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ABSTRACT: Interpolymer radical coupling reaction leading to block copolymer formation has been
demonstrated for the first time in the solid state and in the absence of diffusion using solid-state shear
pulverization. Radical coupling is often referred to as a diffusion-controlled reaction as it lacks an activation
barrier to reaction. However, pulverization can lead both to intimate mixing, creating large interfacial
area between blend components, and to chain scission, yielding polymer radicals and accommodating
interpolymer coupling in the solid state. Fluorescence-detection gel permeation chromatography (GPC)
was used to detect interpolymer reaction in high-molecular-weight (MW) polystyrene (PS)/pyrene-labeled
PS and high-MW poly(methyl methacrylate) (PMMA)/pyrene-labeled PS blends. The latter system was
chosen as PMMA/PS blend compatibilization was recently achieved via pulverization; this compatibilization
was hypothesized to originate from in situ block copolymer formation via interpolymer radical coupling.
Proof of coupling was obtained in this study from pyrene fluorescence in pulverized blends at GPC elution
times less than those of the original pyrene-labeled PS. With the high-MW PS/pyrene-labeled PS mixture,
comparison of label on coupled chains to label on chains that underwent scission indicates that ∼5% of
the pyrene-labeled chains undergoing scission were able to couple to radicals originating from the high-
MW PS. The effect of MW, blend composition, and screw design on chain scission during pulverization
was also studied.

Introduction

Compatibilization of immiscible polymer blends is a
topic rich in scientific and technological challenges.1-20

Interest in compatibilization arises from the ability to
produce new materials by blending currently available
homopolymers. Synergistic properties may result in a
fraction of immiscible blends by maintaining dispersed-
phase particle sizes within a certain size range, often
on the order of 1 µm. Thus, polymer blend compatibi-
lization has been defined by some as the achievement
of a dispersed-phase domain size that is stable to static
coarsening, i.e., stable to coarsening upon high-temper-
ature annealing.6,7

Two main approaches have been investigated for
achieving blend compatibilization: addition of premade
block/graft copolymers to a blend which is then melt
mixed1,2,6-12 and reactive blending or compatibilization
in which reactions between functionalized polymers
yield interfacial block/graft copolymers during melt
processing.3-5,13-20 The former approach has led to many
important scientific studies, but its application suffers
from severe stumbling blocks associated with thermo-
dynamics (low critical micelle concentrations in homo-
polymer),2,21,22 kinetics (low diffusion rate of copolymer
to the interface), and availability of appropriate block
copolymers for use in compatibilization, with one block
miscible in one blend component and a second block
miscible in a second blend component. As a result,
Koning et al.3 have indicated that “no polymer blend
compatibilized by addition of low levels of premade

block/graft copolymers has been commercialized.” In
contrast, the second approach has led to some com-
mercial application.4,13 However, this method also suf-
fers from limitations. For example, the condensation-
type functional-group reactions employed in current
reactive compatibilization efforts are chemically con-
trolled rather than diffusion controlled; i.e., they have
a high activation barrier to reaction leading to low
reaction rate parameters23 and relatively low reaction
rates at melt processing temperatures. (While reac-
tions of condensation-type functional groups on low-
molecular-weight species have long been understood to
be chemically controlled, interfacial reactions in blends
between functional groups covalently attached to dif-
ferent polymer species were shown only recently to be
chemically controlled.24,25) The necessity to modify ad-
dition-type polymers with functional groups has also
limited the use of this method.

An alternative process, solid-state shear pulveriza-
tion (SSSP), has recently been used to address limita-
tions associated with melt-state processing of polymer
blends.26-33 SSSP is a continuous process employing an
apparatus that roughly resembles a twin-screw ex-
truder. However, the device is cooled in order to
maintain the polymer in the solid state while it is
exposed to high levels of shear and pressure, and the
output is typically a powder or a particulate. The
principles of SSSP are related to those of batch me-
chanical alloying processes34 that have been of recent
interest in polymer blend applications.35-41 The pul-
verization process results in multiple fragmentation and
fusion steps leading to a solid output which, in the case
of blends, can yield number-average dispersed-phase
domain sizes (Dn) ranging from microns to as small as
several hundred nanometers.26,31-33 Pulverization is also
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useful in achieving efficient and intimate mixing of
miscible or immiscible blends of polymers that have
significantly dissimilar viscosities at melt processing
conditions,27,31 which as a result cannot be effectively
melt mixed.

