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a b s t r a c t

We review our recent studies towards the molecular understanding of mechanical properties–structure
relationships of elastomers using model polydimethylsiloxane (PDMS) networks with controlled
topology. The model elastomers with controlled lengths of the network strands and known amounts of
cross-links and dangling chains are obtained by end-linking the functionally terminated precursor PDMS
with known molecular weights using multi-functional cross-linkers. Several modern entanglement
theories of rubber elasticity are assessed in an unambiguous manner on the basis of the nonlinear stress–
strain behavior of the model elastomers under general biaxial strains. The roles of cross-links and
entanglements in the large-scale structure of the swollen state are revealed from small angle X-ray
scattering spectra. A remarkably stretchable elastomer with the ultimate strain over 3000% is obtained
by optimizing the network topology for high extensibility, i.e., by reducing the amounts of trapped
entanglements and the end-to-end distance of the network strands. The model elastomers with unat-
tached chains exhibit a pronounced viscoelastic relaxation originating from the relaxation by reptative
motion of the guest chains. The relaxation spectra provide a definite basis to discuss the dynamics of
guest linear chains trapped in fixed polymer networks. The temperature- and frequency-insensitive
damping elastomers are made by introducing intentionally many dangling chains into the networks.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Elastomers exhibit large reversible deformabilities with distinctly
low elastic modulus – which are unparalleled in solid materials – due
to the entropic elasticity. Such unique mechanical properties of
elastomers originate from the three-dimensional network structure
comprising long and flexible polymer chains [1,2]. The amorphous
network structure of elastomers is characterized by several topo-
logical parameters such as the length of the network strands, func-
tionality of cross-links, and the amounts of entanglements, dangling
chains and loops. Extensive research on elastomers has been con-
ducted over the years, and today, elastomers are widely utilized as
commercial products. However, the molecular understanding of the
network topology–mechanical property relationships still remains
incompletely understood. This is primarily because conventional
elastomers formed by random cross-linking methods have very
obscure structure with a broad network strand length distribution
and an unknown number of dangling chains. Well-characterized
.ac.jp (K. Urayama).
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model elastomers with known structural parameters can be
prepared by the end-linking reaction [2–6]. Functionally terminated
precursor chains with known molecular masses are end-linked with
cross-linkers of functionality three or more (Fig.1). The length of the
network strands between the cross-links can be controlled by the
length of the precursor chains. A finite imperfection in the end-
linking reaction invalidates the equivalence of the lengths of the
precursor chains and network strands, and this deviation can be
quantitatively evaluated on the basis of a nonlinear polymerization
model [7] and the quantity of unreacted materials extracted after the
reaction. Similarly, the size distribution of the network strands can be
controlled by the size distribution of the precursor chains. For
example, the end-linking of mixtures of short and long precursor
chains resulted in elastomers with bimodal length distribution of
network strands [2,5,8]. The trimodal [9] or ‘‘pseudo unimodal’’
(extremely broad unimodal) [5] length distribution of network
strands is also possible. Moreover, dangling chains (those tethered to
the network at only one end) can be introduced intentionally by
using mixtures of mono-functional and bi-functional precursors
[2,4,10]. The end-linking of precursors in the solution can vary the
amount of trapped entanglements in the resultant elastomers by
changing the precursor concentration [11–13]. The end-linking
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Fig. 1. End-linking telechelic precursors with tetra-functional cross-linkers.

K. Urayama et al. / Polymer 50 (2009) 347–356348
reaction provides the mechanism to fabricate elastomers with a rich
variety of topological characteristics.

Poly(dimethylsiloxane) (PDMS) is known as one of the most
flexible polymers [14]. The high flexibility of PDMS originates from
the structural features of the Si–O bonds; they have a longer bond
length, larger bond angle, and significantly lower torsional potential
than C–C bonds. This leads to a very low glass transition temperature
(ca. �120 �C) for PDMS. PDMS undergoes crystallization at consid-
erably low temperatures of below�30 �C. Usually, crosslinked PDMS
does not exhibit strain-induced crystallization at room temperature.
These features of PDMS are beneficial for fundamental studies of
rubber elasticity. In fact, PDMS has often been employed as
a precursor in end-linked elastomers. There are several types of
chemical reaction that facilitate end-linking. The addition reaction
between vinyl groups and Si–H groups by the use of a Pt catalyst is one
of the most well-known reactions (Fig.1). This reactionwas employed
for sample preparation in all our studies introduced in this article.

