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ABSTRACT: The rheology of high molecular weight, six-arm-star polyisobutylenes (PIB) was measured
and compared to the behavior of linear PIB. The polymers had equivalent plateau moduli and conformed
well in the terminal zone to the time-temperature superposition principle. Moreover, the temperature
coefficients of the terminal relaxation times were identical for the star and linear polymers. Since the
trans and gauche conformations in PIB have virtually the same energy, this absence of enhanced
temperature sensitivity in star PIB, as well as the thermorheological simplicity, is consistent with an
interpretation of the rheology of branched polymers based on an arm retraction mechanism.

Introduction
The complex rheology of entangled polymers contin-

ues to be widely studied, several review articles having
appeared in the past several years.1-5 One aspect
evoking particular interest is the effect of long chain
branching.6-8 Well-entangled arms suppress longitudi-
nal motions,9 resulting in slower relaxation and higher
viscosities. Reptation of a branched polymer cannot
transpire without some additional mechanism to allow
diffusion along the chain contour. The general consensus
is that stress relaxation and diffusion entail arm retrac-
tion, which causes an exponential increase with branch
length of both the zero-shear viscosity and the diffusion
constant.10-18

This arm retraction is believed19 to be the cause of
two other phenomena associated with branched poly-
mers: more temperature-dependent rheological proper-
ties and thermorheological complexity in the terminal
zone.20-27 The transient, compact structure would alter
the distribution of rotational states, in turn giving rise
to a thermal barrier to terminal relaxation, which is
absent for linear polymers. If the gauche rotamers,
which predominate in a more compact configuration, are
higher in energy than the trans conformers, the model
of Graessley19,20 predicts the existence of an energy
barrier, EA, whose magnitude is proportional to the
molecular weight, Ma, of the branch

where Me is the entanglement molecular weight. The
proportionality constant, Λ, would be chemical structure
dependent, reflecting the gauche/trans energy differ-
ence.19,20

Thus, this interpretation of the rheology of branched
polymers leads to the prediction that their excess
activation energy will correlate with the relative energy
of the bond conformations. The latter can be assessed
from the temperature coefficient of the chain dimen-
sions, κ ≡ d ln〈r2〉/dT, where 〈r2〉 is the second moment
of the chain end-to-end distance. κ can be evaluated from
the temperature dependence of the intrinsic viscosity

or, when the polymer is cross-linked, the temperature
dependence of the elastic stress.28

Experimental data corroborating eq 1 are problematic.
Results for hydrogenated polyisoprene, polyethylene,20,21

and 1,2-polybutadiene are qualitatively consistent with
the predicted correlation between an excess temperature
dependence for branched chains with their conforma-
tional energies.19,20 On the other hand, the gauche
conformers of 1,4-polyisoprene are lower in energy than
the trans;28,29 nevertheless, the presence of long branches
gives rise to larger temperature coefficients than linear
polyisoprene.25-27 Branched 1,4-polybutadiene exhibits
a similar anomalysstronger temperature dependence20

even though the retracted configuration should be the
lower energy state.29 For polystyrene and hydrogenated
1,2-polybutadiene, the only available data were obtained
on polymers too low in molecular weight to be a sensitive
test of the arm retraction hypothesis.

Polyisobutylene presents an interesting case. Ther-
moelastic measurements indicate a negligible magni-
tude for κ (<10-4 29,30), about an order of magnitude
smaller than the temperature coefficient for other
polymers in which the effect of branching has been
investigated.27 This means that the gauche and trans
conformational energies are essentially equal (Λ ≈ 0),
and thus eq 1 predicts branching will have no effect on
the temperature coefficient of the rheological properties.
With the recent development of synthetic methods for
producing star-branched PIB of high molecular
weight,31,32 this prediction can be experimentally tested.

