blends with homopolymers present 
complex morphologies and mechanical properties as a 
result of the nature of their molecular structure and 
interactions. Composite mechanical theories often fail in 
properly describing the mechanical properties of these 
complex microcomposites. Blends of poly(2,6-dimethyl- 
1,3-phenylene oxide) with poly(styrene-b-butadiene-b- 
stryrene) copolymers have been studied1 because the 
addition of the homopolymer can raise the glass transition 
temperature and softening point of the hard block, thereby 
extending the temperature range where these important 
thermoplastic elastomers are applicable. A single mixed 
hard phase was observed for the blends, indicating that 
the homopolymer dissolved within the hard phase, but 
the dynamic mechanical properties of the blends showed 
significant departures from the predictions of various 
composite models. 

In our own laboratories, we have studied the morphology 
and mechanical properties of elastomeric hydrogenated 
poly(l,2-butadiene)s blended into a poly(styrene-b- 
hydrogenated 1,2-butadiene-b-styrene) copolymer (S-hB- 
S).2-6 The plateau modulus of such blends, based upon 
considerations of composite theory, is expected to decrease 
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upon blending of additional rubbery homopolymer. Con- 
trary to expectation, we observed the moduli to be equal 
to or even greater than that of the neat block copolymer. 
The addition of homopolymers to block copolymers clearly 
can produce synergistic effects on mechanical properties 
that cannot be explained solely by consideration of the 
macroscopic material structures. It is likely that synergism 
of this nature in block copolymer blends is related to the 
unusual chain configurations imposed upon the molecular 
segments due to the constraints of the block copolymer 
microdomain structure. 

The morphology of a neat S-hB-S triblock copolymer, 
established through previous characterizationw is pictured 
schematically in Figure la. The polystyrene end blocks 
segregate from the rubbery midblock to form a lamellar 
microdomain structure. The midblock chains within this 
structure must adopt extended conformations3 (i.e., 
depicted by the shaded ovals in the figure) in order to fill 
space at  the center of the lamellar microdomain. Upon 
addition of low molecular weight hF3 homopolymer, the 
average lamellar repeat period was found to decrease, 
perhaps due to relaxation of the space filling requirements 
of the midblock sequence as a result of the presence of the 
homopolymer. Initially, we proposed2v3 that this would 
most likely occur if the homopolymer were preferentially 
distributed at  the center of the midblock microdomain, as 
depicted in the lamellar contraction-localization model 
(Figure lb). That is, the lamellar thickness can decrease 
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Figure 1. Models forhomopolymerdistributionwithinthemidhlockmicmdomain ofatriblockcopolymer. (a) Neattrihlwkcopolymer. 
Chains are stretched (as indicated by the shaded ellipses) in order to fill space at the center of the microdomain. (h) Microdomain 
contraction-localization model. The microdomain contracts as homopolymer localizes in order to reduce the extension of the midhlock 
sequences. (c) Microdomain contraction-uniform distribution model. The microdomains are contracted, but the homopolymer is 
uniformly distrihuted. (d) Microdomain expansion-douhle layer model. In regions where there are primarily loop configurations, the 
midblock sequences retain the configurations of the neat triblock. Homopolymer chains localize at the microdomain center, splitting 
the microdomains into two midblock double layers. 

upon homopolymer additionif,intheprocess, themidhlock 
sequences are allowed to relax into less extended 
conformations (i.e., indicated by the decreased aspect ratios 
for the shaded ovals in Figure lb). Since that time, 
homopolymer localizationof this nature has been observed 
in studies on diblock copolymerlhomopolymer blends,68 
and a theoretical basis for this behavior has been pre- 
~ e n t e d . ~  

