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ABSTRACT: Arborescent polymers are highly branched macromolecules obtained from successive grafting
reactions according to a generation-based scheme. Grafting side chains onto a linear substrate randomly
functionalized with coupling sites thus yields a generation zero (G0) polymer, with a comb-branched structure.
Further cycles of substrate functionalization and grafting lead to arborescent polymers of generations G1, G2,
etc., with a dendritic architecture. Arborescent copolymers can also be obtained when side chains with a chemical
composition different from the substrate are used in the last grafting cycle. Copolymers of generations G0-G3
were thus obtained by grafting polyisoprene chains with a highcis-1,4-unit content onto polystyrene substrates.
The dynamic mechanical behavior of the arborescent polystyrene-graft-polyisoprene copolymers was investigated
as a function of side-chain length and generation number. The zero-shear viscosity of the copolymers was lower
than for linear polyisoprenes of comparable molecular weight, but its scaling behavior as a function of molecular
weight was consistent with entanglement formation. The zero-shear recoverable compliance increased with the
overall molecular weight of the copolymers to reach values up to 10 times larger than for the linear analogues.
Isoprene copolymers of generations G0 and G1 displayed viscous flow behavior at low shear rates, their terminal
relaxation time increasing with the molecular weight of the side chains. A relaxation at intermediate frequencies,
associated with the polyisoprene chains, appeared at similar frequencies for copolymers of different generations
with side chains of comparable molecular weights. The frequency dependence of the modulus observed for highly
branched (G2 and G3) isoprene copolymers was analogous to microgels and filled polymer systems, the modulus-
frequency master curves displaying thermorheological complexity with breakdown of the time-temperature
superposition principle for copolymers with short side chains.

Introduction

The rheological properties of polymers depend on different
factors including the composition, the molecular weight distri-
bution, and the presence of branching. The influence of
branching on the viscoelastic properties of polymers has been
studied over the past several decades for a number of model
systems such as star1 and comb-branched2 polymers. These
polymers typically have a controlled architecture and a low
polydispersity, allowing in-depth investigations of structure-
property relations. More recently, the synthesis of dendritic
polymers, a class of highly branched polymers containing
multiple branching levels, has been reported in the literature.
This includes dendrimers, hyperbranched polymers, and dend-
rigraft polymers, also known as comb-burst3 or arborescent4

polymers. In contrast to dendrimers and hyperbranched poly-
mers, where branching junctions may be present at each repeat
unit, dendrigaft polymers incorporate polymer segments between
branching points and, consequently, have a lower branching
density.5

Arborescent polymers are synthesized according to a “graft-
upon-graft” strategy yielding branched polymers with a very
high molecular weight and branching functionality in a few
reaction cycles. Polymeric chains are first grafted onto a suitably
funtionalized linear polymer substrate to produce a comb-
branched structure, also called a generation G0 arborescent
polymer. The introduction of coupling sites on the comb
polymer, followed by further grafting with side chains, yields
a twice-grafted or G1 arborescent polymer. Further cycles of

functionalization and grafting reactions have yielded arborescent
polymers of generation up to G4. Arborescent polystyrenes have
been investigated extensively both in solution6 and in the bulk
state7 to determine the influence of structure variations on the
physical properties of these materials. The main conclusion from
these studies is that arborescent polystyrenes act increasingly
like rigid spheres as either the branching functionality is
increased or the size of the arms is reduced.

In addition to homopolymers, several arborescent copolymers
have been prepared by grafting polymer chains with a different
composition onto polystyrene substrates.8 The copolymers have
a core-shell morphology and physical properties dominated by
the polymer grafted last, due to the large proportion of the shell
material in the molecule (Figure 1). The core-shell morphology
of these materials was highlighted in an atomic force microscopy
(AFM) imaging study of arborescent polystyrene-graft-
polyisoprenes.8b These highly branched isoprene copolymers
displayed interesting elastomeric properties from a qualitative
viewpoint, but their rheological properties were thus far
unexplored. The present investigation aims to quantify relevant
viscoelastic properties for a series of well-defined arborescent
polystyrene-graft-polyisoprenes, for comparison to a previous
study on arborescent polystyrenes7c and other branched polymer
systems.1,2,9

Experimental Section

Solvent and Reagent Purification.Detailed information on the
purification of the solvents and reagents used in the reactions is
provided as Supporting Information.

Arborescent Polystyrene-graft-polyisoprenes.The synthesis of
arborescent graft copolymers by coupling polyisoprene chains with
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polystyrene substrates bearing either chloromethyl8b or acetyl10

functional groups was already reported. For this study acetyl groups
were used as coupling sites, and only procedures differing
significantly from those reported previously are described.

A series of linear and arborescent G0, G1, and G2 polystyrene
substrates were prepared from polystyrene chains with a weight-
average molecular weightMw ≈ 5000 and using an acetylation level
of ∼25 mol % at each grafting step.

Copolymers were obtained by grafting polyisoprene chains with
different molecular weights onto the acetylated linear and branched
polystyrene substrates. Eight copolymers withMw ≈ 5000, 10 000,
30 000, or 40 000 polyisoprene side chains were synthesized from
the linear and G0 substrates. Four additional copolymers were
produced by grafting polyisoprene chains withMw ≈ 5000 or 30 000
onto the G1 and G2 substrates. The polymerization of isoprene was
performed in cyclohexane at room temperature to yield a micro-
structure with a highcis-1,4-units content. The preparation of a
G0 copolymer from aMw ≈ 5000 linear polystyrene backbone and
Mw ≈ 10 000 polyisoprene chains is provided as an example of a
graft copolymer synthesis. The linear acetylated polystyrene
substrate (absoluteMw ) 6500, 1.63 g, 29% acetylation, 4.08
mequiv acetyl units) was purified in an ampule with three azeotropic
distillation cycles using dry THF before redissolution in 30 mL of
the solvent. A five-neck 2 L glass reactor equipped with a vacuum-
tight mechanical stirrer was fitted with ampules containing purified
isoprene monomer (35.2 g, 0.517 mol) and the linear acetylated
substrate, dry solvent inlets from the THF and cyclohexane stills,
and a septum. Solid LiCl (1.10 g, 26.0 mmol) was added to the
reactor before it was evacuated, flamed, and purged with purified
N2. Cyclohexane (200 mL) was added, followed by 3-5 drops of
isoprene, and the reactor was cooled to 0°C. The solvent was
titrated with sec-BuLi (4 drops) before the calculated amount of
sec-BuLi initiator (2.5 mL, 3.25 mmol, for a targetMn ) 10 000)
was added. Isoprene was added dropwise from the ampule, and
the reactor was warmed to room temperature after complete addition
of the monomer. The polymerization was allowed to proceed for 4
h before cooling the reactor to 0°C and adding 350 mL of THF,
thus producing a deep yellow coloration. A sample of the
polyisoprene chains was removed and terminated with N2-purged
methanol. The reactor was warmed to 20°C, and titration of the
polyisoprene macroanions to a faint yellow color was performed
by dropwise addition of the acetylated substrate solution. The
reaction was allowed to proceed for 30 min after addition of the
substrate, over which time the color faded completely. The crude
product (34.7 g) was recovered by precipitation in methanol, suction
filtration, and drying under vacuum. The grafting product (absolute
Mw ) 157 000,Mw/Mn ) 1.06, grafting yield 80%) was isolated
from the linear PIP contaminant by precipitation fractionation from
hexane/2-propanol mixtures. Successful fractionation was confirmed
by comparison of size exclusion chromatography (SEC) traces for
the fractionated and crude samples. Fractionation of the G3
copolymers was aided by centrifugation in order to maximize the
recovery yield.

