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Abstract

Newly developed hyperbranched polyols (HBPs) possess a compact, highly branched, three-dimensional (3D) structure, which has a high
density of functional end groups and inherently low viscosity. The combination of these two properties, low viscosity and high reactivity,
makes HBP polymers attractive candidates for reactive polymer blending. The HBP additives are able to behave as lubricants during
processing and as self-compatibilizing toughening agents in the final blend formulation. In this work, we have studied a series of blends
of hyperbranched polyester with high molecular weight polystyrenes. The processability and compatibility in the blends were investigated as
a function of volume fraction of the HBP added and reactivity of the matrix phase. We find, through processing and rheological studies, that
HBPs are extremely effective processing aids. A significant drop in the blend viscosity occurs immediately on addition of HBP, even at levels
as low as 2 vol.%. Characterization including microscopy, thermal analysis and Fourier transform infrared spectroscopy (FTIR) indicates
that the HBP forms immiscible blends with polystyrene and styrene maleic anhydride (SMA) copolymers. A significant degree of compa-
tibilization occurs in the reactive systems, as evidenced by shifts in the thermal transitions of the HBP phase, and by morphology refinement
observed by electron microscopy. The degree of compatibilization in the blends was found to increase with SMA reactivity.q 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Dendritic polymers are a new class of three-dimensional
(3D), man-made molecules produced by an unusual
synthetic route that incorporates repetitive branching
sequences to create an unusual architecture. Over the last
few years, dozens of patents have been filed on the synthesis
of dendritic polymers of varying chemistries [1–12]. Appli-
cations for this technology are being proposed in fields as
diverse as gene therapy and commercial coatings [13–32];
however, actual exploitation of dendritic polymer technology
is still in its infancy, largely due to the limited availability of
these new materials and the expense of their synthesis.

Recently, dendritic polymers have been produced by a
new, lower cost hybrid synthetic process that generates
ultrabranched, polydisperse molecules. These materials
are called hyperbranched polymers to distinguish them
from their more perfect, monodisperse cousins,
‘dendrimers’ and are being produced in sufficient quantities
to allow for investigation of their utility in conventional

engineering applications (Fig. 1). Unique features of the
dendritic architecture which make them attractive for
many applications result directly from the repetitive branch-
ing which occurs during their synthesis and include a very
compact structure and an extremely high density of func-
tional, terminal groups. Due to the compact, 3D structure of
dendritic polymers these molecules mimic the hydro-
dynamic volume of spheres in solution or in the melt and
flow easily past each other under applied stress. This results
in a low melt viscosity, even at extremely high molecular
weights, due to a lack of restrictive inter-chain entangle-
ments [33]. In fact, dendritic polymers have been shown
to exhibit melt and solution viscosities that are an order of
magnitude lower than linear analogues of similar molecular
weight [34–37]. The high density of functional terminal
groups on dendritic polymers also offers the potential for
tailoring their compatibility with other polymers, either
through conversion of dendritic polymer endgroups to
chemically suitable moieties or through in situ reaction to
form covalently bound networks or dendritic copolymer
compatibilizers. These two properties of dendritic polymers,
low viscosity and tailorable compatibility, make them
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excellent candidates for additives that could act simulta-
neously as processing aids and toughening agents. In fact,
dendritic polymers have been successfully employed to
improve both processability and toughness in thermoset resins
through a controlled reactive phase separationprocess [38,39].

To date, studies on dendritic polymer/thermoplastic
blends have been limited to miscible and/or unreactive
systems [37,40]. These studies have demonstrated the
promise of dendritic polymers for use as rheology modifiers
and processing aids. However, no studies have been aimed
directly at assessing the use of dendritic polymers as compo-
nents ina polymer blend with controlledmorphologydesigned
to enhance mechanical performance. The abundance of

functional terminal groups on these molecules makes them
good candidates for reactively compatibilized blends, in
which co-reactive moieties on the dendritic polymer and
matrix polymer would form compatibilizers in situ during
processing. These compatibilizers act to lower the inter-
facial tension in a multiphase blend, to increase the inter-
facial adhesion, and to stabilize the dispersion against
coarsening during processing or subsequent forming opera-
tions, and generally enhance blend performance [41–43]. In
addition, the benefit of low melt viscosity in the dendritic
polymers may counterbalance the increase in viscosity that
is often encountered during reactive blending as a result of
copolymer formation and the associated molecular weight
buildup [44–46]. Thus, the combination of low melt
viscosity and high reactivity may make dendritic polymers
an ideal choice for thermoplastic blend modifiers which can
enhance both properties and processability.