The molecular environment of the midhlock sequence 
of a triblock copolymer differs markedly from that of end 
block sequences, and also from those of a diblock 
copolymer, since both ends of the sequence are connected 
to another block. While these conformational differences 
do not appreciably affect the microdomain dimensions of 
block copolymers, they drastically change the mechanical 
properties of the materials, to the extent that virtually all 
commercially important block copolymers have triblock 
architecture. Other important distinctions hetween diblock 
and triblock copolymers arise when their blends with 
midblock associating homopolymers are considered. The 
homopolymer solubility of a trihlock, for example, is 
limited by how much the midblock "tie chains" chain can 
he stretched. Furthermore, the existence of tie chains 
traversing the midblock microdomain opposes the s e g  
regationof homopolymer to the center of themicrodomain, 
especially for homopolymer molecular weights approaching 
those of the midblock sequence. The scenario pictured in 
Figure IC, where the homopolymer is uniformly distrib- 
uted,is thereforeapossibilitythatmustalso beconsidered. 

These conformational limitations are relaxed, t o  a 
certain extent, by the number of midblock chains that 
form looped configurations, that is, leave and enter from 
the same microdomain boundary rather than traverse 

across the entire midblock microdomain (e.g., see Figure 
la). In the extreme case where only loops are present, one 
can also envisage a morphology (i.e., microdomain expan- 
sion-double layer model) as depicted in Figure Id, where 
the homopolymer simply divides the bilayer looped 
structure, resulting in microdomain expansion. Double 
layer morphologies of this nature have already been 
observed when preferential solvent was added to a 
crystallizable block copolymer.1° 

It is clear that a deeper understanding of the properties 
of triblock copolymer blends requires a more detailed 
characterization of their structure on a molecular level. 
Toward this end, we report herein the results of a SANS 
investigation regarding the spatial distribution of a 
midblock-associating homopolymer confined within the 
lamellar microdomains of a triblock copolymer. In 
particular, we examine which if any of the morphological 
models previously proposed for diblock copolymers blends 
may be appropriate for these triblock copolymer blends. 

Experimental Section 
In order to separate the various structural contributions of 

block copolymerlbomopolymer blends, it is necessary to syn- 
thesize a series of homopolymers and block copolymers with 
identical chain architectures, hut with controllable neutron 
scattering length densities (Le., contrast). For this purpose we 
haveselectedamaterialsystem haseduponstyrene and butadiene 
monomers. The first step in preparing the triblock copolymer 
is the synthesis of a poly(styrene-b-1.2-hutadiene-b-styrene) 
precursor hy anionic methods. For the homopolymer, a similar 
precursor, poly(l,Bhutadiene),isprepared. Theneutroncontrast 
is then controlled by selectively saturating the polyhutadiene 
segments of the precursors with either hydrogen, deuterium, or 
mixtures of the two gases. In this fashion, it is possible to match 
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Table 1. Characterization Results for the Butadiene Precursor and Saturated Polymers 
designation description M, M w I M n  % PS (WIW) % 1,2-PB addition 
S-B-S triblock precursor 1.15 49 
S-hB-S hydrogen saturated triblock 112K 1.32 49 
S-pmB-S phase-matched saturated triblock 117K 
PB butadiene precursor 
PhB hydrogen saturated analog 11K 
PpmB phase-matched saturated analog 10K 

Table 2. Neutron Contrast Densities of Saturated Analogs 
Relative to Polystyrene 

contrast density difference 
homopolymer (cm-1) x 1012 

hydrogen saturated butadiene -2.85 
deuterium saturated butadiene 0.35 

phase-matched saturated butadiene ~0.03 
(2 deuterium per mer) 

(1.8 deuterium per mer) 

Table 3. Description of Blends 
% homopolymer 

designation block copolymer homopolymer (WIW) 
blend A S-hB-S PhB 20 
blend B S-pmB-S PhB 20 
blend C S-hB-S PpmB 20 

the contrast of the resultant hydrogenated polybutadiene to that 
of polystyrene, thus enabling separation of scattering functions 
by contrast matching techniques. A ratio of 1:9 hydrogen to 
deuterium was employed to produce the phase-matched materials. 
The procedures employed for homopolymer and block copolymer 
synthesis and for the selective saturation of the polybutadiene 
segments have been reported previou~ly.~~ 

