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ABSTRACT: Relaxation dynamics of various model entangled six-arm (A3-A-A3) and eight-arm (A3-A-
A2-A-A3) polybutadiene melts are investigated using low-amplitude oscillatory shear and time-dependent
step strain measurements. The frequency (time) and temperature range covered in these experiments
are sufficiently broad to characterize the entire liquid-state relaxation spectrum of the materials. Several
new findings about multiarm polymer dynamics are reported. First, the mean segmental relaxation time
of multiarm polymers is a function of crossbar (A) molecular weight and polymer architecture. Second,
for polymers with fixed arm (A) molecular weight, but variable crossbar molecular weight, terminal
relaxation time (λ) and limiting shear viscosity (η0) scale quite strongly with crossbar molecular weight
Mb (λ ∼ Mb

∼6.8-7, η0 ∼ Mb
∼8). When the crossbar tube length is renormalized by dilution of relaxed arms

and the relaxation time and viscosity are rescaled to remove the inherent Mb dependence of segmental
scale properties, these scaling exponents become closer to values expected for crossbar reptation in a
dilated tube. Finally, relaxation dynamics of eight-arm A3-A-A2-A-A3 polybutadienes are found to be quite
different from those of six-arm A3-A-A3 polymers with comparable arm molecular weight. Specifically,
the slowest relaxation mode in well-entangled eight-arm polymers appears to be dominated by Rouse-
like fluctuation effects, which blur the transition from high-frequency arm to terminal backbone relaxation.

Introduction

Polymers with multiple long side chain branches have
melt and solid-state properties that are remarkably
different from their linear counterparts of comparable
molecular weight.1 Rheological investigations of model
LCB polymers including multiarm stars,2-4 comb poly-
mers,5,6 four-arm (A2-A-A2 or H-shaped),7-9 and six-arm
(A3-A-A3 (Figure 1))10 polymers indicate that the num-
ber of arms, their length, length of the crossbar, and
distribution of arms along the chain contour profoundly
impact viscoelastic properties such as zero shear viscos-
ity η0, terminal relaxation time λ0, and breadth of their
relaxation spectra.

Graessley,11 for example, measured the zero shear
viscosity (η0) of linear, four-arm, and six-arm star
polyisoprenes with similar overall molecular weight,
dissolved in tetradecane. At low solution concentrations
the viscosity of the linear polymer was found to be
higher than that of the branched ones. But as the
polymer concentration was increased, a greater en-
hancement in solution viscosity was observed for star
polymers than for the linear ones. Graessley’s low-
concentration results are quantitatively explained by
the difference in radius of gyration of linear and
branched polymers of comparable molecular weight
(η0 ) Kc1.5(cgMw)a). Specifically, the square of the ratio
of the radius of gyration of a regular star and linear
polymer, g, decreases with the number of branches, f,
as g ) (3f - 2)/f 2. The enhanced viscosity observed at
high star concentrations cannot be explained in terms
of structural differences alone. Instead, detailed knowl-
edge of the effect of arm length on molecular friction
and relaxation dynamics is required.

The relaxation spectrum for high molecular weight
star polymers was first calculated by Pearson and
Helfand.3 These authors contended that the loss of

orientation of entangled chain segments occurs via
“breathing modes” of the arms and that the total stress
after imposition of a step strain is proportional to the
length of tube still unvisited by chain end. The resulting
viscosity was found to depend exponentially on arm
molecular weight (Ma), η0 ∼ Ma

1/2 exp[υMa/Me], where
ν ) 15/8 (experimentally obtained value was 0.6).

Ball and McLeish12 considered the effect of relaxed
outer arm sections on arm relaxation dynamics of star
polymers. These authors argued that because the out-
ermost arm segments relax much more quickly than
segments closest to the branch point, they function as
an effective solvent for the unrelaxed inner arm sections
during the course of arm relaxation. The main effect is
that the entanglement spacing is renormalized by the
dilution process, Me(Sa) ) Me0/(1 - Sa/Ma). Here Sa is a
contour variable that keeps track of the position, rela-
tive to the branch point, of relaxed arm segments. If
the branch point is assumed to remain fixed during the

Figure 1. Molecular architecture of six-arm and eight-arm
polybutadienes.
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course of arm relaxation, an expression for η0 can be
obtained by integrating the relaxation modulus, η0 ∼
(νMa/Me0)-1 exp[νMa/3Me0]. Milner and Mcleish3,4 fur-
ther refined this picture to include a more realistic
dependence of the diluted entanglement molecular
weight on relaxed arm concentration and fast Rouse
relaxation modes of outer arm segments, which signifi-
cantly impact relaxation at early times. The improved
analysis yields predictions for G(t) and thereby G′ and
G′′ that are in better accord with experiment.3,4

In a study employing H-shaped A2-A-A2 polystyrene,
Roovers found that the zero shear viscosities (η0) of low
molecular weight materials are the same as those of
linear polymers of comparable molecular weight.8 At
high polymer molecular weights, however, the viscosity
of an H-shaped polymer is generally larger than that
of a linear one of the same molecular weight. Roovers’
viscosity results for low molecular weight polymers can
be readily explained in terms of the similarity of the
molecular friction coefficients úP of the two polymer
types: úP,L ) úP,H ∼ Núm, (η0 ∼ úP/b), where úm is a
segmental friction coefficient assumed to be independent
of polymer molecular weight, N is the number of
monomer units in the polymer chain, b is the statistical
segment length, and the subscripts L and H indicate
linear and H-shaped polymer, respectively. As was the
case for the star-shaped polymers, however, interpreta-
tion of the high molecular weight viscosity results
requires additional information about the effect of arm
(A) friction and dynamics on crossbar (A) relaxation.

As a first guess, one might suppose that when arms
are long enough to entangle, they will increase frictional
drag between neighboring H-polymer chains, which
enhances viscosity. The presence of an entangled linear
crossbar in H-shaped materials also explains the greater
enhancement of viscosity seen in direct comparisons
with star polymers with comparable molecular weight.8

Similar ideas may be used to describe linear rheology
of more complex topologies such as entangled multiarm,
comb, and pom-pom polymers of the type considered in
the present study. In these systems dynamics of the
arms can be treated in a similar way to those of star
arms because the branch point can be regarded as fixed
on time scales of arm relaxation. Yurasova et al.,6 for
example, studied stress relaxation dynamics in en-
tangled comb polymer melts by considering retraction
of the arms as diffusion of the chain end in a mean-
field effective potential. By taking into consideration
constraint release via tube dilation, these authors
predicted two qualitatively different types of long-time
behavior, depending on whether the comb backbones are
self-entangled or not. When backbones are mutually
unentangled, the Rouse model can be used for long time
stress relaxation in a high-friction medium with all the
friction effectively located at the branch points. The
Rouse relaxation time can be expressed as

For mutually entangled backbones, the final stress
relaxation will be via reptation in a wider tube with a
relaxation time,

The limiting or zero-shear viscosity in the entangled
case is related to τrep by η0 ≈ Geτrep, where Ge is the
entanglement modulus in the wider tube.

