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Supersoft Polymer Melts in Binary Blends of Bottlebrush
cis-1,4-Polyfarnesene and cis-1,4-Polyisoprene

Ioannis Tzourtzouklis, Moritz Meier-Merziger, Holger Frey,* and George Floudas*

Binary blends of polyterpenes are employed comprising cis-1,4-polyfarnesene
(PF) with a bottlebrush architecture, and linear cis-1,4-polyisoprene (PI) as
model systems toward supersoft polymer melts. The bottlebrush PF results in
a low plateau modulus (G0

N ≈ 3.5 × 104 Pa) that can further be reduced with
the addition of PI. Depending on the fraction of short PI chains in the
athermal and nearly isofrictional blends, plateau moduli in the range from 1 to
10 kPa can be achieved. Tube dilation is very efficient in the present binary
blends as compared to more common blends comprising long/short or
linear/star chains of identical polymer structure.

1. Introduction

Biological materials have elastic moduli that range from ≈10 Pa
(supersoft tissues) to ≈107 Pa (skin and tendons).[1–2] Mimick-
ing soft biological tissues with polymeric materials requires a
specific architectural design based on brush-like motifs.[3–6] The
underlying idea is that the bottlebrush architecture will increase
the diameter of polymer chains, and as a result, dilute the en-
tanglements (i.e., increase the entanglement molar mass, Me).
Linear polymer melts fail this exercise, with Me in the range
from 103 to 104 g mol−1 the rubbery plateau modulus, G0

N , (G0
N =

4
5

𝜌RT
Me

, where 𝜌 is the mass density, T is the temperature and
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R is the Avogadro number) is in the range
from 105 to 106 Pa, i.e., much higher
than the one encountered in soft biological
tissues. Contrasting this with bottlebrush
polymers, scaling arguments predict[7] that
the plateau modulus scales with the tube
diameter, dT, and the number of units of
the side chains (nsc) as G0

N ∼ M−1
e ∼ d−3

T ∼
n−3∕2

sc . In addition to nsc, the mechanical re-
sponse is controlled by the grafting den-
sity (n−1

g ), i.e., the number of side chains
per backbone repeat unit. In networks made
of bottlebrush polymers, another important

parameter is the degree of polymerization of the strand backbone
(nx). In this case, the triplet (nsc, ng, nx) controls the mechanical
response of the network.

Earlier studies[8,3–5] demonstrated that solvent-free polymer
melts with the bottlebrush architecture comprising side chains
attached to each repeat unit along the backbone, exhibit viscoelas-
tic properties reminiscent of the bare backbone polymer in the
presence of a diluent. Subsequent cross-linking of the undiluted
bottlebrush polymer resulted in a plateau modulus of ≈1 kPa, a
value typically found in networks swollen by a diluent.[8]

Here we employ a different approach toward supersoft poly-
mer melts. It is based on a recent investigation of the vis-
coelastic and dielectric properties of polymyrcene (PMyr),[9]

a bio-based polymer belonging to the class of polyterpenes
(other known members are the cis-1,4-PI, and the cis-1,4-PF[10]).
Polyterpenes[11–14] constitute a class of type-A polymers, where
by architectural design one can control the “thickness” of chains
and henceforth the chain dynamics. As expected, chain thicken-
ing greatly affects the viscoelastic properties: In going from PI
to PMyr and PF, the entanglement molar mass increases (from
5 kg·mol−1 in PI, to 22 kg·mol−1 in PMyr, to 50 kg·mol−1 in PF).
Similarly, the packing length increases (from 3.1 Å in PI to 4.7 Å
in PMyr and to 6.3 Å in PF). Lastly, the plateau modulus decreases
(from 0.35 MPa in PI, to 0.1 MPa in PMyr, and to 0.035 MPa
in PF). Furthermore, the plateau modulus followed the empir-
ical relation: GN

0 = 0.00226 kBT/p3 consistent with the pro-
portionality between the tube diameter and the packing length,
p.[15,9]