Most recently, quantitative proof of compatibilization
of 90/10 and 80/20 wt % polystyrene (PS)/high-density
polyethylene and 70/30 wt % PS/poly(methyl meth-
acrylate) (PMMA) blends has been provided by demon-
strating the invariance of Dn of the SSSP output to high-
temperature annealing.32 Pulverization can lead to
chain scission, with number-average molecular weight
(Mn) reduced by a few percent to as much as factors of
2-4, depending on polymer species and process condi-
tions.26,32 It has been hypothesized that chain scission,
resulting in polymeric radicals, may be followed by some
amount of in situ radical-radical coupling reactions
forming block copolymer at interfacial regions in
blends.26,32 (In contrast to interpolymer coupling reac-
tions between condensation-type functional groups,
interpolymer radical-radical reactions do not have an
activation barrier and thus proceed with high reaction
rate parameters.23 Such radical-radical reactions are
referred to as diffusion-controlled reactions and have
been of theoretical interest in reactive compatibiliza-
tion42-44 and are known to lead to efficient interpolymer
coupling via termination in free radical polymeriza-
tion.45,46) The recent study32 demonstrating immiscible
blend compatibilization via SSSP also showed that there
was chain scission accompanying pulverization. How-
ever, the blends used in that study were not well
designed to provide proof of in situ block copolymer
formation.

With careful design of polymers used in the present
study, we demonstrate quantitatively for the first time
the in situ coupling of polymer radicals produced via
chain scission during pulverization. While such reac-
tions are “diffusion-controlled”, the intense mixing
achieved via pulverization, resulting in repeated cre-
ation of interfacial area, can allow for interfacial cou-
pling reactions leading to block copolymer formation in
the solid state in the absence of diffusion. This is shown
with homogeneous coupling reactions involving PS/PS
systems as well as with heterogeneous coupling reac-
tions leading to block copolymer formation in PS/PMMA
blends. Proof of coupling derives from a fluorescence-
detection gel permeation chromatography method. This
method has been used by Moon et al.,47 who studied
coupling with chemically controlled reactions of func-
tionalized polymers, by Gray et al.48,49 in their novel
study of interpolymer radical coupling reactions leading
to block copolymer formation during reactive blending
of polymers made by nitroxide-mediated controlled
radical polymerization, and by Lebovitz and Torkelson,50

who demonstrated interpolymer radical coupling in
sonicated polymer solutions.

Experimental Section

Synthesis of Pyrene-Labeled Monomer. 1-(1-Pyrene)-
methyl methacrylate (MAPyrene) was synthesized in multiple
batches by esterification of methacryloyl chloride and 1-pyrene-
methanol.51,52 1-Pyrenemethanol (5.10 g per batch, Aldrich),
triethylamine (10 mL, Aldrich), and anhydrous tetrahydro-
furan (THF) (200 mL, Aldrich) were added to a 500 mL round-
bottom flask cooled in an ice/water bath to 0 °C. A solution of
methacryloyl chloride (6.84 mL, Aldrich) mixed with anhy-
drous THF (40 mL) was added dropwise to the 1-pyrene-
methanol mixture over ∼2 h. The mixture was allowed to come

to room temperature as it was stirred under continuous dry
N2 flow for a total reaction time of ∼24 h. The mixture was
then contacted with an aqueous, saturated sodium bicarbonate
solution in a separatory funnel. Solvent was removed from the
resultant organic layer under reduced pressure to give a
yellowish solid. The solid was dissolved in boiling ethanol and
recrystallized in an ice/water bath. The resulting pale yellow
solid (2.6 g average yield per batch) had a melting point of
94-100 °C and a molar extinction coefficient of 38 700 M-1

cm-1 (UV-vis absorbance at 345 nm). Identity of the
MAPyrene product was confirmed using 1H NMR and mass
spectrometry, and the MAPyrene UV-vis absorbance spec-
trum closely resembled that of pyrene (shifted to longer
wavelength by ∼8 nm).