Experimental Section
The polyisobutylenes included two star-branched and a

linear PIB (Table 1). The star polymers were synthesized using
a multifunctional initiator, hexaepoxysqualene (HES), in
conjunction with TiCl4.32 The branched structure was analyzed

EA ) Λ
Ma

Me
(1)

Table 1. Polyisobutylene Samples

structure Mw
a Mw/Mn Ma/Me

b

L176 linear 176 000 1.6
S217 6-arm star 217 000 1.19 4
S490 6-arm star 490 000 1.18 9
a SEC/MALLS. b Me ) 9400 g/mol.
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by diphenylethylene end-capping experiments using proton
NMR. A kinetic analysis of the HES-initiated polymerizations
indicated that rates of monomer consumption were 5-6 times
faster with HES than with the monofunctional 2-chloro-2,4,4-
trimethylpentane/TiCl4 initiating system,33 used to synthesize
the linear PIB. Linearity of the monomer consumption plots,
together with the linearity of the molecular weight-conversion
plots, demonstrated an absence of detectable termination and
chain transfer. Molecular weights were determined by SEC
with MALLS detection.

Dynamical mechanical measurements (Bohlin VOR) were
made using a parallel plate geometry (sample radii and gaps
were ca. 6 and 1.3 mm, respectively). The dynamic shear
modulus was measured isothermally over the frequency range
10-4 e ω e 101 rad/s, at strains from 0.1 to 10%. The spectra
were obtained from the midpoint of the softening zone down
to frequencies approaching the Newtonian regime. For the
highest molecular weight sample (S490), this entailed a 150
deg range of temperatures. Zero-shear rate viscosities were
measured by torsional creep (Haake Rheostress RS 150)
carried out over 3 days time in order to attain steady state.
Even so, a small Ninomiya correction 34 was applied to the
data.

Results

Although PIB exhibits thermorheological complexity
in its softening zone,35 measurements restricted to the
terminal and plateau regions have been found to
superposition well, at least for linear PIB.36-38 Displayed
in Figures 1 and 2 are the master curves of the storage,
G′(ω), and the loss, G′′(ω), moduli for the PIB at a
reference temperature, Tref ) 80 °C. (For clarity, only
two temperatures are shown, representing the extremes
of the measured range.) The curves were constructed
by superimposing the phase angle, tan-1 G′′(ω)/G′(ω),
to obtain the time-temperature shift factors, aT. Verti-
cal shift factors, bT, were then determined empirically
from superposition of the modulus data.

According to the Rouse model, the magnitude of the
modulus variation with temperature depends only on
the number density of chains and their entropic contri-
bution to the force; this leads to a simple relation for
the modulus shift factors39

where F is the mass density. This expression is known
to poorly reproduce experimentally determined values
of bT. From a scaling analysis of the entanglement
interaction in polymers, Graessley and Edwards derived
an alternative prediction, valid in the terminal and
plateau zones.40

From eq 3, the modulus shift factors for PIB were
calculated using the reported temperature dependence
of its mass density36

and its characterizitic ratio28,41

(which has the same temperature dependence as 〈r2〉).
As seen in Figure 3, eq 3 provides a good approximation
to the experimental bT and certainly is an improvement
over the Rouse prediction.

Although the thermorheological simplicity apparent
in Figures 1 and 2 is the norm for linear polymers, a
breakdown of time-temperature superpositioning is
often encountered for branched chains in the terminal
zone.19,20,25,42 To better illustrate the degree of ther-
morheological simplicity found herein, the loss modulus
measured at all temperatures for the higher molecular

Figure 1. Storage modulus of the linear PIB (O, -10 °C; b,
90 °C) and for the low (], -18 °C; [, 90 °C) and the high (0,
4 °C; 9, 150 °C) molecular weight PIB stars. The horizontal
line denotes the value of the plateau modulus obtained from
eq 6. Note that the limiting behavior G′(ω) ∝ ω2 is not attained
at the lowest frequencies due to polydispersity.

