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ABSTRACT: Dielectric behavior was investigated for lamellar-forming polystyrene-polyisoprene- 
polystyrene (PS-PI-PS) triblock and PS-PI diblock copolymers, the latter being identical to the half- 
contour of the former. The end PI block of PS-PI had type-A dipoles parallel in the same direction 
along its contour, while the middle PI block of PS-PI-PS had type-A dipoles inverted at its center. Those 
type-A dipoles enabled us to  dielectrically observe the global motion of the PI blocks connected to the 
glassy PS domains. The dipole inversion was an absolute requirement for this observation for the middle 
PI blocks having a fmed end-to-end vector R: For the middle blocks without the inversion, the polarization 
(-R) does not fluctuate and the global motion is dielectrically inert. The end PI block of PS-PI took 
only a tail conformation, while the middle PI block of PS-PI-PS took either a loop or a bridge 
conformation. For evaluation of the bridge fraction for the latter, dielectric loss (E") curves were compared 
for the end and middle PI blocks before and after imposition of a large-amplitude ( yo )  oscillatory shear, 
and the shear effects on the viscoelastic properties and lamellar alignment were also examined. Before 
the large-yo shear, the end and middle PI blocks exhibited nearly the same dielectric relaxation mode 
distribution at long time scales but the relaxation intensity was larger for the former by a factor Av = 1.7. 
An argument of similarity of behavior of the tail and loop led us to assign the slow relaxation of the 
middle block to the loop relaxation, giving an estimate for the bridge fraction &bridge z (Av - l)/Av z 40%. 
Equilibrium theories successfully explained this @bridge value. For Ps-PI the large -yo shear significantly 
decreased the viscoelastic moduli, improved the lamellar alignment a little, but hardly affected the 
dielectric behavior. On the other hand, for PS-PI-PS the shear hardly affected the moduli and lamellar 
alignment but increased the dielectric relaxation intensity at long time scales. These differences between 
PS-PI and PS-PI-PS suggested that the shear decreased &ridge for the latter because it preferred the 
PS-PI-PS loop generating smaller stress as compared to  the PS-PI-PS bridge. Thus, the observed 
shear effects were in harmony with the above assignment for the slow relaxation of the middle block. 

Introduction 
Strongly segregated block copolymers exhibit various 

microdomain structures. For B-A type diblock copoly- 
mers, the dependence of the microdomain shape and 
size on the block molecular weights and composition has 
been extensively ~ tud ied , l -~  and good agreements with 
thermodynamic t h e ~ r i e s ~ - ~  have been f ~ u n d l , ~  (except 
for spherical domainslo). On the other hand, for B-A-B 
type symmetr i ca l  triblock copolymers, the microdomain 
structures have been considered to be identical to those 
of B-A/2 type diblock copolymers.lJ' In fact, coinci- 
dence of the domain size has been confirmed for B-A-B 
and B-A/2  copolymer^.',^ 

Despite this similarity of the domain structures, a 
well-known, important difference exists for the chain 
conformation of B-A diblock and B-A-B triblock 
copolymers: The diblock copolymers have only e n d  
blocks that always take a tail conformation (part a of 
Figure 11, while the triblock copolymers have a m i d d l e  
block that can be either a loop having two ends con- 
nected to the same B domain or a bridge connecting 
different B domains (parts b and c). Thus, the structure 
of the triblock copolymers has to be specified for both 
microdomains and chain conformation, the latter being 
characterized with the bridge fraction &,bridge. This 
fraction should significantly influence viscoelasticity,12 
mechanical strength, and other physical properties of 
triblock copolymers that are often used as thermoplastic 
elastomers. Theoretical efforts have been made to 
evaluate However, as far as the author 
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Figure 1. Schematic illustration of (a) tail-PI for PS-PI, (b) 
loop-PI for PS-PI-PS, and (c) bridge-PI for PS-PI-PS. 
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knows, no reliable 4bridge data have been reported, 
mostly because of a lack of simple experimental methods 
for determining 4bfidge. 