Synthesis of Fluorescence Chromophore-Labeled PS.
Pyrene-labeled PS (referred to as poly(styrene-co-MAPyrene)
or poly(S-co-MAP)) was made in multiple batches by free
radical polymerization using 2,2′-azobis(isobutyronitrile) (AIBN,
Kodak) as initiator. 10 mL styrene (Aldrich, deinhibited prior
to use) solutions containing 0.066 M MAPyrene and 0.0856 M
AIBN were stoppered and purged with dry N2 for 10 min prior
to insertion in a 70 °C oil bath. Reactions were terminated
after ∼9 h (∼50% styrene conversion) by quenching in an ice/
water bath, followed by dissolution in methylene chloride and
precipitation in methanol prior to drying overnight in a
vacuum oven at 110 °C. The dissolution/precipitation was
repeated five times in order to remove unreacted monomer,
including MAPyrene, which was confirmed by fluorescence-
detection gel permeation chromatography (GPC). GPC of the
labeled PS yielded Mn ) 107 000 g/mol and Mw ) 202 000
g/mol. The pyrene chromophore content of the poly(S-co-MAP)
was found via UV-vis absorbance to be 1 MAPyrene unit per
114 styrene repeat units.53

Synthesis of 11kPS. Low-molecular-weight (MW) PS was
made in multiple batches by free radical polymerization using
25 mL of toluene (ACS grade, Fisher), 25 mL of styrene, and
0.117 M AIBN. Solutions were stoppered and purged with dry
N2 for 10 min prior to insertion in a 60 °C oil bath for ∼16 h
(∼50% conversion). The PS was precipitated in methanol and
dissolved in methylene chloride three times prior to drying
overnight in a vacuum oven at 110 °C. GPC analysis yielded
Mn ) 11 000 g/mol (11kPS) and Mw ) 20 000 g/mol.

Other PS and PMMA Homopolymers. Studies of inter-
polymer coupling via pulverization used either high-MW PS
(Mn ) 1 100 000 g/mol, Mw ) 1 680 000 g/mol, determined by
GPC) or high-MW PMMA (Mn ) 1 350 000 g/mol, Mw )
1 740 000 g/mol, reported by the supplier) that were synthe-
sized by Scientific Polymer Products and supplied as powder
(high-MW PS) or a powder/particulate mix (high-MW PMMA).
Examination of the chain scission capabilities of SSSP was
done using a moderate-MW PS (Mn ) 110 000 g/mol, Mw )
260 000 g/mol, determined by GPC, BASF) supplied as pellets.

Pulverization. Mixtures of 95/5 wt % high-MW PS/poly-
(S-co-MAP) or 95/5 wt % high-MW PMMA/poly(S-co-MAP)
were dry blended and then processed using a Berstorff
pulverizer at a screw speed of 420 rpm (PS blend) or 200 rpm
(PMMA blend). 11kPS and moderate-MW PS were pulverized
at 200 rpm. Feed rates were ∼0.11 kg/h, the temperature was
maintained below the polymer glass transitions, and the screw
configuration was designed to provide substantial shear.54

Other information regarding SSSP, including equipment
description, is in refs 26-30.

Confirmation of Interpolymer Radical Coupling Re-
actions. Changes in MW distribution were quantified using
a Waters Breeze GPC, calibrated with monodisperse PS and
equipped with UV-vis absorbance, refractive index (RI), and
fluorescence detectors, using THF (HPLC grade, Aldrich)
flowing at 1 mL/min. Interpolymer radical coupling was
studied using GPC fluorescence detection set to pyrene (336
nm excitation, 368 nm emission) by comparing the elution or
retention times for pre-SSSP poly(S-co-MAP) with those of the
post-SSSP high-MW PS/poly(S-co-MAP) and high-MW PMMA/
poly(S-co-MAP) blends. Fluorescence spectra were obtained
using a SPEX Fluorolog spectrophotometer (328 nm excita-
tion).
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Results and Discussion

A. In Situ Interpolymer Radical Coupling via
Pulverization. To perform proof-of-principle studies of
interpolymer radical coupling via SSSP, mixtures must
be carefully designed so that unequivocal evidence is
obtained from analysis of the SSSP product. Figure 1
shows that the original poly(S-co-MAP) yields essen-
tially no signal at GPC elution times less than 17.25
min. By mixing this polymer with high-MW PS or high-
MW PMMA which exhibits substantial signal at GPC
elution times less than 17.25 min (see Figure 1), it is
possible to verify or disprove the presence of in situ
interpolymer coupling reactions via pulverization. The
fluorescence-detector signal in the post-SSSP mixture
at elution times below 17.25 min should occur only if
some of the pyrene labels are attached to chains
resulting from the coupling of polymer radicals made
by in situ scission of poly(S-co-MAP) and high-MW PS
or high-MW PMMA.