Linear Polyisoprenes.Linear polyisoprene samples withMw

ranging from 30 000 to 106 were prepared as reference materials
for the rheological measurements. The linear polyisoprenes were
synthesized under the same conditions used for the copolymers to
achieve a similar chain microstructure. Molecular weight and
microstructure characterization data for the linear polymers are
provided as Supporting Information (Table S1).

Characterization. The apparent (polystyrene-equivalent) and
absolute molecular weights of the polystyrene substrates and the
arborescent copolymers were determined by size exclusion chro-
matography (SEC) analysis. The details of these procedures are
provided as Supporting Information.

The composition of the copolymers was determined from1H
NMR spectra obtained in CDCl3 on a Bruker AC-300 nuclear
magnetic resonance (NMR) spectrometer.1H NMR spectra of the
polyisoprene side chain samples also allowed microstructure
analysis by established methods.11

The glass transition temperature (Tg) of the polyisoprene side
chains and the arborescent copolymers were measured with a TA
Instruments differential scanning calorimeter (DSC) model Q100
equipped with a refrigerated cooling system, using the TA Instru-
ments Universal Analysis 2000 software package. The samples
(∼10 mg) were dried under vacuum for 2 days and sealed in
aluminum pans for the measurements. Each sample was equilibrated
at -90 °C and scanned at a rate of 10°C/min up to 120°C.
Duplicate scans were collected in the same temperature range to
ensure reproducibility of the results. TheTg values reported
correspond to the midpoint change in heat capacity in the transition
region and were reproducible to within(0.2 °C for successive
scans.

Rheology. The polyisoprene samples used in the rheological
measurements were stabilized with 0.25% w/wN,N′-diphenyl-1,4-
phenylenediamine by dissolution in a 90/10 v/v mixture of pentane/
THF. The stabilized samples were recovered by evaporation under
vacuum of the solution over several days to constant mass.

Dynamic moduli were measured with a strain-controlled Rheo-
metrics dynamic spectrometer RDS II, using the parallel plate
geometry. The plate radius was 12.5 mm, and the plate gap was
varied between 1.5 and 2.0 mm. Dynamic strain sweeps were
performed at each temperature in order to determine the regime of
linear viscoelasticity. Dynamic frequency sweeps from 100 to 0.01
rad/s were carried out at 20°C intervals from-40 to 80°C, using
strains of 1-20%. The plate gap was adjusted at each temperature
to compensate for thermally induced changes in sample thickness.
The measurements were limited to 80°C since chain cleavage is
known to occur at higher temperatures in arborescent polymers
based on acetyl coupling sites.12 Repeat measurements were
performed for each polymer on new samples using different plate
gaps to ensure linearity. The master modulus-frequency curves
were constructed by superposition of the storage (G′) and loss
moduli (G′′) according to13

whereω is the radial frequency,aT and bT are the temperature-
dependent frequency and modulus shift factors, andT0 is the
reference temperature (20°C). Time-temperature superposition of
the data was performed using the Rheometric Scientific RSI
Orchestrator Software version V6.5.8, and master curves were
obtained by a horizontal shifting method using vertical temperature
and density compensation. The density of the samples at each
temperature (F) was calculated from the density of natural rubber,
according to

whereF0 is the density of natural rubber at 25°C (913 kg/m3), ∆T
is the difference in temperature from 25°C, andâ ) 6.7 × 10-4

K-1.
Steady-stress creep experiments were performed to estimate the

zero-shear viscosity (η0) of the G2 copolymers, which could not
be measured using the strain-controlled instrument. Using a stress-
controlled Paar Physica DSR 4000 rheometer equipped with 12.5
mm radius parallel plates, the stress (σ) was varied between 400
and 2800 Pa (G1PS-cPIP5) or 100 and 2000 Pa (G1PS-cPIP30) at

Figure 1. Hard core-soft shell morphology of arborescent polystyrene-
graft-polyisoprenes.

G′(ω,T) ) bTG′(aTω,T0) (1)

G′′(ω,T) ) bTG′′(aTω,T0) (2)

F )
F0

1 + ∆Tâ
(3)
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20 °C. For each stress value the equilibrium strain rate (γ̆) was
measured and used to calculate the viscosity (σ/ γ̆). The zero-shear
viscosity of each copolymer was estimated by extrapolation of the
calculated viscosities to zero strain rate.7c

Results and Discussion

Synthesis.The characteristics of the polystyrene substrates
used in the preparation of the graft copolymers are summarized
in Table 1. The branching functionality of the polymers (fw),
defined as the number of chains added in the last grafting
reaction, was calculated from the equation

whereMw(G), Mw(G - 1), andMw
br are the absolute weight-

average molecular weight of the graft polymer of generation
G, of the preceding generation, and of the side chains,
respectively. For each grafting reaction the acetylation level
(22-29 mol %) and the molecular weight of the side chains (
Mw

br ≈ 5000) were relatively constant. Coupling of the chains
added in each grafting cycle can be expected to occur mainly
on the side chains added in the previous grafting reaction due
to the large increase in molecular weight in each cycle and the
steric hindrance imposed by the large number of grafts present.
The number of coupling sites on the substrates was calculated
from their absolute molecular weight and acetylation level. Both
fw and the number of coupling sites increase nearly geometrically
for successive generations.

