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The relationship between product structure and melt-state rheological properties is established for series
of branched PP derivatives prepared by the radical-mediated grafting of tri-functional coagents.
Peroxide-initiated, solvent-free additions of linear PP to triallyl trimesate (TAM), trimethylolpropane
triacrylate (TMPTA) and triallyl phosphate (TAP) at high temperature are shown to produce bimodal
molecular weight and branching distributions. Low-frequency dynamic shear viscosities as well as
extensional viscosities are shown to be highly responsive to a hyper-branched chain population, whose
abundance and molecular weight correlate with the kinetic chain length of the grafting process, and the
propensity of a coagent to oligomerize.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Long-chain branched polypropylene (LCB-PP) can provide the
melt strength and extensional properties that are lacking in linear
analogues [1–3]. As a result, methods of producing and character-
izing these materials have attracted considerable interest [4–6]. A
particularly attractive synthetic approach involves solvent-free
reactive processing, wherein peroxide-initiated chain scission and
coagent-assisted crosslinking transform the architecture of linear PP
into branched materials. Indeed, several researchers have success-
fully combined the positive properties of solid state chemical
modification with the production of a LCB-PP. Kim and Kim used the
peroxide activation of four different coagents to produce LCB-PP
samples whose melt rheological properties were characterized by
melt flow index measurements [7]. Wang et al. extended this work to
detailed analyses of the steady shear viscosity and molecular weight
distribution of LCB-PP samples derived from reactions of PP with
pentaerythritol triacrylate [8,9]. Analogous reaction products
derived from trimethylolpropane triacrylate (TMPTA, Scheme 1)
were prepared by Nam et al., who characterized melt-state rheo-
logical properties under oscillatory shear as well as extensional
deformations [10]. Continuing on this line of research, Borsig et al.
: þ1 613 533 6637.
nt).

All rights reserved.
prepared LCB-PP materials using divinylbenzene, hydroquinone,
and difurfuryl sulfide as coagents, and characterized these deriva-
tives by single-detector GPC and oscillatory shear rheometry [11].

All of the aforementioned reports provide clear evidence of the
generation of long-chain branching from linear PP parent materials,
and document the influence of this branching on melt-state rheo-
logical properties. Our recent work has revealed the chemistry of
triallyl trimesate (TAM, Scheme 1) grafting to PP, as well as the
architecture of PP-g-TAM products [12]. At the temperatures and
reagent loadings that are relevant to reactive extrusion, the graft
modification of PP with TAM generates bimodal molecular weight
and branching distributions. The extent to which the chain pop-
ulations diverge is a function of the degree of simultaneous poly-
mer fragmentation and crosslinking. Cleavage of linear chains
yields low-mass fragments that are statistically less susceptible to
coagent-induced crosslinking. On the other hand, fragmentation of
high mass, branched structures has little impact on their molecular
weight. As a result, extensive graft modification of PP with TAM
yields a dominant chain population that is both degraded and
slightly branched, and a minor, hyper-branched chain population
whose molecular weight can extend beyond the gel point.

While the relative simplicity of TAM grafting chemistry makes it
well suited to fundamental studies of graft structure, researchers
have preferred acrylate-based coagents such as trimethylolpropane
triacrylate (TMPTA, Scheme 1) [7,8]. This work sought to reveal the
molecular weight and branching distributions generated by TAM,
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TMPTA, and triallyl phosphate (TAP, Scheme 1), and to relate
product architecture to melt state rheological properties under
oscillatory shear and extensional deformations. A secondary goal
was to compare and contrast the kinetic reactivity and crosslinking
efficiency of each coagent to define the range of branched PP
architecture supported by this synthetic method.

2. Experimental

2.1. Materials

A metallocene-catalyzed ethylene–octene copolymer (PE,
octene content¼ 7.3 mol%, MFI¼ 1.6 g/10 min, DuPont-Dow Elas-
tomers) was used as-received. Samples destined for GPC studies
were conducted with an additive-free grade of isotactic poly-
propylene homopolymer (LMW-PP, Mn¼ 43 kg/mol, poly-
dispersity¼ 7.0, Dow Chemical). Samples destined for rheological
studies were conducted from an additive free grade of isotactic
polypropylene homopolymer (PP, Mn¼ 70.7 kg/mol, poly-
dispersity¼ 5.5, Dow Chemical) that was used in powdered form
without purification. Triallyl trimesate (TAM, Monomer Polymer
Inc), triallyl phosphate (TAP, 98%, TCI), trimethylolpropane tri-
acrylate (TMPTA, tech grade, Sigma–Aldrich) and 2,5-dimethyl-2,5-
di(t-butylperoxy)hex-3-yne (L-130, Atofina) were used as-received.