As one possible approach to this problem, a dielectric 
method may be useful if the middle block has t ype -A  
dipoles18J9 aligned parallel to the chain contour. As 
pioneered by Stockmayer et al. 18,19 and later examined 
extensively by several  group^,^^-^^ type-A dipoles enable 
us to dielectrically observe the global chain motion. At 
this point, we note that this observation is not so trivial 
for the middle blocks having fixed ends (as is the case 
studied here): Usual type-A chains have dipoles aligned 
in the same direction along their contour so that the 
polarization P is proportional to the end-to-end vector 
R. If the ends are fixed for those chains, R does not 
fluctuate and thus the global motion is dielectrically 
inert. This difficulty is removed if we introduce an 
inversion of the type-A dipoles. The resulting chains 
have P being proportional to a difference between two 
end-to-center vectors and their global motion induces 
the dielectric relaxation even when R does not fluctuate. 
This relaxation behavior should be different for the loop- 
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Table 1. Characteristics of the PS-PI and PS-PI-PS 
Samples 

Dielectric Behavior of PS-PI Copolymers 5007 

code 1 0 - 3 M ~ ~  10-3MpI M,,./M, 
PS-PI 12-12 11.7 11.6 1.04 
PS-PI-PS 12-(12)2-12' 23.4' 23.2 1.05 

a Symmetric triblock copolymer having dipole inversion at the 
PI block center. Total molecular weight for two PS blocks: each 
PS block has M = 11.7K. 

and bridge-type middle blocks, a n d  we m a y  be able to  
use this difference to estimate the bridge fraction. 

On the basis of this idea, we have investigated the 
dielectric behavior of a polystyrene-cis-polyisoprene- 
polystyrene (PS-PI-PS) triblock copolymer having 
symmetrically inverted type-A dipoles in the PI block. 
For comparison, we also studied the behavior of a PS- 
PI diblock copolymer, a PS-PIIB type prepolymer for 
the PS-PI-PS copolymer. Specifically, we examined 
the effects of a large-amplitude shear oscillation on the 
dielectric behavior, viscoelastic behavior, and domain 
alignment of the PS-PI-PS and PS-PI copolymers. 
Considering those effects, we at tempted to  estimate the 
bridge fraction for PS-PI-PS. The results are pre- 
sented here. 

Experimental Section 
Materials. The PS-PI-PS sample was synthesized with 

a previously reported coupling method.21 First, PS-PI-Li+ 
diblock anions were polymerized with sec-butyllithium in 
benzene. The resulting high-cis PI block has type-A dipoles 
aligned in the same direction. A fraction of the PS-PI diblock 
copolymer was recovered as a prepolymer, and the remaining 
anions were coupled with a prescribed amount of p-xylylene 
dichloride (295% equimolar to the anions) to produce sym- 
metrical PS-PI-PS triblock copolymer with dipole inversion 
at the midpoint of the PI block. Finally, a small amount of 
the unreacted prepolymer was thoroughly removed by repeated 
fractionation from benzene/methanol mixtures to obtain a 
monodisperse PS-PI-PS copolymer sample. 

The PS-PI and PS-PI-PS copolymer samples were char- 
acterized with GPC (Tosoh HLC 801A) having a refractive 
index monitor and an UV absorption detector. The elution 
solvent was THF, and commercially available monodisperse 
PS (Tosoh TSKs) were used as elution standards. Table 1 
summarizes the characteristics of the PS-PI-PS 12-( 12 )~ -  
12 and PS-PI 12-12 samples. Note that the molecular 
structure of the PS-PI 12-12 copolymer is identical to that 
of a half-contour of the PS-PI-PS 12-(12)2-12 copolymer. 
These samples (with PI content = 50%) formed lamellar 
microdomains, as confirmed from transmission electron mi- 
crograph (TEM) observation (cf. Figure 3). 