In this article, we review our recent studies on different types of
PDMS elastomers with controlled network topology. Section 2
describes the nonlinear elasticity of model elastomers under
general biaxial strains. Several modern entanglement theories for
rubber elasticity are strictly assessed using stress–strain data
obtained in different types of deformations. Section 3 discusses
a large-scale structure present in the swollen model elastomers
with controlled lengths of network strands on the basis of small
angle X-ray scattering spectra. Section 4 introduces that the
remarkably extensible elastomers with the unusual network
topology tuned to high extensibility which are prepared by end-
linking in semi-dilute solutions and subsequently drying. Section 5
describes the viscoelastic properties of the model elastomers with
low concentration of unattached chains and model irregular elas-
tomers with a known amount of dangling chains. The model elas-
tomers with low concentrations of unattached chains provide
a basis for discussion of the dynamics of free guest chains in fixed
(crosslinked) polymer networks. The model irregular elastomers
with a known amount of dangling chains result in an elastomer
with high damping, which is insensitive to temperature and
frequency.
2. Nonlinear elasticity characterized by general biaxial strains

Elastomers exhibit large (and recoverable) deformabilities due
to small forces. The relation between stress and strain is linear only
at very small strains, and it is significantly nonlinear at moderate
and large strains. Uniaxial deformation has often been employed to
characterize nonlinear elasticity because of its experimental
simplicity. Uniaxial deformation, however, is one of the different
types of deformations, and it provides limited information about
nonlinear elasticity. In contrast, general biaxial strains that vary
independently in two orthogonal directions (Fig. 2) cover the entire
range of physically accessible deformations in incompressible
elastomers [1,15,16]. The significance of general biaxial strains was
recognized a long time ago, but there are few corresponding
experiments [17–19] due to the complexity of the instruments
required. Several researchers [1,16,20–24] have stated that analysis
relying only on uniaxial data often leads to an erroneous under-
standing of nonlinear rubber elasticity – however, this important
fact appears to be largely neglected. A typical example is the over-
estimation of the familiar Mooney–Rivlin plot using uniaxial data:
the linearity in this plot is often superficial because the free energy
estimated from this plot does not describe the biaxial data [20–24].

The biaxial data of well-characterized elastomers provide
a definite basis for the molecular understanding of rubber elasticity.
Many entanglement models have been proposed to improve the
flaws in the classical theories [5]: the classical theories consider
neither the topological interaction (entanglement effect) arising
due to the uncrossability of network strands nor their finite
extensibility. Most of the past assessments of these entanglement
theories relied only on uniaxial data. Uniaxial deformation is not
sensitive enough to distinguish one model from another [21,25]. In
addition, the structural parameters in the models are often treated
as additional fitting parameters because of obscurity of structural
parameters of the randomly crosslinked elastomer samples. This
treatment lends more ambiguity to the assessments. We investi-
gated the nonlinear stress–strain relations of the model elastomers
of end-linked PDMS under general biaxial deformations by using
a custom-built tester to obtain an unambiguous basis for testing the
theories [23,24,26–28]. The typical size of square sheet samples is
ca. 50 mm width and ca. 1 mm thickness. The precursor PDMS
chains used are highly entangled before end-linking due to the high
molecular weight (Mw¼ 89,500). This molecular weight is consid-
erably larger than the critical molecular weight for the formation of
entanglement couplings (Mc z 17,000) [29] as well as the mole-
cular weight between adjacent entanglements (Me z 10,000) [30].
The mesh of the resultant networks is dominated by trapped
entanglements instead of chemical cross-links. The PDMS elasto-
mers with various amounts of trapped entanglements were
prepared by varying the weight fraction of precursor PDMS (f0) in
the solutions at end-linking. An oligodimethylsiloxane was
employed as nonvolatile solvent. ‘‘As-prepared’’ samples (i.e.,
including the solvent) were used for biaxial experiments.

Fig. 2 shows the nominal biaxial stresses sx and sy for the end-
linked PDMS elastomer of f0¼ 0.70 with as functions of the prin-
cipal ratios lx and ly [23]. It should be emphasized that the stresses
are the quasi-equilibrium ones with no appreciable time effect
because they were obtained from the quasi-plateau stresses after
sufficiently long time at each strain. It can be observed from the
figure that the uniaxial stretching (triangular symbols; sy¼ 0) is
only a part of the examined deformations. It should be noted that
the uniaxial stretching data were obtained by another tensile tester
using a rectangular strip of ca. 10 mm diameter and ca. 40 mm
length which was cut from the sheet specimen used for biaxial
measurements.

