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ABSTRACT: Dielectric behavior was examined for solutions of a styrene-isoprene-styrene (SIIS) triblock
and SI diblock copolymers in an I-selective solvent, n-tetradecane (C14). The SI copolymer had noninverted
type-A dipoles in the I block while the SIIS copolymer, a head-to-head coupled dimer of SI, had once-
inverted dipoles in the I block. At a low temperature (5 °C) where the S blocks formed glassy, spherical
microdomains, the I blocks of SIIS had either the bridge or loop configurations. The loop fraction φl in
these I blocks was estimated from the dielectric losses of the SIIS and SI solutions at low frequencies.
The φl was found to increase (from 0.6 to 0.8) with decreasing SIIS concentration (from 50 to 20 wt %).
This increase of φl was attributed to stretching and destabilization of the bridge configuration on dilution.
The equilibrium elasticities of the bridge and dangling loop, estimated from the φl values and rheological
data of the concentrated SIIS/C14 solutions, were comparable in magnitude. This significant elasticity of
the dangling loops reflected the strong osmotic constraint on the I block conformation in the concentrated
I/C14 matrix phase.

1. Introduction

Styrene-diene-styrene (SDS) triblock copolymers
having small S content, typical thermoplastic elas-
tomers, exhibit rubberlike elasticity at low temperatures
(T) where the S blocks form glassy, spherical micro-
domains. This elasticity is related to a network structure
of the middle diene blocks that bridge the neighboring
S domains.1 However, a considerable fraction of the
middle blocks should be in the loop configuration
(having both ends anchored on the same S domain). The
contribution of these loops to the elasticity was not
clearly understood.

Recently, Watanabe2 utilized a dielectric method to
challenge this loop/bridge problem. cis-Polyisoprenes (I)
have so-called type-A dipoles3 parallel along the chain
backbone, as found by Adachi and Kotaka.4 These
dipoles enable us to dielectrically observe the global
motion of the I chains. For the observation of the I block
motion of a SIS copolymer in the rubbery regime (where
the I block ends are fixed on the glassy S domain),
Watanabe synthesized a SIS copolymer via head-to-head
coupling of SI- anions. This copolymer, having the
type-A dipoles inverted at the midpoint of the I block,
is hereafter abbreviated as “SIIS” so as to emphasize
its dipole-inverted structure. This inversion enabled the
dielectric observation of the midpoint motion even in
the rubbery regime.

For the SIIS triblock and its precursor SI diblock
copolymers, both forming lamellar microdomains in the
bulk state, Watanabe found a similar broadening in
their slow dielectric mode distributions (detected in a
direction essentially parallel to the lamellar normal).2
This broad mode distribution is attributed to a thermo-
dynamic effect on the I block motion due to the density-
preserving requirement.2,5-7 Arguing a similarity of this
effect for the loop- and tail-type I blocks of SIIS and SI
and a difference for the bridge- and tail-type I blocks,

Watanabe estimated the loop fraction φl for SIIS from
the dielectric loss data of SIIS and SI.2 The resulting
fraction, φl = 0.6, was in close agreement with theoreti-
cal estimates.8,9

Those highly populated loops should have significant
contributions to rheological properties. Considering this
point, Watanabe et al.10 further examined the equilib-
rium elasticities of the loop and bridge in a 50 wt %
solution of a dipole-inverted SIIS copolymer in an
I-selective solvent, n-tetradecane (C14). With the above
dielectric method, φl in this solution (containing spheri-
cal S domains) was estimated to be ∼0.6. At 15 °C (in
the rubbery regime), the elasticities of the loop and
bridge evaluated from this φl were similar in magni-
tude.10 This significant elasticity of the dangling loops
results from the osmotic constraint on the I block
conformation in the concentrated I/C14 matrix phase.

Here, we note that the φl value in the above concen-
trated SIIS/C14 solution is close to that in the bulk
lamellar system. However, on decrease of the SIIS
concentration c, the bridge-type I blocks should be
stretched and destabilized. Thus, the bridge fraction φb
()1 - φl) is expected to decrease on dilution. This
change in the loop/bridge populations should affect the
equilibrium modulus Ge of the SIIS solutions.