Figure 2 compares the fluorescence-detector GPC data
in the region pertinent for proving the presence of
interpolymer radical coupling in a 95/5 wt % high-MW
PS/poly(S-co-MAP) pulverized blend. A small shoulder
is exhibited by the pulverized blend at elution times
between 15.7 and 17.25 min, where the pre-SSSP high-
MW PS elutes but the pre-SSSP poly(S-co-MAP) does
not. This shoulder at elution times less than 17.25 min
represents ∼0.7% of the total area under the fluores-
cence-detector GPC chromatogram for the pulverized

blend, meaning that during pulverization a minimum
of 0.7% of the original poly(S-co-MAP) underwent scis-
sion followed by coupling with polymer radicals origi-
nating from the high-MW PS.55 Thus, SSSP yields not
only chain scission but also substantial interfacial area
accommodating interpolymer radical coupling during
the many repeated fragmentation and fusion cycles
accompanying pulverization. (The interpolymer radical
coupling reaction requires a several angstrom reaction
radius, which can only be achieved via pulverization if
the process results in intimate mixing via production
of substantial interfacial area between the original
polymers undergoing coupling.)

To ensure that the fluorescence signal present at
elution times less than 17.25 min, taken to be indicative
of interpolymer radical coupling, was not anomalous but
instead was characteristic of the MAPyrene label, a GPC
fractionation was performed. Specifically, 1 mL fractions
of GPC eluent from the 95/5 wt % high-MW PS/poly(S-
co-MAP) pulverized blend were collected between 16.25
and 17.25 min, the fluorescence detector interval in
which the presence of pyrene originates from coupled
chains; each fraction was collected three times. The
collected eluent was dried, and a solution was made in
toluene. The fluorescence spectrum of the resulting
solution was compared with that of the original unpul-
verized poly(S-co-MAP). As shown in Figure 3, the
pulverized blend yields an emission spectrum similar
to that of the unprocessed poly(S-co-MAP), indicating
that the fluorescence present in the pulverized blend
at 16.25-17.25 min elution time is due to the presence
of pyrene label in the polymer originating from inter-
polymer radical coupling during SSSP. As a further
check of this point, an attempt to measure a similar
emission spectrum from a poly(S-co-MAP) sample col-
lected at 16.25-17.25 min elution time, which yielded
no signal with the GPC fluorescence detector, also
yielded no signal outside of noise with the spectro-
fluorimeter at wavelengths characteristic of pyrene.

The reaction of poly(S-co-MAP) and high-MW PS
macroradicals provides proof-of-principle that inter-
polymer radical coupling can occur via pulverization.
Extending this to the study of in situ block copolymer

Figure 1. Fluorescence-detector GPC chromatograms for (O)
poly(S-co-MAP) with sensitivity to pyrene label, (s) high-MW
PS with sensitivity to phenyl rings, and (4) high-MW PMMA.
All data are normalized to a value of 1.0 with respect to the
peak of the GPC signal. (Note: to plot PMMA results with
the fluorescence-detector chromatograms, PMMA data from
the RI detector were corrected to account for detector delay
time between the RI and fluorescence detectors.)

Figure 2. Fluorescence-detector GPC chromatograms with
sensitivity to pyrene label for (O) poly(S-co-MAP) (unprocessed)
and (0) 95/5 wt % high-MW PS/poly(S-co-MAP) pulverized
blend.