Using the biaxial data in Fig. 2, we assessed five entanglement
models [26]: – the diffused-constraint model [31], the three
different versions of the tube model [32–34], and the slip-link
model [35,36]. We evaluated the structural parameters such as the
numbers of elastically effective network strands and cross-links
from the reaction conditions by using a nonlinear polymerization



Fig. 2. Equilibrium nominal stresses sx and sy of an end-linked PDMS elastomer under
various combinations of principal ratios lx and ly. The triangular symbols represent the
data of uniaxial stretching. The inset indicates the data of uniaxial compression. The
stresses are reduced by initial shear modulus to focus on the l dependence of s. The
solid lines represent the best-fit result of the slip-link model. The data were repro-
duced from Refs. [23,26].

Fig. 3. The fitted parameters of the slip-link model as a function of f0. The data were
reproduced from Ref. [28].
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model [7], and used them in data fitting. In addition, the model-
specific parameters were varied within the defined physically
reasonable ranges. The details of the fitting results of each
model are given in Ref. [26]. In conclusion, among the five models,
the slip-link model provides the best description in the entire
deformation. The solid lines in Fig. 2 depict the fitting results of the
slip-link model. The slip-link theory models the trapped entan-
glements as mobile slip-links, and in addition, it considers the finite
extensibility of network strands via the primitive path concept. The
expression of elastic free energy (Fel) of the slip-link model is given
by [35,36]

Fel
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where
P

denotes the summation for i (¼x, y, z), and Nc and Ns are the
numbers of elastically effective network strands and slip-links,
respectively. The model-specific parameters, h and a, characterize
the slippage of the slip-link and the chain extensibility, respectively.
The stresses in the figure are reduced by initial shear modulus (G0) to
focus on the comparison of the l dependence of s. The theoretical G0

(¼64.6 kPa) using the same parameter values in Fig. 2 excellently
accords with the experimental value (G0¼ 64.9 kPa). Also, the value
of G0 is reasonably explained from the quasi-plateau modulus of
uncrosslinked PDMS melt (GN

0 z 200 kPa) [37] and the effective
network concentration (fN¼ 0.62) which is obtained by subtracting
the unreacted soluble fraction from f0: GN

0 (0.62)a z 67–77 kPa
using a¼ 2–2.3 [38,39]. The slightly smaller value of the experi-
mental G0 may be due to the presence of a finite amount of dangling
chains which have no contribution to equilibrium modulus.
However, the agreement may also be considered tolerable in view of
the uncertainty about the values of GN

0 and a.
We compared further the predictions of the slip-link model with

the biaxial data of the end-linked PDMS elastomers with different
amounts of trapped entanglements prepared by varying f0 [27,28].
The quality of the fitting was found to be satisfactory, and the fitted
results are given in Ref. [28]. Fig. 3 shows the f0 dependence of the
entanglement contribution Ns/Nc, h and a. A decrease in f0 reduces
Ns/Nc, which leads to an increase in h and a reduction in a. These
trends agree with the expectation that a reduction in trapped



Fig. 4. The small angle X-ray scattering spectra of end-linked tetra-functional PDMS
elastomers in the fully swollen state as a function of the molecular weight of the
precursor (Mp). The scattering intensity (I) of each sample is reduced by the volume
fraction of elastomer (fE). The data were reproduced from Ref. [49].
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entanglements increases the slippage of the slip-links and exten-
sibility (a�1). Importantly, these model parameters are correlated
with the topological characteristics of the networks by the relations
h z Nc/Ns and a2¼Nj

�1¼G0mp/(cRT) [35,36,40], where Nj, G0, m, p,
and c are the number of the Kuhn segments between topologically
adjacent junctions, the small-strain shear modulus, the molecular
mass of a repeating unit, the number of the repeating units per
Kuhn segment, and the network (polymer) concentration, respec-
tively. The values of h and a used in data fitting for each sample
were compared with the corresponding values evaluated from the
structural parameters in accordance with their definitions, inde-
pendent of mechanical testing. The agreements between the two
independent estimates were satisfactory for the widely accessible
ranges 0< h<N and 0< a< 1 (see Table 2 in Ref. [28]). The slip-
link model provides a good description of the biaxial data of these
networks with the parameters of physically reasonable magni-
tudes. After the publications of our papers, some new entangle-
ment theories [41–43] were proposed. However, the assessments
using the biaxial data are not straightforward because some of the
theories do not provide an analytical solution for the stresses under
general biaxial strains due to their mathematical complexity.

We also estimated the phenomenological form of Fel as a func-
tion of the first and second invariants of the deformation gradient
tensor on the basis of the derivatives of Fel with respect to each
invariant which are obtained from the biaxial stress–strain data
[23,27]:

FelðI1; I2Þ ¼ C10ðI1 � 3Þ þ C01ðI2 � 3Þ þ C11ðI1 � 3ÞðI2 � 3Þ

þ C20ðI1 � 3Þ2þC02ðI2 � 3Þ2 (2)

where I1¼ lx
2þ ly

2þ lx
�2ly
�2, I2¼ lx

2ly
2þ lx

�2þ ly
�2 and Cij are the

numerical coefficients. It should be noticed that the extra three
terms are needed to describe the data in addition to the familiar
Mooney–Rivlin form [Fel¼ C10(I1�3)þ C01(I2� 3)]. The f0 depen-
dence of each coefficient was discussed in Ref. [27].