Isoprene copolymers with a high proportion ofcis-1,4-units
were synthesized for the purpose of studying the rheological
behavior of elastomeric arborescent polymers. A previous
publication on the synthesis of arborescent isoprene copolymers
from acetylated polystyrene substrates was limited to polyiso-
prene side chains with a mixed microstructure.10 The polym-
erization and grafting reactions were performed in pure THF,
which is optimal for the grafting reaction. In the present work,
a highcis-1,4-isoprene units content was obtained by polym-

erization in cyclohexane (nonpolar solvent). Prior to grafting,
a large volume of THF was added to the reactor to increase the
polarity of the solvent mixture and the yield of the coupling
reaction. The coupling yield of anionic grafting processes is
negatively influenced by a decrease in polarity of the reaction
medium.14 This approach was also determined to be necessary
for efficient coupling ofcis-polyisoprene chains with chlorom-
ethylated polystyrene substrates.8b The grafting yield, defined
as the fraction of the polyisoprene chains generated becoming
coupled with the substrate, was found to decrease significantly
in that study for higher generation substrates and for longer side
chains. The inaccessibility of the coupling sites on the more
rigid, highly branched substrates to the macroanions and the
presence of residual protic impurities were suggested to justify
the decreased grafting efficiency. Another factor potentially
significant is the inherent immiscibility of the polystyrene and
polyisoprene phases, further hindering the diffusion of the
macroanions to the coupling sites. Similar results were obtained
in the present work, the grafting yield decreasing to 39 and 6%
for the G2PS-cPIP5 and G2PS-cPIP30, respectively (Table 2).

The characteristics of the arborescent isoprene copolymers
synthesized are summarized in Table 2. The nomenclature used
for the grafting substrates and the graft copolymers specifies
their composition and structure. For example, G1PS-cPIP5 refers
to a graft copolymer withcis-1,4-polyisoprene side chains of
Mw

br ≈ 5000 grafted onto a G1 (twice-grafted) arborescent
polystyrene substrate. The compact structure of the arborescent
copolymers is obvious from the underestimation of the apparent
molecular weight (Mw

app) using SEC with a linear polystyrene
standards calibration curve, as compared to the absolute weight-
average molecular weight (Mw) determined with light scattering.
Evidence for a narrow molecular weight distribution is seen in
the low polydispersity index values obtained (Mw/Mn ) 1.01-
1.06). Copolymers withMw g 5 × 106 were analyzed using
SEC columns with a pore size suitable for linear polystyrene
samples toMw ) 4 × 107. Significant peak broadening was
observed with these columns even after the application of band
broadening correction for G0PS-cPIP30, G0PS-cPIP40, and

Table 1. Characterization Data for Arborescent Polystyrene Substrates

sample Mw
br a Mw/Mn

br a Mw
b fw CH3CO-/mol %c grafting sites

PS (linear) 6500 1.08 29 18
G0PS 4600 1.08 85 400 17 26 213
G1PS 5100 1.09 1050 000 190 27 2700
G2PS 5400 1.09 11 800 000 1900 22 25000

a Absolute values for the side chains determined by SEC analysis with DRI detection.b AbsoluteMw of the graft polystyrenes determined by light scattering.
c Acetylation level determined by1H NMR analysis.

Table 2. Characterization Data for Arborescent Isoprene Copolymers

cPIP side chains arborescent copolymers

sample Mw
br a Mw/Mn

br a Mw
appb Mw

a Mw/Mn
a fw Gy/%c Ce/%d

PS-cPIP5 4 860 1.08 73 000 94 200 1.03 18 83 100
PS-cPIP10 9 370 1.06 98 000 157 000 1.02 16 80 89
PS-cPIP30 33 900 1.06 350 000 446 000 1.01 14 64 72
PS-cPIP40 40 400 1.05 410 000 477 000 1.04 12 66 64
G0PS-cPIP5 4 950 1.09 290 000 1120 000 1.04 209 78 98
G0PS-cPIP10 9 830 1.07 370 000 2040 000 1.06 199 71 93
G0PS-cPIP30 28 100 1.06 1050 000e 4990 000 1.27e 170 61 82
G0PS-cPIP40 40 100 1.05 1060 000e 5450 000 1.37e 130 35 63
G1PS-cPIP5 4 800 1.07 1330 000e 13 000 000 1.40e 2500 64 91
G1PS-cPIP30 29 800 1.06 22 600 000 720 28 27
G2PS-cPIP5 4 810 1.07 42 700 000 6400 39 26
G2PS-cPIP30 27 500 1.06 53 100 000 1500 6 6

a Absolute values for the side chains and graft copolymers from SEC analysis with LS detection or batchwise LS measurements.b Apparent values
determined using SEC calibrated with linear polystyrene standards.c Approximate grafting yield based on relative peak areas.d Coupling efficiency.e SEC
apparent values determined with ultrahigh molecular weight columns corrected for band broadening.

fw )
Mw(G) - Mw(G - 1)

Mw
br

(4)
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G1PS-cPIP5, as indicated by the larger apparentMw/Mn values
obtained. Despite band broadening, the SEC peaks obtained for
these copolymers are consistent with a controlled architecture,
as they are symmetrical and unimodal, and therefore free of
side reactions such as cross-linking. The highest molecular
weight samples (Mw g 2 × 107) did not elute even from the
high molecular weight SEC columns.

The method used to determine the branching functionality
(fw) of the copolymers in Table 2 is identical to that for the
polystyrene substrates (eq 4) and represents the number of
polyisoprene side chains in the molecules. The coupling
efficiency (Ce), defined as the fraction of acetyl groups
consumed in the grafting reaction, was calculated as the ratio
of fw to the number of potential coupling sites on the substrate
(Table 1). Near quantitative reaction of the coupling sites was
achieved for the G0 and G1 copolymers with short PIP arms (
Mw

br ≈ 5000, 10 000,Ce > 90%). In contrast, the G0 and G1
copolymers with longer arms have lower than expected branch-
ing functionalities since the coupling efficiency decreased for
increasing PIP arm molecular weight. The coupling reaction
presumably proceeds only to the point where steric hindrance
imposed by the attached PIP arms inhibits further grafting.8c

Significantly lower coupling efficiencies were also attained for
higher generation copolymers, again due to more pronounced
steric effects. This is most obvious for sample G2PS-cPIP30,
with fw ) 1500 as compared to the 25 000 coupling sites
available on the substrate, representing a coupling efficiency
of only 6%. Despite the low coupling yield, the molecular
weight of the copolymer increased 4.5-fold upon grafting the
PIP chains.

