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We present a preliminary overview of our work on a series of graft copolymers having polfiethy1 
acrylate) backbones with pendant chains of polystyrene. The copolymer system appeared to be strongly 
segregated and exhibited evidence of ordered structures. We observed a lamellar structure in a material 
containing 20 wt% of polystyrene. Samples under uniaxial strain showed either conventional (i.e., 
affinedeformation) and anomalous C‘butterlly” isointensity patterns) behavior in small-angle neutron 
scattering. 

INTRODUCTION 

Because the entropy of mixing of polymers is typically very small, any repulsive 
interaction will result in blends that are, over some temperature range, unstable 
with respect to phase separation [l]. Therefore, the production of useful polymer 
blends typically requires the use of compatibilizers, which enhance mixing by 
limiting the size of domains that result from the phase separation of incompatible 
homopolymers. It is well established that compatibilizers enhance blend properties 
[2]. These materials are usually graft or block copolymers in which chain segments 
interact and “bridge” the interfacial boundary of the phase separated regions. 
Compatibilization is often effected by the formation of graft copolymers in situ 
under reactive processing conditions [3,4]. 

The understanding of the phase behavior of diblock copolymers has progressed 
considerably in recent years El]. Whereas diblocks are important both in their own 
right and as tractable model materials, the study of other, more complex copoly- 
mer architectures is also important. First, it will be significant to know under what 
conditions they behave differently from diblocks. This will help define the applica- 
bility of the extensive diblock copolymer literature to particular applications. Also, 
it is reasonable to expect that graft copolymers and other more complex copolymer 
structures will exhibit quite different behavior that will have relevance to applica- 
tions. 

Our graft copolymers consisted of polfiethy1 acrylate) (PEA) backbones onto 
which polystyrene (PS) grafts were attached at random sites. They are called 
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260 W. D. DOZIER et al 

“model”materia1s because their structures are expected to be somewhat better-de- 
fined than in situ compatibilizers. Preliminary results are presented here from 
small-angle neutron scattering (SNS), neutron reflection (NR), and transmission 
electron microscopy ( E M ) .  

EXPERIMENTAL 

Synthesis 

The PEAg-PS materials were synthesized by a macromonomer technique 151. 
Monodisperse PS chains, having a total numbered-averaged molecular weight (M,) 
of 14.6 kg/mol and a methacrylate endgroup, were added to partially deuterated 
ethyl acrylate monomer [6] and polymerized via free radical polymerization. The 
PS chains then were included at random as grafts onto the PEA backbone. Each of 
the resulting graft copolymer materials had a (M,) of = 150 kg/mol. Three 
compositions were prepared, having 9, 28, and 48 wt% PS grafts, corresponding to 
an average of 1, 3, and 5 PS grafts per molecule, respectively. 

Small-Angle Neutron Scatterlng 

Thick (= 0.5 mm thickness) films were prepared for SANS by melt pressing. The 
samples were annealed in the press for 6 hours at 130°C. Squares (2.5 cm X 2.5 
cm) were cut from the films in a stretching device that allowed for the application 
of a uniaxial strain. The stretching device could then reach a maximum elongation 
ratio A(A = Al/i,,) of about 3. We applied strain to the samples in steps, never 
allowing it to relax until the measurements were complete, a time period on the 
order of one day. Of course, because the PEA component is elastomeric, there 
would be some relaxation of stress in the material. Upon releasing the clamps after 
the measurements were completed, the samples would typically not return very 
much toward their original length. We were able to stretch the 9 wt% material to 
the limit of the device, but the 28 wt% would usually break before reaching A = 2, 
and the 48 wt% PS material could not be stretched in this manner at all. SANS 
measurements were performed on the NG7 instrument at the National Institute of 
Standards and Technology and S A D  at Argonne’s Intense Pulsed Neutron Source 
(IPNS). 

Neutron Reflection 

We prepared thin (1000-2000 thickness) film samples for NR study by spin-coat- 
ing from toluene solution onto silicon substrates. The substrates were prepared 
beforehand by soaking in chromic sulfuric acid, rinsing in deionized water, and 
rinsing with toluene. The film thicknesses were determined by ellipsometry. The 
samples were then annealed in a vacuum over (= mT) for 24 hours at 130°C. 

Neutron reflection data were obtained on POSY-I1 at IPNS [7]. NR is an 
effective means to determine the chemical depth profile in systems that have been 
labeled for neutron contrast. The details of the NR technique have been consid- 
ered elsewhere [81. The reflectivity R(k) ,  where k is the momentum transfer vector 
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MICROPHASE SEPARATION 261 

normal to the sample plane, 

2T  
k =  -sine, 

A 

(where 8 is the angle of incidence/reflection) is a phaseless, non-linear transform 
of the depth profile. No inverse transform has been developed, so the typical 
procedure is to fit the parameters of a model profile to the data via ,yz minimiza- 
tion. 