3. Large-scale structure in the swollen state

Scattering measurements revealed the presence of a large-scale
structure in swollen elastomers in solvents: this structure is absent
in semi-dilute solutions of the corresponding uncrosslinked poly-
mers with the same concentrations [44]. In the case of randomly
crosslinked elastomers, this long-range structure is considered to
originate from the heterogeneous distribution of cross-links. As
compared to randomly crosslinked elastomers, the network strands
in end-linked elastomers have uniform length. Bastide et al. [44,45]
suggested that large-scale heterogeneity could arise even in end-
linked networks due to ‘‘connectivity fluctuation’’, which qualita-
tively explains the excess scattering observed in several swollen
end-linked elastomers [44–51]. However, most of these results
were limited to end-linked elastomers comprising relatively short
precursor chains with molecular weights comparable to or less
than the critical molecular mass for entanglement formation (Mc).
We investigated the small angle X-ray scattering spectra of the
swollen end-linked PDMS elastomers comprising the precursors
with Mp ranging from 2850 to 184,000 (Mc z 17,000 for PDMS) in
order to elucidate the effect of entanglements on large-scale
structure [49]. For all samples, the precursors were end-linked
without solvents, and the resultant elastomers were allowed to
swell fully in toluene (good solvent for PDMS).

Fig. 4 shows the Mp dependence of the scattering profiles of the
swollen tetra-functional PDMS elastomers [49]. The scattering
intensity (I) of each sample is reduced by the volume fraction of
the elastomer in order to consider the difference in the degree of
swelling. The scattering curves for seven different Mp are classified
into two groups – Mp> 23,800 and Mp< 12,800. The value of Mc
(z17,000) is within the boundary condition of Mp for the two
types of scattering curves. This result indicates that the entangled
state of the precursor chains before end-linking significantly
affects the large-scale structure of the resultant elastomers in the
swollen states, and the structures can be categorized into
networks dominated by chemical cross-links and networks
dominated by trapped entanglements. The scattering spectra of
the networks with Mp>Mc clearly level off in the small scattering
vector (q) region. For a swollen network with Mp¼ 184,000, the
excess scattering at small q is far lesser than that reported for
various other swollen networks. This result shows that entangle-
ment-dominated networks have a considerably uniform structure.
Fig. 5 shows the Mp dependence of the characteristic length of the
structure (X), which is evaluated using the scattering data at low q
using the Ornstein–Zernicke scattering function:

IðqÞ ¼ Ið0Þ
1þ X2q2

(3)

The values of X drop significantly at around Mc, and the networks
dominated by cross-links have more heterogeneous large-scale
structures than entanglement-dominated networks. In Fig. 5 X of
each network is compared to the characteristic length (x) of the
corresponding precursor solution having the same concentration.
As Mp increases, the difference between X and x becomes smaller,
and they are almost similar in the region of Mp> 105. These results
indicate that the spatially heterogeneous structure originates from
chemical cross-links, thereby connectivity fluctuation; however
such heterogeneity is effectively masked by the uniform entan-
glement networks when the mesh is dominated by entanglements.
This is further supported by the following results [49]: a reduction
in functionality of cross-links tends to increase X, but such func-
tionality effect on the large-scale structure is absent in the



Fig. 5. The correlation lengths of the swollen end-linked PDMS elastomers and the
corresponding uncrosslinked precursor solutions with the same concentrations as
a function of the molecular weight of the precursor (Mp). The data were reproduced
from Ref. [49].

Fig. 6. The nominal stress–elongation curve of the deswollen PDMS elastomer with
marked extensibility of lmax¼ 31. The data of the corresponding elastomer before
deswelling and the elastomer prepared in the melt are also shown. The stress of each
sample is normalized by the initial Young’s modulus. The data were reproduced from
Ref. [60].
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elastomers of Mp¼ 184,000; the degree of size distribution of the
precursor chains has no appreciable effect on the scattering profile
of the swollen elastomers when the average molecular mass of the
precursors is sufficiently larger than Mc. The effect of bimodal
distribution of the length of precursor chains on the network
structure was also investigated [51,52].