Likewise, in the case of the multiarm, pom-pom
polymers coupling between arm (branch) and backbone
dynamics lasts well beyond arm relaxation. Thus, when
arms segments are fully relaxed, the backbone can be
approximated as a linear chain trapped in a wider,
diluted tube and retarded by friction blobs attached at
the branch points.3 The terminal or escape time τ of a
polymer with κ equal-sized branches per chain is there-
fore τ ≈ Lb

2/(kT/úT) ) (Nb/Neb)2τm(NebNb + κτarm/τm),
where Neb ) Neb0/φb

R, úT is the tube friction coefficient,
and φb ) Sb/(κSa + Sb). Sa ) Na/Nea0 and Sb ) Nb/Neb0
are the entanglement density of the arm and backbone
sections, and R ) 4/3.13 The limiting shear viscosity
η0 ≈ GBτ can be computed from τ and the modulus
GB ) φb

R+1GN of the dilated network enmeshing the
polymer backbone. The key new results are: (i) provided
arms are long enough to entangle, both the terminal
viscosity and relaxation times are exponential functions
of arm molecular weight; and (ii) the plateau modulus
in the terminal regime is not strictly a property of the
entangled polymer network (cf. linear polymers) but is
instead a function of arm and crossbar length.

A different, though essentially phenomenological ap-
proach for evaluating linear relaxation dynamics in
branched polymers recognizes that the main new con-
tribution is coupling between crossbar and arm dynam-
ics. In this method, the broadening of the relaxation
spectrum resulting from such coupling may captured,
qualitatively, by the exponent (â) of the Kohlrausch-
Williams-Watts (KWW) stretched exponential func-
tion14 (eq 3). According to this function, time-dependent
properties such as the modulus G(t) can be represented
using an equation of the form

Although this expression for φ(t) was developed to
describe segmental dynamics in polymers, it can be used
in connection with Ngai’s coupling model15 to describe
dynamics in the terminal regime.14 â can be related to
the coupling parameter (n) (n ) 1 - â). For highly
entangled linear polymers, the glassy and terminal
relaxation processes are completely separated. This is
evidenced by two distinct peaks in the loss modulus (G′′)
obtained from linear oscillatory shear rheometry for a
linear polymer (Figure 3). The stretch exponents for the
terminal and glassy regions, âη and âR, respectively, can
therefore be obtained by fitting eq 1 for both the peaks.
The two different shift factors in the terminal (âη) and
glassy zone (âR) indicate that molecular processes are
coupled differently to their environment and therefore
shift differently with temperature, which causes devia-
tion from thermorheological simplicity.16 In the case of
multiarm polymers, another stretch exponent (âarm) can
be obtained from the G′′ peak corresponding to the arms
relaxation.

In the present study, we investigate relaxation dy-
namics and linear rheological behavior of well-defined,
entangled six-arm and eight-arm polymers. We focus
on the influence of crossbar molecular weight on relax-
ation dynamics of a series of polymers with nearly
constant arm molecular weight. These multiarm poly-
mer systems allow several fundamental questions about
branched polymer physics to be addressed. First, the

τR ∼ (no. of branch points - 1)2

(longest relaxation time of arms) (1)

τrep ∼ (no. of entanglements)2(no. of branch points)
(longest relaxation time of arms) (2)

æ(t) ∝ exp(-(t/λ)â) (3)
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effect of systematic variations of crossbar molecular
weight on rheological properties provides an answer to
the most important question: Can the long-time dy-
namics of such an unwieldy architecture be reptational
diffusion? Second, because multiarm samples with short
and long crossbar lengths are used in the study, multi-
arm polymer dynamics for marginally entangled (Rouse-
like, in the dilated tube) and well-entangled crossbars
can be investigated. Finally, fundamental understand-
ing of dynamics of polymers with model branched
architectures should in principle lead to better descrip-
tions of properties of more complex commercial branched
polymers. Rheological measurements employing model
eight-arm polymers with an A3-A-A2-A-A3 architecture

(Figure 1) allow us to evaluate this hypothesis for a
limited number of systems. These last polymers offer a
closer, but still imperfect, topological resemblance to
commercial branched polymers and allow us to deter-
mine the range of applicability of theoretical constructs
like the mean-field tube and reptation for more complex
multiarm polymer architectures.

Experimental Section

Materials. Various narrow molecular weight distribution
(MWD) six-arm A3-A-A3 1,4-polybutadienes with fixed arm
molecular weight, but variable crossbar molecular weight, were
synthesized using anionic living polymerization. Detailed
synthesis procedures for creating monofunctional living arms,
difunctional crossbars, and methods for linking them to pro-
duce A3-A-A3 polybutadienes with high 1,4-microstructures are
described in detail elsewhere.10 Synthesis of narrow MWD
eight-arm (A3-A-A2-A-A3) polybutadienes was performed using
a two-step procedure illustrated below and shown in Scheme
1.

(i) Synthesis of R-ω-Bis(trichlorosily)polybutadiene and R-ω-
Bis(trichlorosily)dichlorosilylpolybutadiene Central Block. The
detailed synthesis of well-defined architecture of R-ω-bis-
(trichlorosily)polybutadiene central block has been described
previously.10 For the synthesis of R-ω-bis(trichlorosily)poly-
butadiene that contains a low fraction of (around 10-15%) R-ω-
bis(trichlorosily)dichlorosilylpolybutadiene (bearing octachlo-
rosilane functionality) a slight modification of the procedure
presented in ref 10 was used: R-ω-dilithio macroanions of
polybutadiene were end-capped with diphenylethylene (around
20% less than the stoichiometric amount with respect to the
initiator). The solution was then transferred to a large excess
of vigorously stirred, purified silicon tetrachloride (2000 molar
excess with respect to the initiator). The SEC profile of the
product is shown in the inset to Figure 2 and indicates a
bimodal size distribution. The higher molecular weight fraction
was found to comprise around 10-15% of the total product,
as determined from the area of the SEC profile. The molecular
weight of the higher molecular weight fraction was found to
be approximately double that of the main counter molecular
species. The obtained R-ω-bis(trichlorosily)polybutadiene and/
or mixture with R-ω-bis(trichlorosily)dichlorosilylpolybutadiene
block was purified by removing excess of SiCl4 under vacuum
followed by freeze-drying in purified dry benzene.