From this point of view, we have examined changes
in the dielectric behavior of the SIIS/C14 solutions with
c. We confirmed the decrease of φb (increase of φl) on
dilution. Furthermore, we utilized these φb and φl data
to examine the molecular origin of changes of Ge with
c. The results are presented in this article.

2. Experimental Section
The SIIS and its precursor SI samples were synthesized and

fully characterized in the previous work.10 Molecular charac-
teristics of these samples are summarized in Table 1. Dielectric
and viscoelastic measurements were conducted at 5 °C for
n-tetradecane (C14) solutions of SIIS and SI in a range of the
copolymer concentration, c/wt % ) 20-50. In these solutions,
the volume fraction of S blocks was less than 0.12 and the S
blocks formed glassy, spherical domains at 5 °C.* To whom correspondence should be addressed.
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The SIIS and SI solutions with c ) 20-50 wt % were
prepared by dissolving prescribed amounts of the SIIS/SI
sample and C14 in benzene to make homogeneous solutions
(with c ∼ 5 wt %) and then allowing benzene to thoroughly
evaporate. (The copolymer concentration was determined from
the mass of the residual C14 solution after this evaporation.)

For the SIIS/C14 and SI/C14 solutions, dielectric measure-
ments were carried out at 5 °C in a guarded parallel-plate
dielectric cell (of an empty capacitance ) 120 pF) with
capacitance bridges (GR 1689A, General Radio; HP 4285A,
Hewlett-Packard). The equilibrium modulus Ge was deter-
mined from creep measurements for the SIIS/C14 solutions
and from small amplitude oscillatory tests for the SI/C14
solutions, both at 5 °C with a rheometer (SR-5000, Rheomet-
rics) in a parallel-plate geometry of diameter ) 2.5 cm. In the
creep measurements, the SIIS solutions exhibited linear
responses under small stresses (raising the equilibrium strain
<0.02). Similarly, linear responses were observed for the SI
solutions at the oscillatory strain amplitudes e0.01.

Before the above measurements, the SIIS and SI solutions
were annealed at a high temperature (70 °C) where the
Newtonian, viscous behavior was observed (i.e., at T > TODT).
Then the solutions were slowly cooled to the experimental
temperature, 5 °C. With this annealing operation, the dielectric
and viscoelastic data were obtained with excellent reproduc-
ibility.

3. Results and Discussion

3.1. Overview of Dielectric Behavior. Figure 1
shows the dielectric behavior of the SIIS/C14 and SI/
C14 solutions at 5 °C. In respective panels, the behavior
is compared for these solutions having the same c. The
unfilled and filled circles indicate the dielectric losses
ε′′SIIS and ε′′SI of the SIIS and SI solutions, respectively.
The spherical S domains are in the glassy state at 5
°C, and the dielectric dispersion seen here is exclusively
attributed to motion of the I blocks: For SIIS having
the once-inverted type-A dipoles in the I block, the
dispersion reflects the midpoint motion of the I block
having either the bridge or loop configurations.2,10 For
SI having noninverted dipoles, the free end motion of
the tail-type I block is observed as the dispersion.5-7

The I blocks in the SIIS solutions are barely en-
tangled, as judged from their molecular weight MbI ()
35.8 × 103) and the volume fraction υbI in the I/C14
matrix phase; MbI/Me ) 0.94, 1.5, 2.1, and 2.7 for c )
20, 30, 40, and 50 wt %, respectively, where Me ) Me°/
υbI (Me° ) 5 × 103 in bulk I systems11) is the entangle-
ment molecular weight in the matrix phase. In the SI
solutions, the I blocks having smaller MbI () 17.9 × 103)
were even less entangled. For these SIIS and SI solu-
tions, the dispersion shifts to lower ω with increasing
c; see Figure 1. This shift, indistinguishable for the SIIS
and SI solutions, is primarily attributed to an increase
of the local friction in the I/C14 matrix phase with
increasing υbI.