2.2. Modification of PE

PE (40 g) was mixed with L-130 (0.08 g) and the desired amount
of coagent at 100 �C using a Haake Polylab R600 internal batch
mixer. An aliquot of the resulting masterbatch (5 g) was reacted in
the cavity of an Alpha Technologies Advanced Polymer Analyzer at
200 �C using an oscillation arc of 3� and a frequency of 100 cpm.
On-line measurements of dynamic storage (G0) and loss (G00) moduli
provided the information needed to report the rate of G0 evolution
with time as well as changes to complex viscosity.

2.3. Modification of PP

Powdered PP (3 g) was coated with a hexanes solution (8 ml)
containing the desired quantity of L-130 and coagent. The hexanes
were evaporated and the resulting mixture was charged to the
preheated cavity of an Atlas Laboratory Mixing Molder at 200 �C for
6 min. The polymer product was pressed into thin sheets at 170 �C
and mixed with a masterbatch of calcium stearate (500 ppm),
Irganox 1010 (500 ppm) and Irgafos 168 (1000 ppm) by repeated
folding and pressing.

Residual monomer contents were measured from xylene
extracts using 1H NMR spectrum integration of C]C content
against an internal standard. Gel contents were determined by
extracting material (0.5 g) from 120 mesh sieve cloth with refluxing
xylenes (40 ml, stabilized with 1000 ppm butylated hydroxy-
toluene, BHT) for 6 h, with longer extraction times having no effect
on the results. The residue was dried under vacuum to constant
weight, with the yield of insoluble gel reported as the weight
percent of the crude sample mass.

2.4. Analysis

NMR spectra were recorded with a Bruker AM-600 spectrom-
eter in CDCl3. Extensional viscosity measurements for PP samples
were acquired at 180 �C using an SER Universal Testing Platform
from Xpansion Instruments, which records the tensile stress
growth coefficient as a function of time at different strain rates. The
evolution of storage modulus (G0) with time for polyethylene
samples were measured with an Alpha Technologies Advanced
Polymer Analyzer 2000 equipped with biconical dies at a frequency
of 6.3 rad/s and a fixed strain of 4%. Oscillatory elastic (G0) and loss
(G00) moduli of polypropylene samples were measured under
a nitrogen atmosphere using a Reologica ViscoTech controlled
stress rheometer equipped with 20 mm diameter parallel plates.
The instrument was operated at 180 �C with a gap of 1.5 mm over
frequencies 0.04–188 rad/s. Stress sweeps were performed to
ensure that all data were acquired within linear viscoelastic
conditions. Creep and creep-recovery experiments were performed
using the aforementioned instrument at 180 �C using a stress of
10 Pa, unless stated otherwise. Discrete relaxation spectra were
constructed by fitting G0(u) and G00(u) measurements to the
following equations [13]:

G0ðuÞ ¼
XN

i¼1

gi
ðuliÞ

2

1þ ðuliÞ
2

G00ðuÞ ¼
XN

i¼1

gi
uli

1þ ðuliÞ
2

where li is the relaxation time for element i, and gi is its modulus.
Values for gi and li were derived with a nonlinear optimization
program employing the algorithm developed by Baumgartel and
Winter [13]. This method estimates the least number of parameters
(Parsimonious spectra) needed to obtain an adequate fit of the
experimental data. The number of relaxation modes and the
distribution of the relaxation times depend on the optimization of
the simultaneous solution of the G0 and G00 equations listed above.

Relaxation spectrum index (RSI) values were calculated from the
ratio of the second and first moments of discrete time distribution
[14,15] according to:

RSI ¼ lII=lI

where the first and second moments of the relaxation time distri-
bution are, respectively:

lI ¼

P
i
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P
i

gi=li

lII ¼

P
i

gili

P
i
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High temperature triple detection GPC analysis of i-PP and its
derivatives was conducted in 1,2,4-trichlorobenzene (TCB) at
160 �C and 1 ml/min using a Polymer Labs PL 220 instrument
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Fig. 1. Coagent-assisted peroxide cures of PE (200 �C; frequency¼ 6.3 rad/s; 0.2 wt% L-
130 peroxide; 90 mmol/g coagent).
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equipped with a Precision Detectors (Model 2040) light scattering
instrument, for which the 15� angle detector was used for calcu-
lation purposes. The viscometer was a Viscotek model 210R
detector. The column bank consisted of four 7.8� 300 mm PL gel 20
micron Mixed A beds. The dn/dc value used for calculating molec-
ular weights from the light scattering data was 0.104 mL/g. The
detector responses were calibrated using an internally validated
polyethylene standard. The samples were dissolved in BHT-stabi-
lized TCB at 160 �C for approximately 2.5 h prior to analysis.