It is the aim of this work to investigate the incorporation
of dendritic polymers into a reactive, immiscible, thermo-
plastic blend system. Issues addressed are the identification
of proper processing techniques for blending of these low
viscosity additives into a high molecular weight thermoplas-
tic matrix, assessment of any benefits in processability
resulting from the addition of dendritic polymers, and
evaluation of the extent of compatibilization achieved in
such a highly reactive system.

2. Experimental details

2.1. Materials

A nonreactive polystyrene (PS) and two reactive styrene
maleic anhydride (SMA) resins with different maleic
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Fig. 1. Schematic illustration of hyperbranched polymer architecture.

Fig. 2. Expected reaction between styrene maleic anhydride and hyperbranched polyol.



anhydride (MA) content were chosen for melt blending with
a hyperbranched polyol (HBP) having hydroxyl-terminated
end groups.

The dendritic polymers chosen are fourth-generation
(G4) Perstorp Hyperbranched Polyols. These are develop-
mental materials based on polyester chemistry and have, on
average, 64 –OH terminated end groups per molecule, and
theoretical molecular weight and polydispersity index of
7300 g/mol and 2.0, respectively. The HBP molecules are
synthesized from a Pentaerythritol (C5H12O4) core and
multiple 2,2-dimethylol propionic acid (C5H10O4) chain
extenders or repeat units. These developmental resins
were supplied in small quantities with little technical data
and are now commercially available in moderate quantities
under the trade name of Boltorn [47].

The two types of SMA random copolymer used were
produced by ARCO and marketed under the trade names
Dylark 232 and Dylark 332 [48]. Both materials are general
purpose transparent grade resins. Molecular weights and
polydispersity indexes were reported by the manufacturer
to be 200 000 g/mol and 2.0, respectively, for Dylark 232,
and 180 000 g/mol and 2.0, respectively, for Dylark 332.
Elemental analysis showed that Dylark 232, designated
SMA9, contained 9.11% MA by weight and that Dylark
332, designated SMA14, contained 13.9% MA by weight.
The PS resin used is a general purpose grade transparent
resin, manufactured by Dow Chemical under the trade name
Styron 685D [49], with molecular weight of 300 000 g/mol
and polydispersity index 2.6, as reported by the manufac-
turer.

SMA copolymers are frequently used in reactively
compatibilized blend systems due to the reactivity of the
MA with various functional groups [43,50–54]. In the co-
reactive system studied here, a ring opening reaction takes
place between the SMA and the –OH functional groups on
the HBP, generating an acid and an ester functionality
(Fig. 2). Covalent bonds are thus formed between the two
polymer molecules generating copolymer compatibilizers.

2.2. Blends

Nine polymer blends and three controls were prepared.
PS, SMA9 and SMA14 materials were each blended with 0,

2, 5 and 10% HBP by weight. The 10% blends were fully
characterized. The highest concentration of HBP that could
be blended was 10% by weight due to the mismatch in
viscosity between the matrix material and the HBP
polymers as well as the limitations of the processing
equipment.

For each of the blends prepared, the number of functional
groups on the PS, SMA and HBP for a given mass of poly-
mer along with the ratio of reactive groups present was
estimated (Table 1). In all reactive blends there was an
excess of MA functional groups relative to HBP hydroxyl
functional groups, except for the SMA14/10% HBP blend
where the ratio was nearly unity.

The blends were mixed in small batches of approximately
65 g in the Haake Rheomix 600 mixer driven by a Haake
Rheocord 40 System. All of the blends were processed
under the same conditions. The processing temperature for
the blends was 2008C, which is on the lower end of the
processing window for both the PS and SMA materials.
This temperature was selected due to the thermal instability
of the HBP above 2008C, as determined by thermo-
gravimetric analysis (TGA) [55]. The blends were prepared
by first melting the PS or SMA in the mixer followed by the
addition of the HBP. Once the HBP was added to the molten
base polymer, the two materials were blended for 15 min to
ensure a proper degree of mixing and sufficient time for
reaction. The processing speed was 55 rpm, which corre-
sponds to a shear rate in the range of 42–63 s21 [56].