In Figure 1, we note that ε′′SIIS and ε′′SI depend only
weakly on the angular frequency ω and exhibit no
terminal tail (ε′′ ∝ ω) even at the lowest ω examined.
Thus, the I blocks of SIIS and SI exhibit significantly
broadened dielectric mode distribution, and their ter-

minal relaxation is undetectably slow. This mode dis-
tribution, seen as the shape of the ε′′ curve, is very
similar for SIIS and SI at ω below the ε′′-peak frequency
ωpeak but is narrower for SI at ω > ωpeak. These
similarity and difference of the SIIS and SI solutions
provide us with an important clue for dielectrically
estimating the loop and bridge fractions, as explained
below.

3.2. Dielectric Estimation of Loop Fraction. The
broad and retarded dielectric relaxation of the tail-type
I blocks of SI (Figure 1) is attributed to a thermody-
namic (osmotic) constraint on the block conformation:
2,5-7 In the concentrated I/C14 matrix phase, the tails
are required to preserve a uniform concentration dis-
tribution (to reduce the osmotic free energy), thereby
being forced to move in a highly cooperative way. During
this cooperative motion, each I block has to take
entropically unfavorable, distorted conformations. The
corresponding entropic barrier, determined by the end-
to-end distance l of the tail, is the origin of the dielec-
trically observed broadening/retardation of the tail end
motion. (The I blocks are prohibited from entering the
S domains. However, this spatial confinement for the I
blocks has just a secondary effect on the broadening/
retardation, as suggested from a statistical calculation
for model tails subjected to no osmotic constraint.12)

Considering a similar osmotic constraint for SIIS,
Watanabe et al. made the following argument.2,10 The
loop-type I block of SIIS is composed of two half-

Table 1. Characteristics of Samplesa

code 10-3M for block sequence 10-3Mb Mw/Mn

SIc 7.2-17.9 25.1 1.07
SIISd 7.2-17.9-17.9-7.2 50.2 1.07
a Cis/trans/vinyl = 75/20/5 for the I block. b Total molecular

weight. c Having noninverted type-A dipoles in the I block. d Hav-
ing symmetrically once-inverted type-A dipoles in the I block.

Figure 1. Dielectric behavior of the SIIS/C14 and SI/C14
solutions with the copolymer concentrations as indicated. The
ε′′ data of the SIIS and SI solutions at 5 °C are shown by the
unfilled and filled circles, respectively. The solid curves
indicate the ε′′SI data of respective SI solutions multiplied by
a factor φl (loop fraction for SIIS). Note that the SIIS and SI
solutions exhibit no terminal behavior (ε′′ ∝ ω) in the range of
ω examined.
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fragments each being identical to the tail-type I block
of SI. The two fragments synchronously stretch/retract
on the midpoint motion and have nearly the same l to
feel nearly the same barrier in almost all cases.10 In
addition, the tension and friction for each fragment are
identical to those for the tail. Thus, the two fragments
together behave as a hypothetical tail, and the dielectric
relaxation functions ψl and ψt of single loop and tail
would satisfy the relationship2,10

Here, the factor 2 accounts for a fact that the loop is
composed of two half-fragments, each being identical to
the tail.

In contrast, for the two half-fragments of the bridge-
type I block of SIIS, a change in l of one fragment on
the midpoint motion tends to cancel the change for the
other fragment. Thus, the net barrier (determined by
l’s of the two fragments) would be smaller and the
dielectric relaxation would be faster for the bridge than
for the loop. In addition, under the osmotic constraint,
the midpoint may be more localized for the bridge than
for the loop (because the two bridge fragments tend to
pull the midpoint in the opposite direction), and the
dielectric intensity may be smaller for the bridge. These
arguments suggest an inequality for ψl and ψb of the
loop and bridge2,10

The dielectric relaxation functions of the SIIS/C14 and
SI/C14 solutions are written in terms of the above ψ’s
as

Here, ν(1) and ν(b) are the number densities of the loop
and bridge in the SIIS solution, and ν(t) is the tail
number density in the SI solution.

The dielectric loss ε′′ is given by the Fourier trans-
formation of -dΦ(t)/dt. For our SIIS and SI solutions
having the same c, ν(1) + ν(b) ) ν(t)/2 (MSIIS ) 2MSI; cf.
Table 1). Thus, eqs 1-3 give a simple relationship for
the ε′′SIIS and ε′′SI of these SIIS and SI solutions2,10

Here, φl ) ν(1)/(ν(1) + ν(b)) ) 2ν(1)/ν(t) is the loop fraction
in the SIIS solution.