(ii) Synthesis of Polybutadiene Sidearm -A and Linkage.
Polybutadiene was prepared in a specially constructed 250 mL
round-bottom flask connected through its sidearm by a break-
seal to another 250 mL flask containing purified R-ω-
trichlorosilypolybutadiene and/or its mixture with the R-ω-
bis(trichlorosily)dichlorosilylpolybutadiene block. Polymerization
of purified butadiene monomer was initiated by sec-BuLi in
benzene at room temperature and left overnight. The obtained
living polybutadieneyllithium was added (10 times molar
excess with respect to R-ω-trichlorosilylpolybutadiene and/
or mixture with R-ω-bis(trichlorosily)dichlorosilylpolybutadiene
block) to R-ω-trichlorosilylpolybutadiene through the sidearm.
The linking reaction was performed at 35 °C for over 76 hours.
The final A3-A-A3 six-arm and A3-A-A2-A-A3 eight-arm poly-
butadienes were separated from the unlinked polybutadiene
homopolymer by repeated fractionation in toluene/methanol
at 30 °C. Separation of eight-arm architecture of high purity
(minor faction) from the six-arm fraction (major fraction)
required numerous repeat selective solvent-nonsolvent frac-
tionations. For example, to obtain about 2-3 g of purified
eight-arm architecture, about 80-100 g of the crude polymer
was required. Various multiarm polymers were synthesized
with different degrees of polymerization for both the central
A and terminal arm A blocks. Figure 2 illustrates typical SEC
profiles of some of these materials.

Sketches of the six-arm and eight-arm polymer architectures
used in the study are provided in Figure 1. Molecular
parameters for these materials are summarized in Table 1.
Molecular weight information was obtained from SEC profiles

Figure 2. Size exclusion chromatography (SEC) profiles of
sample P1508-6 and P1508-8. The peaks from right to left
correspond to (i) branch: Mn ) 20 200, Mw ) 21 000,
Mw/Mn ) 1.04; (ii) crossbar (before terminating with SiCl4):
Mn ) 42 000, Mw ) 45 800, Mw/Mn ) 1.09; (iii) six-arm
(P1508-6) with respect to linear polybutadiene standards:
Mn ) 152 000, Mw/Mn ) 1.13; (iv) six-arm (P1589) with respect
to linear polybutadiene standards: Mn ) 175 000, Mw/Mn )
1.17; (v) eight-arm (P1508-8) with respect to linear polybuta-
diene standards: Mn ) 215 000, Mw/Mn ) 1.13. The SEC
profile of the crossbar after terminating with SiCl4 is provided
in the inset. The smaller of the two maxima is due to elution
of a higher molecular weight crossbar fraction with ap-
proximately double the molecular weight of the larger peak
fraction.

Figure 3. Oscillatory shear properties of a linear 1,4-
polybutadiene (sample PB161).
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using linear polystyrene standard. To ascertain the effect of
branching on retention times and molecular weights, SEC
characterization of a few selected samples as supplemented
by on-line multiangle light-scattering measurements. For the
six-arm sample labeled P1508-6, Mw values obtained from
light scattering and SEC were 195 800 and 171 800, respec-
tively, suggesting the ratio of radii of gyration, g (g )
〈Rg

2〉branched/〈Rg
2〉linear) to be 0.88. The corresponding values for

the eight-arm polybutadiene designated P1508-8 were 296 500
and 243 000, indicating a g value of 0.82. For another six-arm
sample (P1531-6), g ) 0.89. The values obtained for g are

typical of the target branched structures, confirming the
architecture suggested by the synthesis scheme.

In Table 1, the variability in arm molecular weight for
several of the multiarm polymer samples is seen to be within
the uncertainty of determining the molecular weight of the
unlinked arm, indicating that changes in crossbar molecular
weight will have a much greater effect on rheological proper-
ties. H NMR analysis was performed to determine the micro-
structure of the arm and functionalized crossbar materials
prior to linkage. Results indicate 55% 1,4 addition for the
crossbars and >92% 1,4 addition for the arms. The entangle-

Scheme 1. Schematic Methodology Used To Synthesize A3-A-A3 (Six-Arm) and A3-A-A2-A-A3 (Eight-Arm)
Architectures

Table 1. Molecular Parameters for Linear and Multiarm Polybutadienes

sample type
Mh n × 10-4

of crossbara
Mh n × 10-4

of armb
Mh w/Mh n
of arm

Mh n × 10-4

of polymer
Mh w/Mh n

of polymer

P1508-8 eight-arm 4.2 2.02 1.04 21.5 1.13
P1531-8 eight-arm 4.2 2.04 1.03 23.0 1.12
P1508-6 six-arm 4.2 2.02 1.04 15.2 1.13
P1531-6 six-arm 4.2 2.04 1.03 15.4 1.13
P1589 six-arm 8.3 2.00 1.04 17.5 1.17
P1207 six-arm 9.07 1.96 1.03 21.53 1.10
P1625 six-arm 14.0 2.08 1.06 23.25 1.15
PB129b linear 12.94 1.03
PB1739b linear 1.00 1.04
PB1958c linear 1.07 1.11

a H NMR analysis indicates 55% 1,4 addition. b H NMR analysis indicates 92% 1,4 addition. c H NMR analysis indicates 87.5% 1,2
addition.
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ment molecular weight (Me) of 1,4-polybutadiene is reported
to be 1543 g/mol17 and 2100 g/mol.18 For a 60% 1,4 and 40%
1,2 polybutadiene Me is reported to be 1880 g/mol.17 Thus,
excluding the arm dilution effects envisaged by theory, arms
and crossbars of the polymers used in this study can be
considered well entangled (Marm/Me > 12, Mcrossbar/Me > 22).

Linear Rheology Experiments. Linear viscoelastic prop-
erties of multiarm polymers were characterized by small-
amplitude oscillatory shear rheometry and step shear mea-
surements. Oscillatory shear measurements were performed
over a temperature range of -90 to 150 °C using a Paar
Physica Universal dynamic spectrometer (UDS200), equipped
with a TEK 600 temperature controller, and a Modular
Compact rheometer (MCR300) with a CTD600 temperature
controller. Temperature regulation was performed using liquid
nitrogen. For lower temperature measurements, precaution
needs to be taken to eliminate ice condensation on the moving
parts of the rheometer. At higher temperatures, an argon
blanket was used to prevent sample oxidation during rheo-
logical experiments. Stainless steel cone-and-plate (15 mm
diameter, gap angle 1.6°; 15 mm diameter, gap angle 6.5°) and
parallel plate (10, 8, and 6 mm diameter) rheometer fixtures
were used in these measurements. Strain amplitudes varied
from 0.025% at low temperatures and high frequency (i.e., near
the glassy or softening zone) to 150% at high temperatures
and low frequency (in the terminal zone). To ensure linearity
in the oscillatory shear and step strain experiments, measure-
ments at all temperatures and frequencies were repeated at
progressively lower strain amplitudes until material functions
(e.g., G′, G′′, and G(t)) manifested no change in response with
changing strain.