Motivated by the above findings, we employ binary blends
of polyterpenes aiming to exert additional control over the
plateau modulus and packing and henceforth to trigger the flow
behavior. Inherent to the blend studies of long/short chains
is the concept of constraint release (CR) of the long chain
motions by the shorter chains, the latter acting effectively as a
solvent.[16–20] In bidisperse blends with identical chemistry[21–24]

comprising entangled long chains (molar mass, ML, volume
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fraction, 𝜑L) and entangled short chains (molar mass, MS) the
terminal dynamics are determined by the relative relaxation of

the repeating long chains, 𝜏L,rept. = 3𝜏e(
ML

Me
)
3
, versus the CR Rouse

relaxation, 𝜏CR = 3𝜏e(
MS

Me
)
3
( ML

Me
)
2
, and the final entanglement

density, Z = ( ML

Me
) 𝜑a

L, where 𝛼 is the dilution exponent. In the

present case the short/long chains form an athermal blend, but
the components are not chemically identical, possessing very
different Me values. We show that athermal binary PF/PI blends
where one component (PF) has a bottlebrush architecture and
the other comprises linear chains (PI), constitute a new class
of supersoft polymer melts. Depending on the fraction of short
PI chains in the blend, plateau moduli as low as 1 kPa could be
obtained.

2. Experimental Section

2.1. Synthesis

Synthesis: All polymerizations were made under an inert argon
atmosphere as described elsewhere in detail.[12–14,9] 𝛽-Farnesene
was freed from its stabilizer by passing it through alkaline alu-
minum oxide. Subsequently, it was dried over calcium hydride
for 24 h and degassed using at least three freeze-pump-thaw cy-
cles. Then a 25 vol% solution of trioctyl aluminum in cyclohex-
ane was added, and the solvent was removed in vacuo. The sol-
vent n-heptane was dried using sec-butyl lithium (s-BuLi) and
1,1.diphenyl ethylene. Both monomer and solvent were freshly
distilled prior to use and transferred into an argon-filled glove
box. Polymerizations were carried out at a volume concentra-
tion of 𝛽-farnesene to n-heptane of 1:9 and initiated using the
respective amount of s-BuLi (1.3 molar solution) for the targeted
molar mass (Mn = M0·[M]0/[I]); where M0 = molar mass of 𝛽-
farnesene, [M]0 = monomer concentration and [I] = initiator
concentration). The polymerizations were run over night at either
ambient temperature or at 70 °C and terminated with degassed
methanol. Thereafter, the reaction mixture was concentrated in
vacuo and finally precipitated in isopropyl alcohol/methanol. By
centrifugation and decantation, the polymeric material was sep-
arated from the solvent mixture. The polymer was redissolved
in chloroform and precipitated a second time. The isolated poly-
mer was dissolved in benzene and freeze-dried for at least 72 h
at 40 °C in vacuo (1×10−3 mbar) to remove any traces of solvents.
Approximate quantitative yields of >95% were obtained. The de-
viation can be attributed to a loss during purification. All samples
were characterized via size-exclusion chromatography (SEC) and
nuclear magnetic resonance spectroscopy (NMR).

The polyisoprene samples were purchased from PSS Polymer
Standards, Mainz, Germany. As calibration standards for SEC in-
struments, they offer analytic purity and certificates, i.e., number
average molar mass (Mn), mass average molar mass (Mw), and
low dispersity (Ð). All values were measured by RI-detection in
THF relying on a polyisoprene calibration. In addition, mass av-
erage molar mass (MMALS

w ) values obtained by multi-angle light
scattering (MALS) were given. The molecular characteristics of
the PF and PI samples were provided, respectively, in Tables S1
and S2 (Supporting Information).