3.3. Concentration Dependence of Loop and
Bridge Fractions. Equation 4 suggests that ε′′SIIS(ω)
and ε′′SI(ω) exhibit the same ω dependence at low ω if
the arguments of Watanabe et al.2,10 are valid. In Figure
1, solid curves show the ε′′SI data that are multiplied
by appropriate factors φl to achieve the best superposi-
tion on the ε′′SIIS data at low ω. Good agreement of the
curves and the unfilled circles (ε′′SIIS), seen at ω < ωpeak,
lends qualitative support to eq 4. Thus, we utilize eq 4
as the working hypothesis to estimate the loop fraction
φl for SIIS (at 5 °C).

In Figure 2, the φl values estimated by eq 4 are plotted
against the SIIS concentration c. (The φl value for c )
50 wt %, 0.55, agrees well with the previously obtained
value10 at 15 °C.) Clearly, φl increases with decreasing
c. This increase of φl (the decrease of the bridge fraction
φb) is also noted from the decrease of the difference
between the raw ε′′SIIS and ε′′SI data (Figure 1).

The above result can be naturally related to the
structural change on dilution. In general, the micro-
domain structures are indistinguishable for A-B/2
diblock copolymers and its dimer-type ABA triblock
copolymers.2,13 In addition, for diblock copolymer mi-
celles in selective solvents, the micellar core radius
changes with the copolymer concentration c only mod-
erately; for example, for a styrene-butadiene diblock
copolymer (M ) 52 × 103, S content ) 29.5 wt %) in
C14, the micellar S core radius rS increases only by 30%
on an increase of c from 11 to 60%.14

Thus, in our SIIS/C14 solutions, rS should have hardly
changed and the spacing D between neighboring S
domains would have increased (roughly in proportion
to c-1/3) on the decrease of c from 50 to 20 wt %. For
this case, the decrease of c should influence differently
the bridge and loop configurations: The bridges (as well
as knotted loops) are considerably stretched while the
dangling (unknotted) loops are less significantly affected
as D increases on dilution. This stretching should
increase the conformational free energy of the bridges
to reduce their equilibrium population, quite possibly
resulting in the observed decrease of φb on dilution.

3.4. Comments on the Estimated Loop/Bridge
Fractions. The arguments of Watanabe et al.2,10 do not
explicitly consider the behavior of knotted (interdigi-
tated) loops/bridges and are applicable to SIIS systems
containing only a small number of these knotted chains.
Concerning this point, Figure 1 demonstrates interest-
ing changes of ε′′SIIS with c: The slow dielectric mode
distribution of ε′′SIIS, seen as the shape of the ε′′SIIS curve
at ω < ωpeak, is fairly insensitive to c (in the range
between 20 and 50 wt %) and coincides with the slow
mode distribution of ε′′SI. In contrast, the fast mode
distribution of ε′′SIIS (at ω > ωpeak) becomes narrower
with decreasing c. Correspondingly, in the entire range
of ω, the difference between the ε′′SIIS and ε′′SI data
becomes smaller on dilution. Specifically, at c ) 20 wt
%, these data approximately coincide with each other
(cf. Figure 1a).

Since the populations of the bridges (in either un-
knotted and knotted state) and the knotted loops should
decrease with decreasing c due to the stretching/
destabilization explained earlier, the I blocks in the
SIIS/C14 solution would mainly have the dangling loop
configuration at small c, e.g., c ) 20 wt %. Thus, the
approximate coincidence of the ε′′SIIS and ε′′SI data at c
) 20 wt % strongly suggests that the dangling loops (the
major component in the SIIS solution) and tails (in the
SI solution) do exhibit very similar dielectric responses.
Furthermore, the c-insensitivity of the mode distribution
of ε′′SIIS at ω < ωpeak suggests that the slow dielectric

Figure 2. Plots of the loop fraction φl in the SIIS/C14 solutions
against the SIIS concentration.