Molecular characterization resultsz5 for the materials em- 
ployed are presented in Table 1. Three triblocks are made, all 
symmetric with essentially identical sequence lengths (30-60- 
30K MW), but differing in contrast according to the gas used for 
hydrogenation. The contrasts with respect to polystyrene are 
given in Table 2. The hydrogen saturated analog has a much 
lower contrast than polystyrene, the deuterium saturated analog 
has a contrast slightly higher than polystyrene, and the so-called 
“phase-matched” (Le., containing 1.8 deuterium per mer) analog 
has no contrast with respect to polystyrene. The absence of 
contrast for the phase-matched triblock has been previously 
demon~trated.~ The homopolymers (ca. MW 10K) are also 
essentially identical except for their contrast (see Tables 1 and 
2). The microstructures of the butadiene precursors are primarily 
the 1,2-product, such that the hydrogenated products can be 
considered equivalent to atactic poly(1-butene) and would be 
noncrystalline. 

Blends of the three triblocks, all containing 20 % by weight of 
the appropriate homopolymer, were prepared by solvent casting 
from dichloromethane, followed by vacuum annealing at 140 OC 
for several hours. Transmission electron microscopy shows that 
the morphology of the blends is predominantly lamellar. Ho- 
mopolymer macrodomains were not observed, indicating that 
the homopolymer was incorporated almost exclusively within 
the midblock microdomains.9J2 Three blends were prepared from 
the various contrast labeled materials, as described in Table 3. 
These various contrast combinations allow for the determination 
of the homopolymer distribution. 

SANS data were collected at the National Center for Small 
Angle Scattering Research at Oak Ridge National Laboratory, 
using sample-to-detector distances ranging from 3 to 18 m, as 
described previously.z”’ These data have been calibrated against 
known standards to obtain absolute intensity values and have 
been corrected for incoherent scattering. Small angle X-ray 
scattering (SAXS) data were collected with a high resolution 
Bonse-Hart camera and with a Kratky slit camera. The former 
datawere smoothed and desmeared using the method of Schmidt 
and Hight,ll while the latter data are employed directly without 
calibration. 
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Figure 2. Linear contrast density models assuming complete 
partitioning of the homopolymer at the center of the midblock 
microdomain: (a) blend A; (b) blend B; (c) blend C. 

Results and Discussion 

SAXS experiments were performed on the three blend 
systems in order to ensure that there were no significant 
effects of the deuterium labeling or solvent casting on the 
basic blend morphologies. Deuterium labeling does not 
affect the X-ray scattering contrast, and therefore the three 
blends should give essentially identical SAXS profiles. 
The basic features of the SAXS patterns for the three 
blends were found to be equivalent? demonstrating that 
their overall rdorphologies are essentially the same. 

In contrast to the SAXS profiles, the SANS curves for 
the three blends reflect directly the distribution of 
homopolymer within the microdomain. If the homopoly- 
mer is distributed homogeneously throughout the mid- 
block microdomain, the contrasts will be different for the 
three systems, but the contrast normalized density profiles 
(Le., the dashed profiles in Figure 2) and shapes of the 
scattering profiles will be identical. If however the 
homopolymer localizes preferentially at the center of the 
midblock microdomain, as depicted in Figure lb ,  the 
contrast density profiles for the three blends will differ 
markedly. For blend C for example, the localized ho- 
mopolymer ha@ the same contrast as that of the styrene 
end block and, in the extreme case of complete segregation, 
would yield the contrast density profile shown schemati- 
cally in Figure 2c. The structure factor, or normalized 
neutron scattering intensity, for the three blends is related 
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and can be misleading for complicated systems. A more 
quantitative understanding of the homopolymer distribu- 
tion requires the application of a more detailed analysis 
of the scattering profiles. The approach we employ for 
this purpose is based upon the construction of linear 
density models and has been discussed thoroughly in a 
previous papers5 Similar approaches have been frequently 
applied to investigate the structures of other lamellar 
systems,12 and only the basic principles will be presented 
here. The starting point of the analysis is to construct a 
linear density model for the distribution of contrast 
perpendicular to the lamellae. These models represent 
the fluctuation in contrast, ~ ( z ) ,  from the material average 
contrast as a function of the distance z ,  and are analogous 
to the contrast profiles sketched in Figure 2. After a model 
density profile is constructed manually, the correlation 
function is calculated by self-convolution of this profile 