Transmlsslon Electron Microscopy 

Thin sections of the samples for analysis with transmission electron microscopy 
were prepared by first staining the as-cast film (prepared as explained above for 
the SANS samples) with RuO, vapors, then shaping the cutting surface and then 
making final cuts with a cry-microtome held at approximately - 90°C. The result- 
ing thin sections were mildy stained a second time with RuO, vapors before 
analysis to enhance the contrast. Bright field images were obtained using a Philips 
EM420ST transmission electron microscope operated with an accelerating voltage 
of 100 kV. 
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FIGURE 1 Small-angle neutron scattering spectra from each of the three materials studied. a) 9 wt% 
polystyrene grafts, b) 28 wt% PS grafts and c) 48 wt% PS grafts. The open symbols are National 
Institute of Standards and Technology data and the solid symbols are Argonne’s Intense Pulsed 
Neutron Source data. The solid lines are fits to Equation (2). 
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262 W. D. DOZIER ef al. 

RESULTS AND DISCUSSION 

Small Angle Neutron Scatterlng 

Unstretched samples: The S A N S  spectra from each of the three samples are 
shown in Figure 1. In these data sets, the two-dimensional data were integrated 
around the full circle. There is a single scattering peak in each spectrum. In order 
to characterize this peak, we fit the data with the following expression: 

where q is the scattering vector, given by: 

4lr 
4 = (+n( f). (3) 

where h is the neutron wavelength and 6 is the scattering angle. 
This functional form was chosen because it fit the data well (at medium to high 

q)  and allowed us to characterize the width (via the “correlation length 6 )  and 
position (via qo)  of the scattering peaks and the exponent describing the high q 
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decay (given by a + 2). From the position of the peak, we can determine an 
average domain spacing, L. The correlation length is a measure of the strength of 
the ordering in the sample. The resulting parameters are shown in Table I. As 
would be expected, the spacing between PS domains decreases as the grafting level 
increases (i.e., L decreases as the volume fraction of PS increases). The “correla- 
tion length,” 5, is quite short-shorter than the domain spacing-indicating that 
the order in these bulk samples is rather weak. 

It is difficult to accurately determine the high q exponent with S A N S ,  because of 
the incoherent scattering background due to the protons in the samples. In fitting 
the data, the resulting exponents turn out to be slightly larger than 3, which would 
indicate rough interfaces between the domains. This parameter, however, was 
fairly soft in the fits due to the incoherent scattering (hence the resulting values 
are not shown here), and SAXS experiments are planned to quantib the interfacial 
structure. 

TABLE I. Results from S A N S  fPS is the weight fraction of PS grafts, 
the other quantities are as defined in Equation (2). 

2.rr 

40 
f PS 407 A- L = - ,A  6 ,  A 
0.09 0.0190 330 200 
0.28 0.0213 295 155 
0.48 0.0255 245 140 
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264 W. D. DOZIER ef at. 

The data do not agree with Equation (2) at small q; in fact, the data appear to 
turn up at small q. This is indicative of some additional correlated contrast at 
longer length scales. This is possibly due to the phase separation of ungrafted PEA 
homopolymer, which will be discussed further below. 

Note that in Figure 1 and all later figures containing S A N S  data, we have 
subtracted an estimated constant background for each sample due to incoherent 
scattering from protons (determined from the highest-q region, typically q > 0.2 
A-1, where the raw data are practically constant). Also note that the S A N S  curves 

c Y r 

FIGURE 2 Two-dimensional contour plots of Small-angle neutron scattering spectra from 9 wt% 
sample undergoing uniaxial strain. The stretching direction is vertical in all plots, with the range of q in 
each the same as that of the National Institute of Standards and Technology data in Figure 1. The 
elongation ratios are, counter-clockwise from top left, 1.00, 1.50, 2.00, 3.00. The highest q shown in 
these figures is = 0.02 A-'. 
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FIGURE 3 Wedge-averaged intensity data from 9 wt% polystyrene sample, in directions a) parallel 
to, and b) perpendicular to the stretching direction. The circles, squares, diamonds, x’s and crosses 
correspond to elongation ratios of 1.00, 1.20, 1.50, 2.00 and 3.00, respectively. 

are normalized as well as possible on an absolute scale, and that the data from the 
two instruments agree reasonably well. The apparent differences between the data 
sets in their overlap regions are due the differences in resolution of the two 
instruments and small differences in the samples measured (the thicknesses were 
reproducible only within 5-lo%, for instance). 