ψl(t) ) 2ψt(t) (1)

ψl(t) . ψb(t) at long t (2)

ΦSIIS(t) ) ν(1)ψl(t) + ν(b)ψb(t), ΦSI(t) ) ν(t) ψt(t) (3)

ε′′SIIS(ω) = φlε′′SI(ω) at low ω (4)

Macromolecules, Vol. 33, No. 7, 2000 Concentration Dependence of Loop Fraction 2547



relaxation of the SIIS/C14 solution is dominated by the
dangling loops in the range of c between 20 and 50 wt
%. Thus, the arguments of Watanabe et al. and the
resulting relationship (eq 4) seem to be valid for the SIIS
solutions examined: In these solutions, the I blocks
having MbI/Me e 2.7 would not be significantly knotted
and obey eq 4.

It should be emphasized that the above validity
vanishes for SIIS systems containing heavily knotted I
blocks: A statistical calculation for model loops12 sug-
gested that the tails and heavily knotted loops exhibit
different dielectric responses, and eq 4 fails for these
chains. Experimentally, a dielectric change attributable
to the heavy knot formation was observed on a long-
time annealing of a bulk SIIS system at T > Tg

PS.15 This
result suggested that the heavily knotted loops and
bridges cannot be distinguished dielectrically.15 In fact,
this distinction is conceptually unnecessary because
various physical properties would be essentially the
same for these knotted chains.

In relation to the above dielectric changes on the
high-T annealing, we remember that the bulk SIIS
system examined by Watanabe2 was cast from toluene
(a common solvent for the S and I blocks) and subjected
to the long-time annealing only at T < Tg

PS. The ε′′SIIS
of this system was proportional to ε′′SI of the corre-
sponding SI system at low ω, and eq 4 was applicable
to the ε′′SIIS data. The I block configuration in that SIIS
system was quite possibly quenched at a barely knotted
state at some point during the solvent-casting process.

Concerning the annealing effect, we should also
emphasize that the SIIS solutions examined in this
study exhibited no dielectric change on the annealing
at T > TODT (>Tg

PS). Thus, at c ) 20-50 wt %, the
relatively short I blocks of SIIS (MbI ) 35.8 × 103)
appear to hardly form heavy knots even after the long-
time annealing. This in turn led to the validity of eq 4
for these solutions.

3.5. Concentration Dependence of Equilibrium
Modulus. Figure 3 shows the creep compliance J(t) of
the SIIS/C14 solutions with the SIIS concentration c as
indicated. In Figure 4, the storage moduli G′ of the SI/
C14 solutions are plotted against the frequency ω.

The G′ of the SI/C14 solutions are quite insensitive
to ω (<1 s-1). Correspondingly, the loss moduli of these
solutions were much smaller than G′ (and close to/below
the resolution of our experiments). From this elastic
response, the equilibrium moduli of the SI solutions
were determined as Ge ) [G′]ω<1s-1.

In contrast, the SIIS/C14 solutions exhibited vis-
coelastic relaxation with nonnegligible G′′ in the range
of ω examined (>0.1 s-1). This relaxation, typical of soft
rubbers, disturbed the determination of Ge from the G′
data. Thus, Ge of the SIIS solutions were evaluated from
the J(t) data at long t. The equilibrium plateau of J(t)
is almost but not fully attained in the range t e 5 × 104

s; cf. Figure 3. These J(t) data were fitted with an
empirical equation for viscoelastic solids having distri-
bution of retardation times λp

10,16

Here, Lp is a discretized retardation spectrum, and the
sum ∑pLp gives Ge

-1 of the SIIS solutions.
In Figure 5, the Ge values of the SIIS and SI solutions

thus determined are plotted against the number density
νbI of the I blocks in the solutions. For SI, Ge is (almost)
proportional to νbI; see circles. Similar results were
found for styrene-butadiene (SB) diblock copolymer
micellar solutions in C14 (a B-selective solvent).7 This
proportionality between Ge and ν, observed for well-
stabilized micellar lattices of diblock copolymers in
selective solvents, indicates that the osmotically con-
strained micellar corona blocks (tails) are elastically
distorted by the applied strain to sustain the equilibri-
um modulus.7 (In other words, these corona blocks
statically behave as entropic strands under the osmotic
constraint on their conformations, despite a fact that
they do not bridge the neighboring S domains.)