The PI block of PS-PI 12-12 has Mp1 = M ,  (=10K, 
characteristic entanglement molecular weight for PIz6) and is 
barely entangled. If the middle PI block of PS-PI-PS 12- 
(1212-12 (with Mp1 - 2M,) takes a loop conformation, its 
dielectric as well as viscoelastic behavior should be hardly 
affected by entanglement, as suggested from viscoelastic data 
of ring  polymer^^^,^^ having a conformation similar to the loop. 

Measurements. Dielectric measurements were carried out 
with a capacitance bridge (GR 1615A, General Radio) for bulk 
films of PS-PI-PS 12-(12)2-12 and PS-PI 12-12. The 
measurements were carried out on the films before and after 
imposition of a large-amplitude oscillatory strain. For this 
purpose, we used cone-and-plate type electrodes (of gap angle 
= 2.6", diameter = 1.5 cm, and vacant capacity G 20 pF) that 
were capable of being mounted on a laboratory rheometer 
having a mercury contact point. The detailed structure of this 
rheometer is described elsewhere.29 

For the dielectric measurements, a prescribed amount of the 
PS-PI-PS and/or PS-PI sample (a little more than needed 
for the measurements) was slowly cast (for ca. 1 week a t  =30 
"C) from a homogeneous 5 wt % toluene solution on the plate 
electrode placed in a half-closed chamber. After this slow- 
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Figure 2. Dynamic viscoelastic behavior of the PS-PI-PS 
12-(1212-12 and PS-PI 12-12 copolymers a t  102 "C before 
and after the large-amplitude oscillatory shear (unfilled and 
filled symbols). 
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casting process (that helped equilibration of domain forma- 
tion), the resulting as-cast film was thoroughly dried (for ca. 
1 week) under vacuum at  70 "C. For TEM (JEOL lOOSX), a 
small section was taken from the film. Then the remaining 
sample on the plate electrode was sandwiched with the cone 
electrode at 100 "C in the rheometer under a nitrogen 
atmosphere, rapidly cooled with a cold nitrogen stream (=- 
100 "C), and subjected to a dielectric measurement a t  0 5 T 
("C) I 40. After this measurement, the sample was heated to 
102 "C and its dynamic viscoelastic responses were monitored 
against an oscillatory strain of amplitude yo = 0.4. Then at  
the same T, the sample was subjected to -300 cycles of large- 
yo oscillatory shear at yo = 1.15 and w = 3.67 s-l. These 
conditions for the large-yo shear were similar to those used in 
previous shear-orientation studies30 on a PS-PI copolymer 
similar to  our PS-PI 12-12. After the large-yo shear, the 
viscoelastic responses of the sample at  102 "C were again 
monitored at  yo = 0.4. Then the sample was rapidly cooled 
and again subjected to dielectric measurements at 0 5 T ("C) 
5 40. Finally, TEM observation was carried out on the 
sheared sample. 

As seen from the above experimental procedure, changes 
in the copolymer domain structure induced by the large-yo 
shear were monitored by the two viscoelastic tests a t  yo = 0.4 
and TEM observations before and after the large-yo shear. This 
enabled us to  examine the shear effects on the dielectric 
behavior in relation to the structural and viscoelastic changes. 

Results 
Viscoelastic Behavior and Domain Alignment. 

Figure 2 shows the storage and loss moduli, G and G ,  
obtained at 102 "C for the PS-PI-PS 12-(12)2-12 and 
PS-PI 12-12 samples before and af ter  the large-yo 
shear. The strain amplitude for the G and G data in 
Figure 2, yo = 0.4, was not  very small a n d  the d a t a  
exhibited a small nonlinearity. However, those da ta  are 
useful as a monitor for the dielectric d a t a  taken  just 
before a n d  af ter  G and G were measured. 