Several rheological parameters obtained from these experi-
ments are summarized in Table 2 for linear and multiarm 1,4-
polybutadienes. Plateau moduli GN of all samples were esti-
mated as their storage modulus (G′) value at the frequency
(ωmin), where the loss modulus (G′′) displays a local minimum
(i.e., just before the upturn in G′′ in the segmental region).18

The crossover frequency ωc was determined from the intercep-
tion of G′ and G′′ just prior to the terminal regime. The
frequency (ωmax) at which G′′ shows a maximum in the
segmental region, the glassy modulus, Gglassy, and the average
slopes of G′ and G′′ in the glass transition zone are also
presented in Table 2. For some of the multiarm polymers, there
is a second minimum in G′′ corresponding to backbone or
crossbar relaxation. This frequency (ωB,min) and the corre-
sponding storage modulus GB values are also provided in Table
3.

Zero shear viscosities (η0) were determined from the slope
of the G′′ in the terminal region: η0 ) limωf0[G′′(ω)/ω].
Determination of η0 by this method was not possible for all
samples because the terminal frequency region of some
materials were inaccessible to our experiment, even at 150 °C
(the maximum temperature at which an argon environment
was deemed effective at preventing sample oxidation). For
these samples, relaxation moduli G(t) determined from low-
amplitude step strain experiments were used to determine η0,
η0,step ) ∫0

∞G(t) dt. Other linear viscoelastic material proper-
ties can also be determined from these experiments, Je0,step )
(1/η0,step)2∫0

∞tG(t) dt and λ0,step ) η0,stepJe0,step.18 A second esti-
mate of the terminal relaxation time for each of the multiarm
polymers was obtained from the long time slope of the
semilogarithmic plot of G(t) vs time. In systems where the
terminal zone was accessible to oscillatory shear measure-
ments, rheological data obtained from oscillatory shear and
from step strain compare favorably (Table 5).

Results and Discussion
Master plots of storage G′ and loss G′′ moduli of all

polymers are presented in Figures 3-6. These plots
cover a frequency range of almost 14 decades and were
constructed from data at discrete temperatures in the
range -90 to 150 °C using horizontal (aT) and vertical
(bT) shift factors [G′(ω,T) ) bTG′(aTω,T0); G′′(ω,T) )
bTG′′(aTω,T0)]. The reference temperature for construc-
tion of all master curves is 25.5 °C. Data from a linear
polybutadiene melt (PB161) with a number-average
molecular weight Mn ) 161 600, which is close to the
overall molecular weights of P1531-6 and P1508-6, is
also included to facilitate comparison with typical linear
polymer behavior.

As expected, the linear polybutadiene shows two
dominant relaxation modes (two well-defined G′′ maxima,
see Figure 3). One maximum is observed at high
frequencies in the transition zone between the rubbery
and glassy plateaus and is attributable to long-range
segmental motions. The other low-frequency loss maxi-
mum occurs at the end of the rubbery plateau and is
attributable to long-range translational motion of entire
molecules. The rubbery plateau spans more than 4
decades of frequency and is identifiable by a nearly
constant storage modulus, G′ ) GN ≈ 1.1 MPa. Using
the relationship Me ) 0.8FNAkT/GN,18 the entanglement
molecular weight for this polymer may be estimated,
Me ) 1822 g/mol. The ratio of frequency at which G′′
displays a minimum to the crossover frequency can also
be estimated from the data to be 2.94 × 103, which is
more than 10 times the ratio of reptation and longest
Rouse relaxation times (τrep/τRouse ≈ 3M/Me ) 266).
Comparison of ωmin/ωc ) 3.84 × 103 and 3M/Me ) 212
for a second entangled linear 1,4-polybutadiene (PB129)
confirms that it is incorrect even to seek an order of
magnitude estimate of τRouse from the location of the low-
frequency loss minimum.

Table 2. Rheological Parameters for Linear and Multiarm Polybutadiene Samples

sample
ωc

[1/s]
ωmin × 10-4

[1/s]
GN × 10-6

[Pa]
η0 × 10-4

[Pa s] m
ωmax × 10-8

[1/s]
Gg × 10-8

[Pa]

P1531-8 53.4 9.74 1.10 2.1 0.64 6.6 0.545
P1531-6 14.0 4.97 1.02 8.76 0.67 21.9 0.88
P1508-8 23.5 4.41 0.98 2.82 0.71 8.0 1.31
P1508-6 12.6 4.25 1.02 8.43 0.68 13.9 1.26
P1589 0.00186 1.89 0.89 3980 0.63 2.49 1.01
P1207 0.0015 0.84 0.92 6270 0.67 1.75 1.14
P1625 0.2 0.80 0.67 1.12 1.28
PB161 5.0 1.46 1.01 15.62 0.69 52.8 9.82
PB129 7.4 2.84 1.03 8.45 0.63 56.2 8.52
PB1739 33090 0.0038 0.59 50.3 10.9
PB1958 391 0.272 0.67 4.2 8.8

Table 3. Effect of Arm Relaxation on Crossbar
Entanglement Density

sample φb

Nbφb
R/

Nbeo

ωB,min
[1/s]

GB × 103

[Pa]
GB/GN,
exptl φb

R+1

P1531-8 0.340 10.6
P1531-6 0.256 3.64
P1508-8 0.342 10.7
P1508-6 0.257 3.64
P1589 0.409 13.42 0.09 98.3 0.110 0.124
P1207 0.435 15.92 0.10 143.0 0.155 0.143
P1625 0.529 31.87 0.02 141.1 0.176 0.226
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The width of the plateau region, ∆ωe, is however
consistent with expectation from theory (∆ωe )
τrep/τe ≈ 3(M/Me)3) to within a factor of 2 for both PB161
and PB129. The high-frequency maximum in G′′
(ωmax ) 6.3 × 109 s-1) for PB161 provides an estimate
for the mean segmental relaxation time, τm ) 0.16 ns.
This value is also within a factor of 2 of the theoretical
result, τm ≈ π2τrept(Ne/N)1.5(1/N2) ) 0.27 ns or τm ≈
π2λ0(Ne/N)1.5(1/N2) ) 0.59 ns, with an empirical correc-
tion to the molecular weight exponent to account for
contour length fluctuations. Here we have used the
approximation τrep ≈ ωc

-1, which generally underpre-
dicts the reptation time by a factor of about 3; for the
second case there is no such approximation. The equiva-
lent estimate for PB129 is ωmax ) 5.6 × 109 s-1 (τm )
0.18 ns), which is again seen to be comparable with the
value τm ≈ 0.39 ns estimated from τrep.

Unlike PB161, the multiarm polymers show at least
three different relaxation regions. Dynamics in each of
these regions reveal important differences between
linear and multiarm polymers and even among multi-
arm polymers themselves. A high-frequency G′′ peak is
apparent in the transition region between the rubbery
and glassy regimes (Figures 4-6). The magnitude of the
loss maximum is, however, about 3-4 times lower than
in PB161, and the location of the maximum (ωmax) is
shifted to lower frequency for the multiarm materials
(Table 2). The size of the frequency shift shows a clear,
but unexpected, dependence on crossbar molecular
weight and polymer architecture. For polymers with
large crossbar molecular weights (P1589, P1207, P1625),
the shift is large and segmental relaxation times
(τm ∼ ωmax

-1) range from 4 to 9 ns, which are closer to
the τm values estimated for PB1958 a material with
approximately 88% 1,2-polybutadiene content than with
those observed for dominantly 1,4-polybutadienes. Seg-
mental relaxation times observed for six-arm polymers
with the lowest crossbar molecular weights (e.g., for
P1531-6 and P1508-6, τm ) 0.55 and 0.7 ns, respec-
tively) are in closer accord with results for 1,4-polybuta-
dienes, indicating that the higher vinyl content of the
crossbars could be to blame for the variability observed
in τm.

