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Themolecularmobility of chemically cross-linked and thermo-
plastic elastomers is of utmost importance in establishingphysical
properties for uses ranging from automotive tires and shoe soles
to more sophisticated aerospace and biomedical applications. In
many of these applications, network chain dynamics under
external stresses/strains are critical for determining ultimate
performance. It is well established that Tg (or TR, the dynamic
Tg) and the breadth of the segmental (R) relaxation time dis-
tribution increase with increasing cross-link density for chemi-
cally cross-linked polymers. For elastomers, there are considered
to be two contributions important in determining the change in
TR upon uniaxial extension: a reduction in conformational
entropy, encouraging an increase in TR, and a volume increase
on uniaxial deformation, leading to a reduction in TR (nonideal
networks are compressible to some degree).1,2

Considering the importance of mechanical deformation in
elastomer applications, there have been relatively few previous
investigations of mechanical strain on chain dynamics, e.g.,3,4

even fewer using broadband dielectric spectroscopy, and none
on thermoplastic elastomers.5-8 This is despite the fact that
modern broadband dielectric spectroscopy is a powerful tool
for the investigation of material dynamics over very wide fre-
quency and temperature ranges.

In this Communication, we report the findings of our initial
dielectric spectroscopy investigation of the role of uniaxial
extension on the relaxation behavior of cross-linked polyisoprene
and segmented polyurethane elastomers. A Novocontrol GmbH
Concept 40 broadband dielectric spectrometer was used to
measure dielectric permittivity and loss over a broad range of
temperatures and frequencies.

Synthetic polyisoprene [PI,NIPOL-IR2200 (ZeonChemicals),
98.5% cis-1,4 content] was cross-linked with dicumyl peroxide
(Sigma-Aldrich) at 180 �C for 4 min in an aerated oven. Cross-
link density was determined by measuring the swelling ratio in
toluene and the Flory-Rehner equation.9 A poly(tetramethylene
oxide) (PTMO, MW ∼ 1000) soft segment polyurethane (PU)
with 32.5 wt % of hard segments [4,40-diphenylmethane diiso-
cyanate (MDI) and 1,4-butanediol (BDO)] was supplied by
AorTech Biomaterials (Scoresby, QLD, Australia) in film form.

For the uniaxial deformation experiments, the stretching rig
shown in Figure 1 was developed in order to allow convenient
loading of deformed specimens directly into the dielectric spectro-
meter. This rig has three essential parts: sample clamper, electrode,

and stretching knob. A sample strip (10 mm� 80mm) was placed
along the groove on the rig and drawn to a specific extension
ratio (λ). An electrode was positioned in the middle of the strained
sample and clamped.The strained sample-electrode assemblywas
then separated from the rig and dried in vacuum for 24 h before
measurement.

The influence of uniaxial extension on the dynamics of
the cross-linked PI (cross-link density = 6.1� 10-5 mol/cm3) is
displayed in Figure 2. Two relaxation processes are observed in
dielectric spectra: the segmental (see Figure 2a) and normalmode
(not shown) relaxations. The latter is observed in cross-linked
polymers with type A dipoles, despite the fact that the network
chains are fixed by cross-linking, due to the contribution of
dangling chain ends.10 The relaxation times of both processes,
shown in Figure 2b, are unaffected by uniaxial deformation.
These results are in agreement with previous experimental
results on PI and similar cross-linked elastomers.5-8 Even at higher
extension ratios (λ > 4), at which strain-induced crystallization
was detected by X-ray diffraction experiments, no meaningful
change in the segmental dynamics was observed.

