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ABSTRACT: Two-dimensional light scattering and digital imaging studies of the structural evolution in a
graft copolymer-homopolymer blend under quasi-static elongation are reported. The graft copolymer consists
of a polydisperse elastomeric poly(ethyl acrylate) (PEA) backbone onto which monodisperse thermoplastic
polystyrene (PS) chains are grafted. The homopolymer poly(ethyl acrylate) is produced in situ since grafts
are not incorporated into every chain. The “quasi-equilibrium” structure of the graft copolymer blend cast
from a good solvent exhibits isotropicscattering (i.e., appearance of a spinodal ring) with an inverse characteristic
length g, ~ 4 um-!. When the blend is subject to a quasi-static elongation ratio A (=final length/initial
length), three regimes are observed: (i) A transition regime at very low elongation ratios where the system
behaves reversibly. (ii) A hyperelastic regime where the spinodal ring deforms in an anisotropic manner, i.e.,
ellipsoid-shaped scattering elongated in the direction perpendicular to the applied strain. The intensity ;
(g.) parallel to the elongation increases in an exponential manner due to cooperative alignment of the hard
PS-rich phase, and its peak position shifts in an affine manner to smaller values (i.e., g;» ~ A-1). Moreover,
the scattered light perpendicular to the elongation, I, (qy), decreases in intensity as its peak position gym
diverges to infinity. (iii) A plastic regime where Ij(q.) remains nearly constant as its position g, converges
to a finite value at g, ~ 0.9 um™'. In the three regimes, the structure factor parallel to the elongation, Sj(g.),
remains self-similar. The underlying mechanism of the deformation will be discussed within the framework

of concentration fluctuations in “soft” elastic two-component solids.

I. Introduction

With the rapidly growing interest in multiphase poly-
mers, knowledge of the interfacial characteristics at the
phase boundary is taking on an ever-increasing importance
in the scientific community.1-3 Infact, the precise control
of the interfacial region and its direct influence on the
resultant morphology is a primary focus of research in
this area of material science.*® Melt blending of available
polymers is a convenient way to produce these multiphase
materials.®® However, due to a vanishingly low entropy
of mixing of the macromolecules, two demanding structural
requirements have te be satisfied: (i) a controlled mi-
crophase separation in relation to a proper interfacial
tension and (ii) an interphase adhesion strong enough to
assimilate stress and strain without disruption of the
established morphology. It is well established that, with
appropriately-structured polymer compatibilizers, mark-
edly improved physical properties are observed.' These
materials are typically block or graft copolymers in which
segments of the chain interact in a favorable manner with
each phase.l! This “bridging” of the interfacial region
enhances the interfacial adhesion and improves the
dispersion and size of the discrete phase. The use of
polymer compatibilizers is practically universal, and
therefore a wide range of thermoplastic-thermoplastic,
thermoplastic-elastomer, and elastomer—elastomer blends
have been developed. In the majority of these blends,
compatibilization occurs due to the formation (usually in
situ, under reactive processing conditions) of graft co-
polymers.12 Although the molecular structures of these
copolymers are somewhat ill-defined, they are very ef-
fective in compatibilization at low concentrations since
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their formation take places directly at the interface
boundary.!3

Besides their emulsifying effect, block and graft co-
polymers made of incompatible segments exhibit a variety
of structures.!#1® The ability to undergo microphase
separation and micellization endows block or graft co-
polymers with structures and properties not possessed by
the parent homopolymers or their simple random co-
polymers.l® Examples include the well-known “thermo-
plastic—elastomer” poly(styrene-b-diene-b-styrene) which
behaves as a thermoreversible cross-linked rubber due to
the microphase separation of the glassy polystyrene end
blocks.l” Surprisingly, very few morphological studies have
been carried out on graft copolymers.!® The main reason
appears to be the difficulty which exists in preparing
reasonably well-defined graft copolymer systems. From
the few studies that have been carried out, it appears that,
depending on the number of grafts and uniformity in
structure, graft copolymers can have domain morphology
ranging from regular diblocks to segmented multiblock
copolymers.1®-20 The preparation of suitable macromono-
mers and their subsequent use in the copolymerization
with a low molecular weight monomer is the preferred
method for preparing graft copolymers.21-23

Inthisstudy, a family of graft copolymer—-homopolymer
blends was prepared. The former component consists of
an elastomeric backbone of poly(ethyl acrylate) (PEA)
with pendant monodisperse thermoplastic grafts of poly-
styrene, and the latter is the ungrafted elastomeric
homopolymer. These components areimmiscible and are
therefore suitable candidates for probing the structure—
property relationships of graft copolymer-homopolymer
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blends which are very often prepared and described in the
literature. Two-dimensional light scattering was used to
follow the evolution of the structure under quasi-static
elongation.