Solution blends for Fourier transform infrared spectro-
scopy (FTIR) studies were prepared by dissolving equal
weights of SMA and HBP in THF at 508C. The polymer
blend was recovered by precipitation into water, a non-
solvent for both polymer species. The blend precipitate
was dried and annealed at 2008C for 30 min to allow reac-
tion under simulated processing conditions.

2.3. Characterization

2.3.1. Rheology
Post-processing rheological studies were carried out

according to ASTM Standard D4440-95. A Rheometrics
System 4 parallel plate rheometer was used in a frequency
sweep mode over a range of 0.01–100 s21 at 10% strain.
The testing temperature of 2008C was used for measurement
to simulate processing conditions.

2.3.2. Morphology
Morphology was evaluated using scanning electron

microscopy. Samples were prepared by freezing the poly-
mer blends in liquid nitrogen followed by high-speed impact
to create fresh fracture surfaces. To improve contrast for
image analysis, the dispersed phase was removed by
submerging the samples in methanol, a selective solvent
for the HBP. Fracture surfaces were examined with an
Electroscan 2020 Environmental Scanning Electron
Microscope. Image analysis techniques were employed in
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Table 1
Estimated ratio of reactive groups in blends

Matrix HBP (wt%) MA/–OH

SMA9 2.00 5.27
SMA9 5.00 1.96
SMA9 10.00 0.96
SMA14 2.00 7.92
SMA14 5.00 2.94
SMA14 10.00 1.45
PS 2.00 0.00
PS 5.00 0.00
PS 10.00 0.00



order to determine the average particle size and size
distribution.

2.3.3. Thermal analysis
Glass transition temperatures for the pure polymers and

the 10% HBP blends were evaluated using a TA Instruments
DSC 2920. Samples were scanned twice at a rate of 208C/
min over a temperature range from2408C to 2008C. The
DSC cell was purged with ultra high purity nitrogen gas at a
constant flow rate of 80 cc/min to prevent sample
degradation.

2.3.4. FTIR
FTIR studies were performed on all pure polymers and

blends on a Perkin–Elmer Spectrum 2000 FTIR Spectro-
meter. The samples were prepared by first dissolving the
polymer blend in THF, applying a few drops of the solution
onto a 25× 4 mm potassium bromide crystal and drying in a
vacuum oven at 508C for 10 min. Data from an average of
16 scans over a range of 4000–400 cm21 at a resolution of
2 cm21 were analyzed using Perkin–Elmer Spectrum v2.0
software.

3. Results and discussion

3.1. Processing characteristics

The blending of PS and SMA with the HBP was challen-
ging due to the small quantity of the HBP available as well
as the melt characteristics of the HBP. The HBP has an
extremely low melt viscosity compared to that of the PS
or SMA and tended to remain segregated in the melt unless
an aggressive mixing scheme was implemented.

Due to the small amount of HBP available for study the
first attempt at blending was in a low capacity experimental
CSI Max Mixing extruder. This process was aborted due to
poor mixing efficiency, short residence time and an extre-
mely low output of the instrument.

The second attempt at blending with a Haake Polylab

System fitted with a single screw extruder was an improve-
ment due to the higher output of material and precise moni-
toring of processing parameters. It was observed that with as
little as 2% HBP by weight added, the torque and pressure in
the extruder dropped an order of magnitude relative to the
torque required to process the pure PS or SMA under
the same conditions. This indicates a significant reduction
in the processability of the blend due to the addition of HBP,
and is believed to be the result of the lubrication of the
extruder barrel wall. This is due to the migration of the
HBP molecules to the surface. Khadir and Gauthier
observed a similar effect in their studies of linear/hyper-
branched PS blends [37]. Although an improvement over
the low-capacity CSI mixer, the mixing efficiency and resi-
dence time provided by the single screw extruder was not
sufficient to provide good blending. The HBP tended to lag
behind in the extruder barrel and a variation in the degree of
mixing was apparent upon inspection of the extrudate. In
order for these materials to blend efficiently it was obvious
that a more aggressive mixing process had to be implemented.