Figure 3. Creep compliance of the SIIS/C14 solutions with
the SIIS concentrations as indicated.

Figure 4. Storage moduli of the SI/C14 solutions. The
numbers indicate the SI concentrations (in wt %).

Figure 5. Plots of equilibrium moduli Ge of the SIIS/C14 and
SI/C14 solutions (squares and circles) against the number
density νbI of respective I blocks in the solutions. Note that
νbI

SIIS ) νbI
SI/2 for the SIIS and SI solutions having the same

copolymer concentration.

J(t) ) ∑
p

Lp[1 - exp(-t/λp)] (5)
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For the SIIS solutions, Ge depends more strongly on
νbI; see filled squares in Figure 5. This strong νbI
dependence is partly related to changes in the bridge
population with c as well as changes in the network
structure in the SIIS solutions, as discussed below.

3.6. Loop/Bridge Contributions to Equilibrium
Elasticity. The equilibrium modulus of the SIIS/C14
solution is expressed as a sum of contributions from the
I blocks having various configurations10

Here, G̃e
(b), G̃e

(l,k), and G̃e
(l,d) are the modulus per I block

having the bridge, knotted (interdigitated) loop, and
dangling loop configurations, respectively, and ν(b), ν(l,k),
and ν(l,d) are the number densities of respective I blocks.
(As explained earlier, the short I blocks in our SIIS
solutions appear to hardly form heavy knots. However,
for completeness, eq 6 includes the contribution from
the knotted loops.)

The total number density of the I blocks of SIIS is
given by

In addition, ν(l,k) and ν(l,d) can be quantified in terms of
the loop fraction φl (Figure 2) as

In the SI/C14 solutions, the tail-type I blocks entropi-
cally sustain the static stress because of the strong
osmotic constraint on their conformations. This stress-
generating mechanism is similar for those tails and the
dangling loops in the SIIS solutions.10 Thus, G̃e

(l,d) of
the dangling loop in a given SIIS solution can be
estimated from the Ge

SI data of the corresponding SI
solution having the same c10

Here, G̃e
(t) is the equilibrium modulus per tail-type I

block in the SI solution, and ν(t) ()νbI
SI) is the number

density of the tails. (Entanglements for the tails and
dangling loops, if any, fully relax for sufficiently long
time scales and have no contribution to G̃e

(t) and G̃e
(l,d).

In fact, Ge
SI is essentially proportional to νbI

SI (circles in
Figure 5), not to [νbI

SI]2 (∼c2) as expected for the en-
tanglement plateau modulus.)

The contribution G̃e
(l,k) of the knotted loop to the

equilibrium modulus cannot be accurately quantified.
However, this contribution should be between those of
the bridge and dangling loop and specified by an
inequality

Applying eqs 6-10 to the Ge
SIIS and Ge

SI data (Figure
5), φl data (Figure 2), and the known νbI

SIIS and νbI
SI

values, we can specify a possible range of the bridge
elasticity G̃e

(b) in respective SIIS solutions. Table 2
summarizes the G̃e

(b) thus obtained. For comparison,
the G̃e

(t) and G̃e
(l,d) of the tail and dangling loop are also

shown. For c ) 40 and 50%, G̃e
(b) is not significantly

different from G̃e
(t) and G̃e

(l,d). Thus, the contribution of
each dangling loop in the SIIS solutions to the equilib-
rium elasticity is comparable, in magnitude, to the
bridge contribution. This result demonstrates that the
osmotically constrained loops exhibit significant elastic-
ity even in the dangling state.