II. Experimental Section

Styrene monomer was initially purified by extensive washing
with a 10 wt % sodium hydroxide solution and subsequently
distilled under reduced pressure. sec-Butyllithium (Aldrich
Chemical Co.) was used as received. Ethylene oxide (Eastman
Kodak Co.), 1,1-diphenylethylene (Eastman Kodak Co.), ethyl
acrylate, methyl ethyl ketone, and methacryloyl chloride (Aldrich
Chemical Co.) were used as received. The methacrylate-
terminated polystyrene macromonomers were synthesized by end
capping anionically polymerized polystyrene anions with ethylene
oxide and, subsequently, terminating the reactive group with
methacryloyl chloride. The specific synthesis procedure is
described by Milkovich et al.2¢ The products were precipitated,
washed with a large excess of methanol, and dried in vacuum for
48 h at 50 °C. The molecular weight and distribution were
determined by gel permeation chromatography using tetrahy-
drofuran as the elution solvent with the instrument calibrated
with monodisperse polystyrene standards.

'H NMR was used to confirm the macromonomer end group.
The macromonomer has an average molecular weight M,, = 6900
with a polydispersity M,/M, = 1.2. The poly(ethyl acrylate)-
polystyrene based graft was synthesized by dissolving ethyl
acrylate and the macromonomers (27 wt %) in methyl ethyl
ketone and degassing with nitrogen gas for 2 h, while simulta-
neously heating the solution to 60 °C for 24 h. The polymerization
was initiated with 2,2-azobis(isobutyronitrile). The product was
precipitated in a large excess of n-butanol and then extracted
with a 50/50 decalin/petroleum ether mixture. The graft
copolymer-homopolymer blend was dried in a vacuum oven for
24 hat 60 °C. This particular structure was synthesized because
of the high degree of immiscibility between polystyrene and poly-
(ethyl acrylate). The styrene/ethyl acrylate composition was
determined by elemental analysis and 'H NMR. The number-
average molecular weight of the graft copolymer as determined
by GPC yielded M, = 175 200 g/mol. The average number of
grafts per chain (n = 7) was estimated by n = M, Wpg/M,F),
where M,®® is the number-average molecular weight of the PS
branch and Wps is the weight fraction of the polystyrene
component in the graft copolymer. The average molecular weight
between grafts, estimated from M, and M,*9), is approximately
15900. The graft efficiency is about 97% as determined from
GPC measurements using a combination of refractive index and
ultraviolet detectors and extraction results. From these mea-
surements, the product is found to contain approximately 20%
by weight homopolymer. Relatively thick films (ca. 0.2 mm)
were prepared by casting under a natural rate from a tetrahy-
drofuran (THF) solution at a 5 wt % total polymer concentration
onto a Teflon-coated surface. The film was dried in a vacuum
oven at 100 °C for 24 h and further annealed at 150 °C for 3 h
before measurement. Rectangular pieces (3 X 0.5 cm) were cut
from the sample.

The two-dimensional small-angle light scattering (SALS)
experiments were performed using a two-dimensional 14-bit
charge-couple device (CCD) detector (OMAIII from EG&G
Princeton Applied Research). The incident light was a 0.5-MW
He-Ne laser (A = 6328 A). The scattered light was detected by
either one of the following methods: (i) The scattered light was
made parallel with two large aperture lenses and subsequently
collected on the CCD arrays (the geometry of the CCD was
selected so that the entire scattering pattern could be observed);
(i) the scattered light impinges on a diffusive screen and is
collected by a fixed gain video camera (Digital 5000, Panasonic)
connected to an Image Grabber (Neotech Image Grabber NuBus,
Neotech Limited and a Macintosh IIfx) and 8-bit digitized. The
length scale that can be studied extends from 2x/q = 20 to 0.95
pm, where g = 4=/ sin (6/2) is the scattering wave vector and
Ao the wavelength in the scattering volume. Samples were
uniaxially extended to a specific elongation ratio A (A = L/L,,
where L and L, are the stretched and unstrained lengths of the
system) using a stretching device placed in the laser beam path.
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Figure 1. Two-dimensional SALS patterns for PEA-g-PS at
various elongation ratios. The stretching direction is vertical,
and the angle mark indicates 7°.