Figure 2. Loss modulus of linear and star-branched PIB
(symbols are defined in Figure 1).

bT )
(FT)ref

FT
(2)

bT )
(F2〈r2〉T)ref

F2〈r2〉T
(3)

F-1 ) 1.077 + 6.8 × 10-4T (K) (4)

C∞ ) 7.112 exp[-2 × 10-4T (K)] (5)
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weight star PIB is displayed in Figure 4 on a linear
ordinate scale. Encompassing more than 5 decades of
actually measured frequencies, the near-perfect super-
positioning demonstrates the absence herein of a com-
mon and noteworthy effect of long-chain branching on
the rheology.

The storage moduli in Figure 1 for the three PIB
converge at higher frequencies, consistent with the
expectation that the entanglement structure should be
unaffected by branching. From the Kronig-Kramers

relation39,43

the plateau modulus, GN
0 , was obtained by integration

of the peak in the loss modulus (Figure 4). The result
for the three polymers, GN

0 ) 290 kPa (indicated by the
dotted line in Figure 1), is intermediate between two
published values for linear PIB, 25044 and 32036 kPa.
From the entanglement molecular weight of PIB calcu-
lated from the plateau modulus, Me ()FRT/GN

0 ) ) 9400
g/mol, we estimate the degree of entanglement of the
PIB arms listed in Table 1.

Determination of the plateau modulus from eq 6 is
unaffected by the molecular weight distribution, even
though the latter alters the shape of the terminal
dispersion. However, the different polydispersities of the
PIB herein preclude interpretation of their relaxation
functions in terms of the dynamics. Generally, the
terminal zone for a star-branched polymer is broader
than for the linear homologue.45 The opposite result seen
in Figure 5 presumably is due to the greater polydis-
persity of the L176 (Table 1). In addition, on the high-
frequency side of the terminal peak, there is overlapping
with the glass transition zone. This interference dimin-
ishes for the higher molecular weight stars, although
complete separation of the terminal zone from the
higher frequency motions requires molecular weights
ca. a 100-fold higher than Me,45 which is more than the
Mw herein (viz. Table 1).

Molecular weight polydispersity also influences the
terminal viscosities, as has been shown for PIB specif-
ically.46 The values measured in shear for the three
polymers are listed in Table 2 and displayed as a
function of weight-average molecular weight in Figure
6. Also included in the figure are the data for linear PIB
as reported by Fetters et al.36

Figure 3. Modulus shift factors for PIB (O, L176; ], S217;
0, S490), along with the vertical shifting predicted by eq 2
(- - -) and eq 3 (s), respectively.

Figure 4. Semilogarithmic plot of the terminal peak in the
loss modulus measured at various temperatures, with Tref )
80 °C. Integration, using the indicated extrapolation on the
high-frequency side to separate the partially overlapping
transition zone, yields a value for the plateau modulus.

Figure 5. Terminal dispersions of the linear and star PIB,
normalized to superimpose the peaks. The peak breadths
primarily reflect polydispersity of the molecular weights.
Encroachment of the transition zone is seen at higher frequen-
cies.

GN
0 ) 2

π∫-∞

a
G′′(ω) d ln ω (6)

1974 Santangelo et al. Macromolecules, Vol. 32, No. 6, 1999



and by Fox and Flory47

at 25 °C in units of Pa‚s. In eq 8, Mv refers to the
molecular weight deduced from the intrinsic viscosity
of fractionated (i.e., monodisperse) samples. The differ-
ence between these two equations is due in part to
differences in the respective molecular weight determi-
nations.36 Our value for L176, although intermediate
between the two curves in Figure 6, is consistent with
the viscosity obtained by Plazek et al. for a lower
molecular weight PIB.37

The terminal viscosity can be used to assess the
temperature dependence of PIB; however, the results
are sensitive to errors in torque, sample geometry, etc.,
which may themselves change with temperature. This
potential problem is avoided by relying on the terminal
relaxation time, which has the same temperature
dependence as η0. A terminal relaxation time, τmax, can
be defined as the reciprocal of the frequency of the loss
modulus maximum, (dG′′(1/τmax)/dω ) 0). For a mono-
disperse polymer, τmax ≈ η0/GN

0 .45 In Figure 7 these τmax
are plotted, along with fits to the Vogel-Fulcher equa-
tion39

which is equivalent to the WLF equation. The VF
parameters are listed in Table 2. Also included in Figure
7 are the time-temperature shift factors reported by
Plazek et al.37 for a linear PIB.