(1) Y,D(Z) = JOmdf - Z)V(F) df 

* 1200 1 1 
t * *  

o *  

o +  

9.. 
*% + 

0 
0,o 0.1 0.2 0.3 

Scattering Vector, q (nm-’) 
Figure 3. SANS profiles for blends containing 20 % by w t  homo- 
polymer: blend A (asterisks), blend B (open squares), blend C 
(plusses). 

to this density profile and will thus reflect directly the 
homopolymer distribution. If the distribution is homo- 
geneous, the three normalized SANS profiles will super- 
impose; if the homopolymer distribution within the 
midblock microdomain is not homogeneous, the three 
scattering profiles will be different. 

The SANS profiles for the three blends, shown in Figure 
3, differ markedly from one another, indicating that the 
homopolymer is not homogeneously distributed through- 
out the midblock microdomain. Blend A contains fully 
protonated butadiene in both the homopolymer and block 
copolymer. The scattering profile for this blend will be 
essentially independent of the homopolymer distribution, 
neglecting any effects of the density difference between 
the homopolymer and poly( 1-butene) copolymer sequence. 
The profile will always look like that of Figure 2a and 
reflect the overall dimensions of the microdomains. 

Blend B contains the phase matched block copolymer 
and fully protonated homopolymer. Its scattering profile 
reflects only the distribution of the homopolymer and will 
always look somewhat like the profile shown in Figure 2b. 
If the homopolymer is confined to reside within the 
midblock microdomain and is distributed homogeneously 
throughout this microdomain, the structure factor would 
be identical to that of blend A, and the scattering profiles 
would have the same shape. The shape of the blend B 
curve differs from that of the A blend, indicating an 
inhomogeneous distribution of homopolymer. The scat- 
tering maximum is more poorly defined for the B blend, 
showing that the homopolymer distribution is more 
disordered than the distribution of the midblock micro- 
domains. This observation is consistent with what has 
been seen and predicted previously for diblock blends.a9 
That is, there is a broad distribution function of ho- 
mopolymer within the microdomain, with the maximum 
homopolymer density occurring a t  the center and falling 
off toward the microdomain boundaries. 

An inhomogeneous distribution of homopolymer is 
clearly indicated in the scattering profile for blend C. Here, 
localization of the homopolymer leads to  the creation of 
a new correlation length that is about half of the inter- 
lamellar distance (see Figure IC). This localization is 
signaled by the appearance of a secondary scattering 
maximum (Figure 3) at  approximately twice the scattering 
vector of the primary maximum observed for blend A. 

The simple comparisons of scattering peak positions 
and shapes presented above are only qualitative in nature 

The integration is performed numerically from the 
constructed density profiles. In the real structure, the 
spatial coherence of the microdomains is not infinite, but 
is limited by the grain size and other types of disorder. 
The correlation function will be damped out by the 
occurrence of this disorder. We have previously been 
successful in representing the disorder in the system by 
applying a Lorentzian damping function, P(z)  with a single 
disorder parameter, u 

(2) 

With this damping function, the effective correlation 
function becomes 

1 P(z)  = 
1 + (z/u)2 

YID,e(z) = Y,J)(z)p(z) (3) 

The one-dimensional intensity for the model contrast 
density profile can then be calculated by a simple numerical 
one-dimensional Fourier transform 

I i D ( s )  = K ~ Y ~ D , ~ ( z )  cos(qz) dz ( 4 )  

The model intensity calculated in this fashion can then 
be compared to the experimental one-dimensional inten- 
sity. For samples that are globally isotropic, as in the 
present case, the experimental one-dimensional intensity 
is obtained by simply multiplying the experimental 
intensity by the correction factor 47rq2. 