The segmented polyurethane with 32.5 wt%MDI-BDO hard
segments undergoes microphase separation when cooled from
the one phase melt, resulting in hard domains phase separated
from a low-Tg phase, the latter consisting of PTMOsoft segments
and some, presumably short, dissolved hard segments.11,12 Two
relaxations are observed in the temperature range of the current
experiments. The low-temperature β process follows an Arrhe-
nius form (see Figure 3b) with an activation energy of∼35kJ/mol
and is associated with local motion of the soft segments.13 The
higher temperature R relaxation follows a VFT temperature
dependence, extrapolates to the soft phase Tg at τ = 100 s, and
is associated with the soft phase segmental relaxation. The local
β process is unaffected by uniaxial deformation up to λ = 4.
However, unlike cross-linked PI, the R process of the segmented
polyurethane varies substantially: it moves to lower frequencies
(Figure 3a) with increasing λ, accompanied by broadening of the
relaxation (the Havriliak-Negami broadening shape parameter
for the fitted relaxation decreases from 0.42 to 0.24) and a
decrease in the relaxation strength [= 4.1 (λ = 1) to 2.7 (λ = 4)].
Extrapolation of the segmental relaxation times yields estimates
of the soft phase Tg for the various deformed states (Table 1),
and this increases by about 25 �C over that of the undeformed
PU segmented elastomer for λ = 4. The sensitivity of the seg-
mental dynamics for the PU relative to the PI under considera-
tion here is due to the difference in effective cross-link density.
Since many (although not all) hard segments reside in hard
domains, the effective cross-link density for the segmented PU
is on the order of 1000 (themolecular weight of the soft segments)
while that for the cross-linked PI is 33 000 and results in
significant constrainedmobility of PU soft phase segments under
deformation.

Structural characterization of the PU microphase-separated
morphology as a function of λ is currently underway to provide a
complete basis for understanding the changes in dynamics,
although some general features are expected based on previous
research on similar PUs.14-16 Segments in the soft phase (soft
segments and dissolved hard segments) will first become oriented
in the deformation direction due to the lower modulus of the
soft phase and stress will be ultimately be exerted on the hard
domains. If anisotropic in shape, the hard domains are expec-
ted to align with their long axis in the deformation direction.
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Hard domainsmay then fragment and/or plastically deformwith
increasing extension, and if the soft segments are sufficiently
regular and of high enough molecular weight, strain-induced
crystallization may also occur (this was not for the PTMO
copolymer investigated here up to λ = 4).

Figure 2. (a) Dielectric loss factor for the segmental processes and (b) VFT plot of relaxation processes as a function of extension ratio for the cross-
linked polyisoprene (cross-linking density = 6.1 � 10-5 mol/cm3). Inset in (a) depicts the effect of deformation on the normal mode process in the
undeformed state and for λ = 3, at T = 300 K.

Figure 3. (a) Dielectric loss factor at 253 K for the R processes in the frequency domain and (b) VFT plot of relaxation processes as a function of
extension ratio for a segmented polyurethane with 32.5 wt % hard segments.

Figure 1. Uniaxial deformation rig.

Table 1. VFT Fitting Parameters and Dynamic Fragility Index (m) of
the Segmented Polyurethane at Various Extension Ratios

unstretched λ = 2 λ = 3 λ = 4

τ0 (s) 1.85 � 10-6 2.23 � 10-6 1.3 � 10-6 4.18 � 10-6

Ea (eV) 0.067 0.064 0.064 0.038
T0 (K) 171 175 181 215
T(τ = 100 s) 215 217 222 241
fragility m 57 61 70 93
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The dynamic fragility (m) of soft phase glass formation can be
determined as a function of extension ratio using17

m ¼ d log τ

dðTR=TÞ

�
�
�
�
�
T ¼Tg

ð1Þ

where τ is the structural relaxation time. A stronger deviation
from Arrhenius behavior corresponds to a more fragile system.
As shown in Table 1, the dynamic fragility increases gradually
from 57 in the undeformed state to 70 at λ=3 and then jumps to
93 when λ reaches 4. Fragility is generally correlated with the
degree of intermolecular coupling,18 and as intermolecular coup-
ling becomes stronger the material becomes more fragile. Fragi-
lity has been demonstrated to increase with increasing chemical
cross-linking19,20 as well as intermolecular hydrogen bonding.21

The general increase inmwith λ is in keeping with the increase in
Tg

22 arising from increasing constraints on soft phase segments,
and a more comprehensive discussion will be provided in a
following paper.

In summary, the segmental process of lightly cross-linked PI is
not affected by uniaxial deformation up to λ=4, while that of a
representative microphase-separated PU thermoplastic elasto-
mer varies significantly in location, strength, and relaxation
breadth with increasing λ. Although the details of the variation
of the microphase-separated morphology are still under investi-
gation, the behavior is in keeping with the larger effective cross-
link density of the segmented PU and the resulting constrained
mobility of soft phase segments under stress.
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