The apparent increase in segmental relaxation time
with increasing crossbar molecular weight is clearly
seen in Figure 7a-b, where τm is plotted against inverse
of crossbar number-averaged molecular weight for the
six-arm polymers, and vs crossbar volume fraction for
all polymers studied. It is apparent from Figure 7a that

Table 4. Comparison of Longest Relaxation Time (λ0) with Crossover Time (τc) and Ratio of Longest Relaxation Modulus
(Glong) to GN with Dynamic Dilution Values

sample
Je0

[Pa-1]
λ0 [s]

(≈η0Je
0)

τc [s]
(≈ ωc

-1)
Glong [Pa]
(≈2.4/Je

0) Glong/GN φb
R+1

P1508-8 1.58 × 10-4 4.45 0.0425 15124 0.0154 0.082
P1531-8 2.72 × 10-4 5.70 0.0187 8816 0.0080 0.081
P1508-6 1.02 × 10-4 9.63 0.0794 23628 0.023 0.042
P1531-6 1.08 × 10-4 9.51 0.0714 22106 0.022 0.042
P1207 3.48 × 10-5 2185.0 667.5 68869 0.077 0.143
PB129 5.64 × 10-6 0.477 0.135 0.43 × 106

PB1739 2.34 × 10-6 8.79 × 10-5 4.20 × 10-5 1.02 × 106

PB1958 4.66 × 10-6 0.01269 0.0048 0.50 × 106

Table 5. Terminal Relaxation Times and Zero Shear Viscosities Determined from Low-Amplitude Oscillatory Shear and
Step-Shear Relaxation Experiments

sample
Je0 × 104

[Pa-1]
Je0,step
[Pa-1]

η0
[Pa s]

η0,Rep (∼GRepτRep)
[Pa s]

η0,step
[Pa s]

λ0
[s]

λ0,step
[s]

λd,step
[s]

P1531-8 2.72 4.4 × 10-4 2.1 × 104 2.56 × 104 5.7 11.3 39.1
P1508-6 1.02 8.3 × 10-5 8.4 × 104 1.04 × 105 9.63 8.6 18.2
P1207 0.35 3.0 × 10-5 6.3 × 107 6.33 × 107 3.89 × 107 2185 1165 7250
P1589 1.57 × 10-5 3.87 × 107 5.10 × 107 803 5263
P1625 1.50 × 10-5 4.09 × 109 60900 110656

Figure 4. Oscillatory shear properties of an A3-A-A3 1,4-
polybutadiene with high crossbar molecular weight (sample
P1207).

Figure 5. Dynamic moduli of multiarm polymers with similar
arm and crossbar length (samples P1508-6 and P1531-6).

Figure 6. Storage and loss moduli of eight-arm (A3-A-A2-A-
A3 architecture) polybutadiene (sample P1508-8).
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an approximate power-law scaling relationship τm ∼
1/Mnb fairly summarizes the experimental observations.
Figure 7b suggests a linear scaling relationship, τm ∼
φb , for the multiarm materials as a group. The relation-
ship τm ∼ 1/Mnb is of the same form as the expression
connecting glass transition temperature (Tg) and Mn of
linear polymers (Tg ∼ 1/Mn), suggesting that the either
a higher fraction of chain ends or lower vinyl content of
multiarm polymers with shorter crossbars may be the
source of the experimental observations. A similar trend
toward higher segmental friction coefficient, úm (τm )
b2úm/kT), with increasing polymer molecular weight,
was reported over 20 years ago for linear poly(vinyl
acetate) polymers with molecular weights below 4 × 105

g/mol.19

At frequencies below ωmax, G′ and G′′ are nearly equal
to each other and manifest similar power-law depend-
encies on frequency G′ ≈ G′′ ∼ ωm for all multiarm
materials studied. Both observations are consistent with
a transition from segmental to Rouse dynamics of entire
molecules. The power-law frequency exponents are,
however, substantially larger than the Rouse value of
0.5 (see Table 2). These exponents are in fact more
consistent with Zimm-like dynamics, which raises obvi-
ous questions about the microscale mixing of the
dominantly 1,4-polybutadiene arms and the moderately
1,4-crossbars. To pursue this point further, power-law
slopes observed in low molecular weight polybutadienes
with variable microstructures (PB161, PB1739, and
PB1958) were investigated. The experimental results
are also provided in Table 2. It is apparent from the
data that even linear polymers with dominantly 1,4-
(PB161 and PB1739, >92% 1,4-) and dominantly 1,2-
(PB1958, 87.5% 1,2-) microstructures manifest power-
law frequency exponents higher than the usual values
for free Rouse chains, indicating the crossbar/arm
microscale incompatibility is likely not the source of the
Zimm-like power law scalings observed in the transition
zone.

At frequencies below the power-law “Rouse” regime,
a well-defined minimum is apparent in G′′. The corre-
sponding plateau in G′ is neither as well-defined nor
as broad as the storage modulus plateau observed for
PB161. For all multiarm polymers investigated, the
storage as well as loss moduli in this regime in fact
appear to collapse onto a single curve, indicating that
arm relaxation dominates dynamics. The slope of the
G′ plateau is found to be slightly greater for multiarm
polymer samples with lower crossbar molecular weight.
This dependence of arm relaxation rate on crossbar
length is likely a consequence of coupling between fast
arm and slow crossbar dynamics. Such coupling is
consistent with a picture of mobile arms diffusing in a
fixed network of crossbars and results in slowing down
of arm dynamics.1

At even lower frequencies a second Rouse-like dy-
namic regime is accessed. In multiarm polymers with
low crossbar molecular weights (P1508 and P1531
series), storage and loss moduli are again similar in
magnitude over a range of frequencies (Figure 5). For
higher crossbar molecular weights (P1132, P1207, P1589,
and P1625), G′ and G′′ run parallel to each other for a
range of frequencies, but G′ is always a factor of about
5 times larger than G′′ (Figures 4 and 9b). These
observations can be explained in terms of the dynamic
dilution argument proposed by Ball and McLeish.7,12

Specifically, the second Rouse-like dynamic regime is
accessed when arm relaxation is nearly over, i.e., when
arm retraction reaches all the way to the branch point.
Beyond that point, crossbar diffusion is the only impor-
tant relaxation process. Since the relaxed arms can
sample all possible configurations in the time required
for crossbars to diffuse a distance of order an entangle-
ment radius, arms function as an effective solvent for
the crossbar and dilute its entanglement state. Crossbar
relaxation should therefore progress by a series of
diffusive hops in a dilated tube of diameter a* ) a/φb