The neutron scattering lengths are normalized using 
the following relation 

(5) 

where ai and vi are the scattering length and specific volume 
of the ith mer, respectively, and the subscript zero denotes 
those values averaged over the whole material. These 
values are further normalized to lie in the range -1 to +1 
by setting a0 equal to zero. This normalization is not 
important to our analysis since we are primarily interested 
in the spatial correlation and not the overall contrast. We 
also include a diffuse interphase in our model density 
profiles (i.e,, a linear interphase gradient of width 5 nm 
is employed in the model profiles); however the width of 
the interphase does not significantly affect the correlation 
functions.9 
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Figure 4. Linear density profile model (top) and model 
correlation function (bottom) for blend A. The dashed line in 
the lower part of the figure denotes the Lorentzian function used 
to damp the correlation function. 
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Figure 5. Comparison of the experimental (solid line) and model 
(dashed line) correlation functions for blend A. 

The modeling is first applied to blend A, which has a 
density profile similar to that shown in Figure 2a. There 
are three parameters involved in the fit: the two micro- 
domain dimensions and the Lorentzian damping function. 
In reality, only one microdomain dimension need be 
adjusted, since the total repeat distance is easily deter- 
mined from the position of the first maximum in the 
correlation f ~ n c t i o n . ~  The Lorentzian damping parameter 
is also readily obtained from the manner in which the 
correlation function damps out. The best model is 
obtained as the minimum error between the experimental 
and the model generated correlation functions. The results 
of this modeling applied to blend A are shown in Figures 
4 and 5. The high density regions of the model density 
profile represent polystyrene, while the low density region 
is the mixed microdomain containing PhB homopolymer 
and the PhB midblock sequence. Excellent agreement is 
obtained between the experimental and model correlation 
functions, demonstrating that the simple lamellar model 
with one disorder parameter provides a reasonable rep- 
resentation of the scattering behavior. From these results, 
we determine that the one-dimensional lamellar repeat 
distance is 68 nm, including polystyrene lamellae of average 
thickness 27 nm and a midblock microdomain, containing 
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both homopolymer and midblock hydrogenated poly- 
butadiene chains, with an average thickness of 31 nm. 
The half-width of the Lorentzian damping function is 
estimated to be 36 nm. These values describe the overall 
lamellar microdomain morphology and will be used in the 
analysis of the other blends, since the SAXS data showed 
their morphologies to be equivalent. 

The same modeling procedure applied to the data for 
blend B produces the following parameters: 70 nm for the 
repeat distance, 27 nm for the end block microdomain 
thickness, and 33 nm for the midblock microdomain 
thickness. These numbers are effectively equal to those 
found for blend A; however, the Lorentzian damping 
function is broader for blend B (i.e., u = 30 nm). Even 
with the broader damping function, the experimental 
correlation function is found to be broader than the model 
correlation function. This observation indicates that the 
distribution of homopolymer is broader than that repre- 
sented by the simple trapezoidal density profile (e.g., 
similar to that of Figure 4) used in the analysis. Further 
modeling to obtain the precise distribution of homopoly- 
mer was not attempted. 

The scattering profile for blend C is the most sensitive 
to inhomogeneities in the homopolymer distribution, since 
they lead to the creation of a new correlation length, as 
shown schematically in Figure 2c. Indeed, two correlation 
lengths are apparent in Figure 3, qualitatively consistent 
with the expectations of the microdomain contraction- 
localization model pictured in Figure lb.  The validity of 
this model can be tested quantitatively by the model 
correlation function analysis. To construct the required 
linear density model, we employ the two overall micro- 
domain dimensions that have already been measured for 
blend A and assume that the disorder parameter is 
identical. The dimension of the segregated homopolymer 
region is obtained from the known composition of the 
blend; that is, the homopolymer constitutes one-third of 
the mass of the mixed midblock microdomain, and its 
dimension is thus one-third that of the midblock (i.e., 
assuming equal density for all PhB species). Diffuse phase 
boundary thicknesses of the segregated homopolymer 
region were assumed to be equal to those at the micro- 
domain interface. There are therefore no adjustable 
parameters employed in this comparison. 