2.2. Analytic Measurements—Size Exclusion Chromatography
(SEC)

All samples were measured using tetrahydrofuran (THF) as elu-
ent and a polyisoprene calibration. A set-up consisting of: Wa-
ters 717 plus autosampler, a SpectraSeries-P100 pump, a col-
umn set (MZ-Gel SD plus e5/e3/100) of MZ-Analysetechnik,
Mainz, an Agilent G1362A RI-Detector, and a MZ-Messanalytik
TSP (254 nm) UV-detector were used. SEC traces for the PF ho-
mopolymers were shown in Figure S1 (Supporting Information).
As for the determination of the absolute molar mass, all samples
were additionally measured using a multi-angle light scattering
(MALS) detector. For these samples a column set PSS SDV 5 μm
pc/ PSS SDV 5 μm 1 000 Å/ PSS SDV 5 μm 100 000 Å/ PSS SDV
5 μm 1 000 000 Å was used. It was measured on an Agilent 1200
setup. The comparison of the molar mass of all PF and PI sam-
ples, determined by SEC with MALS detector is shown in Figure
S2 (Supporting Information).

2.3. Analytic Measurements—Nuclear Magnetic Resonance
Spectroscopy (NMR)

All samples were measured on a 400 MHz Bruker
Avance II HD 400 instrument. Spectra (1H, 13C, COSY, and
HSQC) were recorded at the maximum frequency for each
nucleus (400 MHz for 1H and 101 MHz for 13C). All measured
spectra were processed using the software “MestReNova v14.2.0”
from Mestrelab Research S.L., Santiago de Compostela, Spain.
The spectra were normalized to the respective proton signal
of the deuterated solvent of choice and phase and baseline
corrected. 1H NMR spectra of PF17 and PI64 are provided in
Figures S3 and S4 (Supporting Information), respectively.

2.4. Rheology

The viscoelastic properties of all blends have been studied with
the TA Instruments Rheometer AR-G2 equipped with a mag-
netic bearing that allows for nanotorque control. Measurements
were performed in an environmental test chamber (ETC). Sam-
ples were prepared on the lower rheometer plate (8 mm), and
the upper plate was adjusted aptly to ensure a uniform gap thick-
ness. Temperature control was achieved through a nitrogen con-
vection oven. The linear and non-linear viscoelastic regimes were
determined by the strain amplitude dependence of the complex
shear modulus |G*|, at 𝜔 = 10 rad s−1. Data of the complex shear
modulus as a function of frequency were obtained by frequency
sweeps in the range of 0.1–100 rad s−1 for several temperatures
near and above the glass temperature. According to the principle
of time–temperature superposition (tTs), the frequency depen-
dence of the complex shear modulus G* at any temperature can
be obtained from a master curve at a reference temperature (here
Tref = 253 K for all the cases) according to the equation: G*(𝜔,T)
= bTG*(aT𝜔,Tref).

2.5. Dielectric Spectroscopy

Dielectric spectroscopy measurements as a function of temper-
ature (i.e., under “isobaric” conditions) were performed with the
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Table 1. Molar mass (Mn), number of entanglements (Z), and composition (w) of the binary bottlebrush/linear PF/PI blends.

BLENDS Name MPI
n

[g mol−1]
MPF

n
[g mol−1]

ZPI ZPF wPI wPF

CASE I
PF(3Me) / PI

BLD-PI(Me) 4500 129 000 0.9 2.6 0.5 0.5

BLD-PI(2 Me) 9900 129 000 2.0 2.6 0.5 0.5

BLD-PI(4 Me) 19 000 129 000 3.8 2.6 0.5 0.5

BLD-PI(8 Me) 38 800 129 000 7.8 2.6 0.5 0.5

BLD-PI(20 Me) 103 000 129 000 20.6 2.6 0.5 0.5

BLD-PI(30 Me) 150 000 129 000 30 2.6 0.5 0.5

CASE II
PI(Me) / PF

BLD-PF(3 Me) 4500 129 000 0.9 2.6 0.5 0.5

BLD-PF(8 Me) 4500 414 000 0.9 8.3 0.5 0.5

BLD-PF(14 Me) 4500 710 000 0.9 14.2 0.5 0.5

CASE III
PI(Me) / PF(14Me)