R/2,
where a is the undiluted tube diameter and φb is the
mean volume fraction of the crossbar. The effective
friction coefficient experienced by the crossbar during
a single branch point hop is approximately the total
drag arms experience in translating a distance equal
to the size of the hop, ςbr ≈ jςarm ) jkTτarm/a*2, where j
is the number of arms per branch point. The overall
frictional drag per crossbar chain is therefore úT ≈
(Nbúm + nςbr,), where n is the number of branch points
per crossbar. The time τ required for a crossbar to escape
its primitive tube by this impulsive reptation motion is
then τ ≈ Lb

2/(kT/úT) ) (Nb/Neb)2τm (NebNb + κτarm/τm),
where Neb ) Neb0/φb

R and κ ) jn.
If the renormalized degree of entanglement of the

crossbar is too low [Nbφb
R/Neb0 ∼ 1] (as is the case for

P1508-6 and P1531-6 from Table 3), relaxation dynam-
ics should be physically similar to those of a slowed-
down Rouse chain. This expectation is in fact consistent
with experimental observation, except the power-law
frequency exponents are again substantially larger than
the typical Rouse value of 0.5 (between 0.58 and 1.0).
When the renormalized entanglement density [Nbφb

R/
Neb0 > O(1)] is high, as in the case of samples P1207,
P1589, and P1625, crossbar relaxation is anticipated to
progress in a mean-field tube. This point is supported
by the fact that a second G′′ minimum is apparent prior
to the transition to terminal behavior. This loss mini-
mum is, however, neither as sharp nor as deep as the

Figure 7. (a) Influence of crossbar molecular weight on mean
segmental relaxation time of A3-A-A3 1,4-polybutadienes. (b).
Effect of crossbar volume fraction on segmental relaxation time
of all multiarm polymers.
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corresponding minimum observed for PB161 (Figure 3),
indicating that many more relaxation modes are avail-
able to the crossbar even though its motion is restricted
by entanglements with its neighbors. The storage
moduli GB corresponding to the minimum in G′′ are
presented in Table 3 for P1589, P1207, and P1625.
These moduli values provide a direct test of the dynamic
dilution argument. Specifically, if the relaxed arms
dilate the crossbar tube, as claimed, the ratio GB/GN
should be equal to φb

R+1, where â′ ) R + 1 ) 7/3. The
experimentally obtained values of the ratio GB/GN and
the calculated values of φb

R+1 are provided in Table 3.
Considering the uncertainty in the actual values of φb
and â′, the agreement is excellent!

The effect of arm dilution on crossbar dynamics is
even more pronounced for the eight-arm A3-A-A2-A-A3
architecture (samples P1508-8 and 1531-8). In this
case, the dynamic regime intermediate between arm
relaxation and terminal behavior is virtually nonexist-
ent (Figure 6). If frictional drag is considered to be
concentrated at three branch points, at least two
complex Rouse modes should determine dynamics. The
renormalized entanglement density of samples P1508-8
and 1531-8 is 10; cf. sample P1589 (Table 3). Further-
more, the larger number of friction centers per chain
present in this polymer should yield a much slower
escape from the renormalized tube. Yet the experimen-
tal results suggest a complete absence of a crossbar
relaxation regime following arm retraction. The logical
conclusion is that faster Rouse-like processes are re-
sponsible for molecular relaxation. On the basis of
predictions for combs,6 one would anticipate a Rouse
time of the crossbar that is proportional to the square
of number of branch points (eq 1). The terminal regime
for P1508-8 should, therefore, be accessed at even lower
frequencies than for its six-arm analogue. This is clearly
opposite to what is seen experimentally. It is possible
that a constraint release mechanism wherein arm
relaxation (these on average comprise more than 6 out
of every 10 crossbar entanglements for P1508-8 and

1531-8) so perforates the crossbar tube that the crossbar
is effectively free after the arm constraints are lost.
However, if this mechanism exists for the eight-arm
polymers, it should also exist for all the six-arm materi-
als, which is inconsistent with the large frequency range
where crossbar relaxation dominates dynamics in six-
arm polymers.

Even though the terminal relaxation behavior of
eight-arm polymers, observed in linear oscillatory shear,
is unusual, the long time step shear damping functions
h(γ) [G(t;γ) ) Geh(γ) G(t), for t > λk, where λk is the
separability time beyond which the nonlinear step shear
relaxation modulus G(t;γ) is separable into time and
strain dependent parts] of these polymers are typical
of the architecture supposed. Figure 8 compares the
damping function h(γ) observed using samples P1508-6
and P1508-8. The lower degree of strain softening seen
in h(γ) for 1508-8 is consistent with expectations for a
change from a six-arm (pom-pom or An-A-An in gen-
eral)9,10 to eight-arm (comblike)9 architecture. Details
of the damping results of multiarm polymers will be the
subject of a future paper.

The rich, but qualitative, insights into multiarm
polymer dynamics provided by oscillatory shear data is
evidently insufficient to pinpoint the relaxation dynam-
ics of the crossbar. A more detailed consideration of how
characteristic frequencies, time scales, and material
properties depend on polymer molecular weight is of
course possible. Thus, one could, for example, estimate
a terminal or “reptation” time for the highly entangled
materials (P1207 and P1589 from the crossover fre-
quency [τrept ≈ τc ≈ 1/ωc]). From the reptation time and
the storage modulus just before the onset of terminal
behavior (GRep), a limiting shear viscosity η0 can be
estimated using the relation η0 ≈ GRepτRep. This ap-
proach is somewhat unconventional, and admittedly
error prone, but is required because the terminal flow
regime is never fully accessed in these slowly relaxing
materials. We will see later, however, that the results
compare favorably with a more rigorous approach based

Figure 8. Step shear damping function h(γ) for one six-arm (P1508-6) and one eight arm (P1508-8) materials. Damping function
determined from the Doi-Edwards theory is included for comparison.
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on direct measurements of the relaxation modulus G(t)
following small-amplitude step strain (Table 5).

In the case of polymers with lower renormalized
crossbar entanglement density (Nbφb

R/Neb0 ∼ O(1)), the
terminal regime is fully accessed, but a clear plateau
modulus is unobtainable. For these materials, a cross-
over relaxation time τc ≈ 1/ωc and limiting shear
viscosity η0 can be readily obtained from the experi-
mental results. As pointed out previously, other methods
exist for calculating material properties. A longest
molecular relaxation time λ0 can, for example, be de-
termined from the steady-state recoverable compliance
(λ0 ≈ η0Je

0), where the steady-state recoverable compli-
ance is itself estimated from Je

0 ) (1/η0
2) limωf0[G′(ω)/

ω2]. A corresponding modulus, Glong, may also be cal-
culated from Je

0 (Glong ≈ 2.4/Je
0). As shown in Table 4,

the longest relaxation time (λ0) of linear polymer
samples (PB129, PB1739, and PB1958) are the same
order as the crossover time, τc (≈ωc

-1). For multiarm
samples where Nbφb

R/Neb0 ∼ O(1) (samples P1531-8,
P1531-6, P1508-8, and P1508-6), λ0 is consistently seen
to be an order of magnitude higher than τc, suggesting
the idea that the crossover is due to the relaxation of
arms whereas λ0 is associated with the relaxation of the
entire molecule.

