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ABSTRACT: The stress relaxation dynamics of entangled polyisoprene comb polymers were investigated,
specifically under nonlinear step deformations, in order to identify the damping mechanism characteristic of
comb topology. The damping behavior of two different comb polymers with branches of two and four entanglement
lengths clearly exhibited less strain softening (type B) above the universal Doi-Edwards damping function at all
strains. However, the corresponding damping functions gradually approached the universal Doi-Edwards damping
function with increasing observation time. The observed type B behavior was clearly different from that of
H-shaped/multibranch and dendritic star polymers exhibiting a novel damping transition from type B toward the
universal Doi-Edwards damping function (i.e., the branch-point withdrawal motion). These results support the
proposal that the damping mechanism for combs is due to the gradual stretching and retracting motions caused
by branches at the multiple branch points along the comb backbone.

1. Introduction

Molecular theories based on tube confinement have signifi-
cantly improved the general understanding of the relaxation
dynamics of monodisperse entangled linear and branched
polymers.1–8 Moreover, recent advances in anionic synthesis
techniques have provided macromolecules with well-defined
branches to investigate the effect of specific architectures on
the rheological properties.9–14 For example, the linear viscoelas-
tic properties of model branched polymers with star,2 H-shaped,3

multibranch (pom-pom),4,5 and comb6–8 architectures can be
well predicted, certainly beyond just a qualitative match, using
hierarchical tube model theories. On the other hand, fundamental
studies of nonlinear properties, especially for model branched
architectures,1,3,5,15–20 are quite rare. Such studies can provide
direct insights into the relationships between molecular archi-
tectures and nonlinear flow properties. While it is well-known
that nonlinear properties of commercial branched polymers like
low-density polyethylene (LDPE) are different from those of
linear polymers, the basic mechanisms responsible for such
differences have not been well understood mainly due to
insufficient structural information.

A decade ago, McLeish15 proposed a theoretical picture of
nonlinear behavior under step deformations for H-shaped
topology as the branch-point withdrawal motion caused by the
stretched chain segments between two branch points. The
relaxation modulus G(γ,t) after the imposition of step strains is
usually expressed in terms of a damping function, h(γ) ) G(γ,t)/
G(t), with the equilibrium modulus G(t) as G(γ,t) at γ , 1.1,16

In most cases, the experimental values of h(γ) for monodisperse
linear polymers with weak or moderate entanglement densities
are in good agreement with the universal damping function of
the Doi-Edwards tube model theory hDE. On the other hand,
branched polymers such as LDPE exhibit a weaker strain
dependence (type B) and show values of the damping functions
above the universal damping hDE.16 Such a difference in damping
behavior is believed to be due to a retraction process, where
the stretched chain segments may not immediately retract to
the contour length allowed by the thermal motions of the chain
free ends.3,15–17,19 In the case of H-shaped topology, the inner

backbone, trapped between two branch points, becomes stretched
according to applied strains. Once the degree of the inner
backbone stretching reaches a critical limit, the tension to
maintain its contour length becomes large enough to pull the
branch point into the confining tube. Then, the branches drawn
into the confining tube can no longer hinder the retracting
motions of the stretched backbone. This pulling motion, named
the branch-point withdrawal, is experimentally observable as a
damping transition from type B damping to the universal
damping hDE. Recently, Archer et al.5,16 experimentally con-
firmed the predicted branch-point withdrawal motion using
multibranch polybutadiene polymers. More recently, Lee et al.20

measured the damping behavior of polyisoprene and polybuta-
diene second-generation dendritic star polymers and observed
similar damping transitions in that topology. All of the above
experimental results combined with the theoretical picture
suggest that a sudden retraction at large strains is a nonlinear
characteristic of branched architectures containing symmetric
Y-shaped structural units (e.g., the half of H-shaped/multibranch
polymers or the two outer arms with one inner arm in second-
generation dendritic star polymers). Therefore, nonlinear mea-
surements on polymers with well-defined branched architectures
provide clues to extract the nonlinear characteristics belonging
to specific architectures.