3. Results

Coagent-assisted PP modifications involve simultaneous chain
scission and crosslinking. As noted above, the architectures
generated by this process are quite complex, making it difficult to
draw unambiguous conclusions regarding the kinetic reactivity and
crosslinking efficiency of a given coagent. Therefore, our analysis of
TAM, TMPTA and TAP began with studies of PE crosslinking
dynamics and yields, before progressing to the more complex PP
homopolymer system.

3.1. Coagent-assisted crosslinking of PE

Radical-mediated modifications of ethylene-rich polyolefins do
not suffer from large-scale chain scission when conducted below
220 �C [16]. The dominant molecular weight altering reaction in the
absence of a coagent is radical–radical combination, whose extent
can be monitored up to and beyond the gel point by oscillatory
shear rheometry. Fig. 1 illustrates the evolution of complex
viscosity (h*) with time for a series of L-130 initiated, PE cross-
linking reactions. For the coagent-free formulation, h* progressed
from an initial value of 2.5 kPa s to a stable plateau of 8.0 kPa s after
7 min. Crosslinking dynamics paralleled those of initiator decom-
position, since peroxide homolysis is the rate-determining step that
supports radical–radical combination.

The inclusion of 3 wt% TAM (90 mmol/g) raised the h* plateau
substantially (Fig. 1), because repeated polymer addition to the
C]C functionality of a coagent introduces a chain character to the
crosslinking process. Whereas the number of crosslinks generated
by a coagent-free cure cannot exceed one-half of the number of
alkyl macroradicals initiated by the peroxide, TAM-graft additions
can crosslink the polymer without reducing radical populations.
This is true for all the coagents of interest, meaning that their
effectiveness is dictated by two main factors. The first is kinetic
chain length, which is defined as the number of coagent C]C bonds
consumed by polymer addition over an average radical lifetime. It
establishes the maximum number of crosslinks that can be
produced from a given coagentþ peroxide loading, and is expected
to be a function of reagent concentrations, temperature, and the
reactivity of a particular polymer–coagent pair with respect to C–H
bond addition. The second factor is the propensity of a coagent
toward homopolymerization, since this process consumes C]C
bonds without contributing to crosslink density. An ideal coagent
grafts to full C]C conversion, without engaging in oligomerization
or cyclization.

The data presented in Fig. 1 illustrate the remarkable reactivity
of TMPTA, as well as the pronounced improvements in crosslink
density that can be gained from its use. The maximum rate at which
the storage modulus increased (dG0/dt: kPa/min, Fig. 1) was
190 kPa/min for the TMPTA-assisted sample, compared to just
21 kPa/min for the coagent-free reaction. However, the rate of G0

growth produced by TMPTA converged with that of TAM after just
30 s. This likely corresponds to the point of complete consumption
of free TMPTA, after which network growth results mainly from
radical–radical combination, along with the consumption of
residual, polymer-bound acrylate functionality.
That TMPTA was consumed quickly is not surprising, given the
exceptional reactivity of acrylates with respect to radical addition. The
rate constant for ethyl acrylate homopolymerization is
kp¼ 800 M�1 s�1 at 50� [17], while the chain transfer constant to
cyclohexane is ktr/kp¼ 4.8� 10�5 in this temperature range [18]. This
suggests that TMPTA is prone oligomerization. Indeed, the addition of
mono-functional acrylates to polyolefins at high temperature has
been shown to bea relatively inefficient process, leading to substantial
amounts of homopolymer as well as long, oligomeric grafts [19].