Ultimately, the blends were mixed in small batches in a
Haake counter rotating blade mixer. This system provides
aggressive batch mixing conditions, allowing sufficient time
for the material to melt, mechanically break up and mix.
Unfortunately, online monitoring of torque/pressure inside
the mixer was not available, hence post-processing rheo-
logical studies were conducted in order to assess ‘process-
ability’ of blends relative to pure materials.

The rheological properties of all the blends were found to
change dramatically with the addition of HBP. In all cases,
blend viscosity was lower than the viscosity of the pure
matrix material (PS or SMA), indicating that an improve-
ment in processability results from the incorporation of
HBP. In the PS/HBP system, the viscosity dropped with
the addition of as little as 2% HBP by weight and continued
to drop as more HBP was added (Fig. 3). In the reactive
SMA/HBP blends the viscosity also dropped significantly
with the initial addition of 2% HBP. Further addition of
HBP produced successively lesser reductions in melt visc-
osity in these systems (Fig. 4).
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Fig. 3. Rheological behavior of PS with the addition of HBP.



The rheological data at a constant shear rate are plotted in
Fig. 5 to underscore the difference in behavior exhibited by
the reactive and non-reactive blends. The continuous drop in
viscosity of the PS/HBP blend seems to be an additive
effect, which correlates with the amount of HBP present.
The viscosity of the SMA/HBP blend is stabilized at higher
HBP content after the initial drop. This may be the result of
competing mechanisms taking place in the reactive blends.
The HBP acts as a processing aide because of its molecular
structure and low molecular weight, decreasing the melt
viscosity. At the same time, crosslinking and/or molecular
weight buildup associated with the compatibilization reac-
tion is occurring in the blends. As more HBP is added, the
propensity for reaction should increase, counterbalancing
the lubrication effect of the HBP.

The rheological behavior observed for the SMA/HBP
blends is not consistent with most reactive blending
schemes whereby there is typically a significant increase
in the viscosity or torque as compatibilization reactions
take place [46]. A lowered viscosity is, however, consistent
with the melt viscosity behavior of hyperbranched mole-
cules and is attributed to the compact molecular structure
of the HBP [37]. In addition, the HBP–SMA copolymer
compatibilizers which result from the reaction have a

linear/hyperbranched hybrid architecture, which is also
compact relative to linear architectures of equivalent mole-
cular weight, and has a reduced tendency for chain entan-
glement promoting a lower viscosity [35].

3.2. Morphology

The morphology observed from the fracture surfaces of
the PS/HBP and the SMA/HBP blends are consistent with
expectations based on past research in the area of reactive
polymer blends [50]. The PS/10% HBP blend exhibits a
coarse microstructure with large second-phase particles
that is characteristic of an immiscible blend. The average
particle size in the PS/HBP blend is 7.70mm in diameter
(Fig. 6, Table 2). Large HBP particles remain phase sepa-
rated in a PS matrix at equilibrium due to the lack of
compatibility in the system. Coalescence of the HBP
phase may also be taking place as the blend cools after
processing. This type of morphology is not likely to improve
the mechanical properties of the PS homopolymer due to the
large particle size and lack of compatibilization at the poly-
mer/polymer interface [57–59].

The morphology of the reactive blends (Figs. 7 and 8)
show a smaller average particle size relative to the PS/HBP
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Fig. 4. Rheological behavior of SMA14 with the addition of HBP.

Fig. 5. Change in viscosity at constant shear rate of 66 s21 (chosen to approximate blending conditions, see Section 2).



blend. This observed decrease in particle size in the SMA
blends may be attributed to a reduction of the interfacial
tension and to a restriction of particle coalescence during
processing which results from the formation of a copolymer
compatibilizers [60–62]. The average particle size in both
the SMA9/10% HBP and the SMA14/10% HBP blends is
approximately 1mm (Figs. 7 and 8, Table 2). No significant
refinement in morphology was observed with increase in
MA content from 9 to 14%, indicating that 9% or less is
sufficient for compatibilization in this system.

Though there is clearly a difference between the second-
phase particle size between the PS blends and the SMA
blends, the observed differences cannot be attributed solely
to the effects of compatibilization, given the differences in
viscoelastic properties of the styrenic matrix materials. In
order to gauge the importance of these effects, second-phase
particle sizes may be estimated based solely on properties of
the PS, SMA9 and SMA14 matrices, for comparison with
the particle sizes observed in the blends.