From this viewpoint, the damping behavior of comb polymers,
especially those with entangled branches, is of interest for
investigating the effect of comb topology on the nonlinear
relaxation dynamics. An obvious structural feature of comb
polymers is their multiple branch points along the linearlike
backbone, which are not present in H-shaped/multibranch or
dendritic star polymers. The effect of H-shaped topology
(equivalent to a comb architecture with only two branches) is
well understood, so the incremental effect of having more than
two branch points can be characterized via the step strain
measurement. If the effect of the comb ends, which look like
the Y-shaped structural units, becomes dominant, the damping
function should exhibit a sudden retraction at large strains, just
like H-shaped/multibranch polymers. On the other hand, type
B damping may persist at all strains if the large number of
branches at the multiple branch points continue to hinder the
retracting motions. Of course, not only the number of branch
points but also the size of branches can complicate the nonlinear
relaxation dynamics. Recently, Vega and Milner21 reported the
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damping behavior of hydrogenated model polybutadiene comb
polymer solutions with linear polyethylene and polyethylene
wax. Counterintuitively, more diluted hydrogenated comb
solutions exhibit stronger type B damping away from hDE. This
trend might be a consequence of dominant diluents repressing
the branching effect from the comb architecture and so making
relaxation time scales faster than the measurement time scale.

In this article, we focus on the damping behavior of entangled
polyisoprene comb polymers in order to identify the damping
mechanism of polymers with a comb topology. These comb
polymers contain more than three branch points to differentiate
them from H-shaped molecules. Also, the size of branches was
chosen to be more than two entanglement lengths, enough to
exhibit the branching effect. Thus, the linear viscoelasticity was
anticipated to exhibit two minima in tan(δ) and/or G′′ (ω) as a
result of the faster relaxing branches in comb topology. Because
the branches are randomly placed along the backbone, these
comb polymers had distributions in both branch number and
arrangement (the spacing between two adjacent branch points)
along the backbone. Although the branches were not precisely
spaced along the backbone, the measured linear viscoelasticity
did exhibit the relaxation hierarchy of two due to the faster
branch relaxation. However, the damping behavior was expected
to provide clues to the given comb architecture. That is, if
branches were densely placed along one section of the backbone,
either at the backbone end or at the middle of the backbone,
the damping behavior of such a comb would be expected to be
similar to that of star polymers, since the backbone segments
trapped between adjacent two branch points become negligible.
On the other hand, if polymers with two branches, as opposed
to those with more than three branches, dominate the branch
number distribution, the corresponding damping behavior should
display branch-point withdrawal motion. Thus, the damping
behavior should reflect the features of comb topology more
sensitively than the linear viscoelasticity.

2. Experiment

2.1. Materials. Well-defined polyisoprene (PI) comb polymers
were synthesized by the macromonomer strategy using the 4-(chlo-
rodimethylsilyl)styrene (CDMSS) linkmer (linking agent/monomer)
and high-vacuum techniques. Details of the synthesis are provided
in recent papers9–11 and can be summarized in the following steps:
(a) anionic polymerization of isoprene to afford living polyisoprene,
the branches of the desired combs, (b) selective titration of the
chlorosilane group of CDMSS with living polyisoprene to produce
the styrenic macromonomer of polyisoprene, and (c) anionic
copolymerization of the polyisoprene macromonomer with isoprene,
in the presence of a randomizer, to give the final random combs.

Molecular weights of the branches and final products were
characterized by size exclusion chromatography with multiangle
light scattering (SEC-MALLS). An Agilent Model 1100 solvent
pump, autosampler, and degasser form the solvent delivery system
for the SEC instrument. The column set consists of three Polymer
Laboratories PLgel 10 µm Mixed-B LS columns (300 × 7.5 mm),
housed in a column compartment at ambient temperature. Data were
acquired with a DAWN multiangle light scattering detector, a
ViscoSTAR viscometer, and an OptiLab rEX differential refractive
index detector (all detectors from Wyatt Technology Corp.) The
detectors were maintained at ambient temperature or, if equipped
with temperature control, 25 °C. The instrument was operated at a
flow rate of 1.0 mL/min tetrahydrofuran (THF) (EMD Chemicals),
inhibited, and prefiltered to 0.2 µm with a typical sample injection

volume of 100 µL. All samples were dissolved in THF and
prefiltered (0.22 µm) before injection. Molecular weights were
determined using Wyatt Technology ASTRA 5 software.

The final products were also analyzed with 1H NMR in order to
determine how many silylstyrene linking groups were incorporated
per comb. Since each styrenic linker represents a polyisoprene (PI)
branch, this should also give a count of the number of branches.
We found no evidence of unincorporated styrenic macromonomer.
The proton spectra were acquired with a 5 mm autotune probe on
a JEOL ECX-400 spectrometer. The samples were prepared in
1,1,2,2-tetrachloroethane-d2, without Cr(acac)3 relaxation agent. The
spectra were acquired with a 9.1 s total repetition time. Free
induction decays of 2000 coadded transients were acquired at a
temperature of 30 °C.