Figure 3. Fluorescence emission spectra for (- -) poly(S-co-
MAP) (unprocessed) and (s) 95/5 wt % high-MW PS/poly(S-
co-MAP) pulverized blend (fraction between 16.25 and 17.25
min elution time, according to Figure 2). All data are normal-
ized to a value of 1.0 with respect to the peak of fluorescence
intensity.
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formation during pulverization, relevant for reactive
blending leading to compatibilization, a 95/5 wt % high-
MW PMMA/poly(S-co-MAP) blend was studied. Figure
4 compares the fluorescence-detector GPC data for
original poly(S-co-MAP) and the 95/5 wt % high-MW
PMMA/poly(S-co-MAP) pulverized blend. It is evident
that the fluorescence signal is present in the pulverized
blend at elution times in the range of 16.1-17.25 min,
where there is no signal from the neat poly(S-co-MAP).
On the basis of arguments made previously, this signal
at low elution times signifies the presence of block
copolymer made by coupling of polymer radicals result-
ing from scission of high-MW PMMA and poly(S-co-
MAP) during pulverization. Thus, the hypothesis for the
origin of the recently achieved compatibilization of a
pulverized PS/PMMA blend,32 i.e., in situ block copoly-
mer formation resulting from coupling of polymer
radicals formed via chain scission, is quantitatively
supported by the present study. Analysis of the shoulder
in Figure 4 at elution times less than 17.25 min
indicates that, at a minimum, 0.1% of the pyrene label
is attached to block copolymer after pulverization.

The lesser coupling (observed at elution times less
than 17.25 min) in Figure 4 as compared with Figure 2
may be due to the fact that PS radical-PS radical
reactions proceed mostly by combination rather than
disproportionation.56 It is unknown whether PS radi-
cal-PMMA radical coupling undergoes combination to
the same extent. As this is the first quantitative
demonstration of block copolymer formation during
solid-state processing of polymer blends, greater study
will be needed to understand the relative roles of
combination and disproportionation in interpolymer
radical reactions during such processing as well as the
impact of polymer composition on the efficiency of
intimate mixing and chain scission. (See section B.)
Reactions between polymer radicals and oxygen that
lead to radical stabilization and reduce the potential for
interpolymer radical coupling during pulverization also
merit further study.28,57,58

It is noteworthy that the role of efficient mixing, vital
to interpolymer radical coupling leading to block co-
polymer formation at polymer-polymer interfaces via
pulverization, has also been shown to be important in
achieving block copolymer formation via reactive melt
processing of polymers containing condensation-type
functional groups.19,20,24,25 These chemically controlled
reactions between functional groups typically have high
activation barriers, leading to relatively low reaction
rate parameters. In contrast, interpolymer radical reac-
tions do not have an activation barrier and possess

reaction rate parameters that may be orders of magni-
tude greater than those of chemically controlled reac-
tions.23 Just as intense melt mixing results in greater
frequency of contact between functional groups and
thereby leads to enhanced interpolymer coupling via
chemically controlled reactions,19 intense mixing during
pulverization can result in contact between radicals on
different polymers and thereby leads to rapid interpoly-
mer coupling via “diffusion-controlled reactions” in the
solid state where there is no diffusion.

B. Quantification of in Situ Chain Scission via
SSSP. A necessary condition for achieving interpolymer
coupling via pulverization is the in situ production of
macroradicals, created from the cleavage of polymer
chains. By focusing on elution times above 17.25 min,
fluorescence-detector GPC data yield Mn values of the
poly(S-co-MAP) pre- and postpulverization in the blend
of 107 000 and 94 600 g/mol, respectively. Assuming
that each poly(S-co-MAP) chain underwent at most one
scission event, 14% of the original poly(S-co-MAP)
chains experienced scission during SSSP.59 (A figure of
13.1% of the chains undergoing scission is obtained by
assuming that none of the poly(S-co-MAP) in the
pulverized blend observed at elution times exceeding
17.25 min underwent scission followed by coupling. The
13.1% figure does not count the 0.7% of poly(S-co-MAP)
that is found at elution times less than 17.25 min in
the pulverized blend and must be on coupled chains.)
This suggests that, under the conditions employed in
pulverizing the 95/5 wt % high-MW PS/poly(S-co-MAP)
blend, ∼5% of the poly(S-co-MAP) radicals produced in
situ via SSSP underwent coupling with radicals origi-
nating from the high-MW PS in the blend. (This value
of ∼5% is obtained by taking the ratio of 0.7% of pyrene
that is in coupled chains to the 14% of pyrene in original
chains that led to polymer radicals due to chain scis-
sion.) While this level of interpolymer coupling may
seem modest, Macosko et al.6 have shown that inter-
facial regions in an immiscible blend with copolymer
levels far from saturation are effective in preventing
static coalescence, and compatibilizing the blend, via
steric effects.