An alternative characteristic time for the terminal
relaxation is the crossover time, τ×, which is the inverse
of the frequency at which G′(ω) ) G′′(ω). Values for τ×
are included in Figure 7. It can be seen that τ× and τmax
have the same temperature dependence, reflecting the
thermorheological simplicity of the PIB. More significant
is the fact that all curves in Figure 7 are parallel. Along
with the near equivalence of their respective VF pa-
rameters (Table 2), this indicates that temperature
changes have the same effect on the rheology of linear
and star-branched PIB.

This observation can be made more explicit by replot-
ting τmax for the stars after normalizing by the relax-
ation time of L176 measured at the same temperature.20

The resulting curves (Figure 8) have essentially zero
slope, demonstrating that branching does not change
the temperature dependence of PIB.

Discussion
The fact that the temperature dependence of the star-

branched polymers is the same as that of linear PIB is
only significant if the branches are well-entangled. We
expect this to be the case at least for S490, which has
roughly nine entanglements per arm (Table 1) and a
well-developed plateau in the storage modulus (Figure
1). The viscosity of polymers having sufficiently long
branches will have a stronger dependence on molecular
weight than the power law found for linear chains (eqs
2 and 3). An exponential relationship has been pro-
posed15-17

Table 2. Rheological Properties

η0
a (MPa‚s) τ0

b (s) Bb T∞ (K)b

L176 8.9 1.96 × 10-8 3667 98.8
S217 6.8 5.26 × 10-8 3858 92.7
S490 132. 2.02 × 10-7 3753 94.7
a At 25 °C. b Equation 9.

Figure 6. Zero shear viscosity for linear (circle) and star-
branched (diamond) PIB, along with literature results for
linear PIB (dashed line, ref 36; solid line, ref 47; asterisk, ref
37). For the data represented by the solid line, the abscissa is
actually Mv, rather than the weight-average molecular weight.

Figure 7. Reciprocal of the frequency of the loss modulus
maximum (solid symbols) and of the crossover frequency
(hollow symbols). The lines represent fits to the Vogel-Fulcher
equation. The asterisks are shift factors from Plazek et al.,37

vertically scaled to superpose on the data for L176.

η0 ∝ (Ma

Me
)b

exp(νMa

Me
) (10)

η0 ) 4.69 × 10-12Mw
3.43 (7)

η0 ) 2.82 × 10-11Mv
3.40 (8)

τmax ) τ0 exp( B
T - T0

) (9)
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(where ν and b are close to unity), which serves to
emphasize the overriding importance of branch length.
Since only two branched samples were available, we
cannot assess herein the molecular weight dependence
of the PIB stars. Nevertheless, it is tempting to point
out that the slope of the star data in Figure 6 is larger
than the value of 3.4 for linear PIB.36,47

According to the Graessley interpretation,19,20 when
the branches are highly entangled, the temperature
coefficient of rheological properties will be enhanced (eq
1) to an extent dependent on Λ, that is, dependent on
the difference between the trans and gauche conforma-
tional energies. Thus, thermoelasticity results29,30 in-
dicating that Λ ≈ 0 for PIB lead to the prediction that
the excess activation energy for branched PIB will be
zero. This prediction is in accord with Figure 8.

The coupling model of relaxation48,49 offers an alter-
native approach to the effect long branches have on the
rheology. According to this model,50,51 entangled arms
will enhance intermolecular cooperativity and thus
always result in more temperature-sensitive rheological
properties. This prediction, which is independent of the
trans/gauche conformational energies,52 appears to be
at odds with our PIB data. On the other hand, the
Graessley interpretation, while successfully describing
the present results, fares less well in the case of
branched 1,4-polybutadiene20 and 1,4-polyisoprene.25-27

Evidently, further experiments, with other branched
polymers and higher molecular weight samples, are
needed to clarify this situation.
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