We determined the silylstyrene content in two ways. In method
I, we integrated the aromatic and the silylmethyl regions and divided
the integrals by four and six, respectively, to correct for the proton
count in each. In method II, we used only the silylmethyl integral,
since the probe exhibits a slight aromatic background signal. The
isoprene content was determined by adding the olefinic and aliphatic
integrals and dividing by eight to account for the eight protons per
isoprene. The ratio of isoprene count to silane count gives the
number of isoprene units per linker group. This can be converted
to the weight of isoprene per linker by multiplying by the formula
weight of isoprene (68.12 g/mol). In order to cast this value as
branches per chain, we need to divide the measured Mn of the comb
by the “Mn per linking group” calculated above. This result gives
the number of branches per comb, which is tabulated in Table 1.
On the basis of the results of only two samples, we are unable to
determine the relative accuracy of the two methods. Since the results
of the two methods were not far apart, we have used an average of
them in the model calculations described below.

2.2. Rheological Measurements. Stress relaxation dynamics
were quantified using small-amplitude oscillatory shear measure-
ments. A Rheometrics Scientific Inc. (RSI) ARES-LS rheometer
with 10 mm diameter parallel-plate fixtures was used for all
experiments in linear regime. Dynamic storage and loss moduli,
G′(ω) and G′′ (ω), of combs were measured at temperatures ranging
from -40 to 28 °C. Orchestrator software was used to generate
master curves at a reference temperature Tref ) 28 °C by a two-
dimensional residual minimization method (e.g., allowing horizontal
and vertical shifting with residual minimization algorithms). The
WLF fit for the shift aT, log(aT) ) [-C1(T - Tref)]/[C2 + T - Tref],
yields C1 ) 5.3 ( 0.4 and C2 ) 146 ( 8 °C. These values are
similar to C1 ) 5.1 ( 0.5 and C2 ) 143 ( 7 for second-generation
polyisoprene dendritic star polymers20 or C1 ) 5.0 and C2 ) 140
for polyisoprene asymmetric star polymers22 but larger than those
of C1 ) 4.1 and C2 ) 122 for linear polyisoprene23 or C1 ) 4.5 (
0.3 and C2 ) 136 ( 6 for linear polyisoprene.24

The nonlinear relaxation modulus G(γ,t) was measured after the
imposition of step strains using an Anton Paar Physica modular
compact rheometer (MCR501) with 10 mm diameter cone-and-
plate (angle ) 2°) fixture at 28 °C. In order to ensure complete
relaxation between sequential step shear experiments, each mea-
surement was made over a period more than 100 times longer than
the evaluated terminal relaxation time τη′′ ) 1/ωη′′ . This time is
the reciprocal of the frequency ωη′′ at which η′′ (ω) ≡ G′(ω)/ω
manifests a local maximum. For example, one measurement after
imposition of a step deformation took 6010 s for PI Comb14, for
which τη′′ was 39.8 s. The damping function h(γ) ) G(γ,t)/G(t)
was quantified using the relaxation modulus G(γ,t) at γ ) 0.1 as
the equilibrium modulus G(t). Also, all the applied strains reached
the target magnitudes at t < 0.1 s. The step strain rise time is faster

Table 1. Molecular Characteristics of Polyisoprene Comb Polymers

q by 1H NMR

polymer Mw,branch [kg/mol] Mw,total [kg/mol] Mw/Mn (comb) ωcrossover [rad/s] ωη′′ max
[rad/s] method I method II qmodel

PI Comb14 17.9 241.2 1.04 4.679 × 10-2 2.512 × 10-2 5.5 5.1 5
PI Comb15 9.2 127.0 1.01 2.565 1.334 4.4 3.7 4
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than any relaxation time except the branch relaxation time of
Comb15.