Stretched samples: The two-dimensional SANS spectra for the stretched 9 wt% 
sample are shown in Figure 2. The pattern in Figure 2 is the usual “two-point” 
elliptical one seen in strained rubbers. Rather than integrating the full circle as is 
typically done in SANS, we integrated the data in wedges that were f30” from 
either the stretching direction or the direction perpendicular to it. This particular 
wedge was determined to be the widest wedge that would not excessively smear the 
data. The resulting curves are shown in Figure 3. These curves can in turn be fitted 
by Equation (21, and the resulting positions and widths of the scattering peaks as a 
function of the elongation ratio for the 9 wt% PS sample are shown in Figure 4. 

The position of the peak in the stretching direction is a linear function of the 
elongation ratio A, whereas that in the perpendicular direction appears to be 
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independent of A. This is characteristic of a quasi-affinedeformation. In as much as 
one would expect that the morphology of this sample is some quasi-periodic 
arrangement of PS spheres or cylinders in a d-PEA matrix, this behavior is not 
sulprising. 

Two-dimensional contour plots of the S A N S  from a 28 wt% PS sample are 
shown in Figure 5. Note the appearance of lobes in the scattering pattern that 
grow parallel to the stretching direction. These “abnormal butterfly” patterns 
[9-121 appear even at low values of A. We have observed similar patterns in these 
samples via light scattering, indicating that its origin is at long (2 1 pm) length 
scales. Looking at the higherq regions of the contour plots and at the IPNS data 
(which does not include much of the butterfly-like data in the lowq region below 
the peak), we can see the scattering pattern change over to one that is more like 
the conventional elliptical pattern [13]. In fact, applying a function like Equation 
(2) to wedge-integrated data (higher-q) data (shown in Figure 6) results in 
anisotropy in L, but not in 6 (see Figure 7). In butterfly patterns arising from gels, 
the “correlation length” is typically quite anisotropic [121. In Figure 7a we again 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
4
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



MICROPHASE SEPARATION 267 

FIGURE 5 Two-dimensional contour plots of Small-angle neutron scattering spectra from 28 wt% 
sample undergoing uniaxial strain. The stretching direction is vertical in al l  plots, and the range of q in 
each is the same as that of the National Institute of Standards and Technology data in Figure 1. The 
elongation ratios are, coupter-clockwise from top left, 1.00, 1.08, 1.28, 2.35. As in Figure 2, the highest 
q shown here is = 0.02 X’. 

see that the spatial period in the direction parallel to the strain increases (but 
probably not in a linear fashion for this sample) as the sample is stretched and that 
the periodicity in the perpendicular direction changes very little. 

Neutron Reflectlon 

Specular neutron reflectivities are plotted for the three materials in Figure 8, along 
with the fitted curves (solid lines) produced using model depth profiles of the 
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FIGURE 6 Wedge-averaged intensity data from 28 wt% polystyrene sample, in directions a) parallel to, and 
b) perpendicular to the stretching direction. The circles, squares, diamonds and x's correspond to elongation 
ratios (h) of 1.00, 1.08, 1.28 and 2.35, respectively. 

following form [14,15]: 

where @(z) is the volume fraction of PS (the minority component) as a function of 
depth, L is the spatial period of the structure, z is the distance from the substrate 
surface, zo is the total film thickness, qjo is the average volume fraction of the minority 
component, 6 is the characteristic distance over which the ordering (or orientation) 
persists away from the interfaces and a, and bi are free parameters. We used 
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1.43 X A-' for the scattering length density of PS and measured the 
scattering length density for the partially deuterated PEA to be 4.38 X A-'. 
This model assumes that the orientation or ordering is induced and/or pinned at 
the interfaces and that the spatial period is constant throughout the sample. As the 
available window in q-space is limited, we can only use i s 3 - 4 in the fits. 
Model-free treatment of the data via a maximum entropy technique [16] produced 
similar profiles. Some of the important parameters from Equation (4) used to fit 
the NR data are listed in Table 11. It should be noted that this model profile is not 
necessarily the best one to use; lower-resolution, direct space techniques like 
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FIGURE 8 Specular neutron reflectivities and fitted real-space profiles for each of the three 
materials, annealed 24 h at 130°C a) & b) wt% polystyrene, c) & d) 28 wt% polystyrene and e) & 0 48 
wt% PS. In profiles, solid lines are PEA and dashed lines are PS. 

secondary ion mass spectrometry (SIMS) will be used in the future and may lead to 
a better choice of model. 

The NR-fitted profile from the 9 wt% PS sample shows a periodic structure that 
propagates through the film. This profile would fit well with an hypothesis that this 
sample has a morphology consisting of an ordered array of spheres or cylinders. 
The 48 wt% PS film, however, shows only evidence of surface-induced orientation. 