According to Taylor [63], the size of the second-phase
particles in an immiscible, two-phase system can be esti-
mated from the following equation:

d � �gAB =Ghm�=�16l 1 16=19l 1 16� �1�
whered is the particle diameter,gAB the interfacial tension
between the components,G the shear rate andl the ratio

between the dispersed phase viscosity and the matrix phase
viscosity,hd=hm: This theory was originally developed for
Newtonian droplets dispersed in a Newtonian fluid under
steady shear flow and therefore, cannot be strictly applied
to polymer melts. However, it is considered to be an accep-
table starting point for most modern work on droplet disper-
sion and coalescence, suitable for initial predictions [64,65].
For these calculations, HBP viscosity was estimated from
information supplied by the manufacturer [66], viscosities
measured at 2008C and 66 s21 were used for SMA resins
(see Sections 2 and 3.1), and interfacial tension was
assumed to be constant. Particle size predictions are
presented in the form ofdblend=dPS blend, due to lack of a
suitable estimate for the interfacial tension.
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Fig. 6. PS/10% HBP blend fracture surface.

Table 2
10% HBP blends; second-phase particle size distribution

SMA1 SMA2 PS

Average diameter�m× 1026� 1.1 1.0 7.7
Standard deviation�m× 1026� 0.7 0.4 5.3
Population 50.0 74.0 70.0
95% confidence interval 0.2 0.1 1.3

Fig. 7. SMA9/10% HBP blend fracture surface.

Fig. 8. SMA14/10% HBP blend fracture surface.



Based on the predictions from Eq. (1), a difference in
particle size should be expected for PS, SMA9 and
SMA14 matrix blends as a result of differences in matrix
melt viscosity (Table 3). The minor phase particles in the
SMA9 and SMA14 blends are predicted to be 85 and 45%,
respectively, of the size of the minor phase particles in the
PS blend. These calculations correctly predict that the
particle size in the reactive systems should be smaller than
in the unreactive blends. However, the magnitude of the
dispersed phase size reduction observed is much larger
than predicted from these simple dispersion arguments,
and the particle size analysis showed no significant differ-
ence between particle sizes in the SMA9 and SMA14
blends. Therefore, the observed morphology refinements
in the SMA/HBP blends cannot be attributed solely to
viscoelastic effects, and successful reactive compatibiliza-
tion is most likely making a significant contribution to the
observed morphology refinement. This type of morphology
refinement is indicative of the formation of copolymers
through the reaction of SMA and HBP, which has been
confirmed independently via spectroscopy and thermal
analysis.

3.3. Thermal transitions

It is well established that shifts in the glass transition
temperature (Tg) of component polymers can be used to
evaluate miscibility and immiscibility in polymer blends
[67,68]. DSC was performed on all of the individual poly-
mers and the 10% HBP polymer blends to determine pure

componentTgs and any subsequent shifts after blending as a
result of compatibilization. All of the blends under study
exhibited two distinctTgs, each of which is associated with
an individual blend component (Figs. 9 and 10, Table 4).
The presence of the two distinctTgs coupled with the micro-
scopy investigation confirms blend immiscibility.

The thermal analysis results for the PS/HBP blend
showed behavior typical of an immiscible, uncompatibi-
lized blend in which no significant deviations from the
pure component values were observed for eitherTg exhib-
ited by the blend. Thermal analysis results from reactive
blends confirm some degree of compatibilization. TheTg

associated with the SMA component did not shift signifi-
cantly from that of the pure matrix value in any SMA/HBP
blend. However, theTg associated with the HBP component
in the HBP/SMA blends exhibited a positive shift towards
the Tg of the SMA component. A positive shift of the
second-phaseTg is an indication of reaction and the incor-
poration of SMA in the HBP phase. In both 10% reactive
blends, the results indicated that the second-phase is an
intimate mixture of HBP and SMA while the matrix phase
remains essentially pure SMA.