3. Results and Discussion

3.1. Linear Rheology. The dynamic storage and loss moduli,
G′(ω) and G′′ (ω), of two PI combs are shown in Figure 1. The
first minimum and a hint of the second minimum appear in
G′′ (ω), indicating the expected relaxation hierarchy of comb
topology. Also, two tan(δ) minima of PI Comb14 and a hint of
the second tan(δ) minimum of PI Comb15 clearly indicate the
branching effect due to the entangled branches. The value of
the rubbery plateau modulus GN was evaluated as 0.45 ( 0.02
MPa by averaging G′(ω) where the first tan(δ) minimum
appeared. The resulting entanglement molecular weight Me )
(4/5)FRT/GN of polyisoprene (F ) 0.9 g/cm3) was 4006 g/mol.
The entanglement densities of each branch of PI Comb15 and
PI Comb14 were around 2 and 4, respectively. The depth
between the rubbery plateau region and the first G′′ (ω) minimum
at high frequency reflected the relative branch size in these
combs. It was apparent that branches with just two entangle-
ments length sufficiently trigger the first level of the relaxation
hierarchy.

In order to examine the main structural feature of comb
topology, the multiple branch points along the backbone, the
measured linear viscoelastic properties were compared with the
predictions of the already existing hierarchy theories with
the comb end effect.6–8 This effect is due to the fact that the
ends of the comb backbone are as free to move as the branches
attached at the middle of backbone, so these comb ends and
branches will both start to relax simultaneously. After the branch
relaxation, the unrelaxed parts of the comb ends become a part
of the backbone. Under the assumption of evenly distributed
branch points, the molecular weight of one comb end Mend can
be evaluated as Mend ) Mbb/(q + 1), with the apparent backbone
molecular weight Mbb ) Mtotal - qMbranch and the number of
branches q. If Mend > Mbranch, the unrelaxed parts of the comb
end Mend(1 - s*) become a part of the effective backbone as
Mbb,eff ) (q - 1)Mbb/(q + 1) + 2Mend(1 - s*). Here, the
fractional distance s* at the completion of the branch relaxation
is determined by τbranch(1) ) τend(s*).

Two hierarchy theories, model I by Inkson et al.7 and model
II by Kapnistos et al.8 without any polydispersity correction,
were chosen to examine the effect on relaxation dynamics of
the comb ends, which were quantified by the number of branch
points. Both approaches follow the same physical picture
describing the relaxation dynamics as the terminal backbone

reptative motions after the backbone fluctuations following the
branch relaxation. However, different values of the dilution
exponent R and the numerical factors were used. The math-
ematical equations of model I in ref 7 were derived based on
the assumption that the backbone fluctuations are governed by
the drag friction from the entire backbone with a2 ) (4/5)Neb2

and R ) 4/3, while those of model II in ref 8 came from the
drag friction of the half-backbone with a2 ) Neb2 and R ) 1.
Here a is the original tube diameter, b is the (Kuhn) monomer
length, and Ne is the number of monomers in an entanglement
strand. The motion of a branch point was represented with the
branch-point diffusivity Dbp ) p2aeff

2/[2τbranch(1)], where aeff )
aφbb,eff

-R/2 is the effective diluted tube diameter and p2 ) 1/12
is the unknown hopping barrier. The early fluctuation time of
the comb backbone, by analogy to a free Rouse chain, was
expressed as τbb,early (s) ) (sLbb,eff/2)2/(2Dbb,eff) with the effective
contour length of the backbone Lbb,eff ) Nbb,eff b2φbb,eff

R/2/a and
the effective backbone diffusivity Dbb,eff ) Dbp/q in model I and
Dbb,eff ) Dbp/(q/2) in model II. In order to match the crossover
between G′(ω) and G′′ (ω) at the high-frequency region and the
rubbery plateau region, the values of the plateau modulus GN

and the entanglement relaxation time τe are fixed as GNf ) 0.6
MPa and τef ) 7.4 µs, used in the earlier studies, with Me )
4006 g/mol and q ) qmodel.

Figure 2a,b shows the predictions of models I and II for PI
Comb14 along with the measured data. The molecular weight
of the comb end (Mend ) 25.3 kg/mol) was larger than that of
the branch (Mbranch ) 17.9 kg/mol), so the effective backbone
with the unrelaxed parts of the comb ends governs the terminal
dynamics. Even though the values of numerical factors and R
are different, both models I and II with p2 ) 1/12 quantitatively
reproduced the measured data at high frequencies, where
behavior is governed by the branch relaxation. However, the
predicted G′(ω) and G′′ (ω) at the low frequencies overestimated
the backbone relaxation, deviating from the experiments. Both
of the values of R (4/3 and 1) yielded slower terminal dynamics
for the comb backbone, as opposed to the well-predicted G′(ω)
and G′′ (ω) of the branches. For the branch relaxation, the effect
of faster dilution (R ) 4/3) with a smaller tube unit (a2 ) (4/
5)Neb2) seemed to be compensated with the effect of slower
dilution (R ) 1) with a larger tube unit (a2 ) Neb2). Thus, the
observed discrepancies at low frequencies could be attributed
to the dynamics of backbone fluctuations.