As mentioned before, low-amplitude step strain ex-
periments provides yet another method for determining
linear rheological properties of polymers. The terminal
relaxation time can also be calculated from the long time
slope of a semilogarithmic plot of G(t) vs time (G(t) ∝
e-t/λd,step). Table 5 summarizes material property data
obtained from oscillatory shear and step shear measure-
ments. In the limited number of cases where data could
be obtained using both methods, results using the two
approaches are seen to compare favorably.

Relaxation times (λ0,step and λd,step) and zero shear
viscosity (η0) for all six-arm polymers are plotted vs
crossbar molecular weight in Figure 9a. Data for sample
P1132 are also included from Archer and Varshney.10

This sample has similar arm length (Ma ) 19 500) to
the polymers used in this study but has a different
crossbar length (Mb ) 47 000) to any of them. Best-fit
lines provided in the figure suggest extremely strong
power-law scaling dependences on crossbar Mn (λ ∝
Mb

∼6.8-7, η0 ∝ Mb
∼8). At first glance these results would

appear to rule out all but the slowest possible relaxation
mechanism (arm retraction) for the crossbar. A more
careful analysis of the experimental results is performed
in terms of reduced material properties λdr ) λd,step/τm,
λ0r ) λ0,step/τm, and η0r ) η0/ηm, where τm ≈ ωmax

-1 and
ηm ≈ úm/b ) kTτm/b3, and renormalized crossbar en-
tanglement density (Sbr ) Nbφb

R/Neb0). Plotting the data
in this way removes any crossbar molecular weight
dependence of segmental scale properties and recognizes
the dilution effect of relaxed arms (Figure 9b). For
convenience all reduced/rescaled variables are also
plotted as ratios with respect to data from the highest
crossbar material. The best-fit lines suggest scaling
relationships of the form λdr ∼ Sbr

2.6-2.8 and η0r ∼ Sb,r
3.4,

results that appear somewhat stronger than expected
for reptation relaxation mechanism for the crossbar.

Three possible sources can be identified for the higher
than expected scaling exponents for a reptation domi-
nated crossbar relaxation process (i.e., 2.8 compared to
the expected values of 2): (I) Crossbar contour length
fluctuations. In entangled melts and solutions of linear
polymers, contour length fluctuations yield an increase
of about 0.5 in the power-law exponent for the molecular
weight dependence of terminal time and viscosity at
intermediate molecular weights. As discussed in an
earlier section of the article, our oscillatory shear results
(i.e., broader G′′ maxima and minima than in the case
of linear polymers) point to a much greater role for
fluctuations, possibly explaining our experimental ob-
servations. (II) Contribution from monomeric friction.
The general expression derived earlier for the crossbar
relaxation time includes a dependence on Mb.3 This term
will make a contribution to the crossbar relaxation time
of order (NbNeτm/τa). For moderate crossbar molecular
weights the contribution is small but grows linearly with
crossbar molecular weight. (III) Crossbar effects on arm
relaxation. As pointed out earlier, arm relaxation in a
permanent network is slower than in a dynamic (diluted
one). Slower relaxation of crossbar with increasing Mb
therefore slows down arm relaxation in a potentially
complex Mb-dependent way. McLeish et al.7 have shown
that this effect can in fact be captured in terms of their
dynamic dilution proposal in terms of an effective
concentration of “diluted” entanglement constraints.
Their calculations in fact suggest a very strong, perhaps
too strong, slowing down of arm relaxation time (e.g.,
by a factor of around exp[-2.5RSa(1 - φb)]), for high

Figure 9. (a) Relaxation time and zero shear viscosity
determined from step shear linear relaxation measurements
as a function of crossbar molecular weight for A3-A-A3 poly-
butadiene. (b) Plot of reduced relaxation times and zero shear
viscosities vs renormalized crossbar entanglement density for
A3-A-A3 polybutadiene.
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crossbar molecular weights), due to crossbar interfer-
ence with arm relaxation.

Despite the uncertainty about the precise origin of the
stronger crossbar molecular weight dependencies mani-
fested by multiarm polymer properties, three conclu-
sions can be drawn. First, the apparent increase in
segmental relaxation time with crossbar molecular
weight is likely real. Second, reptational diffusion is
likely the dominant mechanism by which well-entangled
crossbars relieve stress. Finally, the renormalized cross-
bar density is the correct molecular parameter for
describing crossbar dynamics, which appears to further
validate the dynamic dilution arguments of Ball and
McLeish.12

Comparison of Experimental and Theoretical
Oscillatory Shear Results. On the basis of the
conclusions reached in the previous sections, it appears
that the multiarm polymer theory of McLeish et al.7
captures much of the physics governing six-arm polymer
dynamics in the linear viscoelastic regime. It should
therefore be possible to quantitatively predict the low-
frequency (frequencies below the segmental and high-
frequency Rouse regimes) dynamic results. Only two
experimental parameters are in principle needed to
make such a comparison: (i) the undiluted plateau
modulus GN of the polymer and (ii) the characteristic
Rouse time for an entanglement segment, τe. As dis-
cussed earlier, the plateau modulus of linear 1,4-
polybutadienes synthesized using the same methods
employed for the multiarm materials yields an undi-
luted entanglement molecular weight Me ) 1822 g/mol.
The Rouse time of an entanglement segment (τe) could
in principle be estimated from the segmental relaxation
time, but the numerical coefficients are not known
precisely. We instead estimate it directly from the
intersection of the rubbery plateau line for G′ with the
high-frequency Rouse regime.

Figure 10a-c shows a comparison of the experimental
data with the model predictions of McLeish et al., taking
GN, τe, Mea, and Meb as adjustable parameters. The
values of GN, τe, and Me used to obtain the fits are shown
in these figures. The actual (estimated) values are also
shown in parentheses. For entanglement molecular
weight (Mea and Meb), a constant value of 2000 fits data
best in the arm as well as in the crossbar relaxation
regime. The values of GN used to obtain the fits are
within 50% of the actual ones, and the τe values are of
the same order of magnitude as those determined from
experiment. Considering the range of uncertainty in the
estimated parameters, and the aforementioned devia-
tions from classic Rouse frequency scalings observed in
the experimental results, the correspondence between
theory and experiment for the six-arm polymers can be
considered fair.