Composition analysis of the graft copolymers by1H NMR
spectroscopy yielded polyisoprene contents varying from 90 to
over 98 wt % (Table 3). Peaks corresponding to the polystyrene
component are not detected for the majority of copolymers with
long side chains (Mw

br ≈ 30 000, 40 000), represented by a
polyisoprene content>98%. The polyisoprene contents were
also estimated from the difference in absolute molecular weights
of the graft copolymers and the corresponding polystyrene
substrates and agree well with the1H NMR results for G0, G1,
and G2 copolymers. The polyisoprene contents were clearly
overestimated by1H NMR analysis for the G3 copolymers,
presumably due to the differences in relaxation characteristics
of the polyisoprene and the highly branched polystyrene
components affecting the intensity of the peaks in the NMR
spectra. While the polyisoprene content is high for all the

copolymers, the polystyrene content varies widely among the
samples, ranging from 1 to 28 wt % based on the absolute
molecular weight difference. The corresponding volume fraction
of the polystyrene core in the molecules ranges from 1 to 26
vol %, increasing for higher generations and for copolymers
with shorter PIP side chains (Table 3).

The microstructure of the polyisoprene side chains derived
from 1H NMR analysis (Table 3) varied slightly from 68 to 73
mol % for thecis-1,4-units, from 20 to 24 mol % for thetrans-
1,4-units, and from 6 to 10 mol % for the 3,4-units. The
microstructure variations observed are very minor and due to
the different initiator and monomer concentrations used for each
polymerization reaction. For the anionic polymerization of
isoprene, an increase in initiator concentration or a decrease in
monomer concentration both lead to a decrease incis-1,4-units
content relative totrans-1,4-units, without affecting the 3,4-
units content significantly.15 Indeed, a decrease incis-1,4-content
is observed for copolymers with shorter side chains (prepared
at higher initiator concentrations). A more significant influence
of initiator concentration is observed for the microstructure of
the linear polyisoprenes (Table S1 in the Supporting Informa-
tion). The proportion ofcis-1,4-units varied from 71 mol %
(cPIP30) to 78 mol % (cPIP1M) in this case due to the decreased
initiator and increased monomer concentrations required to
prepare the high molecular weight linear polymers.

Thermal Properties. The glass transition temperatures (Tg)
measured by DSC analysis for linear polyisoprenes (reference
materials), the polyisoprene side chain samples, and the isoprene
copolymer samples are compared in Table 4. TheTg values
measured for the linear polyisoprenes are virtually independent
of molecular weight (-64.2 to-65.0°C) and do not appear to
be sensitive to small changes in microstructure within the range
investigated. Even for the polyisoprene side-chain samplesTg

variations are minor (2.6°C), in spite of their lower molecular
weight. This is not unexpected since the side-chain molecular
weights are all above the critical molecular weight forTg

insensitivity in polyisoprenes (Mc ≈ 2500).16 The Tg values
measured for the polyisoprene component of the copolymers
were only 1-2 °C higher than for the corresponding side-chain
samples. This slight increase may be a result of reduced chain
mobility upon anchoring of the polyisoprene side chains to the
substrate or else to limited miscibility between the core and
shell components. The polyisoprene chains appear to be mainly
phase-separated from the polystyrene cores since a much larger

Table 3. Polyisoprene Content and Microstructure Analysis for
Linear Polyisoprenes and Arborescent Isoprene Copolymers

PIP/% w/w PIP microstructure/mol %

sample

1H
NMR Mw

a
æPS

b

(%) cis-1,4- trans-1,4- 3,4-

PS-cPIP5 94 93 6.3 69 24 7
PS-cPIP10 95 96 3.6 69 21 10
PS-cPIP30 >98 99 0.89 71 23 7
PS-cPIP40 >98 99 0.89 73 20 7
G0PS-cPIP5 93 92 7.2 69 24 7
G0PS-cPIP10 95 96 3.6 70 20 10
G0PS-cPIP30 >98 98 1.8 71 22 7
G0PS-cPIP40 >98 98 1.8 73 20 7
G1PS-cPIP5 94 92 7.2 68 23 9
G1PS-cPIP30 >98 95 4.5 72 22 6
G2PS-cPIP5 90 72 26 68 23 9
G2PS-cPIP30 90 78 20 71 23 6

a Calculated from the difference in absoluteMw of the graft copolymer
and polystyrene substrate.b Volume fraction of polystyrene in the molecules
based on the molecular weight increase, and bulk densitiesFPS ) 1030
kg/m3 andFPIP ) 913 kg/m3 at 25°C.

Table 4. Glass Transition Temperature (Tg) Data for Linear
Polyisoprenes, Polyisoprene Side Chain Samples, and Arborescent

Isoprene Copolymers

sample
linear PIP/side chain

Tg/°Ca
arborescent copolymer

Tg/°Ca

cPIP30 -64.2
cPIP110 -64.9
cPIP130 -65.0
cPIP340 -64.7
cPIP1M -64.6
PS-cPIP5 -65.7 -64.2
PS-cPIP10 -63.7 -61.6
PS-cPIP30 -64.1 -62.4
PS-cPIP40 -63.5 -62.5
G0PS-cPIP5 -65.5 -63.6
G0PS-cPIP10 -64.3 -62.3
G0PS-cPIP30 -64.9 -64.0
G0PS-cPIP40 -64.3 -63.1
G1PS-cPIP5 -66.3 -63.2
G1PS-cPIP30 -65.2 -63.5
G2PS-cPIP5 -66.2 -63.1
G2PS-cPIP30 -64.6 -63.3

a Variation of (0.2 °C for a minimum of two measurements.
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shift in Tg would be expected for significant phase mixing, in
particular for copolymers with a significant polystyrene content.
Microphase separation has been reported previously based on
DSC and13C NMR studies of polystyrene-cis-1,4-polyisoprene
diblock copolymers.17 Thus, a phase-separated core-shell
morphology can be envisioned for the arborescent polystyrene-
graft-polyisoprene copolymers, in agreement with previous
results of an AFM imaging investigation.8b No Tg corresponding
to the polystyrene cores was detected for any of the isoprene
copolymers, even for the highest generation copolymers with
polystyrene contents of up to 28% w/w. To ensure that this was
the case, the DSC analysis was also performed on larger
samples, and a broad temperature range around 100°C was
carefully monitored. A previous study of arborescent polysty-
renes by DSC showed that the transition regions broadened and
decreased in magnitude for higher generation polymers6a due
to decreased chain mobility within the highly branched mol-
ecules. This may explain the lack of a transition for the
polystyrene cores in the copolymers.