BLD-PF(0.1) 4500 710 000 0.9 14.2 0.9 0.1

BLD-PF(0.2) 4500 710 000 0.9 14.2 0.8 0.2

BLD-PF(0.4) 4500 710 000 0.9 14.2 0.6 0.4

BLD-PF(0.5) 4500 710 000 0.9 14.2 0.5 0.5

BLD-PF(0.6) 4500 710 000 0.9 14.2 0.4 0.6

BLD-PF(0.9) 4500 710 000 0.9 14.2 0.1 0.9

Novocontrol Alpha high-resolution frequency analyzer, within
the frequency range from 10−2 to 107 Hz, and for temperatures
in the range from 173.15 to 333.15 K. All samples, before mea-
surement, were placed into an oven under vacuum conditions
in order to remove traces of water/solvent. The DS measuring
cell consisted of two platinum electrodes (of 20 mm diameter)
forming a capacitor. A Teflon spacer was inserted in the sample
to keep the distance of the electrodes fixed (≈50 μm). By ap-
plying an alternating electric field to the capacitor, the complex
dielectric function (𝜖*) is obtained as a function frequency (𝜔)

and temperature (T). The latter is defined as 𝜖* = 𝜖ʹ -i𝜖ʺ, where
the real part (the dielectric permittivity) refers to the energy that
is reversibly stored in the dielectric, and the imaginary part to
the dielectric losses. The analysis of the DS resulted in curves
was based on the empirical equation of Havriliak and Negami
(Equation (1))[25]

𝜀∗HN
(𝜔, T) = 𝜀∞ (T) +

∑
j

Δ𝜀j (T)[
1 + (i𝜔𝜏HNj

(T))mj

]nj
+

𝜎0 (T)

i𝜀f 𝜔
(1)

Figure 1. a) Master curves for the storage (filled circles) and loss (open circles) moduli of the symmetric binary blends of PF/PI having a fixed PF molar
mass (MPF

n = 129 000 g mol−1) and different PI molar masses: Me (blue), 2Me (black), 4Me (red), 8Me (green), 20Me (magenta), and 30Me (gray), all
at T = 253 Κ. Master curves are normalized to the segmental relaxation time, 𝜏SM, and are further shifted vertically for clarity. Linear fit with respective
slopes 2 and 1 for the storage and loss moduli are shown, characteristic of the terminal relaxation. b) Terminal relaxation times, normalized by the
respective segmental times in the binary blends plotted as a function of PI molar mass. Solid lines give the 𝜏term/𝜏SM for PI (shown in red) and PF
(shown in blue) from rheology and corresponding dashed lines from DS. Symbols indicate the normalized 𝜏term from rheology (filled circles) and DS
(open circles), respectively. Grey and white areas indicate regimes dominated by PF and PI terminal dynamics.
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Figure 2. The van Gurp–Palmen plot for the symmetric binary blends
of PF/PI shown for different PI molar masses: BLD-PI(Me) (blue trian-
gles), BLD-PI(2Me) (black rhombi), BLD-PI(4Me) (red spheres), BLD-
PI(8Me) (green hexagons), BLD-PI(20Me) (magenta pentagons) and BLD-
PI(30Me) (gray down-triangles). In the first three cases, two weak minima
are evident, while in the three latter cases, one strong minimum below 40o

indicates the blend plateau modulus.

where 𝜀∞(T) is the high-frequency permittivity, 𝜖f is the permittiv-
ity of free space, 𝜏HN(T) refers to the characteristic relaxation time
of this model, Δ𝜀(T) = 𝜀0 (T) − 𝜀∞(T) is the relaxation strength
of the process under investigation, m and n are the two shape pa-
rameters of the HN equation (with 0 ≤ mj, mjnj ≤ 1), 𝜔 (= 2𝜋 f =
1 / 𝜏) is the angular frequency of the external electric field, and
𝜎0(T) introduces the conductivity contribution. From the 𝜏HN the
relaxation times at maximum loss, 𝜏max, were obtained analyti-
cally from the HN equation as follows:

𝜏max = 𝜏HN

[
sin

(
𝜋m

2 (1 + n)

)]−1∕m[
sin

(
𝜋mn

2 (1 + n)

)]1∕m

(2)

In the temperature range where two or more relaxation pro-
cesses contribute to 𝜖*, a summation of HN functions was used,
assuming statistical independence in the frequency domain.