In a more quantitative aspect, the G̃e
(b) is a little

larger (by a factor 2-3) than G̃e
(t) and G̃e

(l,d) at c ) 40
and 50 wt %. This minor difference may be related to
trapped entanglements1 among bridges and knotted
loops in the SIIS solutions. The molecular weight
between trapped entanglements is estimated to be Me

trap

) Me/(φb + φl,k), where φb and φl,k are the fractions of
the bridges and knotted loops, respectively, and Me
()Me°/υbI) is the entanglement molecular weight defined
for all bridges and loops (including the dangling loops)
in the I/C14 matrix phase. For the bridges and knotted
loops in our SIIS solutions, the trapped entanglement
density MbI/Me

trap estimated from φb ()1 - φl) and φl,k
(between 0 and φl) are MbI/Me

trap ) 1.4 ( 0.7 and 2 (
0.7 for c ) 40 and 50 wt %. Thus, the entanglements
may have been just lightly trapped in these solutions
to raise the above small difference between G̃e

(b) and
G̃e

(t).
Table 2 also indicates that G̃e

(b) is smaller than G̃e
(t)

and G̃e
(l,d) at c ) 20 and 30 wt %. In particular, at c ) 20

wt %, the difference between G̃e
(b) and G̃e

(t) is unequivo-
cally concluded from a ratio of the raw moduli data,
Ge

SIIS/Ge
SI ) 0.13 (cf. Figure 5); this ratio is significantly

smaller than the ratio of the block number densities,
νbI

SIIS/νbI
SI ) 0.5. Thus, on average, the bridge in the SIIS

solutions sustains smaller modulus than the tail in the
SI solutions at c ) 20 and 30 wt %.

The above result may be related to a heterogeneity
in the SIIS solutions at small c. The network structure
of the bridges (and knotted loops) should be stretched
and destabilized on dilution, finally resulting in the
syneresis at sufficiently small c. As a presyneresis effect,
this structure would become heterogeneous at small c,
e.g., c ) 20 wt %. Qualitatively speaking, the Ge

SIIS

value is determined by the softest regions in the
heterogeneous solution, i.e., the regions where the I
block concentration is smaller than the average. Then,
an effective number density of the I blocks sustaining
the modulus is smaller than the nominal νbI

SIIS calcu-
lated from the total copolymer concentration, resulting
in an apparent difference between G̃e

(b) and G̃e
(t). (In

other words, the elasticity of the effectively working
bridge in dilute SIIS solutions is expected to be similar,
in magnitude, to that of the tail.)

4. Concluding Remarks

In the microphase-separated solution of the dipole-
inverted SIIS triblock copolymer in an I-selective sol-
vent, n-tetradecane, the I blocks have either the bridge

Ge
SIIS ) ν(b) G̃e

(b) + ν(l,k) G̃e
(l,k) + ν(l,d) G̃e

(l,d) (6)

νbI
SIIS ) ν(b) + ν(l,k) + ν(l,d) (7)

ν(l,k) + ν(l,d) ) φlνbI
SIIS and 0 e ν(l,d) e φlνbI

SIIS (8)

G̃e
(l,d) ) G̃e

(t) ) Ge
SI/ν(t) (9)

min[G̃e
(l,d), G̃e

(b)] e G̃e
(l,k) e max[G̃e

(l,d), G̃e
(b)] (10)

Table 2. Equilibrium Moduli G̃e
(t), G̃e

(l,d), and G̃e
(b) per Tail,a

Dangling Loop,b and Bridgeb in C14 Solutions at 5 °C

c/wt % G̃e
(t), G̃e

(l,d)/10-21 Pa m3 G̃e
(b)/10-21 Pa m3

20 0.94 0-0.24
30 1.09 0-0.74
40 1.16 1.6-2.4
50 1.19 2.5-4.1

a In SI/C14 solutions. b In SIIS/C14 solutions.
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or loop configurations. We have dielectrically estimated
the loop and bridge fractions φl and φb in the SIIS
solution at low T (where the spherical S domains were
glassy and the solution exhibited rubberlike elasticity).
The φb decreased (φl increased) with decreasing copoly-
mer concentration cSIIS. The decrease of φb is attributed
to an increase in a distance D between neighboring S
domains on dilution: The bridge is stretched/destabi-
lized and its equilibrium population decreases on the
increase of D.

The equilibrium modulus Ge of the SIIS solution
decreases with decreasing cSIIS in accordance to the
above changes of φl and φb. Analyses on the basis of the
φl and φb data suggested that the contributions of
individual loops and bridges to Ge are essentially the
same in magnitude. This result demonstrates an im-
portance of the osmotic constraint on the I block
conformation: Because of this constraint, the loops
sustain the equilibrium elasticity even in the dangling
state.
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