Figure 3 compares representative transmission elec- 
tron micrographs (TEM) for the PS-PI a n d  PS-PI- 
PS films before and after the large-yo shear. Obviously, 
those TEM were taken for different sections of the films, 
so Figure 3 enables us to  examine only qualitatively the 
shear effects on the domain structure. 
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Figure 3. Representative transmission electron micrographs 
(TEM) for (a) PS-PI 12-12 and (b) PS-PI-PS 12-(12)2-12 
films before and after the large-amplitude shear oscillation. 
The films are stained with osmium tetraoxide 

As seen in Figure 2, the large-yo shear oscillation 
significantly decreases G and G of PS-PI 12-12 (by 
a factor 60 = 3). Essentially the same changes were 
found in a previous studgo for a PS-PI 13-10 copoly- 
mer (MPS = 12.5K and Mp, = 9.5K) being very similar 
to our PS-PI 12-12. That study indicated the decrease 
of G and G to be due to shear-induced improvement 
of the PS-PI lamellar alignment.3O The large-yo shear 
conditions used here are similar to the previous condi- 
tions (shear a t  high w and low TPe that oriented the 
lamellae in a direction parallel to the shear direction. 
In fact, the shear appears to have improved a little the 
parallel alignment also for our PS-PI 12-12 (Figure 
3a). Although TEM detects the domain structure only 
in a narrow area and scattering studies (such as  SAXS) 
are necessary to quantify this improvement, the previ- 
ous viscoelastic and structural (TEM plus SAXS) data30 
for PS-PI 13-10 enable us to qualitatively conclude the 
improvement for our PS-PI 12-12. 
In Figures 2 and 3, we also note that the effect of the 

large-yo shear oscillation is much smaller for PS-PI- 
PS 12-(12)2-12 than for PS-PI 12-12: The shear 
decreases G' and G" of the former only by a factor 6~ i 
1.3 (Figure 2). Correspondingly, under the conditions 
ofthis study, the large-yo shear appears to induce a very 
small change (if any) in the lamellar alignment for PS- 
PI-PS 12-(12)2-12 (Figure 3b). As discussed later, 
these differences in the shear effects for the PS-PI and 
PS-PI-PS copolymers provide us with a clue to inter- 
pret their dielectric data. 

Dielectric Behavior. Figures 4 and 5, respectively, 
compare dielectric loss (c") curves a t  40 "C for the PS- 
PI-PS 12-(12)2-12 (filled circles) and PS-PI 12-12 
(unfilled circles) copolymers before and after imposition 
of the large-yo oscillatory shear. The solid curve in 
Figure 4 indicates the C" curve of PS-PI 12-12 shifted 
down by a factor ,Iv = 1.7, and the solid curves in Figure 
5 indicate the C" data before the shear. For both PS- 
PI and PS-PI-PS, the time-temperature superposition 
was valid a t  0 5 T ("C) 5 40 and the shift factor a~ was 
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Figure 4. Dielectric loss (6") curves at 40 "C for the PS-PI 
12-12 and PS-PI-PS 12-(12k-12 copolymers before the 
large-amplitude oscillatory shear. The solid curve indicates 
the 6'' curve of PS-PI 12-12 shifted down by a factor I ,  = 
1.7. 
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Figure 5. Dielectric loss (6") curves at 40 'C for the PS-PI 
12-12 and PS-PI-PS 12-(12)2-12 copolymers after the 
large-amplitude oscillatory shear. The solid curves indicate 
the data obtained before the shear (Figure 4). Although not 
shown here, the 6" curve of PS-PI 12-12 shifted down by a 
factor of 1.5 was well superposed on the C U N e  of PS-PI-PS 
12-(12k-12 at low u. 

identical to that for homo-PI. This result means that 
the relaxation processes seen in Figures 4 and 5 are due 
to the global motion of the PI blocks connected to the 
glassy PS lamellae (at T 5 40 "C.) (The glassy PS blocks 
make no contribution to c". while the segmental motion 
of the PI blocks makes a negligible contribution a t  the 
low w examined here .9  
As seen in Figure 3, the PS-PI-PS and PS-PI 

copolymers have PI lamellae that are not perfectly but 
essentially parallel to the electrodes either before or 
after the large-yo shear oscillation. Thus, the C" data 
seen in Figures 4 and 5 reflect the global motion of the 
PI blocks mostly in the direction normal to the lamella. 
This direction is specified as the z direction (cf. Figure 
1). 