3. Results and Discussion

With the binary polyterpene blends of the “bottlebrush PF” and
the linear PI we explore three cases. In the first section (Case I) we
study the effect of PI molar mass on tube dilation by employing
several symmetric PF/PI blends having an entangled PF (with
ZPF = 2.6), and different PIs (molar masses from ZPI = 0.9 to 30).
More efficient tube dilation effects can be obtained by exploring
the effect of PF molar mass (ZPF = 2.6 to 14.2) in blends with
a fixed PI (ZPI = 0.9) (Case II). In the last section (Case III) we
employ the most efficient supersoft polymer melt (with ZPF =
14.2, and ZPI = 0.9) and explore the effect of blend composition.

3.1. CASE I: Effect of PI Molar Mass

In the first case, we explore the effect of PI molar mass by prepar-
ing several symmetric PF/PI blends having a fixed PF molar mass

(ZPF = 2.6) and different PI molar masses from unentangled (ZPI
= 0.9) to well-entangled (ZPI = 30) (Table 1). The master curves
of the blends are shown in Figure 1. They were constructed at the
same reference temperature (T = 253 K) and further normalized
to the segmental relaxation time. A clear plateau is observed only
in cases where the PI molar mass is above ≈8Me. The terminal
relaxation in the blends shows a distinct dependence on PI mo-
lar mass (Figure 1b). When the PI molar mass is below ≈8Me
the terminal relaxation follows the corresponding PF relaxation
(where ZPF = 2.6). On the other hand, for PI molar masses above
8Me (ZPI = 7.8) the terminal relaxation is dictated by the longer PI
chains. In this respect, the blend BLD-PI(8Me) lies at the border-
line between PF- and PI-dominated terminal regimes. Figure 1b
contains, in addition to the terminal relaxation from rheology, the
longest normal mode as obtained from DS, for comparison. The
results are in good agreement, as expected from the low polarity
of PI and PF.

More informative with respect to the viscoelastic proper-
ties of the blends, and in particular regarding the applicabil-
ity of time-temperature superposition, is the van Gurp–Palmen
plot (vGP)[26,27] of the phase angle 𝛿 versus logG* (|G*| =
(G’(𝜔)2+G″(𝜔)2)1/2). In a material following tTs, prior to any shift,
all isothermal data in the vGP plot overlap in a single master
curve. Starting from the terminal regime (where 𝛿 = 900) and
moving across the modulus scale, the modulus first decreases
to a minimum value that is characteristic of the plateau modu-
lus, G0

N . The more entangled the polymer the deeper is the mini-
mum. Subsequently, 𝛿 increases, goes through a maximum, and
decreases again to another minimum, in the vicinity of the glass
“transition” (|G*|= 109 Pa). In the blends, one can observe several
distinct features. First, tTs is only partially obeyed, especially on
approaching the liquid-to-glass temperature. The reason is that
PF has a lower Tg than PI (Tg(PF) ≈200 K and Tg(PI) ≈207 K).[9,10]

In the blends, there exists a single, albeit broad Tg giving rise to
the lack of a perfect superposition. Nevertheless, to a good ap-
proximation, the blends can be regarded as isofrictional. Second,
in blends where the PI molar mass is higher than ≈8Me, a clear
minimum in 𝛿 is observed (with values in the range 200 <𝛿 < 300)
at |G*| = 105 Pa giving the plateau modulus. In blends where
M(PI)< 8Me, two shallow minima are observed suggestive of two
quasi-elastic regimes. The first minimum in 𝛿, G∗

𝛿1
min

, between the

terminal relaxation and the plateau modulus associates with the
relaxation of the PF (3Me) chains in the blend. As for the sec-
ond minimum in 𝛿, G∗

𝛿2
min

, it was shown that it associates with the

steady-state recoverable compliance, as it shifts with decreasing
PI molar mass.[27] (Figure 2)

We can further explore the plateau modulus and obtain respec-
tive values for the entanglement molar mass, Me, packing length,
p, and tube diameter, dT, using Me =