4. Marked extensibility in the highly deswollen state with
‘‘supercoil’’ network strands

The ultimate extensibility (lmax) of a single polymer chain in the
random coil state is given by lmax¼N/N1/2¼N1/2 where N is the
number of the constituent Kuhn segments [53]. This argument
would indicate that a longer polymer chain is more extensible.
However, highly extensible elastomers cannot be obtained by
a mere end-linking of long precursor chains. This is because the
end-linking of long precursors results in the formation of many
trapped entanglements, which act as elastically effective cross-
links. The ‘‘effective’’ length of network chains in such elastomers is
governed by the distance between adjacent entanglements (Ne)
and not by the size of the precursor (N). The value of Ne is specific to
each polymer and is typically in the range of 20–40. The resultant
lmax (Ne

1/2 z 5) roughly explains the empirical limitation of lmax of
conventional elastomers formed by cross-linking the precursors in
the molten state. Obukhov et al. [54] theoretically proposed an
interesting scheme to overcome such limitation of lmax. Their
scheme consists of two steps: (1) end-linking long precursors in the
semi-dilute state; (2) deswelling the resultant gel to the dry state by
removing the diluent. In the first step, as the precursor concen-
tration (i.e., the degree of overlapping of the precursors) decreases,
the resulting gel has a smaller amount of trapped entanglement.
The second step induces a shrinkage in the conformation of
network strands (i.e., a reduction in their end-to-end distance) due
to a large reduction in the macroscopic volume of the gel. These two
factors effectively enhance lmax, and the effect becomes greater as
the preparation concentration (f0) decreases [54]:

lmax ¼ N1=2
e;meltf

�23=24
0 (4)
According to Eq. (4), the deswollen networks prepared at a low f0

(<0.03) exhibit a remarkable extensibility of lmax> 100. The
conformation of the network strands in the deswollen state is
expected to become more compact than the corresponding
Gaussian coil (random coil), termed ‘‘supercoil’’ [55,56]: the
conformation of the network strands in the preparation state is the
same as that of the Gaussian or excluded volume chain, and it is
compressed further by large macroscopic shrinking of the gel upon
deswelling. Several studies have investigated the mechanical
properties of deswollen elastomers [57–59], but none of them have
observed an appreciable enhancement in lmax. This is primarily due
to the relatively high f0 values used in their studies. It should be
noted that the reduction in the macroscopic volume (leading to the
compression of constituent network strands) upon deswelling
increases with a decrease in f0.

Fig. 6 shows the nominal stress–elongation curves of the
deswollen PDMS elastomer of a long precursor (Mn¼ 99,000) with
a narrow size distribution (Mw/Mn¼ 1.2) prepared at f0¼ 0.1 [57].
For comparison, the data of the corresponding elastomer before
deswelling and the elastomer prepared in the molten state (f0¼1)
are also shown in the figure. The stress of each sample is
normalized by the initial Young’s modulus (E) of each sample. The
deswollen elastomer is noticeably extensible up to lmax¼ 31, while
lmax for the melt-crosslinked elastomer is only 2. The deswollen
elastomer shows perfect strain recovery in unloading after elon-
gation up to l¼ 25. In addition to the marked extensibility, the
unusually weak strain dependence of stress is characteristic of
highly deswollen networks. Fig. 7 shows the double-logarithmic
plots of nominal stress (s) versus (l� l�2). The l dependencies of
s are classified into the three regions: s w (l� l�2)1.0 at small
elongation of l< 2; s w (l� l�2)0.46 z l0.46 in the region of
2< l< 16; and s w (l� l�2)1.0 z l1.0 in the regime of 16< l< 31.
Pincus derived the scaling relation between s and l for a highly
stretched single chain with a fractal dimension D: s w l1/(D�1)

[56,61]. Such single chain approach will be applicable to the
markedly extensible deswollen elastomers, because they are not
expected to have any significant interaction between different
network strands due to the low overlapping degrees of precursors
in end-linking. According to Pincus blob scaling, a response in
region II results in D¼ 3.2, which is considerably higher than D¼ 2
for the random coil. This indicates that the weak dependence in
region II stems from the pull-out process of the compact confor-
mation of network strands in the highly deswollen state.



Fig. 7. Double-logarithmic plots of the nominal stress versus (l� l�2) of the deswollen
PDMS elastomers. The stress of each sample is normalized by the initial shear modulus.
The data were reproduced from Ref. [60].