One possible source of the deviations is that the motion of
the branch points along the backbone was initially limited to a
local fluctuating motion, as discussed a recent study.25 That is,
the spacing between two adjacent branch points was just above
the length of one branch, so the fluctuating motions of the two
friction blobs (the two branch points with one branch) likely
conflicted with each other, only permitting local fluctuations in
the beginning, rather than allowing coordinated motions in the
direction set by the entire backbone. In the previous studies,25,26

the unknown hopping barrier p2 was proposed as the reciprocal
of the entanglement density of the unrelaxed inner parts at the
next level of hierarchy instead of the arbitrarily chosen but
universal p2 ) 1/12 for all different branched architectures. The
proposed p2 represents the frictional resistance which each
branch point moving along the backbone would experience.
Thus, the local early fluctuations and the coordinated fluctuations
of the comb backbone could be expressed in terms of p2 ) 1
and p2 ) Ne/Nbb,eff, respectively. The predictions with this
consideration showed reasonable agreement with the experi-
ments in Figure 2a,b.

In the case of PI Comb15, the molecular weight of the comb
end was Mend ) 18.1 kg/mol, which was larger than that of
branch Mbranch ) 9.2 kg/mol, implying that both comb ends and
branches will relax simultaneously in the beginning. The

Figure 1. Experimental storage and loss moduli as well as tan(δ) of
PI Comb14 and PI Comb15 at Tref ) 28 °C.
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predictions of the same model framework were compared with
the experiments (Figure 2c,d). Again, the predicted G′(ω) and
G′′ (ω) with the local early fluctuations reproduced the measured
data better than those with randomly chosen p2 ) 1/12.

These simple comparisons indirectly demonstrate the presence
of multiple branch points through the effects of both the comb
ends and the spacing between the adjacent two branch points
on the linear viscoelasticity. This can be seen even though Mend

and Mspacing were estimated as average values under the
assumption of evenly distributed branch points along the comb
backbone. It is likely that implicit structural factors like the comb
ends and the spacing between the nearest two branch points
would affect the relaxation dynamics of comb architectures in
more complicated ways. Further theoretical studies considering
the detailed distributions of branch number, the effect of
unevenly arranged branches, and the resulting structural het-
erogeneity are still needed to complete the hierarchical theories
for comb polymers, but this is not the focus of the current study.

3.2. Nonlinear Relaxation Modulus after Step Strains. The
nonlinear relaxation moduli, G(t,γ), of PI Comb14 measured
after the imposition of step stains are provided in Figure 3a. At
low strains, the relaxation moduli overlap at all times as a
characteristic behavior of the linear deformation regime, while
G(t,γ) began to decrease with increasing the magnitude of strain,
implying that the polymer was in the nonlinear deformation
regime. Also, the relaxation moduli at long times became nearly

parallel each other regardless of applied strains. This implies
that time-strain factorability holds, meaning that G(t,γ) )
G(t)h(γ) for polymers with a comb topology via shifting G(t,γ)
vertically by an amount of h(γ). Indeed, the overlap of
G(t,γ)h(γ)-1 irrespective of the applied strain was evident at
times greater than ∼30 s, as shown in Figure 3b. The
characteristic separability time was intermediate between the
evaluated terminal relaxation times, τcross ) 1/ωcrossover ) 21.4 s
and τη′′ ) 1/ωη′′ ) 39.8 s. While weak deviations were observed
at very long times, at least 10 times of τη′′ , these deviations are
likely a result of instrumental issues with the torque signal,
which becomes unreliable as it approaches its lower limit. Figure
3c provides the corresponding damping function h(γ,t) of PI
Comb14 at various discrete times. Here hDE and hDE-IA are the
predictions of the Doi-Edwards damping theory without and
with the independent alignment assumption, respectively. The
damping behavior of PI Comb14 clearly exhibited less strain
softening (type B) than hDE and hDE-IA at all strains. The deviation
from the universal Doi-Edwards damping qualitatively reflects
the degree of the backbone stretching. However, h(γ,t) at all
strains approached the Doi-Edwards predictions as time
gradually increased.

