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ABSTRACT Dielectric measurements were made on solutions of styrene-isoprene (SI) diblock copolymers 
in an I-selective solvent, n-tetradecane (C14), in which the S-blocks formed a rigid phase and the I-blocks 
were swollen. The solutions exhibited dielectric normal-mode relaxation due to the fluctuation of the end- 
to-end vector of the I-blocks having dipoles aligned in the same direction parallel along their contour and 
being tightly anchored on the rigid S-phase. The nominal relaxation time T,, (evaluated as the reciprocal of 
the loss maximum frequency con-) became shorter and the relaxation mode distribution, narrower, as C14 
was added to decrease SI concentration CSI. These results were attributable to a decrease in spatial and 
thermodynamic confinements for the tethered I-blocks. However, even for dilute solutions in which the SI 
micelles were randomly dispersed, the mode distribution was still considerably broader than that of homo-PI 
systems, reflecting a situation in that the tethered I-blocks were still densely populated, and thus subjected 
to strong thermodynamic confinement in the I-corona phase. For the solutions with intermediate CSI, we 
found a new dielectric relaxation slower than the normal mode of the I-blocks. This new relaxation mode 
was found also in C14 solutions of styrene-butadiene (SB) diblock copolymer and should not be due to type-A 
dipoles of the I-blocks. Rheological measurements revealed that these SI/C14 and SB/C14 solutions exhibited 
prominent plasticity characteristic of an ordered array of the micelles (a macrolattice). The new mode can 
thus be related to a stable macrolattice formed in these solutions. 

I. Introduction 
In a previous paper' we discussed the dielectric behavior 

of polystyrene (PS)-cis-polyisoprene (PI) diblock copol- 
ymers (SI) in the bulk state. In such systems under an 
ambient condition, styrene (S) blocks form glassy domains 
on which isoprene (I) blocks are tightly bound to form a 
rather densely populated, tethered rubbery-chain phase. 
The features of such a microdomain structure2 are related 
to two kinds of confinements imposed on the 
the spatial confinement that prohibits a block chain to 
cross the domain boundary, and the thermodynamic 
confinement that forces the configuration of block chains 
belonging to the same domain to be coupled so that the 
segment density profile is kept uniform throughout to  the 
extent allowed by the (bulk and/or osmotic) compress- 
ibility in the domains. Such confinements should also 
exert strong influence especially on the dynamics of the 
tethered I-block chains. 

The PI chains have type-A dipoles aligned in the same 
direction parallel along the chain contour and exhibit so- 
called dielectric normal-mode relaxation due to the 
fluctuation of their end-to-end  vector^.^-'^ Thus the SI 
diblock copolymer is a good model system for studying 
the dynamics of I-blocks tethered on the S-phase through 
dielectric spectroscopy. In bulk SI systems, the glass 
transition temperatures Tgpr (-200 K)" and TgpS (-373 
K)" of PI and PS blocks are widely separated. Mea- 
surements were conducted at temperatures between TgpI 
and Tgps so that we were able to examine the dynamics 
of the I-block chains tethered on the rigid S-domains and 
confined in the I-phase. 

In the previous study' we found that the shape of the 
dielectric loss t" curve that reflects the dielectric relaxation 
mode distribution is much broader for the tethered I-block 
chains than that for bulk homo-PI chains. The longest 
relaxation time is quite likely much longer for the former 
than for the latter. 

The confinements mentioned above and thus motion of 
the I-blocks in the microphase-separated SI systems should 
change upon dilution with an I-selective solvent, for 
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example, n-tetradecane ((214). The solvent C14 dissolves 
I-blocks but hardly swells the glassy S-domains so that 
the S-I junctions in SI/C14 solutions have a negligibly 
small mobility as in the case of bulk SI. The spatial 
confinement becomes weakened by dilution with increasing 
domain size (relative to the dimension of the I-blocks in 
the confinement free state). Thermodynamic confinement 
also becomes weakened, because the compressibility in 
the I domains increases. Thus i t  is of interest to examine 
the effects of addition of C14 to SI diblock copolymer 
systems. The effects of the changes in the two confine- 
ments on the global motion of the tethered I-block chains 
should be most clearly observed on SI/C14 systems. 