The sample was stretched to the desired elongation ratio and
allowed to relax to the new stretched configuration for at least
10 min prior to data collection. All data were collected at room
temperature and corrected for detector sensitivity, parasitic
scattering, and background scattering. For clarity, a coordinate
system O,,, was established, with the axes O, and O, lying parallel
tothe propagation direction of the laser beam and the elongation
direction, respectively. The SALS profile I(g,,q.) was measured
in the plane O,,, where g, and g, are the O, and O, components
of the scattering wave vector q.

III. Results and Discussions

A. General Trends. Figure 1 illustrates the evolution
of the light scattering patterns for a series of elongation
ratios (A = 1-4). The stretching direction is vertical. The
general trends are fundamentally different when compared
to the deformation of a homogeneous rubbery network.
This is expected because of the inherently two-phase
nature of the graft copolymer-homopolymer blend, i.e.,
hard polystyrene-rich domains in a rubbery poly(ethyl
acrylate) (i.e., polystyrene poor) matrix. In the case of
deformation of a homogeneous rubbery network, the
scattering intensity should decrease relative to the isotropic
case for g parallel to the stretching axis, as in all-chain
orientation processes. The scattering intensity should
exhibit a long axis perpendicular to the stretching direc-
tion. In the case of a microphase-separated system
consisting of a “hard” minority region in a rubbery matrix,
this normal anisotropy is expected to be at least partially
masked at low g. The reason for this behavior is that the
hard region simply deforms less than the elastomeric
matrix. Upon elongation, the hard minority phase will
phase separate in the direction parallel to the stretching
direction. Asaresult, the graft copolymer—homopolymer
blend is expected to be less homogeneous in this direction
and the scattering intensity correspondingly increases at
low q. In the perpendicular direction, the dimension of
the sample is contracted due to the Poisson effect. The
scattering intensity therefore decreases in this direction.
We have classified the observed SALS patterns into three
regimes (I-III) according to the specific elongation ratios.

In regime I (pattern a) corresponding to a very low A (A
=1+ ¢, € « 1), the graft copolymer exhibits an isotropic
microstructure characterized by a nearly circular ring
reminiscent of spinodal decomposition. This pattern
indicates quasi-periodic concentration fluctuations with
wavenumber ¢,. The dominant characteristic length is
about 2x/g,, = 1.2 um, and its periodicity does not depend
on the elongation direction. In this regime, the system
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Figure 2. Phase contrast microscopy of the sample stretched
at A = 4, digitized with two intensity levels (black and white).
The alignment of the PS-rich phase (black clusters) perpendicular
to the stretching direction is clearly visible (the bar corresponds
to 10 um).

behaves reversibly because a slight deformation of the
ring is almost immediately recovered upon releasing the
stress.

In regime II (patterns b and c), corresponding to A in
the range 1.2-3.0, the isotropic light scattering pattern is
progressively elongated in the direction normal to the
stretching direction. The peak intensity parallel to the
elongation, [;(g,), increases as its position shifts to smaller
g. Thisscattering maximum implies that a pseudoperiodic
structure with a spacing 2w/q.n develops along the
stretching direction. The peak intensity in the direction
perpendicular to the stretching direction decreases in
intensity as the magnitude of ¢ diverges to infinity.

In regime III (pattern d) corresponding to A = 3, the
peak intensity converges slowly to an asymptotic value as
its position remains constant up to the failure of the
material at A ~ 5. The dominant characteristic length in
this regime is about 5 um. This regime can be considered
to be dominated by primary plastic deformation. Shown
in Figure 2 is an optical micrograph of the sample stretched
to A = 4 (regime III). The periodicity of the fluctuations
in the stretching direction is clearly visible as well as the
alignment of the PS-rich phase perpendicular to the
deformation axis. In the next section, we consider the
effect of elongation on the SALS profile parallel to the
stretching (i.e., I(q;) = I(q,,9,=0)). The profile perpen-
dicular to the stretching axis, (I(g,) = I(g,=0,q4)), is also
an interesting quantity but will be discussed in a future
paper.