Rheology. Two distinct regions are generally observed in
modulus-frequency curves for linear high molecular weight
polymers in the molten state.13 A relatively flat plateau region
is present at high and intermediate frequencies due to large-
scale motions of the molecules being restricted by entangle-
ments. The breadth of the plateau region increases with
molecular weight. The low-frequency or terminal region is
associated with viscous flow of the polymer, involving motions
of the entire molecules. Reptation motions of a chain along its
entangled length most effectively describe the terminal relax-
ation process.18 The rheological behavior of branched polymers
differs significantly from that of linear polymers. Intuitively,
relaxation of the branched molecules by a simple reptation
mechanism is impossible. Path breathing19 and constraint
release2b,20mechanisms have been proposed as alternate, more
acceptable models for the relaxation of star and comb-branched
molecules. More highly branched polymers, such as dendrimers
and hyperbranched polymers, behave as polymer fractals due
to a lack of entanglements between the compact molecules.9

The main focus of the current study was the rheological
characterization of arborescent isoprene copolymers for com-
parison with other branched polymers.

Dynamic mechanical measurements were performed on the
arborescent isoprene copolymers in order to study the influence
of generation number, branch length, and composition on the
viscoelastic properties of highly branched elastomers. Rheo-
logical testing was performed at temperatures up to 80°C, as
thermally induced cleavage of the chains is known to occur at
elevated temperatures for arborescent polymers prepared from
acetylated grafting substrates.12 Despite this limitation, the range
of temperatures used for the frequency sweeps produced
modulus-frequency master curves spanning up to 8 decades
of frequencies, and terminal flow was observed for all G0 and
G1 copolymers.

Arborescent isoprene copolymers of overall generation G0
(comb structures) contain 12-18 polyisoprene arms (Table 2)
coupled with a short linear polystyrene chain (Mw ≈ 5000). This
architecture resembles that of star polymers, in particular for
long polyisoprene side chains, since the relatively short poly-
styrene chain acts as a central branching point. Star polymer-
like rheological behavior is expected, particularly below theTg

of the polystyrene core, since only motions of the polyisoprene
side chains can be detected in the rheological measurements.
The modulus-frequency curves of the G0 copolymers (Figure
2) strongly resemble those obtained for linear polyisoprenes and

also bear a resemblance to those reported for star-branched
polymers1b,21and G0 (comb-branched) arborescent polystyrenes.7c

The entanglement plateau is absent for PS-cPIP5 since the
molecular weight of the side chains is somewhat lower than
the critical entanglement molecular weight for polyisoprene (Me

) 5400).22 The modulus curves for copolymers with longer
polyisoprene arms (PS-cPIP10, PS-cPIP30, PS-cPIP40) display
a plateau indicating entanglement coupling, which becomes
more pronounced for increasing arm length. In the terminal
region the comb-branched copolymers display normal limiting
behavior, withG′ andG′′ having slopes of+2 and+1 on the
log-log plots, respectively. The terminal relaxation is shifted
to lower frequencies as the molecular weight of the polyisoprene
arms increases.

The first-generation arborescent isoprene copolymers (G1
structure overall) comprise 130-210 polyisoprene arms (Table
2) coupled to a comb-branched (once grafted) G0 polystyrene
core. The modulus-frequency curves of the G1 copolymers
(Figure 3) bear a striking resemblance to those reported
previously for G1 arborescent polystyrenes7c and for star-
branched polybutadienes with up to 270 branches.20 The two
inflection points observed in theG′′ curve for all G1 copolymers,
one at intermediate frequencies and one at low frequencies, are
attributed to relaxation of the polyisoprene arms and of the entire
molecules, respectively. These inflections are shifted to longer
times (lower frequencies) for increasing polyisoprene arm
molecular weights. Each spectrum displays normal terminal
behavior (slope ofG′ ) +2, G′′ ) +1), the terminal relaxation
being shifted to lower frequencies with increasing PIP arm
molecular weight.

The modulus-frequency curves for arborescent isoprene
copolymers of the second (G2) and third generations (G3)
display behaviors markedly different from the G0 and G1
copolymers (Figure 4). This change in rheological behavior was
also noticed for G2 and G3 arborescent polystyrenes as
compared to the G0 and G1 analogues.7c The storage modulus
(G′) for the G2 copolymers is larger than the loss modulus (G′′)
over the entire frequency range. At low frequenciesG′ reaches

Figure 2. Dynamic modulus curvesG′ (0) andG′′ (9) at 20°C. From
top to bottom: PS-cPIP5, PS-cPIP10, PS-cPIP30, and PS-cPIP40.
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a plateau, whileG′′ is significantly smaller. These features are
most pronounced in the master curve for the highest generation
(G3) copolymers. Similar rheological features were observed
for cross-linked polymer networks at the gel point23,24 and for
linear polyisoprenes with fillers.25,26An inflection point is also
present in theG′′ curves for G1PS-cPIP30 and G2PS-cPIP30
in Figure 4 at approximately the same frequency. These
inflections appear at frequencies similar to the G0 and G1
copolymers withMw ≈ 30 000 arms and are attributed to the
relaxation of the polyisoprene arms.