It is more difficult to estimate the fraction of poly(S-
co-MAP) radicals produced in situ that couple to macro-
radicals originating from the high-MW PMMA during
SSSP of the high-MW PMMA/poly(S-co-MAP) blend.
While the PMMA blend was pulverized using conditions
similar to the PS blend, there was a much higher level
of chain scission of the poly(S-co-MAP) in the PMMA
blend. The fluorescence-detector GPC chromatogram
yielded Mn of 30 000 g/mol for the poly(S-co-MAP) after
SSSP processing, indicating that there were 3 times as
many poly(S-co-MAP) chains in the pulverized high-MW
PMMA blend than in the pulverized high-MW PS blend.
The high level of scission of the poly(S-co-MAP) due to
SSSP and the bimodal structure of its resulting GPC
chromatogram, the latter indicating substantial amounts
of polymer that did not cleave as well as polymer that
underwent scission multiple times, makes it difficult to
estimate the fraction of pyrene label in the PMMA blend
that was on chains undergoing scission leading to
macroradical formation. Additionally, the fact that a
greater fraction of the high-MW PMMA relative to the
high-MW PS elutes at times overlapping the elution
times for the original poly(S-co-MAP) suggests that
more of the interpolymer coupling in the PMMA blend
should result in pyrene fluorescence signal at elution

Figure 4. Fluorescence-detector GPC chromatograms with
sensitivity to pyrene label for (O) poly(S-co-MAP) (unprocessed)
and (0) 95/5 wt % high-MW PMMA/poly(S-co-MAP) pulverized
blend.

Macromolecules, Vol. 35, No. 26, 2002 Block Copolymer Formation 9719



times exceeding 17.25 min, making it difficult to account
for much of the coupling occurring in that blend. Despite
the problems in quantifying chain scission, the presence
of signal at elution times between 16.1 and 17.25 min
in Figure 4 is proof that in situ block copolymer
formation occurred in the high-MW PMMA/poly(S-co-
MAP) blend via interpolymer coupling reaction during
pulverization.

Comparison to the level of chain scission in the 70/30
wt % PS/PMMA blend that was recently shown32,60 to
be compatibilized via SSSP is revealing. The PS in that
blend, which did not contain pyrene label, experienced
a reduction in Mn from 101 000 g/mol pre-SSSP to
73 000 g/mol post-SSSP. Thus, the level of PS chain
scission occurring with pulverization of that blend was
significantly less than that observed in the 95/5 wt %
high-MW PMMA/poly(S-co-MAP) blend under investi-
gation here. Nevertheless, that lower level of chain
scission and associated macroradical production in the
PS/PMMA blend studied in ref 32 was sufficient to
achieve compatibilization via block copolymer formation
resulting from interpolymer coupling.

While the data indicate that greater levels of PMMA
in a PS/PMMA blend lead to greater PS chain scission
during SSSP, results in ref 32 indicate that greater
levels of polyethylene in a PS/polyethylene blend lead
to lesser PS chain scission during SSSP. This complex
dependence of pulverization-induced scission on blend
composition deserves further study.

Although the SSSP studies with the two poly(S-co-
MAP) blends were designed to prove in situ inter-
polymer coupling via pulverization, the high-MW com-
ponents are atypical of PS or PMMA used in blends for
technological application or scientific investigation.
Thus, a limited study was undertaken using low-MW
and moderate-MW PS in order to examine the effects
of screw design and polymer MW on the degree of chain
scission resulting from SSSP. As Table 1 illustrates, MW
plays a key role in the degree of scission occurring
during pulverization. The 11kPS, with its Mn and Mw
values invariant with pulverization, does not undergo
scission when any of four screw designs is employed.
This may be understood to result from the fact that
when polymer samples undergo fracture, chains that are
of MW comparable to or less than the MW between
entanglements, 18 000 g/mol for PS,61 will experience
chain pullout rather than scission.62,63 However, under
identical pulverization conditions, the entangled chains
of the moderate-MW PS sample (original Mn ) 110 000
g/mol) undergo chain scission. When the pulverizer

screw was designed to yield higher shear conditions
(designs “A” and “B”), greater chain scission occurred
than when the screw was designed with elements
imposing lower shear (designs “C” and “D”). Previous
work has also shown that pulverization of polymer
above the entanglement MW can be achieved without
measurable chain scission.27,28