The size of theTg,HBP shift observed increased with an
increase in the MA concentration in the SMA matrix (Table
4). The SMA9/HBP blend exhibited a moderateTg shift of
about 5.28C. The more reactive SMA14 blend exhibited a
larger Tg shift of 9.68C. As mentioned previously, this
increase in theTg of the HBP phase is indicative of the
incorporation of SMA molecules into this phase. Both the
quantity and theTg of the pure SMA copolymer being incor-
porated dictate the size of the shift inTg. If the dispersed
phase is considered to be an intimate mixture of SMA and
HBP, i.e. a miscible blend, a simple analysis may be
performed to estimate its composition.

In a miscible blend, a singleTg is typically observed in
between theTgs of the individual components [69]. The
position of the blendTg (Tg,b) is related to the mass fraction
(mi) andTg,i of the individual components,i � 1;2; by the
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Table 3
Taylor predictions of relative size of second-phase particles

G (s21) hm (P) hd (P) l d=gAB dblend=dPS

PS 66 9200 600 0.650 1:63× 1026 1.00
SMA9 66 10700 600 0.560 1:4 × 1026 0.86
SMA14 66 30390 600 0.029 7:39× 1027 0.45

Fig. 9. DSC curves: PS blend (top), PS (middle) and HBP (bottom).



Fox equation [70]:

1=Tg;b � m1=Tg;1 1 m2=Tg;2 �2�
Coupling equation (2) with the mass balance,m1 1 m2 � 1;
and the measuredTg values allows one to solve for the mass
fractions, mHBP, mSMA, of the individual polymers in the
dispersed phase. The calculations estimate the incorporation
of ,6% SMA9, by weight, in the minor phase of the SMA9/
10% HBP blend, and the incorporation of,11% SMA14,
by weight, into the dispersed phase of the SMA14/10% HBP
blend (Table 5).

This increase in the percentage of SMA incorporated into
the HBP phase as a function of MA content in the matrix
implies an increase in compatibility as a function of
increased matrix reactivity. As the compatibility between
the two phases increases, an improvement in mechanical
properties may result due to improved interfacial adhesion.
However, in cases in which mechanical toughening is
desired (a common reason for blending) the larger increase
in Tg associated with the more reactive system may be detri-
mental, particularly if not accompanied by the benefit of
additional morphology refinement as is the case in the
SMA/HBP system.

3.4. Confirmation of reaction

FTIR spectroscopy was used in order to confirm the reac-
tion in SMA/HBP blends. Scans of the pure materials were
taken before blending in order to obtain a baseline. FTIR
spectra were taken for the SMA/10% HBP blends, and the
peaks characteristic of the MA ring were scrutinized. The

results suggested reaction but the data fell within the error of
the spectrometer and were thus inconclusive. This is a
consequence of the fact that while many reactions may
take place during compatibilization, the total fraction of
all MA rings in the system that react is very small. In fact,
even if all MA species on the SMA chains that had been
incorporated into the minor phase of the SMA14/10% HBP
blend (see above) had reacted, only,1% of the total
number of MA rings present in that blend would have
been affected. Unfortunately, no other signature absorptions
occur in the system that are suitable for quantitative analysis
of reaction in the melt processed blends (Fig. 2).

For completeness, to confirm that the SMA and HBP
materials react under the thermal conditions employed
during blending, model solution blends were prepared and
heat treated under simulated processing temperatures. These
model blends contained 50% HBP, or a 9:1 ratio of hydroxyl
to MA functional groups to greatly increase the likelihood
of the ring opening reactions occurring for all MA species
present and therefore, increase the likelihood of detection.

The MA ring present in the SMA resins absorbs strongly
at 1781 cm21 (Fig. 11). This spectral region has been high-
lighted for the SMA14/HBP solution blend along with its
pure components in Fig. 12. Clearly, the relative strength of
the MA absorption (1781 cm21) to the SMA reference
absorption (1493 cm21) is significantly less in the blend
than in the pure SMA. The 1493 cm21/1781 cm21 absorp-
tion ratio increased from 0.46 in the pure SMA14 to 1.31 in
the SMA/HBP blend (after normalization and subtraction
of the HBP contribution to the blend spectra). The decrease
in the strength of the MA absorption (1781 cm21) and
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Fig. 10. DSC curves: SMA9 blend (top), SMA9 (middle) and HBP (bottom).