It is obvious that the damping behavior of PI Comb14 was
different from that of H-shaped/multibranch3,5,18 or second-
generation dendritic star20 polymers exhibiting the branch-point
withdrawal motion. The withdrawal motion appears as a novel

Figure 2. (a) Comparison of experimental and theoretical viscoelastic properties of PI Comb14. Lines are the predictions of model I with different
values of p2 parameter. (b) Comparison of experimental and theoretical viscoelastic properties of PI Comb14. Lines are the predictions of model
II with different values of p2 parameter. (c) Comparison of experimental and theoretical viscoelastic properties of PI Comb15. Lines are the predictions
of model I with different values of p2 parameter. (d) Comparison of experimental and theoretical viscoelastic properties of PI Comb15. Lines are
the predictions of model II with different values of p2 parameter.
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transition in damping behavior, especially at short times, from
type B to hDE beyond a certain strain. Such a damping transition

is a result of the immediate retraction of stretched inner parts
of Y-shaped structural units in H-shaped/multibranch and
second-generation dendritic star architectures. Similar to H-
shaped topology, comb architecture also has comparable Y-
shaped units. That is, one end of the comb backbone and one
branch placed near the comb backbone end, together with the
comb backbone, form a Y-shaped substructure. Under the
assumption of evenly distributed branch points, the comb
backbone end (Mend ) 25.3 kg/mol), like the branch (Mbranch )
17.9 kg/mol), is expected to exert an outward thermal tension,
which comes from the arbitrary motion of the chain free end
just outside of its confining tube, against the inward tension
generated by the stretched backbone. Intuitively, one might
expect a damping transition in h(γ,t) of PI Comb14 due to the
presence of these Y-shaped structural units. However, the
measured damping behavior of PI Comb14 did not exhibit any
hint of such a damping transition at any time. Rather, the
deviation from the universal Doi-Edwards damping gradually
decreased as time increased, which implies that the degree of
the backbone stretching gradually decreased. Therefore, the
observed gradual retraction according to time is a nonlinear
characteristic of comb topology under the step deformations.

Also, it should be noted that the damping functions of
Comb14 at long times only approached the Doi-Edwards
predictions, but not reached hDE and/or hDE-IA, which was usually
observed in commercial polyolefins with long-chain
branches.16,27 This behavior is quite different from the long-
time damping behavior of H-shaped/multibranch or second-
generation dendritic star polymers as well as linear polymers.
If the branch-point withdrawal motion indeed occurs in H-
shaped/multibranch or second-generation dendritic star poly-
mers, the damping mechanism for such branched polymers
becomes similar to that for linear polymers. That is, the effect
of branches, which were already drawn into the confining,
disappears as if there are no branches like linear polymers. On
the other hand, if the branching effect from multiple branch
points or generations still survives under large strains, the
damping behavior might not follow the same damping picture.
Since measured damping functions of well-defined but highly
branched architectures are quite rare, it would be premature to
specify any physical picture for the observed long-time behavior.

For the case of the comb polymer with branches of two
entanglement lengths, the corresponding G(t,γ), G(t,γ)h(γ)-1,
and h(γ) are summarized in Figure 4. The relaxation moduli of
PI Comb15 showed the general characteristics of the linear and
nonlinear deformation regimes as overlapped G(t,γ) at low
strains and decreasing G(t,γ) with increasing the magnitude of
applied strains, respectively (see Figure 4a). Shifting G(t,γ)
along the y-axis yielded almost overlapping G(t,γ)h(γ)-1 at long
times beyond a time of ∼0.6 s, which was comparable with the
evaluated relaxation times (τcross ) 1/ωcrossover ) 0.39 s and τη′′
) 1/ωη′′ ) 0.75 s). Considering these relaxation times, the
inexact overlapping at very long time again likely reflects
mechanical limits, rather than material properties. The corre-
sponding h(γ,t) at discrete times shown in Figure 4c exhibited
much weaker type B behavior than those of PI Comb14,
probably due to the shorter length of the branches, but still
appeared above hDE and hDE-IA. Although the deviation from
the universal Doi-Edwards damping is not so large as the
deviation observed in PI Comb14, h(γ,t) of PI Comb15 at all
strains fell toward hDE and hDE-IA with increasing the observation
time. This is consistent with the damping behavior of PI
Comb14, supporting the physical picture of a gradual retraction
according to time due to multiple branch points.