For the PI block of the PS-PI 12-12 copolymer 
having the tail conformation, the polarization P is 
proportional to its end-to-end vector R. Thus, the 
dielectric relaxation reflects fluctuation of the z compo- 
nent of R, R,, due to the motion of the dangling 
and a normalized relaxation function is written as 

V,,W = (RJt) R*CO))/(R,Z) 
= lghil(r) exp(-t/r) d In r 

(lghil(r) d In r = 1) (1) 
Here, for convenience for later discussion, we have 
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shear-induced change of the loophridge distribution for 
the middle PI block, as discussed below. 

Discussion 
Behavior before Large-yo Shear. As seen in 

Figure 4, the tail PI block of PS-PI 12-12 exhibits a 
broad dielectric relaxation: It exhibits no terminal 
relaxation characterized by a relationship, E“ E w ,  even 
at the lowest w examined. This broad and retarded 
relaxation of the tail PI block is attributed to contradict- 
ing thermodynamic requirements on the PI b l o ~ k : ~ ~ , ~ ~  
An osmotic requirement of uniform segment distribution 
in each microdomain forces the tail blocks to move in a 
highly cooperative way. During this cooperative motion, 
each block having a tethered end has to take a distorted 
conformation and violate the elastic requirement of a 
large conformational entropy. The resulting entropy 
loss works as a barrier for the motion of the tail, and 
the dielectric relaxation is retarded and broadened in 
accordance to the barrier height that is characterized 
with R, for the distorted conformation (cf. Figure 1). 
Similar thermodynamic effects should exist also for 
relaxation of the middle PI block of the PS-PI-PS 
copolymer that takes either the loop or the bridge 
conformation. 

At this point, we note a similarity for the loop PI block 
of PS-PI-PS 12- (12)2 -12  and the tail PI block of PS- 
PI 12-12: The loop is divided at its midpoint (dipole 
inversion point) into two fragments, each being identical 
to the tail. These loop fragments are anchored on the 
same PS domain and their end-to-end vectors always 
have the same z component, Rh = Ra (Figure 1). Thus, 
the entropic barriers for the midpoint motion, charac- 
terized with Rh and Ra, should be always the same for 
the two loop fragments, suggesting that the two frag- 
ments together behave as a hypothetical tail for this 
motion and their dielectric relaxation is retarded and 
broadened to an extent similar to that for the tail 
relaxation. We also note that the two loop fragments 
always pull the loop midpoint in the same direction 
toward the PS domain on which they are anchored, and 
the tension and friction for the midpoint due to the 
respective fragment should be identical to those for the 
dangling end of the tail. Thus, the rate-determining 
factors for the block motion, the entropic barrier and 
the tensiodfriction balance, seem to be quite similar for 
the loop and tail examined here, and we expect their 
dielectric relaxation behavior to be essentially the same; 
Le., gloop(t)  = g d t )  (cf. eqs 1-31, (Entanglement effects 
are not important for the short tail and loop examined 
here.) ’ 

On the other hand, the above analogies with the tail 
do not hold for the bridge that is divided into two 
fragments being anchored on different PS domains. 
Those bridge fragments generally have Rk t Ra (Figure 
1) to provide different barriers for the midpoint motion, 
and a decrease of Rh is always canceled by an increase 
of Ra. Consequently, we expect that an increase of the 
barrier due to the motion of one bridge fragment 
(characterized by Rk)  tends to be canceled by a decrease 
of the barrier due to the motion of the other fragment 
(characterized by Ra) so that the net barrier is smaller 
for the bridge than for the loop (which always has Rh 
= R& and does not exhibit this cancellation). Thus, the 
dielectric relaxation should be different for the bridge 
and loop: The relaxation is considered to be faster for 
the bridge subjected to a smaller entropic barrier, 
suggesting that gloop(t)  overwhelms gbridge(7) at large t. 