Partial failure of the time-temperature superposition (TTS)
principle is observable in the modulus curves for G1PS-cPIP5
and G2PS-cPIP5 in Figure 4. Vertical and horizontal shifting
of the data to single curves using identical shift factors forG′
andG′′ was not possible for the G2 and G3 copolymers with
short polyisoprene arms, particularly at intermediate and low
frequencies. Interestingly, the modulus data at high frequencies
(low temperatures) obeyed TTS. The modulus data collected at
all temperatures were included in Figure 4 to illustrate this
abnormal behavior. Blends of immiscible polymers are known
not to obey TTS due to the different temperature dependencies
of both components.27 Departures from TTS have also been
reported for both filled28 and nonfilled29 styrene-butadiene
rubber (SBR), a two-phase system in which the polystyrene
component is present as separate aggregated domains embedded
in a continuous polybutadiene matrix. For nonfilled SBR,
superposition of the modulus data measured above a critical
temperature (T ≈ 15 °C) required shift factors that differed
significantly from normal relations.29 It was argued that the
polystyrene domains acted like inert filler particles below the
characteristic temperature but contributed to the modulus
significantly above this temperature, resulting in thermorheo-
logical complexity. Since temperature-dependent TTS failure
was also observed in the present work, it appears that the
polystyrene cores behave in a fashion similar to the phase-
separated polystyrene domains present in SBR. The G1 and G2
polystyrene cores act as phase-separated domains on the basis
of the DSC results presented earlier and previous AFM
measurements.8b,10The volume fraction of the polystyrene cores
in the G1PS (æPS) 7.2%) and G2PS (æPS) 26%) copolymers
with short polyisoprene arms (Mw ≈ 5000) appears to be
sufficiently large to contribute to the overall modulus. However,
the modulus curves for copolymers containing long arms (Mw

≈ 30 000) based on the same cores (æPS ) 4.5% for G1PS-
cPIP30,æPS ) 20% for G2PS-PIP30) and those for the lower
generation copolymers all obey the TTS. The volume fraction
of the polystyrene core and the length of the polyisoprene arms
thereforeboth appear to be important factors affecting TTS
fitting of the rheological data.

The horizontal frequency shift factors (aT) used to fit the
modulus curve segments for the linear polyisoprenes and the
isoprene copolymers in a temperature range of-40 to 80°C
were described by the WLF equation

with T0 ) 20 °C. The WLF parametersc1 ) 4.93( 0.15 and
c2 ) 132 ( 4 K were determined as the average of all shift
parameters for the five linear polyisoprene samples (Figure S1,
provided as Supporting Information). These parameters are
consistent with literature values for linear polyisoprenes with a
similar microstructure (c1 ) 4.1, c2 ) 122 K, T0 ) 25 °C)30

when compared at the same reference temperature.13 The
WLF parameters used to fit the modulus data for isoprene
copolymers with long arms (Mw ≈ 30 000 or 40 000) are
compared to the average values measured for the linear
polyisoprenes in Figure 5. Excellent agreement was found
between WLF parameters used to fit the linear polymers and
the copolymers with long polyisoprene arms. The standard
deviations are not included in the plot, as they are smaller than
the size of the symbols.

The WLF parameters for copolymers with the shorter
polyisoprene arms (Mw ≈ 5000 or 10 000) are more variable

Figure 3. Dynamic modulus curvesG′ (0) andG′′ (9) at 20°C. From
top to bottom: G0PS-cPIP5, G0PS-cPIP10, G0PS-cPIP30, and G0PS-
cPIP40.

Figure 4. Dynamic modulus curvesG′ (upper) andG′′ (lower) at
20 °C. From top to bottom: G1PS-cPIP5, G1PS-cPIP30, G2PS-cPIP5,
and G2PS-cPIP30.

log aT )
-c1(T - T0)

c2 + (T - T0)
(5)
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than for the other polymers, as illustrated in Figure 6. Although
the TTS can be used to effectively superimpose the modulus
curves for most copolymers, the different WLF parameters
obtained for the short-side-chain materials suggest that they
behave more like heterogeneous copolymers of polystyrene and
polyisoprene. The copolymers with long arms behave essentially
like highly branched isoprene homopolymers.

It was pointed out earlier that the dynamic modulus-
frequency curves for arborescent copolymers contain inflection
points revealing the existence of different relaxation mechanisms
for these highly branched molecules. Similar observations were
reported for star,1a comb,2a and star-comb polymers.2b The
inflections at intermediate frequencies are generally associated
with motions of the branches, while those at low frequencies
are related to whole molecule motions. The side-chain equilibra-
tion timeτG′′max ) 1/ωG′′max, corresponding to the time required
for branch relaxation, can be estimated from the maximum in
G′′ at intermediate frequencies.20 TheτG′′max values determined
for the G0-G3 copolymers are listed in Table 5. For copolymers
containing polyisoprene arms of comparable molecular weight
(Mw

br), the side-chain equilibration time is nearly constant for
different generations. The maxima at intermediate frequencies
are therefore unambiguously related to motions of the polyiso-
prene side chains. Only one relaxation was observed in the
modulus curves for the G0 copolymers with short side chains
(Mw ≈ 5000 or 10 000), and consequentlyτG′′max values could
not be estimated.

The relaxation times associated with the modulus-frequency
curves of the G0 and G1 copolymers were calculated by fitting
a generalized Maxwell model to the experimental curves of the
dynamic viscositiesη′(ω) andη′′(ω),31 as previously done for
arborescent styrene homopolymers,7c using the equations

whereη′∞ represents the storage viscosity at very high frequen-
cies andω is the frequency. Two groups of long (τm,i) and short
(τn,j) relaxation times were entered in eqs 6 and 7 with their
respective relaxation strengths (Gm and Gn). Each group of
relaxation times in eqs 6 and 7 is expressed relative to the
longest time for each relaxation modeτm,1 andτn,1 as two series
of 6-10 values, generated fromτm,i ) τm,1/i2 andτn,j ) τn,1/j2.
The equations can be used to model dynamic viscosity curves
where two distinct relaxation modes are observed. The experi-
mental dynamic viscosity curves for the linear polyisoprenes
and the G0 copolymers with short polyisoprene arms (PS-cPIP5,
PS-cPIP10) were fitted with a single group of relaxation times,
as summarized in Table 5. Two groups of relaxation times were
required to fit the data for the G0 copolymers with long side
chains (PS-cPIP30, PS-cPIP40) and all the G1 copolymers. The
fitting errors provided in Table 5, calculated as the standard
deviation between the calculated and experimental viscosities,
were below 10% for all G0 and G1 copolymers. Fitting of the
linear polymers was poor, in particular for higher molecular
weight samples, which display a broad entanglement plateau.
The measured and calculatedη′ andη′′ curves for G0PS-cPIP10
are provided in Figure 7 as an example. The curves for the G2
and G3 copolymers could not be modeled using two distinct
groups of relaxation times, suggesting that multiple relaxations
occur in these highly branched molecules at intermediate and
low frequencies.