The NR data from the 28 wt% PS thin films can only be successfully modeled 
with a lamellar profile, with alternating layers of 100% PEA and nearly 100% PS. 
This is a surprising result. Given the architecture of the graft copolymers, one 
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FIGURE 8 (Continued) 

expects the PEA-PS interface to bend strongly toward the (PS) graft component, 
even for compositions > 50% PS. In fact, one can estimate what composition will 
give rise to a flat interface by using a modified form of a criterion for flat interfaces 
in diblock copolymer melts [171: 

where r is the areal density of chains, 4 is the volume fraction of a given species 
and a is the "packing length," a measure of the flexibility of the chain (given by: 
a = 3rno/C,b$3, where m,, is the mass per backbone bond, p is the polymer 
density, b is the bond length and C, is the characteristic ratio). For diblocks, 
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TABLE IT. Results from NR, fps is the weight fraction of PS grafts, 
the other parameters are as defined in Equation (4). 

fps L, A 6, A 
0.09 293 295 
0.28 244 oa 
0.48 220 180 
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MICROPHASE SEPARATION 273 

u- = uB = u, but for graft copolymers there are two backbone chains for each 
graft chain at the interface, so up= = 2ups = 2a. Inserting literature values for 
the a’s leads to the conclusion that a flat interface will result with a composition of 
72% PS. 

Transmission Electron Microscopy 

Figure 9 is a transmission electron micrograph of a 28 wt% PS sample (the dark 
areas are the PS). Note the “ fingerprint”-like appearance that is characteristic of 
lamellae microstructures. Note also that there are a few dots in the picture that 
could possibly be cylinders viewed end-on. However, with the degree of orienta- 
tional disorder present in this sample, any random view through overlapping arrays 
of cylinders would produce a range of Moire patterns. This does not occur, so we 
either do not have cylinders or the view shown in Figure 9 is a carefully chosen 
orientation of a highly aligned sample. The latter is not probable given the lack of 
orientational order present. The lamellae do seem, however, to bend over a length 
that is only a few times the spatial period. This is in qualitative agreement with the 
S A N S  data that shows relatively weak ordering in the bulk samples. The structure 
of bulk samples of the 28 wt% PS material could well be that of “tortuous 
lamellae,” meaning lamellae with irregularly modulated interfaces. The staining 
contrast shows a modulation in the PS layers which we conjecture is due to local 
variations in graft density. Regions that show isolated “dots” may be due to 
lamellae that are nearly parallel to the page so that the strongly stained regions 
give dot patterns. Further investigations will be required to fully define this 
morphology. 

FIGURE 9 Transmission electron micrograph of 28 wt% polystyrene sample stained with ruthenium 
tetroxide. 
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274 W. D. DOZIER er al 

We have two principal hypotheses as to the origin of this lamellar phase. First, it 
is well established that polydispersity will reduce the elastic energy in a polymer 
melt [18]. Therefore, we expect that the polydispersity of the backbone molecular 
weight will lead to less than expected elastic energy and hence less than expected 
curvature of the interface towards the graft component. This effect is in the right 
direction, but its magnitude is unknown in this case. 

The other, and probably more important, possible cause for this result is the 
randomness of the graft placements. There are, no doubt, may attachments where 
the molecular weight between grafts is very small. This situation will lead to more 
phase mixing on the PS side of the PS-PEA interface. This is probably what is seen 
in modeling the NR data. Note that the model profile has layers of 100% PEA, but 
that the PS layers never quite reach the pure PS level. Note also that the 
alternating layers are nearly equal in thickness. This appears to be the case in the 
TEM photo as well. If it were not so this would be reflected in the second order 
Bragg peaks in Equation (4) and therefore easily visible in the NR data. All of 
these characteristics are consistent with the randomness of graft placement causing 
phase mixing at the interface. 

CONCLUSIONS 

We have characterized a family of PEAg-PS model graft copolymer compatibiliz- 
ers via S A N S  and NR. In doing so, we have found that these copolymers are 
strongly phase separated into quasiperiodic structures. The bulk samples exhibited 
rather weak ordering, whereas ordering appeared to be enhanced (at least in two 
of the three samples) by the interfaces present in thin film samples. One of these 
materials produced abnormal butterfly patterns in S A N S  spectra and a lamellar 
morphology in spite of its highly asymmetric composition and random architecture. 
Further work is planned and/or underway on these materials: SAXS, to determine 
the high-q (Porod) exponent that will give some additional information as to the 
structure of the PEA-PS interface in the neat copolymer, S A N S  on homopolymer 
blends to test directly the compatibilization as a function of grafting level and 
SIMS on thin films to uniquely determine the shape of the density profile. 
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