Fig. 8. Enthalpy of fusion of the crystallines formed by cooling to �150 �C in the
deswollen PDMS elastomers prepared at various volume fractions of the precursor
(f0). The closed and open symbols represent the data for cooling rates 9 and
200 �C min�1, respectively. The triangular symbol represents the data in which the
contribution of crystallization during heating is subtracted. From Ref. [65].
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Interestingly, region III shows the response of random coil chains
(s w l1). It can be observed that the stretching drives the crossover
from a supercoil to a random coil. Thus, region III shows the
stretching process of the random coil formed due to the pulling
out the compact conformation of supercoil. This type of crossover
qualitatively accords with the prediction of Obukhov et al. [54].
The effects of supercoil formation were also observed in elastic
modulus (E). The f0 dependence of E of the deswollen elastomers
is far stronger than the prediction of classical theory (E w f0

1/3)
assuming the random coil even in the highly deswollen states
[59,62]. The observed dependence [62] (approximated by E w f0

1)
is a matter of theoretical investigation, and a theory predicts the
similar dependence [63].

Several studies showed the compressed conformation of super-
coil and the unusual physical properties of the highly deswollen
networks. A small angle neutron scattering experiment for the
labeled network strands in the deswollen polystyrene gels revealed
that the gyration radius was smaller than that observed in the
unperturbed state [64]. In addition, it was observed that the compact
conformation of the network strands in the highly deswollen state
considerably affected the low-temperature crystallization behaviors
of the elastomers [65]. Fig. 8 shows the f0 dependence of the
enthalpy of fusion (DHm) of the crystallines formed by cooling the
deswollen PDMS elastomers to �150 �C. In the high f0 region of
f0> 0.2, DHm tends to increase with a decrease in f0. This is simply
due to a reduction in the trapped entanglements acting as defects for
crystallization. In contrast, DHm of the highly deswollen elastomers
at f0< 0.2 is lower than that at f0 z 0.2. This implies that the
compact conformation of the network strands in the highly
deswollen state is disadvantageous to crystallization.
5. Viscoelasticity of end-linked elastomers containing
unattached linear chains or many dangling chains

5.1. Elastomers containing unattached linear chains

The viscoelastic behavior of elastomers containing small
amounts of unattached chains has been investigated to characterize
the dynamics of the polymer chains trapped in fixed networks [66–
68]. Polymer chains trapped in fixed networks constitute a simpler
system for the study of the polymer chain dynamics than the cor-
responding uncrosslinked polymer melts. This is because the
complicated effect of the motion of the surrounding chains on the
dynamics of the probe chain – called ‘‘constraint release’’ [69] – is
absent in the fixed network systems. Most of the earlier studies
employed randomly crosslinked elastomers as host networks. In
this case, precise control of the mesh size of the host networks is
not possible, and the mesh size has a broad distribution. The end-
linking systems give the host networks a more uniform mesh size,
and they can control the mesh size by the size of the precursor
chains. We investigated the dynamic viscoelasticity of end-linked
PDMS elastomers containing unattached linear PDMS as functions
of the size of the unattached chains (Mg) and the network mesh
(Mx) (Fig. 9a) [70]. We employed two types of host networks with
Mx>Me and Mx<Me where Me (z10,000 for PDMS) is the
molecular mass between adjacent entanglements in the molten
state. The Mx>Me and Mx<Me networks (designated as NL and NS,
respectively) were designed by end-linking the long (Mn¼ 84,000)
and short precursor chains (Mn¼ 4,550), respectively. The mesh of
the NL networks is dominated by trapped entanglements, while
that of the NS network is governed by chemical cross-links.

Fig. 9 shows the dynamic Young’s modulus (E0) and the loss
tangent (tan d) as a function of the angular frequency for NL con-
taining unattached linear chains (15 wt%) with various Mg [70]. The
time–temperature superposition principle was employed to
construct the master curves. The mesh sizes of NL and NS were
estimated to be Mx¼ 1.2Me and Mx¼ 0.7Me from the plateau values
of E0 in the low frequency limit, respectively. In the case of NL, Mx is
greater than Me (Mx s Me) due to the dilution effect of the unat-
tached chains on the entanglements. A definite peak of tan d

resulting from the relaxation of the guest chains is observed. The
peak position shifts to a lower frequency region as Mg increases.
The characteristic time of the guest chains (s) is evaluated as the
inverse of the frequency at the peak position: s h 1/utand,max.

Fig. 10 shows the Mg dependence of s for NL and NS. The dashed
line for the data for NL corresponds to the Mg dependence of the
longest relaxation time sL predicted by the reptation theory with
the correction of the contour length fluctuation (CLF) of the tube
[71,72]:

sL ¼
b2z0M3

g

MxM2
0p2kT

"
1� 1:3

�
Mx

Mg

�0:5
#2

(5)



Fig. 9. (a) Free guest chain with the molecular weight of Mg trapped in the host network
with a mesh size of Mx. (b) Frequency dependence of dynamic Young’s modulus and loss
tangent for the entanglement-dominated PDMS elastomers containing unattached
linear PDMS with various molecular weights. E0 data for the elastomer with no unat-
tached chains are represented by crossed symbols, and the tan d data lie outside the
range of the figure due to the small magnitude. Weight-average molecular weight of
the unattached PDMS (Mg): circle, 1.14�105; diamond, 1.38� 105; rectangle, 2.85�105;
triangle, 3.54�105 g/mol. The data were reproduced from Ref. [70].