introduced a relaxation mode distribution function g M l -  

(TI. 
Differing from the tail PI block of PS-PI, the middle 

PI block of PS-PI-PS (with either the loop or the bridge 
conformation) has P AR = R1 - R 2 ,  with R1 and R 2  
(=R - R1) being two end-to-center vectors (Figure 1). 
For this case, the dielectric relaxation detects fluctua- 
tion of AR, due to the motion of the midpoint of the block 
(dipole inversion point), and the normalized relaxation 
function is given by 

Vmiddle(t) = (mz(t) hRz(o))/(hR,2) 

( ~ g , , , i d ~ e ( ~ )  d In = 1) (2) 

The mode distribution function for the middle block, 
gmid&, is further decomposed into contributions from the 
loop (with fraction 1 - &ridge) and bridge (&ridge), 

gmiddle(’) = (l - ‘hridge)gloop(T) -k ‘hridg&bridge(z) (3) 
At this point, we have to emphasize that the end-to- 
end vector does not fluctuate for the middle PI blocks 
connected to the glassy PI domains. Thus, dielectric 
observation of the global motion of those blocks has 
absolutely required the dipole inversion. 

For both tail and loophridge PI blocks, E” is related 
to V(t) as22 

-dV(t) 
0 dt ~ ” ( w )  = -AEJ - sin ut dt (4) 

where A6 is the relaxation intensity being proportional 
to the magnitude of the total, active dipoles of the PI 
blocks involved in the unit volume. Equation 4 indicates 
that the w dependence of E” (observed as the shape of 
the E” curve on the double-log arithmic scales in Figures 
4 and 5) reflects the relaxation mode distribution of V 
being represented by g(z). 

We note in Figure 4 that the E“ curve a t  high w is 
broader for the middle PI block (filled circles) than for 
the tail PI block (unfilled circles), and thus the t 
dependence a t  small z is weaker for gmiddle than for gt,ii. 
However, we also note the coincidence of the solid curve 
(E”PS-PI/A~ with A, = 1.7) with the filled circles at low w. 
This result means that the middle and tail PI blocks 
have almost the same dielectric mode distribution at 
large t but the relaxation intensity is ~ 1 . 7  times smaller 
for the former; i.e., gmiddle(t)  = gtai1( t ) / I .7  a t  large t. AS 
discussed later, these similarities and differences be- 
tween gmiddle and gtai l  may be related to the loophridge 
distribution for the middle block. 

In Figure 5, comparison of the data before and after 
the large-yo shear (curves and symbols) indicates that 
the shear increases and decreases E” of PS-PI-PS at 
low and high w ,  respectively, while for PS-PI the shear 
effect is considerably smaller, in particular at low w .  
This result is in contrast to those of Figures 2 and 3: 
For the viscoelastic behavior and the lamellar align- 
ment, the shear effects are much smaller for the PS- 
PI-PS copolymer. 

After the large-yo shear, the E“ curve of the PS-PI 
12-12 copolymer shifted down by a factor Av = 1.5 was 
well superposed on the curve of the PS-PI-PS 12- 
( 1 2 ) 2 - 1 2  copolymer at low w. Thus, after the shear 
gmiddle(t)  =gtai i ( t ) /1 .5  at large t, meaning that the shear 
reduces the difference between gmiddle and g ta i l  (from Av 
= 1.7 to Av = 1.5). This reduction may be related to a 
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A related difference of the bridge and loop in their 
mechanical responses against a stretching deformation 
was discussed by Halperin and Z h ~ l i n a . ~ ~  

For the PS-PI-PS 12-(12)2-12 copolymer, the PI 
lamellar phase should include both loop and bridge. In 
this loop/bridge blend phase, in principle, the relaxation 
behavior of the loop is affected by the presence of the 
bridge. However, if the bridge fraction @bridge is rather 
small and this blending effect on the loop relaxation is 
not significant, the above argument suggests that gloop- 
(t) for the PS-PI-PS 12-(12)2-12 copolymer may be 
replaced by gt,i l( t)  for PS-PI 12-12. Then we may 
rewrite eq 3 as 

gmiddle(Z) (l - &xidgektail(Z) + d%ridg8bridge(Z) 