4
5

𝜌RT
G0

N

, where 𝜌 is the mass

density (𝜌PI = 0.91 g cm−3;[28] 𝜌PF = 0.90 g·cm−3 [10]), Me = 218𝜌p3,
and dT = 19p.[28] The result is shown in Figure 3. We emphasize
here, that the interpretation of the value of |G*| at the first and
second (main) 𝛿min as corresponding to the plateau modulus is
accurate only for the three blends with the strong single 𝛿min. For
it is only in the latter case that the G∗

𝛿2
min

value corresponds exactly

to the plateau modulus. Nevertheless, we calculate these quanti-
ties even for blends with M(PI)< 8Me to explore some trends.
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Figure 3. Viscoelastic properties of the symmetric binary blends PF/PI having a fixed PF molar mass (MPF
n = 129 000 g mol−1) and different PI molar

masses. a) The absolute value of the complex shear modulus as a function of PI molar mass. Filled symbols correspond to the first minimum in the
van Gurp-Palmen plot, while open symbols correspond to the second minimum. b) Entanglement molar mass is plotted as a function of the PI molar
mass. c) Packing length over the molar mass of the PI component. d) Tube diameter as a function of PI molar mass in the blend. Red and blue solid
lines correspond to well-entangled homopolymers of PI and PF, respectively.

The value of the G∗
𝛿1

min

corresponding to the terminal relaxation

of PF in the blends with M(PI)< 8Me results to a higher Me, p, and
dT values with respect to the PF homopolymer. This is one aspect
of dynamic tube dilation in blends of long/short chains with iden-
tical chemistry that has been explored earlier.[17–24] Effectively, the
lower molar mass PI acts as a solvent to the PF component, al-
leviating the constraints and increasing the tube diameter of PF.
More efficient tube dilation effects can be obtained by exploring
the effect of PF molar mass in blends with a fixed PI molar mass
(Case II, below).

3.2. CASE II: Effect of PF Molar Mass

Here we explore the viscoelastic properties in three blends hav-
ing a fixed PI molar mass (Me; ZPI = 0.9), and PF with increasing
molar mass (from ZPF = 2.6 to 14.2). The master curves for the
blends are compared with the pure components in Figure 4. For
the BLD-PI(Me)-PF(3Me), the rubbery plateau is not pronounced,
and the terminal relaxation speeds up as compared to the PF ho-
mopolymer (Figure 4a). In the other extreme, the BLD-PI(Me)-

PF(14Me) blend, the rubbery plateau is clearly evident, but the
plateau modulus is decreased nearly by an order of magnitude
(Figure 4c). Evidently, blending high molar mass PF with short
PI chains results in an efficient dynamic tube dilation (Figure 4d),
giving rise to super-soft polymer melts.

How effective is the obtained supersoft polymer melt? To ad-
dress this question, we explore the details of the vGP plot (Figure
5). The plot reveals one sharp minimum that is very distinct in the
BLD-PF(14Me) (𝛿min∼200), and in BLD-PF(8Me) (𝛿min∼360), but
much less distinct in BLD-PF(3Me) (𝛿min∼500). The value of mod-
ulus at the minimum shifts from |G*| = 3.4 × 104 Pa in PF(14Me)
homopolymer, to |G*| = 7.3 × 103 Pa in the BLD-PF(14Me), i.e., a
sixfold decrease in the plateau modulus. This again suggests that
efficient supersoft polymers can be designed by mixing a well-
entangled bottlebrush polymer (PF component) with a low molar
mass linear (PI component) polymer.

The effect of increasing PF molar mass on Me, the pack-
ing length, p, and the tube diameter, dT, are shown in Figure
6. The figure shows an increasing entanglement molar mass
(Figure 6b), packing length (Figure 6c), and tube diameter
(Figure 6d) with increasing PF molar mass in the blends.

Macromol. Rapid Commun. 2024, 45, 2400551 2400551 (5 of 10) © 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. Master curves of the storage (filled symbols) and loss (open symbols) moduli for the bulk components (pale colors) and the PI(Me) – PF blends
for the three different cases of a) BLD-PF(3Me), b) BLD-PF(8Me) and c) BLD-PF(14Me). In all cases, data are normalized to their segmental relaxation
time. d) Graphical representation of the tube dilation effect, where the low molar mass PI acts as a solvent for the well-entangled PF component.