The linear density profile constructed in this manner 
and a comparison between the associated model and 
experimental one-dimensional scattering intensities for 
blend C are shown in Figure 6. The model produces a 
weak maximum at  about log q = -2.0, corresponding to 
the 68-nm distance between polystyrene lamellae, a 
primary maximum at  34 nm (log q = -1.7) corresponding 
to the homopolymer-end block distance, and a third 
maximum at  25 nm (log q = -1.61, associated with the 
distance between the two minima in the density profile of 
the midblock microdomain. Although the experimental 
curve does show evidence of small maxima or shoulders 
a t  these three positions, the model intensity does not 
reproduce the dominant feature in the experimental 
intensity profile, a maximum observed at about -1.85 (44 
nm) on the log q axis. The relative intensities of the 
maxima in the scattering profile are sensitive to the end 
block thickness, while their positions change only slightly 
with thickness. The central maximum increases with an 
increase in the midblock thickness, while the outer maxima 
increase with the end block thickness, as can be seen from 
the two model scattering profiles shown in Figure 6b. 
Whereas the qualitative comparison of scattering profiles 
supported a model wherein the homopolymer is localized 
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Figure 6. Microdomain contraction-localization model (Figure 
Ib) in which the homopolymer localizes preferentially at the 
center of the midblock microdomain: (a, top) linear density 
profile; (b, bottom) experimental (points) and model (lines) 
scattering profiles. The solid line denotes the results for a 
polystyrene end block microdomain thickness of 26 nm, and the 
dashed line is the result for a thickness of 28 nm. 

a t  the center of the midblock microdomain, a quantitative 
comparison demonstrates that this model reproduces only 
the secondary features of the experimental scattering curve 
for blend C. 

The distribution of homopolymer within a midblock 
microdomain is therefore more complicated than the 
idealistic model presented in Figure lb. Specifically, this 
model provides no explanation for the primary maximum, 
with 44-nm period, found in the experimental scattering 
curve. In searching for a better explanation, we will confine 
ourselves to models that have already been proposed in 
the literature, and for which we can generate model density 
profiles without any adjustable parameters. 

The possibility that the homopolymer was homoge- 
neously distributed, as depicted in the microdomain 
contraction-uniform distribution model (see Figure IC), 
was therefore examined. I t  is reasonable that this structure 
might occur in regions of the material where the midblock 
chains primarily traverse the midblock and thus cannot 
deplete themselves from the center of the microdomain. 
In applying this model, we have allowed for two ho- 
mopolymer depletion zones that are required a t  the 
microdomain interfaces (see Figure 7a). Otherwise, the 
profile is similar to that used for blend A (see Figure 4). 
The microdomain dimensions and disorder parameter are 
taken from the results for blend A, and the contrast of the 
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Figure 7. Microdomain contraction-uniform distribution model 
(Figure IC) in which the homopolymer is homogeneously dis- 
tributed throughout the midblock microdomain: (a, top) linear 
density profile; (b, bottom) experimental (points) and model 
(lines) scattering profiles. The solid line denotes the results for 
a polystyrene end block microdomain thickness of 26 nm, and 
the dashed line is the result for a thickness of 28 nm. 

mixed midblock microdomain is calculated from the known 
composition and contrasts of the PhB and PpmB moieties. 
Again, there are no adjustable parameters employed in 
this comparison. The model produces two primary 
maxima at  68 and 34 nm (i.e., log Q of about -2.0 and -1.7, 
respectively) but again does not reproduce the primary 
experimental maximum observed at  44 nm (log Q = -1.85). 