(1 - q$,fidge)gtail(d at large z ( 5 )  
Equations 4 and 5 suggest that the vertical shift factor 
for the e" curve, ,Iv = 1.7 (cf. Figure 41, provides an 
experimental estimate, 

&,.idge (1, - l)/lv E 40% (6 )  

From eqs 4 and 5, we may also estimate @loop = 1 - 
&bridge as a ratio of low-w dielectric relaxation intensity 
to the total intensity of PS-PI-PS. The result was in 
agreement with the above estimate. 

Theoretical estimates are available for &bridge in 
lamellar systems. For middle blocks taking either loop 
or bridge conformation, Zhulina and Halperin14 calcu- 
lated @bridge under a constraint for the location of the 
bridge midpoint. They applied an expression for the 
elastic energy of polymer brushes to the middle blocks 
and approximated the entropy of the blocks for choosing 
the loophridge conformation as an entropy of random 
mixing. Minimization of the resulting total free energy 
with respect to &,ridge led to14 

$bridge E ( S / C L ~ ) ~ / ~ N ~ ~ ~  (7) 

with S, a, and N being the surface area per block, the 
segment size, and half of the polymerization index for 
the middle block, respectively. The same result was 
obtained by oMilner and Witten.13 From the lamellar 
width ( ~ 9 5  A; Figure 3b), density ( ~ 1  g/cm3), and the 
molecvlar weight of the PI block, S was evaluated to be 
~ 2 0 0  A2/chain. This S value, together with a = 6.7 A33 
and N = 170 (cf. Table 11, gives (bbbridge E 50% (eq 7). 

Equation 7 is asymptotically valid for very small S 
(for extremely strong segregation). For usual block 
copolymers, Matsen17 has pointed out the necessity of 
refining the above theory by removing the constraint 
on the bridge midpoint and using a more accurate 
entropy expression for the blocks. This refinement 
reduces the theoretical estimate to &bridge E 40%.17 

Matsen and Schick16 used the Scheutjens-Fleer 
formalism for the lattice model and carried out a mean- 
field calculation of &bridge. The resulting @bridge depends 
very weakly on N and block composition (=50/50 for the 
copolymer examined here) and has a value s 40% (cf. 
Figures 2-4 in ref 16). 

The &bridge value predicted from the Matsen-Schick16 
theory and from the Zh~lina-Halperinl~ and Milner- 
Witten13 theories with the above refinement is in good 
agreement with the experimental &bridge value. All these 
theories consider the copolymer domain structures at 
equilibrium. The copolymers examined in this study 
have the order-disorder transition temperature far 
above 100 "C and never experienced a homogeneous 
state during the experiments, so one may worry about 

some nonequilibrium effect. However, as judged from 
the agreement between the experimental and theoreti- 
cal domain sizes found for lamellar systems,ls5 this effect 
is small for the lamellar phases. Thus, the above 
agreement between the experimental and theoretical 
&,bridge values seems to indicate the validity of the 
equilibrium theories. 

Effects of Large-yo Shear. For the PS-PI 12-12 
copolymer, the large -yo shear significantly decreases G 
and G (by the factor BG = 3; Figure 2) and a little 
improves the lamellar alignment (Figure 3a). Never- 
theless, the shear does not affect the tail population 
(=loo%) of the end PI blocks and thus induces little 
change in e" (Figure 5). In contrast to those results, 
the PS-PI-PS 12-(12)2-12 copolymer exhibits very 
small changes in the viscoelastic moduli (by the factor 
BG E 1.3) and the lamellar alignment but its e" is 
significantly affected by the shear. This fact suggests 
that the shear effect on e" for PS-PI-PS 12-(12)2-12 
corresponds to  a shear-induced change of the middle PI 
block conformation, i.e., a change of @bridge. 