Figure 5. Van Gurp–Palmen plot for the three symmetric binary blends
PF/PI having a fixed PI molar mass (MPI

n = 4500 g mol−1) and differ-
ent PF molar masses: BLD-PF(3Me) (blue), BLD-PF(8Me) (purple) and
BLD-PF(14Me) (light green). One strong minimum is evident in the lat-
ter two cases, together with a barely distinguishable second minimum,
corresponding to the chain relaxation of the low molar mass constituent,
PI(Me). By increasing the molar mass of PF, |G*| moves to lower values,
adapting properties similar to those of supersoft polymers.

Interestingly, the PF tube diameter is nearly doubled by blend-
ing PF(14Me) with a low molar mass PI(Me) that acts as a diluent.
In the next section, we employ the most efficient supersoft poly-
mer blend and explore the effect of blend composition on further
controlling the plateau modulus.

3.3. CASE III: Effect of Blend Composition on Tube Dilation

Can we make better supersoft melts by controlling the bottle-
brush/linear polymer blend composition? To this end, we employ
the well-entangled PF(14Me) and prepare blends with a low mo-
lar mass PI(Me) at different ratios. Figure 7 compiles the respec-
tive mastercurves for the storage modulus in the homopolymers
and their blends. The results show a decreasing rubbery plateau
with increasing PI content. In the inset, the normalized terminal
relaxation times, are plotted as a function of the PF weight frac-
tion in a double logarithmic representation. The results reveal a
dependence as 𝝉 term ∼ w1.5

PF .
To explore further the details of the viscoelastic properties

in the blends we discuss the vGP plot with the help of Figure
8a. Two minima are evident in some cases; the first minimum
corresponds to the transition from the terminal relaxation of
the blend to the rubbery plateau, whereas the second (shallow)
minimum corresponds to the chain relaxation of the low molar

Macromol. Rapid Commun. 2024, 45, 2400551 2400551 (6 of 10) © 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 6. a) Absolute value of the complex shear modulus as a function of PF molar mass for the three symmetric binary blends PF / PI having a fixed PI
molar mass (MPI

n = 4500 g mol−1) and different PF molar masses: BLD-PF(3Me) (blue triangle), BLD-PF(8Me) (purple square) and BLD-PF(14Me) (light
green pentagon). For the extreme case of PF(14Me)-PI(Me) the plateau value is lower than 104 Pa, exhibiting properties similar to supersoft polymer
melts (see text). b) Entanglement molar mass, c) packing length, and d) tube diameter plotted as a function of the PF molar mass in the blends. Red
and blue solid lines give respective values for well entangled PI and PF homopolymers.

mass component (PI). The first minimum in 𝛿, G∗
𝛿1

min

, is deep

in the cases of wPF ≥ 0.4 and becomes shallow for wPF ≤ 0.2.
As shown in Figure 8b, 1∕G∗

𝛿1
min

∼ w−1.75
PF , a somewhat weaker

dependence than the one reported for blends of linear polymers
(e.g., polystyrene). [27]

The extracted parameters from the absolute value of the com-
plex shear modulus at G∗

𝛿1
min

, i.e., the entanglement molar mass,

the packing length, and the tube diameter are plotted in Figure 9
as a function of the weight fraction of PF in the blends. It is evi-
dent that the value of |G*| decreases with decreasing PF fraction
in a nonlinear way. Data obtained for the Me, p, and dT in the case
of the two blends with wPF ≤ 0.2 are shown in faint color, since a
clear rubbery plateau is not observed in this case. For the remain-
ing blends, results show significant tube dilation with increasing
PI content. In the case of wPF = 0.4 the entanglement molar mass
increases to ≈300 kg mol−1 (from 50 kg mol−1 in PF), the pack-
ing length to ≈11.5 Å (from 6.3 Å in PF), and the tube diameter
to 220 Å (from 116 Å in PF).[9,10]

The efficiency in tube dilation by chain architecture can be
compared for different PI topologies (linear/linear, linear/star,
and linear/bottlebrush) by plotting the dilated tube diameter
in the blends reduced by the respective value in undiluted long

Figure 7. Mastercurves of the storage moduli (G’) normalized at the seg-
mental relaxation times, for blends with various blend compositions. A
significant reduction in the plateau modulus is evident. In the inset, the
terminal relaxation times, normalized to the segmental relaxation times,
are plotted as a function of the PF weight fraction in a double logarithmic
plot. A line with a slope of 1.5 is shown.