Perspective on the crosslinking efficiency of TMPTA is provided
by the corresponding data for the TAP system. The h* versus time
profile illustrated in Fig. 1 shows that TAP is not as kinetically reac-
tive as the acrylate system, but it is capable of generating higher
crosslink densities when given a sufficient amount of initiator. The
potential of allylic systems to provide superior crosslinking yields
stems from a lesser tendency to homopolymerize [20]. With less
coagent consumed by oligomerization and, presumably, intra-
molecular cyclization, a fully converted allylic coagent will generate
more crosslinks than a corresponding acrylate-based compound.
Indeed, both TAM and TAP produced h* plateaus about 1.3 times that
of TMPTA when activated by 0.5 wt% of L-130 (not shown).
4. Structure of coagent-modified PP

The PE data described above has revealed patterns of kinetic
reactivity (TMPTA [ TAP> TAM) and crosslinking potential
(TAP y TAM> TMPTA) for polyolefin modifications that are not
dominated by macro-radical fragmentation. However, the
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development of long-chain branching within PP involves simulta-
neous chain scission and coagent-assisted crosslinking, with the
yield and selectivity of each reaction controlling the product
architecture. Table 1 presents the structural data needed to inter-
pret the melt-state rheology of coagent-modified PP.

The starting material for this GPC study was an unstabilized PP
homopolymer (hereafter referred to as LMW-PP) with an Mn of
43 kg/mol and a polydispersity of 7.0. Its linear architecture is
evident from the molecular weight distribution and intrinsic
viscosity plots illustrated in Fig. 2. Treatment of this resin with
0.05 wt% of L-130 at 200 �C dropped its Mn by 37%, and reduced its
polydispersity by half (Table 1). This is consistent with ‘‘controlled
PP degradation’’ principles, where the highest molecular weight
chains are statistically more likely to undergo radical-mediated
scission [21].

We found that the reactivity and yield patterns established for
the PE system applied equally well to coagent modifications of PP.
Coagent conversions ranged from quantitative for TMPTA, to
intermediate for TAP, and marginal for TAM (Table 1). Both TMTPA
and TAP provided crosslinking yields that were sufficient to bring
4–5 wt% of LMW-PP beyond the gel point, while TAM failed to
produce an isolable amount of hyper-branched gel under identical
reaction conditions.

The molecular weight distribution data summarized in Table 1
show that chain scission dominated for all three coagent systems,
since Mn values recorded for the majority chain populations were
lower than those of the parent material. The GPC data illustrated in
Fig. 2 for the TMPTA derivative is typical of a coagent-modified PP
product. The matrix is substantially lower in molecular weight than
the starting polymer, and it is accompanied by a minor, high
molecular weight, chain population. The branched architecture of
the latter material is evidenced by the intrinsic viscosity plot, which
shows substantial negative deviation from the linear parent poly-
mer at high molar mass. Note that this sample also contained 5 wt%
of insoluble gel that is not represented by GPC analysis.

Based on these results, we can state with confidence that
bimodality is an inherent characteristic not only of high tempera-
ture TAM-grafting reactions [12], but of TMPTA and TAP-based
modifications as well. It is likely that bimodality is inherent to all
polymerizable coagent-based processes, including the triacrylate
system analyzed by Wang [9], and the divinylbenzene process
studied by Borsig et al. [11]. Indeed, the solution viscometer
response of Wang’s GPC analyses shows some evidence of branch
concentration amongst high molecular weight chains. While Borsig
et al. [11] do not provide the Mark–Houwink plots that are needed
to identify bimodal branching distributions, their divinylbenzene-
based products contained gel and a soluble matrix whose molec-
ular weight was below that of the parent material. This is consistent
with a bimodal molecular weight distribution.
5. Rheology of coagent-modified PP

The stated objectives of this work were to further understand
the structure–rheology relationships of this class of materials, and
Table 1
Properties of LMW-PP and its derivatives.a

Coagent Coagent
Conversion (%)

Gel Content (wt%) Mn
b (kg/mol) Mn/Mw

b

Unmodified – 0 43 7.0
None – 0 27 3.6
TAM 36 0 24 5.4
TMPTA 100 5 26 7.7
TAP 73 4 30 5.2

a [L-130]¼ 0.05 wt%; [Coagent]¼ 90 mmol/g; T¼ 200 �C; 6 min.
b Soluble component of reaction product.
to define the scope of application for TAM, TMPTA and TAP. To this
end, we have prepared a series of PP derivatives from a high
molecular weight PP homopolymer (Mn¼ 70.7 kg/mol) using two
concentrations of peroxide (0.05, 0.20 wt%) and coagent (45,
90 mmol/g PP). The melt-state rheology of these samples was
evaluated under shear using creep and dynamic oscillatory
measurements, and under elongation by monitoring extensional
viscosity. These data provided the basis for estimating zero-shear
viscosities (h0), complex viscosities (h*), discrete relaxation spectra,
and the ratio of relaxation spectrum distribution moments, known
as the relaxation spectrum index (RSI) [14]. Each coagent is
described in turn, following a brief description of the base PP
material and its peroxide-degraded derivatives.