The limiting properties of model branched polymers such as
stars and combs depend on the molecular weight of the arms
and in particular on the number of entanglements per arm.2a,20

The terminal relaxation timesτm,1 of the G0 and G1 copolymers
(Table 5) displayed a similar dependence on arm molecular
weight (Mw

br). The short time relaxationτn,1, observed at
intermediate frequencies for G0 copolymers with long side
chains and all G1 copolymers, is associated with movements
of the polyisoprene side chains. For the limited number of results
available, comparable short time relaxationsτn,1 are indeed
present for G0 and G1 copolymers with polyisoprene arms of
equivalent molecular weight (Mw ≈ 30 000 or 40 000), in
qualitative agreement with theτG′′max results. However, theτn,1

values are systematically larger since they represent the longest
relaxation time in the group used to fit the experimental data.
The τG′′max values are smaller because they represent the peak
value for each relaxation event. Relaxations related to motions
of the branches in the G0 copolymers with short side chains
were not observed, but the existence of a closely located
relaxation not resolved from the terminal relaxation cannot be
excluded.

The zero-shear viscosityη0 of the G0 and G1 copolymers
and linear polyisoprene samples was determined from the

Figure 5. Frequency shift factors (aT) for isoprene copolymers with
Mw ≈ 30 000 or 40 000 polyisoprene arms (T0 ) 20 °C): (0) PS-
cPIP30, (]) PS-cPIP40, (4) G0PS-cPIP30, (+) G0PS-cPIP40, (×)
G1PS-cPIP30, (O) G2PS-cPIP30, and (-) average values for linear
polyisoprenes.

Figure 6. Frequency shift factors (aT) for isoprene copolymers with
Mw ≈ 5000 or 10 000 polyisoprene arms (T0 ) 20 °C): (0) PS-cPIP5,
(4) G0PS-cPIP5, (×) G1PS-cPIP5, (O) G2PS-cPIP5, (]) PS-cPIP10,
(+) G0PS-cPIP10, and (-) average for linear polyisoprenes with
standard deviations.

η′(ω) ) η′∞ + Gm∑
i)1

M τm,i

1 + ω2τm,i
2

+ Gn∑
j)1

N τn,j

1 + ω2τn,j
2

(6)

η′′(ω) ) Gm∑
i)1

M ωτm,i
2

1 + ω2τm,i
2

+ Gn∑
j)1

N ωτn,j
2

1 + ω2τn,j
2

(7)
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terminal portion of the loss modulus, where theG′′ curve reaches
a limiting slope value of unity, according to the equation

As limiting values were not reached for the G2 copolymers,
their zero-shear viscosity was determined from steady-stress
creep measurements as explained in the Experimental Section.
The steady-stress measurements could not be carried out with
the G3 copolymers since sufficiently low strain rates could not
be attained to allow extrapolation of the measured viscosity for
these materials.

The zero-shear viscosity of the G0 and G1 copolymers
displays a dependence on arm molecular weight (Mw

br) similar
to that observed for the terminal relaxation timesτm,1. The η0

values for the G0, G1, and G2 copolymers are compared with
linear polyisoprenes as a function of molecular weight in Figure
8. The viscosity of the linear polyisoprene samples at 20°C is
described by the equationη0 ) 1.84× 10-13M3.58, in excellent
agreement with published results for linear polyisoprenes of
comparable microstructure at 25°C (η0 ) 2.37× 10-13M3.59).30

The G0 and G1 copolymers have a lowerη0 than linear
polyisoprenes of similar molecular weight, as expected for these
very compact molecules. The scaling ofη0 could be ap-

proximated by straight lines having slopes of 3.5 and 4.0 for
the G0 and G1 copolymers, respectively. Similar scaling
relations were found for star-branched polystyrenes1b and
polybutadienes21 containing arms with a molecular weight
comparable to the entanglement molecular weight (Me) of the
corresponding linear polymers. Interestingly, further enhance-
ment in η0 was observed for the star-branched systems once
the number of entanglements per arm (Marm/Me) exceeded 3-5.20

The rapid increase in viscosity observed was attributed to
decreased reptation along the entangled arms. Even though the
scaling ofη0 was approximated by a straight line for the G0
and G1 isoprene copolymers, there appears to be a slight upturn
in Figure 8 for isoprene copolymers with longer arms (higher
Mw), as would be expected for enhanced entanglement formation
between the polyisoprene arms of adjacent molecules. Only the
initial portion of an upturn is (arguably) apparent for the
arborescent isoprene copolymers used in the present study, in
spite of their side chain molecular weight being up to 8 times
larger thanMe ) 5100 forcis-1,4-polyisoprene.22 In contrast,
the star polymers investigated previously hadMw

br values up to
23 times larger thanMe ) 1800 for 1,4-polybutadiene,22 which
led to an obvious upturn in plots of viscosity vs molecular
weight due to their higher degree of entanglement. A similar
viscosity enhancement phenomenon was observed for hyper-
branched polyisobutylenes with branches having a ratioMarm/
Me up to 10.9c

Irrespective of the possible presence of an upturn in the
viscosity-molecular weight curve, the scaling behavior of the

Table 5. Rheological Data for Linear Polyisoprenes and Arborescent Isoprene Copolymers

fitting errore/%

sample τG′′max
a/ s τn,1

b/s Nc τm,1
d/s Mc η′ η′′

cPIP30 1.3× 10-3 2.5× 10-3 4 21 (43) 17 (51)
cPIP110 4.0× 10-2 0.30 8 28 (70) 19 (47)
cPIP130 0.10 0.55 7 31 (73) 19 (51)
cPIP340 1.6 16 6 52 (93) 19 (45)
cPIP1M 50
PS-cPIP5 7.9× 10-4 7 4.0 (16) 9.8 (40)
PS-cPIP10 5.0× 10-3 7 3.1 (19) 5.7 (22)
PS-cPIP30 7.9× 10-3 0.10 10 0.42 7 8.2 (43) 7.9 (27)
PS-cPIP40 1.6× 10-2 2.7 10 1.7 6 6.3 (35) 6.9 (34)
G0PS-cPIP5 1.3× 10-4 5.0× 10-4 10 0.17 10 2.2 (13) 6.0 (25)
G0PS-cPIP10 1.3× 10-3 3.2× 10-3 7 2.1 8 2.9 (11) 5.4 (36)
G0PS-cPIP30 1.0× 10-2 0.14 10 160 6 7.5 (38) 5.8 (34)
G0PS-cPIP40 2.0× 10-2 0.55 7 320 5 7.8 (45) 5.2 (25)
G1PS-cPIP5
G1PS-cPIP30 6.3× 10-3

G2PS-cPIP5
G2PS-cPIP30 6.3× 10-3

a Average relaxation times associated with the motions of the branches, estimated from a maximum in theG′′curves.b Longest relaxation times associated
with the motions of the branches.c Total number of Maxwell elements used to fit each group of relaxation times.d Longest terminal relaxation times associated
with whole molecule motions.e Standard deviation for Maxwell model fit of dynamic viscosity data. The maximum deviation is shown in parentheses.