From the results for these two models, it  is clear that 
alteration of the distribution of the homopolymer within 
a contracted lamellar structure cannot account for the 
most prominent maximum in the scattering peak and that 
there must exist within the blend another distinct 
morphology. The only other model that has been shown 
previously to exist in block copolymer blends is the 
microdomain expansion-double layer model presented in 
Figure Id. At first, it  is not obvious how this model, 
developed to explain the swelling behavior of crystalline 
block copolymers, might be appropriate to triblock 
copolymer/homopolymer blends, but its plausibility be- 
comes apparent when one considers the possibility of 
looped configurations of the midblock sequence. There 
are basically only two configurations available to the 
midblock sequences: they may traverse the entire mid- 
block microdomain, entering on one lamellar interface and 
exiting on the other, or they may enter and exit the lamella 
from the same interface. Both possibilities are expected, 
and there will naturally be spatial fluctuations in the 
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concentration of each conformation, especially if one 
considers that these structures actually form in solution 
during solvent casting. Solvent casting with a preferential 
solvent for the midblock, for example, would be expected 
to promote correlated regions of looped configurations, as 
shown in the model. In such regions, the homopolymer 
is expected to behave in a manner similar to that of the 
double layer concept: it will simply push the two double 
layers apart. 

A model of this nature can be again constructed without 
any adjustable parameters. The polystyrene microdomain 
thickness (ca. 28 nm) and midblock half-domain thick- 
nesses (ca. 21 nm, Le., half of 42 nm) were determined 
from modeling on the neat t r i b l o ~ k . ~  The thickness of the 
homopolymer region splitting the two bilayers can be 
obtained from the known composition and should be 
essentially equal to that of the half-domain thickness, or 
21 nm. This model then predicts a homopolymer-end 
block center-to-center distance given by half of the 
polystyrene and homopolymer thicknesses plus the half- 
domain thickness, for a total periodicity of about 45.5 nm. 
This compares well to the experimental primary maximum 
observed at  about 44 nm. In the actual modeling, we have 
adjusted the homopolymer thickness in the profile to a 
value of 18 nm, in order to match the experimental 
maximum (see Figure 8a). The other parameters have 
been fixed as described above. The adjustment cor- 
responds to about a 10% reduction in the homopolymer 
content assumed to lie between the bilayers and does not 
qualitatively change the features in the scattering profile. 
The model profile for this microdomain expansion-double 
layer model and the associated one-dimensional scattering 
profile are shown in Figure 8. The model reproduces the 
primary maxima, but not the various shoulders observed 
in the experimental scattering profile. Changes in the 
distribution of the homopolymer, denoted by the dashed 
profile in Figure 8a, also do not appreciably change the 
scattering function (see Figure 8b). 

I t  appears that at least two or three models are required 
to reproduce all of the features observed in the experi- 
mental scattering profile for blend C. If there are regions 
of heterogeneity in structure due to localized differences 
in the midblock chain conformation (i.e., loops and tie 
chains), it is reasonable to expect behavior of this nature. 
If these regions are independent of one another the 
scattering profile will simply reflect the weighted contri- 
bution of each model. 

A reasonable representation of the scattering intensity 
for blend C can indeed be constructed by adding contri- 
butions from the three models discussed herein, as shown 
in Figure 9a. To generate the model curve, we assumed 
that two one-fourth portions of the structure correspond 
to each of the two microdomain contraction models and 
that the remaining half of the structure corresponds to 
the expanded bilayer model. I t  should be reemphasized 
that there are no adjustable parameters used in these 
models; all of the parameters have been estimated from 
available data and measurements on blend A. Both the 
positions of the scattering maxima and their relative 
intensities are properly accounted for with these three 
relatively simple yet reasonable models. 