From the above point of view, we examined the dielectric 
behavior of SI/C14 systems. This paper presents the 
results. On interpreting the results, we also utilize the 
rheology-structure relationship for SB/C14 solutions1*-'8 
similar to the present SI/C14 systems. 

11. Experimental Section 
Materials: Polystyrenecis-polyisoprene (SI) and polystyrene 

polybutadiene (SB) diblock copolymers were prepared via anionic 
polymerization according to our laboratory routine.' Three SI 
and their precursor PI samples were used. An SB sample was 
also used for comparison. The samples were characterized by 
combined light scattering-gel permeation chromatography. The 
details were described elsewhere.' Table I summarizes their 
characteristics. The code numbers indicate the weight-average 
molecular weights MW of the constituent blocks in units of 1OOO. 
Commercial n-tetradecane (C14) was used as received (Tokyo 
Kasei Co., guaranteed grade) without further purification. 

Measurements: Dielectric measurements were made with a 
capacitance cell and a transformer bridge (GR 1615A; General 
Radio) described previously.lJ0 The measurements were con- 
ducted mostly at 30 "C on solutions of SI, SB, and PI samples 
in C14 with various concentrations. The temperature-frequency 
superposition was not attempted here to avoid complication due 
to structural changes induced by heat. Instead, to obtain 
information on the microdomain structure and its possible 
changes, we conducted rheological measurements with a labo- 
ratory rheometer (IR-200; Iwamoto Seisakusho) most extensively 
on a 30 wt % solution of SI(12.5-9.5) in C14 at various tem- 
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Table I 
Characteristics of Polymer Samples 

code 10-3Mw M , / M ,  S content, wt % 
SI Diblock CopolymeP 

SI( 12.5-9.5) 22.0 1-06 55.2 
SI(42-42) 84.0 1.06 49.4 
SI(43-86) 129.0 1.06 33.3 

SB Diblock Copolymerb 
SB(8.6-8.5) 17.1 1.08 50.5 

PI PrecursoP 
PI(9.5) 9.5 1.06 
PI(42) 42.0 1.06 
PI(86) 86.0 1.06 
a cis:trans:vinyl z 7 5 2 0 5  for I. cis:trans:vinyl "= 405010 for B. 

peratures. The data were interpreted on the basis of the rheology- 
structure relationship established through previous rheological 
and small-angle X-ray scattering (SAXS) studies on SB diblock 
copolymer solutions in selective solvents including C14.l2-lS 

The solutions subjected to dielectric and rheological mea- 
surements were prepared in the following way. Prescribed 
amounts of a polymer sample and the nonvolatile solvent C14 
were mixed with excess benzene to make an about 5% homo- 
geneous solution. Benzene was then allowed to evaporate 
completely. The solution was annealed at 60-90 "C for 15-30 
min in the capacitance cell or the rheometer assembly to achieve 
equilibrium morphology just before the measurements.12 

To obtain some idea on the rigidity of S-domains that is related 
to the mobility of the S-I junction points in SI/C14 solution, we 
determined with a differential scanning calorimeter (DSC 20; 
Seiko I&E Co.) the glass transition temperature Tgm of PS swollen 
in (214. Compression-molded PS films of thickness ~ 0 . 5  mm 
were immersed in C14 for 10 days at room temperature (r20 "C) 
and further at 70 "C for 1 h. The swollen films were then taken 
out, weighed to determine the swelling ratio, and subjected to 
DSC with a heating rate of 10 "C/min. 