Figure 7. Dynamic viscosity curves of G0PS-cPIP10:η′ (0), η′′ (O),
and (-) model fitting of the data.

η0 ) lim
ωf0

G′′(ω)
ω

(8)

Figure 8. Zero-shear viscosity scaling: (×) linear polyisoprenes, (0)
G0 copolymers, (4) G1 copolymers, and (O) G2 copolymers.
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isoprene copolymers is markedly different from the relationη0

∝ Mw
1 determined for arborescent polystyrenes at 170°C, which

was attributed to a lack of entanglements between the molecules.7c

This argument was reasonable because the molecular weight
of the arms in the arborescent polystyrenes (Mbr ≈ 5000, 10 000,
or 20 000) was below the critical entanglement molecular weight
for linear polystyrene (Me ≈ 13 000) in most cases.22 A similar
scaling behavior observed for polyether dendrimers,9a polya-
midoamine dendrimers,9b and hyperbranched polyesters9d was
likewise attributed to the lack of entanglements in these highly
branched polymers. A dramatic change in behavior is observed
for G2 arborescent isoprene copolymers, in analogy to the G2
arborescent polystyrenes, asη0 decreased for increasing mo-
lecular weights. This change in behavior was attributed to the
dominant influence of branching density within the molecules.7c

The G2 molecules, containing the largest number of branching
points, are characterized by higherη0 values than the G0 and
G1 polymers. Arm relaxation within these rigid molecules
should be hampered, hindering reptation motions of chain
segments and inhibiting configurational renewal of the molecule
as a whole. The zero-shear viscosity of sample G1PS-cPIP5
(short arms) is nearly 3 times higher than for G1PS-cPIP30 (long
arms), presumably due to the higher branching density of the
copolymer with short arms. This reflects a change in behavior
of the generation G2 copolymers from a relatively flexible
branched structure to a more rigid, denser globular morphology.

The zero-shear recoverable complianceJe
0 of the G0 and G1

copolymers and the linear polyisoprene samples was determined
from the terminal portion of the storage modulus curves, where
G′ reached a limiting slope of 2, according to the equation

corresponding to the extrapolation of a plot ofG′(ω)/ω2 to zero
frequency. The low-frequency portion of theG′(ω)/ω2 curve
was fitted to a single-exponential decay to obtain an estimate
of the compliance value.32 The compliance of the linear
polyisoprene samples ranged from 0.44× 10-5 to 1.0× 10-5

Pa-1 (Figure 9) and was essentially independent of molecular
weight, as expected for linear polyisoprenes above the charac-
teristic molecular weightMc′ ≈ 50 000. In spite of the significant
scattering in theJe

0 values determined by extrapolation, the
compliance values obtained for the linear polyisoprenes are
relatively constant across the limited molecular weight range
investigated. A very different behavior is observed for the
branched copolymers (Figure 9), as compliance increases nearly
monotonically with molecular weight for both the G0 and G1
copolymer series. Sample G0PS-cPIP40 has a compliance value

of 2.5 × 10-4 Pa-1, more than 1 order of magnitude higher
than linear polyisoprenes. Similar compliance values have been
reported for star-branched polybutadienes ((0.65-3.1) × 10-4

Pa-1)20 and for dendritically branched polystyrenes ((0.10-1.2)
× 10-4 Pa-1)32 within the same molecular weight range and
are a clear indication of enhanced entanglement formation. The
arborescent polystyrene-graft-polyisoprenes display a high
degree of elasticity as compared to linear polyisoprenes. The
combination of low viscosity and high elasticity of the arbores-
cent copolymers may be interesting in terms of applications as
rheological modifiers.

Conclusions

The dynamic mechanical behavior of arborescent polystyrene-
graft-polyisoprenes was investigated as a function of side-chain
length and generation number. The modulus-frequency curves
obtained for the G0 and G1 copolymers displayed features
similar to those found in other branched polymers such as star-
and comb-branched systems. The modulus-frequency curves
of the G2 and G3 copolymers displayed very different features
similar to microgel or filled polymer systems. The significant
change in behavior was attributed to a transition from a flexible
branched structure (for generations G0 and G1) to a spherical
rigid structure for generations G2 and above. This change in
behavior at generation G2 is consistent with observations in
both arborescent polystyrenes6a,33 and arborescent polybuta-
dienes34 using intrinsic viscosity and light scattering measure-
ments. Evidence for a heterogeneous morphology was seen in
the thermorheological complexity of higher generation copoly-
mers. Time-temperature superposition of the data onto one
single master curve could not be achieved for G2 and G3
copolymers with short arms, as they apparently have a volume
fraction of polystyrene sufficient to contribute to the overall
modulus of the material. The arborescent isoprene copolymers
have a low zero-shear viscosity as compared to linear polyiso-
prenes of identical molecular weights. The terminal relaxation
times and zero-shear viscosities of the G0 and G1 copolymers
increase with polyisoprene arm molecular weight, but the
terminal properties of G2 copolymers are strongly influenced
by the branching density. The increased terminal relaxation times
of the G2 and G3 copolymers are attributed to hindered
configurational renewal of the molecules due to increased
structural stiffness. A slight upturn in the zero shear viscosity
η0 vs molecular weight curves for the G0 and G1 copolymers
with longer arms suggests the onset of enhanced entanglement.
The zero-shear complianceJe

0 increased nearly monotonically
with molecular weight for the G0 and G1 copolymers, in contrast
to linear polyisoprenes for whichJe

0 was independent of
molecular weight.
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