A prominent feature in the patterns a-cis the magnitude
of the characteristic length (>1 um). Typically, a well-
defined graft copolymer is not expected to fluctuate on
such a large length scale. The studies by Price et al.?% on
polyisoprene grafted on polystyrene have revealed aregular
two-phase structure with a characteristic length of ~100
A. On the other hand, graft copolymers synthesized by
copolymerization of monomers and macromers exhibit
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Figure 3. Profile of the scattering intensity I;(q.) along the
stretching direction as a function of the scattering wave vector
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correlation lengths on the order of microns as shown by
Maeda and Inoue.?® The reasons for such large-scale
fluctuations are numerous: (i) a distribution of backbone
segment length or molecular weight between graft mac-
romers; (ii) the inevitable presence of homopolymers
deficient in graft due to the difference in the feed ratios
of the starting monomers as well as their reactivity ratios
[in this study, the feed ratios between the mole fraction
of macromers and monomers (M;/M;) are approximately
equal to 0.003 and their reactivity ratios ro =~ 0.724]; (iii)
polydispersity of the graft copolymers. The magnitude of
these effects and how each contributes to affect the final
structure is beyond the scope of the present paper and
will be discussed in a future paper. Our preliminary
studies, as noted previously, indicate that a moderate
amount of homopolymer is present in the product.

B. Change in the Scattering Profile with Elonga-
tion. Bl. Results. Figures 3 and 4 show the typical
evolution of the light scattering intensity parallel to the
elongation at different values of A. The relative intensity
Ij(g.) was plotted as a function of the scattering vector.
'f‘hese figures clearly show that a single scattering max-
imum appears at a finite value of ¢. The peak height
increases with A and the peak position g,,, shifts to a lower
valuereflecting a “pseudo-coarsening” which is reminiscent
of the late stage of a spinodal decomposition process. In
addition, the breadths Ag (full width at half-maximum)
of the scattering curves which reflect the distribution of
correlation lengths become significantly narrower with A.
The peak width Ag as a function of elongation is plotted
in Figure 5. A fit to the curve with a scaling law of the
form Ag = A“results in a value of w =-1.3. Figure 6 shows
the plot of the maximum intensity I, vs A. The inset in
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Figure5. Fullwidth at half-maximum of the scattering intensity
Iy(q.) curves as a function of the elongation ratio A,
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Figure 6. Evolution of the maximum intensity as a function of
A, showing three distinct regimes. The inset displays the
semilogarithmic plot showing the exponential behavior of ;.
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Figure 7. Evolution of the inverse of the correlation length as
a function of the elongation ratio \. The inset is the log-log plot
showing affine deformation.

Figure 6 is the semilogarithmic plot of I., vs8 A. The
maximum intensity increases linearly in regimes I and II
and then reachs an asymptotic value in regime III. The
straight line behavior represents an exponential growth
of the fluctuations, again reminiscent of the dynamics of
spinodal decomposition. In the following discussion we
show qualitatively that this exponential growth is due to
a cooperative alignment of the PS-rich domains perpen-
dicular to the elongation direction. Finally, the position
of the peak ¢.n as a function of A is plotted in Figure 7.
Clearly, an affine deformation is observed up to the regime
II,i.e., g:m = A-1. Theisochoricaffine deformation predicts
that the measured scattered intensity profiles, I(g;), should
be universal and superimposable to each other if I is plotted
as a function of the reduced scattering vector q/qm. This
reduced plot is presented in Figure 8. The curves are not
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Figure8. Scattered intensity profile as a function of the reduced
scattering wave vector.

superimposable as the peak intensity increases with A.
The elongation therefore involves an additional mechanism
beyond that suggested by the single affine deformation.
At high q/qn, the curves are consistent with a g~ scaling
as one would see with Porod interfacial scattering.