Fig. 10. Characteristic times sg of the unattached chains trapped in end-linked elas-
tomers made of long (Mp>Mc) and short (Mp<Mc) precursors (designated as NL and
NS, respectively) as a function of Mg. The dashed line depicts the prediction of Eq. (5).
The data were reproduced from Ref. [70].

K. Urayama et al. / Polymer 50 (2009) 347–356 353
where b2 is the mean-square end-to-end distance per monomer
unit; z0, the monomeric friction coefficient obtained from the
viscous properties of PDMS melt; and M0, the monomeric molar
mass. The expression in brackets corresponds to the correction
term for the CLF. In principle, s evaluated from the tan d peak is
proportional, and not identical, to sL. As observed in Fig. 10, the
value of s for NL is slightly larger but close to the value of sL

calculated from Eq. (5). The Mg dependence of s for NL (s w Mg
3.6) is

stronger than the cubic power law expected by the original repta-
tion model [72]. The results for NL are more satisfactorily described
by the prediction of the tube model with CLF correction. The Mg

dependence of s for NS obeys the cubic power law. The Mg

dependence of s is well described within the framework of the
reptation theory independently of Mx.

More interestingly, the effect of the mesh size on s is unex-
pectedly large: the value of s for NS is far larger than that for NL (by
a factor of nearly 105). According to Eq. (5), s increases with
a decrease in Mx, which was called the ‘‘strangulation’’ effect [73].
The effect of Mx in Eq. (5) (s w Mx

�1), however, is too small to explain
such a large difference in s. It should be noted that the meshes of NL
and NS are different in not only size but also in character: NL and NS
are dominated by entanglements and cross-links, respectively. An
NMR study [74] on end-linked PDMS elastomers with varying Mp

revealed that the mobility of the network strands decreases
significantly when Mp is less than Me. This difference in the mobility
of the host rubber matrix is expected to influence the dynamics of
the guest chains. However, the difference in the mobility of host
matrix was not recognizable in the horizontal shift factor (aT) in the
time-temperature superposition principle. The values of aT for NL
and NS were the same. The difference in mesh character between
the host networks with Mx>Me (entanglement-dominant) and
Mx<Me (crosslink-dominant) is unavoidable in the experiments
with Mx varying across Me. This prevents us from exclusively
observing the strangulation effect of tight networks without the
influence of mesh characters in the region of Mx<Me.

The dynamics of guest chains with different architectures in
fixed networks has also been investigated. Stress relaxation
behaviors were examined for end-linked elastomers with a low
concentration of star-shaped chains [75] and dangling chains
(those tethered to the network at only one end) [10,76]. They
exhibit similar broad relaxation spectra because the center of mass
of the star-shaped chains is almost immobile in host networks [75].

5.2. Elastomers containing many dangling chains

Dangling chains – attached to networks at only one end – are
defects in the network structures. Elastomers with many dangling
chains have irregular network structures composed of many
branched parts with a wide size distribution (Fig. 11a). The
mechanical damping of such irregular networks is expected to
become large and insensitive to frequency and temperature: the
dangling chains with free ends dissipate the applied work as heat
energy by viscoelastic relaxation, and the branched structures with
wide size distributions have broad relaxation spectra due to their
numerous types of relaxation modes. In contrast, perfect networks
without dangling chains can store the entire imposed work as elastic
energy. The end-linking reaction provides irregular elastomers with
known amounts of dangling chains, thereby enabling the study of
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the correlation between structural irregularity and viscoelasticity
[4,7,77].

We prepared irregular PDMS elastomers via two different
schemes [78]: in scheme A, mixtures of mono- and bi-functional
precursors (with Mn¼ 29,600 and 25,700, respectively) with
different mixing ratios were end-linked using tri-functional cross-
linkers at the stoichiometric ratio (r¼ 1 where r is the molar ratio of
the Si–H groups in the cross-linker to the vinyl groups in the
precursors); in scheme B, the bi-functional precursors were end-
linked with tri-functional cross-linkers at different mixing ratios, i.e.,
off-stoichiometric ratios (r> 1 and r< 1). After the reaction, the
soluble species were extracted by swelling the resultant elastomers
in toluene. A fraction of pendent parts (Wpen) was evaluated by the
nonlinear polymerization theory and the weight fraction of the
soluble species. Dynamic viscoelastic measurements were made for
the elastomers (containing no soluble species) dried after the
extraction procedure. Some earlier studies [4,79] reported the
dynamic viscoelasticity of some irregular elastomers, but none of
them removed large amounts of extractable materials (i.e., the
material which is not incorporated into the infinite network). The
Fig. 11. (a) Irregular networks containing many dangling chains. (b) Temperature
dependence of loss tangent and the dynamic Young’s modulus for the irregular PDMS
elastomers prepared for various ratios of mixtures of bi-functional precursor and tri-
functional cross-linker. The stoichiometric condition corresponds to r¼ 1, while the
excess condition of the precursor (cross-linker) is r< 1 (r> 1). The data were repro-
duced from Ref. [78].
extractable materials also behave as relaxation component when
they are sufficiently large, as shown in the last section. The extraction
of the soluble species is needed to observe the damping performance
that originates purely from the irregularity of infinite networks.