Table 4
Glass transition temperatures of pure components and two-phase blends

Material HBPTg (8C) PSTg (8C) SMA9 Tg (8C) SMA14Tg (8C)

Pure component 32.0 109.0 124.0 135.0
PS blend 31.1 112.2 × ×
SMA9 blend 37.2 × 122.5 ×
SMA14 blend 41.6 × × 136.3



increase in the ratio confirms that ring opening reactions are
taking place under the simulated blending conditions, as
expected. It is this reaction that is responsible for the in
situ formation of SMA/HBP copolymer compatibilizers
during processing that results in refinement of the morphol-
ogy in reactive blends, and which may be exploited in the
design of blends with improved performance relative to the
analogous unreactive blends.

4. Conclusion

Hyperbranched polymer molecules have a unique, highly
branched 3D structure and high density of functional
endgroups. These factors make these new polymers attrac-
tive for use in blends, where their characteristics have the
potential to be exploited to enhance blend processability as
well as to facilitate in situ compatibilization in immiscible
systems.

In this study, it has been demonstrated that hyper-
branched polymers may be used successfully to produce
self compatibilized thermoplastic blends with enhanced
processing characteristics. Mixing of HBPs into high mole-
cular weight polymers was challenging due to mismatched
viscosity, but was accomplished successfully through
implementation of aggressive mixing processes. Prelimin-
ary indications of enhanced processability came in the form
of torque reduction during processing. A more comprehen-
sive assessment of processability was undertaken via post-
processing rheological studies. These experiments showed
that a significant decrease in the melt viscosity of high
molecular weight PS and SMA occurred on blending with

as little as 2% of HBP. However, the dependence of
viscosity on HBP content was observed to be different for
reactive and unreactive blends. In the unreactive system,
viscosity dropped in proportion to the amount of HBP
added, indicating that the HBP was acting as a lubricant.
In the reactive blend, melt viscosity decreased with the
addition of up to 5% HBP, after which the blend viscosity
remained essentially constant. This stabilization of the
blend viscosity is believed to be the result of competition
between the lubrication effect of the HBP and molecular
weight buildup during processing due to interchain reac-
tions in the functionalized systems. Further evidence for
interchain reaction was provided on assessment of compa-
tibilization in the system, including morphology studies,
thermal analysis and spectroscopy.

Morphology studies using scanning electron microscopy
showed that a two-phase morphology was characteristic of
all blends, with more or less spherical droplets of the minor
phase dispersed in a continuous matrix phase. While both
reactive and unreactive systems were found to be immiscible,
there was a large difference between the second-phase
particle size between the two systems. The unreactive
blends exhibit a coarse morphology with an average
second-phase particle size of 7.7mm in diameter. The reac-
tive blends have a more refined morphology, with the
second-phase particles averaging,1.0mm in diameter,
indicative of the self compatibilization occurring in these
systems during processing. No significant reduction in the
second-phase particle size resulted on increasing the reac-
tivity of the SMA matrix from ,9% MA by weight to
,14% MA by weight. However, thermal analysis revealed
a stronger shift in the dispersed phaseTg in the SMA14
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Table 5
Mass fraction of SMA incorporated into the minor phase of reactive blends

Matrix Tg HBP (K) Tg SMA (K) Tg HBP phase (K) Mass fraction SMA Mass fraction HBP

SMA9 305.00 396.00 310.50 0.06 0.94
SMA14 305.00 408.00 314.00 0.11 0.89

Fig. 11. FTIR spectra of styrene maleic anhydride 14.



blend than in the SMA9 blend. Interpretation of this data
revealed that the amount of SMA incorporated into the
minor phase of compatibilized SMA/HBP blends increased
significantly with matrix reactivity. The combined results of
the morphology studies and thermal analysis indicate the
occurrence of interchain reaction between hydroxyl func-
tional groups on the HBP and the MA functionalities of the
SMA to form copolymer compatibilizers. The occurrence of
this ring opening reaction in the SMA/HBP system was
confirmed by FTIR as well.

The combined results from processing, rheology,
morphology and thermal analysis investigations of novel
hyperbranched polymer blends indicate that these dendritic
molecules may be incorporated successfully into thermo-
plastic blends. They offer the potential for design of blends
with greater processability than conventional reactive
systems, and a morphology that may be controlled via
dendritic polymer end group reactions for optimization of
blend performance.
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