Macromol. Rapid Commun. 2024, 45, 2400551 2400551 (7 of 10) © 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 8. (Left) van Gurp–Palmen plot for the blends with different PF weight fractions: BLD-PF(0.1) (purple), BLD-PF(0.2) (gray), BLD-PF(0.4) (orange),
BLD-PF(0.5) (light green), BLD-PF(0.6) (olive), BLD-PF(0.9) (magenta), PI(Me) (red), PF(14Me) (blue). (Right) The inverse of |G*| at the first 𝛿 minimum
is plotted over the weight fraction of the high molar mass component, wPF. In the inset, the same data are shown in a double logarithmic representation.
The blue solid line indicates that 1∕G∗

𝛿1
min

varies with wPF in the power of −1.75.

Figure 9. a) Absolute value of the complex shear modulus at G∗
𝛿1

min

as a function of the weight fraction of the PF in the blends. Dependence of b) the

entanglement molar mass, c) the packing length, and d) the tube diameter, as a function of PF weight fraction. The dotted line is a guide for the eye.
Blue solid line indicates the corresponding values for the PF(14Me) homopolymer.

Macromol. Rapid Commun. 2024, 45, 2400551 2400551 (8 of 10) © 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 10. Architecture-induced tube dilation. Tube diameter in blends
relative to the respective homopolymers for a) linear PI blends
PI(16Me)/PI(2.4Me) shown with the red dash-dotted line, b) blends of the
same linear PI(16Me) with PI stars,[24] shown with the dashed blue line),
and c) the present bottlebrush/linear PF/PI blends shown with the black
line.

homopolymer, as a function of the volume fraction of long
chains, 𝜑L, in Figure 10. The figure depicts tube dilation in lin-
ear/linear PI blends scaling as 𝜑−0.5

L , and in linear/star PI blends
scaling as 𝜑−0.375

L .[24] This should be contrasted with the present
PF/PI (bottlebrush/linear) blends where tube dilation scales as
𝜑−0.56

L . Employing only blends where the rubbery plateau is more
evident (e.g., ignoring the data points with wPF ≤ 0.2), it provides
an even steeper dependence, e.g. scaling as 𝜑−0.73

L . Overall, the
results show that among the different topologies examined,
blends comprising bottlebrush/linear chains are more effective
in the process of tube dilation resulting in supersoft polymer
melts. The explanation for this key observation is the low rubbery
plateau value of the bottlebrush polymer. Further crosslinking of
the longer chains will result in supersoft elastomers.

4. Conclusion

Bottlebrush polymers are solvent-free melts with a plateau mod-
ulus as low as 1 kPa, a value typically found in swollen net-
works and required to match soft biological tissues. We em-
ployed binary blends of polyterpenes comprising linear (cis-1,4-
PI) and bottlebrush (cis-1,4-PF) topologies to explore the possi-
bility of further reducing the – already low–plateau modulus of
PF (G0

N ∼ 3.5 × 104 Pa) by tube dilation. The new athermal and
largely isofrictional PF/PI blends constitute a new class of super-
soft polymer melts with plateau moduli in the range from 10
to 1 kPa. The efficiency in tube dilation relates to polymer ar-
chitecture; we deduce that blends of polyterpenes are more ef-
fective than long/short PI blends, as well as from linear/star PI
blends, i.e., blends with identical chemistry. This opens a new
area, where bottlebrush/linear athermal polymer blends can be

employed as a means to adjust the elasticity and flow behavior in
polymer melts and thereby lead to supersoft elastomer materials
after crosslinking.
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