The T,PSand swelling ratio of the films were found, respectively, 
to be 59 f 5 "C and 10 * 1 wt % for PS of Mps = 10.5 X 103 and 
93 * 3 "C and 2 f 0.5 wt % for PS of Mps = 46.4 X lo3. In the 
present SI/C14 solutions involving S-blocks with Ms of 43 X IO3 
1 Ms 1 12.5 X 109 (cf. Table I), the T,Sof the S-phase are between 
these two values and thus the mobility of S-I junctions should 
be negligibly small at the temperatures <60 "C where most of 
the measurements were carried out. 

111. Molecular Motion and Dielectric 
Normal-Mode Relaxation 

As shown in the previous work on bulk S1,'the dielectric 
loss f f f  for the normal-mode relaxation can be described 
by eq 1 not only for homo-PI chains (regardless of being 
entangled or unentangled)sl0 but also for I-blocks in an 
SI copolymer under the spatial and thermodynamic 
confinements. 

tff = - A t J m y  sin 2lrft dt  

(for normal-mode relaxation) (1) 
Here f is the frequency, and At, the relaxation intensity. 
The autocorrelation function, @ ( t ) ,  is related to the end- 
to-end vector R(t) of the I-block a t  time t as 

(R(t)*R(O)) 
@(t) = = c g p  exP[-tl7,1 ( 2 )  

(R2) P 

Here for convenience of the following explanation, we have 
formally decomposed the @(t)  into the relaxation modes 
with the intensity factors g, and characteristic times 7p, 
withp = 1 representing the slowest relaxation mode. From 
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Figure 1. Frequency dependence of dielectric loss t" at 30 "C 
for SI( 12.5-9.5)/C14 solutions with various concentrations as 
indicated. 

eqs 1 and 2, we can write t" in terms of gp and T~ as 

For monodisperse linear homo-PI chains, the slowest 
mode (p = 1) has the largest intensity and dominates the 
dielectric relaxation.1° Correspondingly they exhibit a 
sharp tf' peak practically of the same shape. In fact, the 
behavior of these chains are semiquantitatively described 
by the Rouse and/or tube models that predict gl >> gp for 

g p  = 8/(lr2p2) and 7p = 7Jp2; p = 1,3,5,  ... (4) 
Thus the dielectric relaxation time T,, that is defined from 
the loss maximum frequency f m  by 

p > 1:10,'9 

7, = l / 2 1 r f m  ( 5 )  
is close to the longest relaxation time 71. However, this 
is not a t  all the case for the tethered I-block chains.' 

As can be seen from eq 3, the shape of the t" curve for 
the normal-mode relaxation reflects the mode distribution 
of Q(t)  (distribution of gp and 7p): The broader the 
distribution, the broader the d'curves. As is quite common 
for all types of relaxation phenomena, the dependence e'' 
a f is observed only a t  time scales longer than the longest 
relaxation time 71, or, equivalently, only a t  sufficiently 
low frequencies f < 1/21r71 (cf. eq 3). At higher f (>l/ 
2m1), the t" is generally dependent on f more weakly. 
These features enable us to discuss the relaxation mode 
distribution of the end-to-end vector fluctuation of the 
I-blocks from the shape of the t" curves. 

IV. Results and  Discussion 

IV-1. Overview: Figure 1 shows frequency (f) depen- 
dence of the dielectric loss factors err a t  30 OC for C14 
solutions of SI(12.5-9.5) with SI concentrations 100 1 CSI 
(wt 5% ) 1 30. Prominent plasticity was found for all the 
systems (even at CSI as low as 30 wt % 1, suggesting that 
the microdomains in the solutions were arranged on a 
regular lattice referred to as a macro1attice.l2-l8 

As seen in Figure 1, two different types of loss peaks are 
found in our experimental window. For CSI 1 76 w t  9% , a 
peak appears a t  f L 2000 Hz. This peak, referred to  as the 
peak I, rapidly shifts with decreasing CSI toward a much 
higher f side and finally becomes out of sight for CSI < 76 
wt % . For CSI I 40 wt % , another peak, referred to  as the 
peak 11, emerges at  low f < 2000 Hz. With further 
decreasing CSI, the peak I1 also shifts rapidly to the high 
f side. 
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Since C14 is a nonsolvent toward S-blocks but a good 
solvent toward I-blocks, the S-blocks form precipitated 
rigid domains, and the I-blocks, cilia with tightly anchored 
ends, Le., tethered chains. The two peaks found in Figure 
1 are not due to the segmental modes of the S- and I-blocks 
that are too slow and too rapid, respectively, to be observed 
for the SI/C14 solutions a t  the temperatures and fre- 
quencies examined. 