Table 1 indicates that the level of scission achieved
by SSSP of the moderate-MW PS sample can be
“tuned”64 over a broad range, with reductions of 50%
and 58% in Mn and Mw, respectively, with screw design
“A”, meaning that on average each chain undergoes
scission once, to smaller reductions of 15% and 19% in
Mn and Mw, respectively, with screw design “C”. The
ability to control the degree of chain scission achieved
during SSSP underscores its utility in producing ma-
terials that are tailored to meet specific applica-
tions. (It should be noted that no cross-linking was
evident in pulverized polymers from this study; on the
contrary, pulverized samples from this and previous
studies26,27,30-33 dissolved in appropriate solvents. At
most, small levels of pulverization-induced branching
of polyolefins have been inferred from rheological prop-
erties.28 In contrast, Smith et al.35 reported significant
cross-linking during batch, cryogenic mechanical milling
of polyisoprene/PMMA blends. As pulverized polyiso-
prene blends have not yet been studied, it is uncertain
whether SSSP can yield cross-linking of polymers orig-
inally without cross-links.) A screw design resulting in
little or no chain scission could be used when intimate
mixing is desired without reduction in polymer MW, as
in the efficient mixing of polymers of substantially
different melt viscosity.27,30 Conversely, screw designs
yielding moderate chain scission may be appropriate for
blend compatibilization in which both intimate mixing
and chain scission followed by in situ block copolymer
formation are desired.

Conclusions

The hypothesis that solid-state shear pulverization
of blends can result in cleavage of polymer chains
leading to in situ block copolymer formation via inter-
polymer radical coupling has been proven; this hypoth-
esis has been offered as an explanation of the recent
compatibilization32 obtained during pulverization of PS/
polyethylene and PS/PMMA blends. Interpolymer radi-
cal coupling reactions occurred during pulverization of
homogeneous blends of high-MW PS/poly(S-co-MAP)
and immiscible blends of high-MW PMMA/poly(S-co-
MAP). Evidence of interpolymer coupling was obtained
via fluorescence-detection GPC used to sense the at-
tachment of pyrene labels, originally on poly(S-co-MAP),
to coupled chains of higher MW than the poly(S-co-
MAP). In the high-MW PS/poly(S-co-MAP) system, a
minimum of 0.7% of pyrene units originally on poly(S-
co-MAP) was on coupled chains after pulverization, and
∼5% of all macroradicals resulting from poly(S-co-MAP)
scission underwent coupling to macroradicals resulting
from high-MW PS scission. These results demonstrate
that interpolymer coupling by diffusion-controlled reac-
tions can occur in the absence of diffusion as long as
there is intense mixing in the solid state resulting in
polymer radical-polymer radical contact.

The “tunability”64 of in situ polymer radical formation
was shown by alteration of SSSP screw design; designs
imposing greater shear yielded greater chain scission.
Scission levels were also shown to be sensitive to blend

Table 1. GPC Comparison of Chain Scission via SSSP for
(a) Moderate-MW PS and (b) 11kPS via SSSP Using Four

Different Screw Designs

screw Mn (g/mol) Mw (g/mol)

(a) Moderate-MW PS
unprocessed 1.1E+05a 2.6E+05
A 5.5E+04 1.1E+05
B 6.3E+04 1.7E+05
C 9.3E+04 2.1E+05
D 8.7E+04 2.2E+05

(b) 11kPS
unprocessed 1.1E+04 2.0E+04
A 1.0E+04 2.0E+04
B 1.1E+04 2.1E+04
C 1.1E+04 2.0E+04
D 1.1E+04 2.0E+04

a Read as 1.1 × 105.
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composition and MW. In the latter case, scission does
not occur during SSSP if the MW is comparable to or
less than the MW between entanglements.
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