A similar comparison of the experimental data with
model predictions for one of the eight-arm polybutadiene
samples (P1531-8) is shown in Figure 10c. The cor-
respondence between theory and experiment is quite
good in the arm relaxation regime. However, the
crossbar shows much faster relaxation than predicted
by the theory. Since the renormalized crossbar density
is 10.6, the model predicts reptation as the longest
relaxation mode of the polymer. This faster relaxation
remains a puzzle because it rules out a reptation
diffusion process, even though the diluted crossbars are
well entangled. Indeed, polybutadiene molecules with
A3-A-A2-A-A3 architecture possess three friction centers

per molecule and might therefore be expected to reptate
even more slowly than their six-arm (A3-A-A3) counter-
parts; this expectation is not borne out by experiments,
suggesting alternative relaxation processes must be
considered. A more complete study of eight-arm materi-
als with variable arm and connector molecular weights
will shed light on these relaxation processes.

Phenomenological Description of Multiarm Poly-
mer Dynamics. Next we turn to a more conventional,
but phenomenological description of coupled dynamics
in multiarm polymers. This description could provide
additional insights into the origin of differences in
relaxation dynamics of eight-arm and six-arm polymers.
Figure 11, for example, plots the normalized imaginary
component of complex viscosity (η′′/η0), where η′′ ) bTG′/
(aTω) for different polymer samples. For an entangled
linear 1,4-polybutadiene (PB129), a single relaxation
mode dominates the low-frequency spectrum. This mode
is believed to result from reptational diffusion of indi-
vidual molecules. The eight-arm polymer sample P1508-8
shows two relaxation modes. These modes are however
quite broad and appear to merge into one, which is

Figure 10. (a-c) Experimental data and predictions of tube
model theory developed by McLeish et al.:7 (a) A3-A-A3 poly-
butadiene with low crossbar length (sample P1508-6); (b) A3-
A-A3 polymer with high crossbar length (sample P1589); (c)
A3-A-A2-A-A3 polybutadiene (sample 1508-8).
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consistent with a fluctuation dominated relaxation
process. The corresponding data for the six-arm ana-
logue of this same polymer also shows two relaxation
modes. In this case, however, a clearer separation is
apparent between the low-frequency cross bar relax-
ation and higher frequency arm relaxation. In fact, the
dominance of the crossbar relaxation mode is so great
that the higher frequency arm mode appears only as a
kink in a broadened spectrum. Finally, in six-arm
materials with large crossbar length (sample P1207),
crossbar relaxation so dominate the spectrum that a
clear arm relaxation regime is essentially nonexistent.
The idea that one could model such a polymer as a single
linear molecule with a rescaled (higher) molecular drag
coefficient seems to be supported by these data.

It is possible to quantify some of these observations
by fitting the experimental data to the KWW equation
(eq 3). The fitting parameter â captures the breadth of
the relaxation spectrum. The values of the stretch
exponential exponent obtained for the segmental region
(âR) fall between 0.46 and 0.68 for the multiarm
polymers, whereas for the linear polymers the values
are between 0.69 and 0.75. The value of âarm obtained
for the arm relaxation by fitting eq 3 for the peak in G′′
lies between 0.26 and 0.30 (Figure 12a). This value is
much lower than the values of the stretch exponent
reported for the terminal (∼0.6) and segmental (0.4-
0.5) regions.16 The lower values of âarm or higher values
of n (0.74-0.8) suggests stronger cooperative interaction
or coupling for arm relaxation compared to the coupling
in the terminal and segmental regions of linear and
multiarm polymers. Since the arm length of all the
multiarm samples are about the same, the âarm value
of all the polymers are, as expected, quite similar.

Figure 12 shows the KWW fit for terminal and arm
relaxation for two different multiarm polymers (sample
P1531-8). The peak in G′′ is not distinct and more
importantly not symmetric. This observation is consis-
tent with the anticipated broader relaxation spectrum
and merging of the arm and segment relaxation re-
gimes. The arm relaxation could in fact be argued to
arrest the low-frequency end of the segmental relax-
ation. In the terminal region âη value can be obtained
only for multiarm samples P1207 and P1589. For these
two samples, the crossbar is long enough so that the
long time relaxation due to the slow diffusion of the
crossbar is just accessible in our oscillatory measure-
ments. The KWW fitting parameters for the G′′ peak
yield values for âη 0.49 (P1589) and 0.55 (P1207). The
corresponding coupling parameters (n) are 0.51 and
0.45, respectively. For the linear polybutadiene (PB129),

the âη value obtained is 0.65. In the terminal zone Ngai
model predicts a power-law dependence of zero shear
viscosity (η0) upon the molecular weight (M), η0 ∝
M2/âη.20 As linear polymers show a 3.4 exponent, the
stretch exponent âη is ∼0.59. This value is independent
of the polymer and is close to the experimental values.14

The higher value of the coupling parameter (n) for
multiarm polymers suggests more cooperative interac-
tion among the crossbars of multiarm polymers due to
the presence of arms.

Conclusions

Linear rheological properties of various model en-
tangled six-arm (A3-A-A3) and eight-arm (A3-A-A2-A-A3)
polybutadiene melts are investigated using low-ampli-
tude oscillatory shear and time-dependent step strain
measurements. In oscillatory shear, the multiarm poly-
mers generally show three peaks in loss moduli corre-
sponding to segmental, arm, and crossbar relaxation;
the low-frequency peak for the backbone relaxation is
most evident for materials with high crossbar molecular
weights. The mean segmental relaxation time of multi-
arm polymers is found to be a function of crossbar (A)
molecular weight and polymer architecture. In materials
with fixed arm (A) molecular weight, but variable
crossbar molecular weight, terminal relaxation time (λ)
and limiting shear viscosity (η0) are observed to vary
quite strongly with crossbar molecular weight Mb (λ ∼
Mb

∼6.8-7, η0 ∼ Mb
8). However, when the crossbar tube

Figure 11. Normalized imaginary component of complex
viscosity for linear and multiarm polybutadienes. For a simple
Maxwell fluid η′′(ω)/η0 has a maximum value of 0.4 at ωc )
λ0

-1.

Figure 12. (a, b) Reduced loss moduli against reduced
frequency and KWW fit in (a) the arm regime for sample
P1531-8 (âarm ) 0.27) and (b) the terminal regime for sample
P1207 (âη ) 0.55).
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length is renormalized by dilution of relaxed arms and
the relaxation time and viscosity are rescaled to remove
the inherent Mb dependence of segmental scale proper-
ties, the scaling exponents are closer to values expected
for fluctuating crossbar reptation in a dilated tube.
Finally, the relaxation dynamics of eight-arm materials
are found to be quite different from those of the six-
arm polybutadienes. In particular, the slowest relax-
ation mode in well-entangled eight-arm (A3-A-A2-A-A3)
polymers appears to be dominated by Rouse-like fluc-
tuation effects, which blur the transition from high-
frequency arm to terminal backbone relaxation.
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