To clarify the origin of the two peaks, we carried out 
dielectric measurements on C14 solutions of SB(8.6-8.5) 
a t  30 "C. The molecular characteristics, e.g., the degree 
of polymerization n and the characteristic ratio C, of the 
diene blocks as well as the styrene content ws, are nearly 
the same for SB(8.6-8.5) (n = 157, C, = 5.4,20w~ = 50.5%) 
and SI(12.5-9.5) (n = 140, C, = 5.3,2O and ws = 55.2%), 
the latter being examined in Figure 1. In addition, the 
solvent C14 is equally good for the B- and I-blocks, and 
their microdomain structures should be nearly the same 
for the C14 solutions of these SB and SI copolymers of the 
same c .  Thus, in moderately concentrated to dilute C14 
solutions where the local frictions of the I- and B-blocks 
are essentially determined by C14, the global motion of 
the diene blocks of the SB(8.6-8.5) and SI(12.5-9.5) 
copolymers should be essentially the same. However, 
differing from the I-block, the B-block has no type-A 
dipoles and exhibits no dielectric normal-mode relaxation. 
Thus, if a dielectric relaxation is observed only for the 
SI/C14 solution but not for the SB/C14 solution of the 
same c ,  it can be attributed to the type-A dipoles of the 
I-blocks (i.e., to the normal-mode relaxation). On the 
contrary, if a relaxation is observed for both solutions, the 
relaxation is not due to the type-A dipoles. 

At  high CSB > 60 wt 74, the SB(8.6-8.5)/C14 solution 
exhibited very small t" (50.001) and no peak was observed 
in our experimental window. This result enables us to 
assign the peak I found in Figure 1 for SI(12.5-9.5)/C14 
of C S I  L 76 wt 5% to the dielectric normal-mode relaxation 
of the I-blocks, as concluded for bulk SI in the previous 
work.' However, a t  CSB 5 41 wt %, the SB/C14 solution 
also exhibited a dieletric peak, as shown in Figure 2. The 
peak locations are roughly the same for SI( 12.5-9.5)/C14 
and SB(8.6-8.5)/C14 of nearly the same c .  Thus the peak 
I1 found for the former is not due to the type-A dipoles 
but to some other reason(s) common to the SI and SB 
solutions. 

The trend similar to that found in Figure 1 was also 
seen for other SI/C14 solutions. Figure 3a shows the t" 

curves of SI(42-42)/C14 solutions with various C S I  a t  30 
"C, and for comparison Figure 3b shows those of the 
precursor PI(42)/C14 solutions. In Figure 3a, the t" peaks 
of the solutions with C S I  L 50 wt % are again attributable 
to the normal-mode relaxation, while the peak I1 is not 
observed at the frequencies examined here. For those 

- 

' 3 0  k :: ...:* 

I I I 
PI(42VC14 3OoC 

PI% (b) 
00 

0 0  

0 O . 0 .  
0 .  

0 ' A A  
0 A 

A *  A 
0 .  A 

100 

0 79 A * O  ' A a A  
'A 

' 53 
0 .  A A A  

' * A  
0 '  0 .  