In order to illustrate the rheological characteristics of specific
structural units, the linear viscoelasticity and damping behavior
of PI Comb14 were compared with those of second-generation

Figure 3. (a) Nonlinear shear relaxation moduli G(t,γ) of PI Comb14
after the imposition of step strains γ. (b) Shifted nonlinear shear
relaxation moduli G(t,γ)h(γ)-1 of PI Comb14. (c) Step shear damping
function h(γ,t) of PI Comb14 at various times after the imposition of
step strains γ. Lines are the predictions of the Doi-Edwards damping
theory without and with the independent alignment assumption, hDE

and hDE-IA, respectively.

1396 Lee et al. Macromolecules, Vol. 42, No. 4, 2009



dendritic star polyisoprene20 2GDSPI G(18,29). The center of
this molecule is a symmetric three-branch star with the first-

generation branches (Mw,G-1 ) 29.7 kg/mol), the free ends of
which are linked to two second-generation branches (Mw,G-2 )
18.5 kg/mol). The linear rheology data in Figure 5a clearly
present two minima in tan(δ) as a signature of the expected
relaxation hierarchy of two due to the faster relaxing outer
branches, Mw,branch in PI Comb14 and Mw,G-2 in 2GSPI G(18,29).
The nearly exact overlap of G′(ω) and G′′ (ω) at high frequency
for these two structurally different polymers was likely due to
the fact that the outer branches of each were of similar molecular
weight and so affected the relaxation dynamics similarly.
However, the different magnitudes of G′(ω) and G′′ (ω) at low
frequency reflected the differences in the nature of the slower
relaxing inner parts in each topology. Interestingly, the evaluated
relaxation times, τcross ) 1/ωcrossover, are almost same as around
20 s, even though the detailed architectures were quite different.
More interestingly, the second tan(δ) minimum in the both
polymers appeared near ω ) 2 rad/s. This implies the dilution
of the entanglement network by the outer branches was
completed at almost the same time. However, the degree of tube
dilution in PI Comb14 seems larger than that in 2GDSPI
G(18,29) when the magnitudes of the second plateau modulus

Figure 4. (a) Nonlinear shear relaxation moduli G(t,γ) of PI Comb15
after the imposition of step strains γ. (b) Shifted nonlinear shear
relaxation moduli G(t,γ)h(γ)-1 of PI Comb15. (c) Step shear damping
function h(γ,t) of PI Comb15 at various times after the imposition of
step strains γ. Lines are the predictions of the Doi-Edwards damping
theory without and with the independent alignment assumption, hDE

and hDE-IA, respectively.

Figure 5. (a) Experimental storage and loss moduli as well as tan(δ)
of the second-generation dendritic polyisoprene star polymer, 2GDSPI
G(18,29), and the polyisoprene comb polymer, PI Comb14, at Tref )
28 °C. (b) Step shear damping function h(γ,t) of 2GDSPI G(18,29)
and PI Comb14 at short times after the imposition of step strains γ.
Lines are the predictions of the Doi-Edwards damping theory without
and with the independent alignment assumption, hDE and hDE-IA,
respectively.
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are considered. If these linear rheology data were given alone
without any structural information, it would be very difficult to
determine even whether these polymers had the same type of
architecture or not. For example, the observed differences in
linear rheology can be caused by variations in the total number
of branches or the length of backbone in comb topology, rather
differences in topology, like those between H-shaped/multi-
branch and comb polymers.

However, the corresponding damping behavior in Figure 5b
clearly shows the effect of different architectures, especially at
short times. The damping function of 2GDSPI G(18,29)
exhibited a change in the damping behavior from type B toward
the universal Doi-Edwards damping beyond a certain strain,
while h(γ,t) of PI Comb14 kept displaying less strain softening
at all strains. Figure 5b with above linear rheology data provides
several insights into the effect of architectures on the damping
mechanism. One is that the observed damping transition does
indeed come from pulling the branch point as well as two
branches (Mw,G-2) into the confining tube, rather than embracing
these two branches within the widened confining tube created
by the already relaxed outer branches (i.e., tube dilution). As
mentioned earlier, the length of the outer branches for 2GDSPI
G(18,29) was nearly equal to that of those for PI Comb14, so
their ability to hinder the retraction process was expected to be
similar for both architectures. Moreover, the degree of dilution
in PI Comb14 is more than that in 2GDSPI G(18,29), implying
a wider effective tube diameter in PI Comb14 (see Figure 5a).
In terms of the size of the tube, it is possible that the longitudinal
stretching of the confining tube would result in a reduced tube
diameter from its equilibrium value. Thus, there might be a
competition between the rates of the tube diameter recovery by
the retraction process and the tube dilution by the outer branch
relaxation. Nonetheless, the damping transition from type B to
the universal Doi-Edwards damping only occurs in h(γ,t) of
2GDSPI G(18,29). Therefore, we can conclude that the branch-
point withdrawal motion is a nonlinear characteristic of a specific
architecture, arising from the sudden retraction of the Y-shaped
structural units.