B2. Discussion. Inthe copolymerization of macromer/
monomer systems, the concentration of the starting
macromer is generally very low because of its high
molecular weight (see the Experimental Section). To
ensure a maximum conversion of the macromers, the
reaction is usually conducted beyond 50% of the total
monomer conversion. As a result, the polydispersity of
the graft copolymers increases and a moderate amount of
homopolymer (i.e., copolymers deficient in grafts) is
present in the final product. The equilibrium structure
of the system is therefore a complex combination of
micellization of the graft copolymer, emulsification of the
homopolymer by the graft copolymers, and “macrophase”
separation between the homopolymers and the graft
copolymers. Nevertheless, the possible mechanism of the
evolution of the structures in these systems can be detailed.
In order to exhibit fluctuation on a length scale on the
order of microns, the dominant mechanism has to be a
macrophase separation between the homopolymers (along
with the PS-poor graft copolymers) and the PS-rich graft
copolymers. Recent TEM and SANS measurements seem
to confirm this picture.?” A macrophase separation
between PS-rich graft copolymers (minority phase) and
PS-poor graft copolymers has one very important
consequence: the “hard” minority region rich in PS is
now embedded in a rubbery matrix of PEA which is
inhomogeneous in elasticity because of the presence of
the homopolymers. When the sample is cast from a
nonselective solvent (such as tetrahydrofuran), an inter-
connected network of PS-rich domains is observed which
persists through the annealing of the sample (see the
isotropic light scattering pattern in Figure la). The
dispersion of the correlation lengths between the PS
microdomains is quite broad as seen from Figure 5. During
the microphase separation it is likely that the homopoly-
mers will be expelled from the PS microdomains. It is
reasonable therefore to expect their concentration to be
higher in the interstitial regions with the lowest correlation
length in the distribution. Consequently, those regions
will be more elastomeric than the average (see Figure 9).
When the sample is stretched, the regions with the higher
concentration of elastomeric- homopolymer are expected
to deform more rapidly than the homopolymer-poor
regions. It appears that thisis the mechanism underlying
the alignment of the PS-rich regions.

Insummary, when the graft copolymer system is subject
to elongation, two processes take place: (i) the PS-rich
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Figure 9. Schematic drawing showing the cooperative rotation
and alignment of the PS-rich phase perpendicular to the
stretching direction.

regions are elongated (as noted by the appearance of the
ellipsoid anisotropy (see Figure 1b)); (ii) the region rich
in homopolymer will be the first to elongate. This causes
a cooperative rotation of the PS-rich phase, leading to an
increase in the scattering intensity parallel to the elon-
gation direction (see Figure 6). The overall response of
the material is still affine, as shown in Figure 7.

IV. Conclusion

A graft copolymer—elastomeric homopolymer blend was
synthesized, with the former component containing an
elastomeric backbone onto which a low level of thermo-
plastic components are grafted. The two segments of the
chains are immiscible and, as a result, are able to form
phase-separated regions of the thermoplastic (minor
component) in an elastomeric matrix (major component).
Since this type of graft copolymer—-homopolymer blend is
highly useful as a thermoplastic—elastomer or as a polymer
blend compatibilizer, the structure of this material was
probed using two-dimensional light scattering under both
quiescent and strained conditions.

The results clearly show that the dispersed phase (e.g.,
polystyrene grafts) phase separates from the matrix under
quiescent conditions. Furthermore, as the material is
elongated (i.e., as in conventional stress—strain measure-
ments), the phase-separated regions respond to the stress
by orienting perpendicular to the stretching direction.
Qualitatively, this response resembles the observations
on a semicrystalline polymer subject to elongation.2® At
low elongation ratios, the graft copolymer-homopolymer
blend responds reversibly. However, the response becomes
irreversible at higher elongations. In fact, the light
scattering measurements show that three distinct regimes
of structure “modification” are observed. Prior to plastic
deformation, the blend responds to the deformation in an
affine manner. This is interpreted as being due primarily
to the elastomeric nature of the matrix material. These
results should lead to a better understanding of the
structure-property relationships of graft copolymer-
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homopolymer systems and, in addition, may be useful for
understanding the behavior of these materials in such
systems as in binary component blends. These studies
have been initiated and will be reported in a later
publication.
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