Fig. 11 shows the temperature dependence of tan d and E0 for
irregular elastomers prepared by scheme B for different r values
[78]. The excess conditions of cross-linker and precursor corre-
spond to r> 1 and r< 1, respectively. The most regular elastomer
Fig. 12. (a) Correlation of loss tangent and the fraction of pendent parts for irregular
PDMS elastomers obtained via scheme A as a function of the content of the mono-
functional precursor (B1). (b) Correlation of the loss tangent and the fraction of the
pendent parts for the irregular PDMS elastomers via scheme B at various r. (c)
Correlation of the dynamic Young’s modulus and the fraction of elastically effective
parts for irregular PDMS elastomers obtained via scheme B at various r. The data were
reproduced from Ref. [78].
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with r¼ 1.0 exhibits a small tan d value less than 0.1. In contrast, the
most excessive condition of precursor (r¼ 0.7) results in high
damping elastomers showing tan d> 0.3 in a wide temperature
range of �30 �C< T< 150 �C. The storage modulus E0 at r¼ 0.7
shows no significant T dependence, which indicates that the elas-
tomer is in a rubbery state in the entire T range examined, and high
damping does not originate from any structural transition.

Fig. 12 shows the correlation between the viscoelastic and
structural parameters for irregular elastomers [78]. In scheme A,
tan d increases with the content of mono-functional precursor in
the reactant mixtures. The highest content of mono-functional
precursor (40 mol%) leads to the highest damping (ca. 0.25) among
the samples via scheme A. Evidently, tan d and Wpen are strongly
correlated, and damping results from the viscoelastic relaxation of
the dangling parts. In addition, it is observed that E0 increases
with the fraction of elastically effective network backbone Wel

(¼ 1�Wpen). These tendencies are commonly observed for elas-
tomers via schemes A and B, i.e., independent of the preparation
method. These results clearly indicate that the network elasticity
originates from the network backbone while the dissipativity of
networks originates from the dangling parts. In the case of elasto-
mers with the highest damping (r¼ 0.7), Wel is only 0.2, and most
parts of the network belong to dangling parts. No macroscopic
gelation occurred at r< 0.7. The damping that stems from structural
irregularity is also insensitive to frequency [78]. This is expected
because of the independence of T. It should be noted that the
utilization of structural irregularity for damping is universal for
general elastomers and is not just limited to PDMS. In addition, high
damping arising from similar types of structural irregularities was
reported for elastomers other than PDMS [80].

6. Summary

We have shown that end-linked elastomers with a controlled
network topology provide a model system that can enable the
comprehension of the structure–mechanical properties’ relation-
ships of polymer networks on a molecular basis. The nonlinear
stress–strain relations under general biaxial strains for model
elastomers with well-characterized structures give an unambig-
uous basis to strictly assess the molecular entanglement theories.
Small angle X-ray scattering of swollen model elastomers revealed
the roles of chemical cross-links and entanglements in the large-
scale network structures of the swollen states. The markedly
stretchable elastomers with topological features which are opti-
mized for extensibility – i.e., having few trapped entanglements
and compact conformation of network strands – were prepared by
end-linking long precursors in semi-dilute solutions and subse-
quently drying (deswelling) the gels. End-linked networks con-
taining unattached chains exhibited high damping at a certain
frequency: the origin of this damping is the viscoelastic relaxation
via reptative motion of the guest chains. The characteristic
frequency can be controlled by the size of the guest chains and the
mesh size. Irregular networks containing many dangling chains
lead to the formation of elastomers with high damping. This
damping is insensitive to temperature and frequency changes due
to the broad size distribution of pendent parts.

Elastomers with tailored topological characteristics provide
a definite basis for the molecular understanding of the fundamen-
tals of physicochemical properties of flexible polymer networks. We
also expect that controlling the network topology possesses
a further potential to enhance the performance of elastomers.
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