Another conclusion is that the presence of multiple branches
seems to affect not only the retracting but also the stretching
motions of the inner parts. The magnitudes of the type B
behavior of PI Comb14 at the early stages of the nonlinear
deformation regime were lower than those of 2GDSPI G(18,29).
This implies either that the degree of the backbone stretch in
the comb topology was relatively less than that in dendritic
topology or that the backbone stretch relaxation of PI Comb14
is faster than that of 2GDSPI G(18,29). One can imagine that
the lower magnitude of type B behavior of PI Comb14 was a
result of a faster stretch relaxation (or faster retraction process).
In the earlier studies of H-shaped/multibranch polymers, which
consist of symmetric Y-shaped units like 2GDSPI G(18,29),
the stretch relaxation time3,19 was expressed in terms of to the
length of inner backbone Mbb/Me, the number of branches q,
and the outer branch relaxation time τbranch(1), τstretch ∼ (Mbb/
Me)τbranch(1)q. If the size of unrelaxed inner parts and the number
of outer branches in comb topology are considered, the faster
stretch relaxation would be more plausible in 2GDSPI G(18,29).
A simplest estimate, with q as the number of branches but
without any numerical prefactor and the dilution effect, yields
τstretch ∼ 2.4 s for the symmetric Y-shaped unit of 2GDSPI
G(18,29), the two outer arms with one inner arm. The stretch
relaxation time for the corresponding symmetric unit of Comb14
(e.g., the half of Comb14) is τstretch ∼ 5.4 s, while that for the
entire Comb14 is τstretch ∼ 25.4 s. On the other hand, it is also
possible that the inner sections of 2GDSPI G(18,29) were
stretched more than those of PI Comb14 because there were
no branches present to hinder the stretching itself, unlike PI

Comb14. In this viewpoint, the observed magnitude differences
in type B behavior suggest that the multiple branches (or
multiple branch points) in the middle of the backbone induce
gradual stretching as well as retracting motions in comb
topology.

4. Conclusion

We have studied the stress relaxation dynamics of well-
defined, entangled polyisoprene comb polymers under small-
amplitude oscillatory shear and nonlinear step deformations.
These experimental data provide rheological characteristics that
are unique to the comb topology, arising from the multiple
branch points along the linearlike backbone. These character-
istics are especially evident under nonlinear deformations. The
observation of two tan(δ) minima, a signature of the relaxation
hierarchy of two, validated the presence of the entangled
branches in current comb polymers. Also, simple comparisons
between the measured linear viscoelasticity and the predictions
of the hierarchy theories indirectly demonstrated the existence
of the multiple branch points in terms of (1) the relaxation of
the comb ends and (2) the effect of the spacing between adjacent
two branch points described as the dominant local early
fluctuations in the backbone relaxation dynamics.

Stress relaxation behavior after the imposition of step shear
deformations provided insight into the nonlinear features of the
multiple branch points in comb topology. A damping function
defined as the ratio of nonlinear modulus to the equilibrium
modulus is a simple measure of the stretched state of chain
segments. The damping behavior of entangled comb polymers
clearly exhibited less strain softening (type B) than the universal
Doi-Edwards damping functions (hDE and hDE-IA) at all strains.
However, the corresponding damping functions gradually ap-
proach hDE and hDE-IA as the observation time increases. The
observed type B behavior, lasting at all strains but gradually
approaching the universal Doi-Edwards damping according to
time, was clearly different from the damping behavior of
H-shaped/multibranch and dendritic star polymers, showing a
novel damping transition from type B to hDE as the branch-
point withdrawal motion. The latter represents a sudden retrac-
tion at large strains due to the Y-shaped structural units, while
the former corresponds to a gradual retraction at all strains due
to the multiple branch points. Thus, the damping mechanism
in comb topology is gradual stretching and retracting motions
caused by the multiple branch points placed along the linearlike
comb backbone. Also, rheological features in the damping
behavior, the damping transition and the gradual retraction, could
be useful as a means to extract information on specific structural
variables, even when the details of branched architectures are
not available from direct characterization.
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