For PS-PI diblock lamellar systems, the large-yo 
shear prefers smaller mechanical resistance.30c Thus, 
if the shear is applied at low T and high w where the 
PS and PI lamellae have a large contrast in their 
viscoelastic moduli, the lamellae are aligned parallel to 
the shear direction so that the resulting stress is 
decreased.30c We expect a similar tendency also for the 
PS-PI-PS triblock lamellae: In the lamellae essen- 
tially parallel to the shear direction (cf. Figure 3b), the 
resistance to the shear is stronger for the bridge 
connecting neighboring PS domains than for the loop. 
Thus, the large-yo shear preferring smaller resistance 
would decrease &bridge. This expectation is in harmony 
with the shear-induced decrease of ,Iv = 1/(1 - &ridge) 
found in Figure 5. 

As done for the 6'' data before the large-yo shear, we 
analyzed the data for the PS-PI-PS 12-(1212-12 
copolymer in Figure 5 and estimated &bridge after the 
shear to be ~ 3 0 % .  Thus, the shear decreased &bridge by 
a factor ~ 1 . 3  (from 40 to 30%). Interestingly, this factor 
agrees with the reduction factor BG for G and G" of PS- 
PI-PS found in Figure 2. This result might be ex- 
plained as follows. Similar to rubber strands, bridges 
exhibit an equilibrium stress that is proportional to 
their number density. At the frequencies of the vis- 
coelastic test, this stress would overwhelm the stress 
due to the loop (and also the stress due to misalignment 
of lamellae as observed for PS-PI). Thus, the shear- 
induced decrease of @bridge appears to be directly re- 
flected in the decrease of G' and G". 

Concluding Remarks 
We have demonstrated that the dielectric relaxation 

of dipole-inverted PS-PI-PS can provide us with a 
route to  evaluate the bridge fraction. This route is not 
limited to the triblock copolymers but is effective also 
for networks in general. Comparison of the dielectric 
data for the PI blocks of PS-PI and PS-PI-PS enabled 
us to estimate the bridge fraction for the latter, &bridge 
E 40% (before the large-yo shear), which is in good 
agreement with equilibrium theories. After the large- 
yo shear, @bridge was decreased to ~ 3 0 % .  This decrease 
possibly reflects the nature of shear preferring smaller 
mechanical resistance. 

The above experimental &bridge values were obtained 
on the basis of the argument of the similarity for the 
loop and tail relaxation processes. Although the argu- 
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ment appears to be valid (at least for roughly estimating 
&bridge), the resulting &bridge values are dependent on the 
molecular picture for the loophridge relaxation. From 
this point of view, further studies are necessary to test 
the loop/tail similarity. Concerning this test, effects of 
large-amplitude shear need to be quantified for both 
lamellar alignment and dielectric behavior in wider 
ranges of shear frequency, amplitude, and temperature. 

Even with the above knowledge for the shear effects, 
the evaluation of q+,bndge requires a molecular picture for 
the loophridge relaxation. Thus, the &bridge value is 
unavoidably affected by the choice of the picture. For 
this problem, we note important model systems, blends 
of PS-PI-PX triblock copolymer and two ring copoly- 
mers PS-PI and PX-PI, all having dipole inversion in 
the PI blocks. Here, PX is a block being immiscible with 
PS and PI. If we have the same amount of PS-PI and 
PX-PI rings in the blends, the three copolymers would 
together form PS/PI/PX trilamellar structures, and the 
PS-PI-PX always has bridge-PI while the PS-PI and 
PX-PI rings always have loop-PI. In such blends, &bridge 
is identical to the content of the PS-PI-PX copolymer. 
Thus, &bridge for the PS-PI-PS sample of our interest 
can be determined, without any molecular picture for 
loophridge relaxation, from the PS-PI-PX content of 
a particular blend that reproduces the E" data of PS- 
PI-PS. Studies on such model blends are considered 
as interesting future work. 
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