The linear structure of the parent material and its fragmented
derivatives is reflected in their melt-state rheological properties
(Fig. 3). Each material exhibited a Newtonian plateau, with the
onset of shear thinning shifted to higher frequency as the extent of
polymer fragmentation was increased, due in part to a reduction in
polydispersity [22]. This narrowing of the molecular weight
distribution was reflected in the relaxation time spectrum, whose
relaxation spectrum index declined from 8.8 to a low of 1.1 under
the most severe reaction conditions. No extensional strain hard-
ening was observed, as PP and its mildly degraded analogue abided
by Trouton’s Law throughout the measurement.

A series of TAM-grafted products were prepared and analyzed to
generate the data presented in Fig. 4. The reagent loadings used in
this study did not produce an isolable amount of gel, and none of
the product viscosities (h0 and h*) approached those of the starting
material. Branching effects were most evident when reagent
loadings were maximized (0.20 wt% L-130, 3.0 wt% TAM). This PP-
g-TAM sample did not exhibit a Newtonian plateau over the
frequency range studied, as the storage modulus failed to reach
a terminal condition where G0 scales with u2. Lower slopes for G0 in
this region have been documented by Nam et al. [10] and Borsig
et al. [11], who attributed this behaviour to the influence of long-
chain branching. Further insight is gained from a plot of tan d versus
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frequency, which reveals heightened elasticity at the low frequency
range where branch entanglement effects are most pronounced
[23,24]. As expected from a slightly branched PP derivative of low
molecular weight, extensional strain hardening was minimal.

TMPTA produced more significant changes to the shear and
extensional rheology of PP. Fig. 5 shows that, irrespective of the
reaction conditions used, TMPTA grafting generated isolable gel
fractions and pronounced extensional strain hardening character-
istics. Discrete relaxation spectra contained elements with
characteristic times exceeding 30 s, which were most pronounced
when just 0.05 wt% of L-130 was used in conjunction with 2.3 wt%
of TMPTA. Storage modulus (G0) values were less sensitive at low
frequencies when compared to the TAM system, and loss tangent
data provide clear evidence of heightened elasticity in this
frequency range. When compared to TAM, the data show TMPTA
to be uniquely capable of generating hyper-branched
material from very low initiator loadings. Since PP scission is also
dependent on macro-radical concentrations, TMPTA supports
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a fragmentation/crosslinking balance that is distinct amongst the
coagents studied in this work. This issue will be addressed further
after a brief examination of the TAP system.

That TAP is kinetically less reactive than TMPTA, but more effi-
cient in terms of crosslinking yield, is confirmed by the rheological
data presented in Fig. 6. At low L-130 loadings, branching effects
were only evident when a high TAP concentration was used to
produce the requisite crosslink density and gel population. When
activated by a high initiator loading, 3 wt% of TAP produced
a remarkable gel content, which proved to be highly influential on
low frequency shear properties and extensional strain hardening.
The long relaxation time of this component is revealed by the
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relaxation spectrum, whose RSI was shifted from 8.8 for the start-
ing material to 39.4 for the TAP derivative. So influential was this
gel fraction that a steady-state condition could not be established in
a creep experiment, which prevented us from observing a mean-
ingful zero-shear viscosity.

The range of rheological properties accessible from a coagent-
grafting approach is illustrated in Fig. 7. At low initiator and
coagent loadings, TMPTA generated a greater hyper-branched gel
population than did TAP, resulting in higher low-frequency
viscosity (Fig. 7a). However, very similar gel contents and rheo-
logical properties were observed when 0.05 wt% of L-130 was used
to activate 90 mmol/g of each coagent (Fig. 7b). This coincidence is
remarkable, given the differences in kinetic reactivity and cross-
linking potential of TMPTA and TAP. Under these particular reaction
conditions, both coagents gave architectures that were indistin-
guishable by dynamic rheological analysis.
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This coincidence was lost on moving to higher initiator loadings
(Fig. 7c). Using 0.20 wt% of peroxide, TAP generated 9 wt% of gel,
compared with just 3 wt% in the analogous PP-g-TMPTA material.
This difference resulted in elevated low-frequency viscosities for
the TAP system, while high-frequency properties diverged to
a lesser extent, since they are dominated by the low molecular
weight sample matrix.
6. Discussion

The synthetic approach explored in this work transforms the
architecture of PP through a balance of crosslinking and chain
scission. PP macro-radicals (P�) are needed to support coagent
addition, since grafting proceeds by an initial attack on the C]C
bond of a coagent, as follows.
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P + P
XX

In most cases the resulting adduct radical is not susceptible to
fragmentation, meaning that a coagent can serve in a molecular
weight stabilizing role [5]. However, hydrogen atom transfer from
PP to the intermediate adduct is needed to sustain the chain
character of coagent-assisted crosslinking.