As a check on the consistency of the modeling approach, 
we have also taken the SANS models employed for blend 
C and used them to predict the SAXS profile measured 
for blend C. The model reproduces well the experimental 
SAXS curve, as shown in Figure 9b, confirming that the 
composite scattering curve constructed from the three 
model density profiles is a reasonable description of the 
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Figure 8. Microdomain expansion-double layer model (Figure 
Id) in which the homopolymer localizes preferentially at the 
center of the midblock microdomain, residing between two 
copolymer midblock layers. (a, top) Linear density profiles. The 
solid line shows a sharp distribution of homopolymer at the center 
of the microdomain, and the dashed line shows a broad 
distribution. (b, bottom) Experimental (points) and model (lines) 
scattering profiles. The solid line denotes the results for the 
broad distribution profile, and the line marked with triangles 
denotes the scattering profile corresponding to the broad 
distribution density profile. 

structure of the blend. These three models represent 
extreme cases. They are not meant to provide an exact 
description of the homopolymer distribution, but rather 
to produce a reasonable explanation for the observed 
periodicities in the SANS profiles. For example, the two 
models involving domain contraction, one with localization 
and one without, could be equivalently represented with 
a single model employing a broader distribution of 
homopolymer. This is reasonable considering that both 
models account for about one-fourth of the structure of 
the material and produce similar repeat periods. The 
results indicate that the environment of the midblock in 
these blends is heterogeneous: about half of the material 
appears to correspond to expanded structures, perhaps 
occurring where there are primarily looped configurations, 
while the other half consists of contracted structures where 
there is a broad distribution of homopolymer centered at  
the middle of the midblock microdomain. 

Summary Discussion 
The results of these neutron scattering experiments 

demonstrate that the distribution of a low molecular weight 
midblock-associating homopolymer dissolved within a 
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Figure 9. Comparison of the experimental one-dimensional 
scattering patterns with a model profile generated by assuming 
that half of the structure is given by the microdomain expansion- 
double layer model and that the other half of the structure is 
equally divided between the microdomain contraction-localiza- 
tion and microdomain contraction-uniform distribution mod- 
els: (a, top) SANS,experimentd (plusses) and model (solid line); 
(b, bottom) SAXS, experimental Bonse-Hart results (dashed 
line) and model (solid line). 

triblock copolymer is inhomogeneous. Through the use 
of contrast variation techniques we have shown that there 
is a strong tendency for the homopolymer to localize 
preferentially a t  the center of the midblock microdomain. 
In order to explain the scattering curves it is necessary to 
invoke two scenarios for this localization: one wherein 
the microdomain structure contracts and another wherein 
the microdomain structure expands. We propose two basic 
driving forces that would lead to this behavior. The first 
involves the release of constraints on the normally extended 
midblock sequences. The localization of homopolymer at  
the center of the lamellar microdomains can ease these 
conformational constraints, thereby accounting for the 
contraction in the average lamellar thickness observed by 
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SAXS5 upon homopolymer addition. The second expla- 
nation for homopolymer localization with microdomain 
expansion arises from consideration of the possible 
conformations available to the midblock sequences. The 
midblock sequence may either traverse directly through 
a lamellae, entering on one side and exiting on the other 
or manifest a looped configuration entering and leaving 
from the same lamellar interface. In regions where looped 
configurations dominate, the homopolymer may simply 
localize between two layers of loops (i.e., bilayers), leading 
to an expansion of the lamellae in this region. 

The data therefore demonstrate that there is a rather 
heterogeneous structure inherent to the midblock micro- 
domain of these blends, where there is lamellar expansion, 
perhaps in regions where there are primarily looped 
configurations, and lamellar contraction, perhaps in 
regions rich in traversing tie chains. This behavior is 
distinct from that of diblock copolymer blends, due to the 
additional constraints imposed on the copolymer and 
homopolymer configurations in the midblock micro- 
domain, and may provide a molecular basis for under- 
standing the unusual synergistic mechanical properties 
observed for blends of triblock copolymers and midblock- 
associating homopolymers. 
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