P
X

+ PP
X

+P H

Only through this closed reaction sequence can multiple C]C
additions be achieved for each radical introduced by the initiator. As
a result, unless all chain character is sacrificed, a finite PP macro-
radical population is inevitable. This is important, since it is the
unimolecular fragmentation of tertiary PP macro-radicals that leads
to molecular weight loss. Since finite PP macro-radical concentra-
tions are the inevitable consequence of an efficient coagent-grafting
process, a degree of polymer scission is also inevitable.

The reactivity of a coagent with respect to the radical addition
and hydrogen transfer reactions illustrated above dictates the
kinetic chain length (KCL) of PP crosslinking. A high KCL coagent
will reach full C]C conversion, and hence generate its maximum
crosslink density, using relatively few macro-radicals. Initiator
loadings can be lowered in these cases, and the extent of PP frag-
mentation can be reduced without affecting crosslink yields. As
a result, a high KCL coagent can support a different crosslinking
versus scission balance than a less reactive analogue.

Equally important to overall crosslinking and fragmentation
yields is the distribution of crosslinks and scission products amongst
polymer chains. As described above, a coagent-based approach to PP
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Fig. 7. Comparison of PP-g-TAP and PP-g-TMPTA product rheology.
branching is inclined to produce bimodal products. Radical activity
is disproportionately intense amongst the largest chains of the
molecular weight distribution. At first glance, this would not appear
to be problematic, as both chain scission and coagent addition would
exhibit the same molecular weight bias. However, coagent grafting
produces functionalized chains that are far more reactive with
respect to molecular weight growth, and the resulting branched
architecture is much less susceptible to molecular weight loss by
chain scission. Conversely, scission of ungrafted, linear chains
produces low mass fragments that are less susceptible to molecular
weight growth by coagent-assisted crosslinking.

These arguments suggest that bimodality is an inherent feature
of coagent-based PP modifications. Products are comprised of
a degraded ‘‘matrix’’ material and hyper-branched material whose
molecular weight can be extended beyond the gel point. The amount
and molecular weight of each chain population is a function of
coagent reactivity, the amount of peroxide employed, and the
reaction temperature. Scheme 2 illustrates a simplified represen-
tation of the first two variables. In general, the molecular weight of
the majority chain population, denoted as ‘‘Matrix Mn’’ declines as
peroxide loadings are raised. On the other hand, crosslink densities
will increase as long as residual C]C functionality remains in the
system. Since a reactive coagent such as TMPTA requires relatively
low peroxide loadings, it can produce hyper-branched material
while incurring a minimal amount of matrix degradation. Its
primary deficiency centres on its propensity toward homopolyme-
rization, which reduces overall crosslinking efficiency. A more effi-
cient, but less reactive, coagent such as TAP requires higher peroxide
loadings to generate a given network density, and will therefore be
accompanied by lower matrix molecular weights.
[Peroxide]

Matrix Mn

Hyper-
Branched
Population

Low HighMod.

Moderate KCL
High efficiency

High KCL
Low efficiency

Scheme 2. Simplified illustration of PP-g-coagent structure development.
In closing, we note that the simultaneous grafting of coagents
and functional monomers such as maleic anhydride has
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attracted recent attention [25,26]. Under these circumstances,
initiator loadings should be governed by the least reactive C]C
bond. If high peroxide concentrations are needed to achieve the
desired functional monomer conversion, then the kinetic reac-
tivity of a coagent is of less concern than its crosslinking
efficiency.

7. Conclusions

The coagent-based approach to PP branching generates
bimodal products comprised of a degraded, lightly branched
matrix and a relatively small amount of hyper-branched material.
Melt elasticity and extensional properties are enhanced in the
cases where the molecular weight of hyper-branched polymer
exceeds the gel point. Therefore, careful consideration of the
kinetic reactivity and crosslinking efficiency of a given PP-coagent
pair can generate a wide range of branched architectures and
rheological properties.
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