A 3 0 .  * /  A A 

L A  A 
d 

1 1 A I  I 

1 3 5 
I 

IO O( (/Hi) 

Figure 3. Frequency dependence of dielectric loss t" at 30 "C 
for (a) SI(42-42)/C14 and (b) PI(42)/C14 solutions with various 
concentrations as indicated. PI(42) is a precursor for SI(42-42). 
For SI(42-42) and PI(42) at bulk (CSI, c p ~  = 100 wt %),the time- 
temperature superposition held and the data at higher temper- 
atures are reduced to 30 "C. 

with C S I  = 40 and 30 wt % , however, we observe the normal- 
mode peak I relaxation a t  f 2 lo4 Hz and also note a 
tendency of increase of t" with decreasing f < 300 Hz that 
can be a sign of the peak I1 relaxation. 

For C14 solutions of SI(43-86) having I-blocks longer 
than those of the two SI copolymers examined in Figures 
1 and 3, we found the normal-mode relaxation peak I a t  
30 "C for CSI = 2-20 wt % , as the results shown later in 
Figure 5. 
IV-2. Normal-mode relaxation: We here discuss the 

feature of the normal-mode relxation. In Figure 3a, we 
see a striking feature that the tf' peak height for SI(42- 
42)/C14 does not monotonously decrease with decreasing 
CSI. Instead, it first decreases as C S I  decreases from 100 to 
80 wt 96,  then increases with decreasing CSI down to  65 w t  
5% , and again decreases as C S I  further decreases below 65 
wt  5%. This trend is found also for SI(12.5-9.5)/C14 
solutions: As seen in Figure 1, the peak height of the 
solution with C S I  = 90% is considerably smaller than 90% 
of the height for the bulk system. 

Because the tf' curves of the SI/C14 systems are quite 
broad, as seen in Figures 3-5, and the terminal relaxation 
characterized by the relation e'! cc f (cf. eq 3) is not observed 
in our experimental window, the dielectric relaxation 
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Figure 4. Com arison of t” curves reduced at peaks for SI- 
(42-42)/C14 anfP1(42)/C14 solutions at 30 OC. For the SI- 
(42-42)/C14 solutions, the C” data for f < 300 Hz corresponding 
to the peak I1 relaxation (cf. Figure 1) are not shown. 

intensity Ae (cf. eq 1) cannot be accurately evaluated. Thus 
it is not certain whether Ae changes nonmonotonously with 
CSI as in the case of the err  peak height. However, the 
peculiar behavior of the peak height is enough to suggest 
some structural changes taking place in the SI/C14 
systems. 

One possibility for such a structural change is a change 
in the shape of the microdomains.2v21 At  30 “C the 
S-domains hardley swell in the solvent C14, as suggested 
from the DSC results on PS films (see section 11) and also 
from the results of a previous SAXS study on SB/C14 
systems.15 Thus the volume fraction 4s  of the S-phase 
decreases with decreasing CSI. For CSI = 80 and 65 wt % 
where an anomalous change in the peak height was found 
in Figure 3, the 4s is estimated to be 35 and 27 vol %, 
respectively. These 4s values are fairly close to the values 
for the transitions of the S-phase from lamellae to cylinders 
and from cylinders to spheres, respectively.2121 Such 
morphological transitions are characteristic of adding an 
I-selective solvent (C14) to SI copolymers with S / I  
composition r50/50 and may be related to the peculiar 
CSI dependence of the peak height. 

Apart from the peculiar behavior of the e“ peak height, 
we see in parts a and b of Figure 3 a significant difference 
in the normal-mode relaxations for the C14 solutions of 
SI and homo-PI. The e” curves shift to the high f side for 
both solutions with decreasing c. However, the shape of 
the e” curves for SI solutions significantly changes with 
c ,  reflecting changes of the relaxation mode distribution, 
while that for the P I  solutions does not change with c. 

Figure 4 compares the shape of the t” curves (in the 
double-logarithmic scale) reduced a t  their peaks for the 
C14 solutions of SI(42-42) and its precursor PI(42). For 
the SI/C14 solutions with CSI = 30 and 40 wt %, the data 
for f < 300 Hz are not included here so that the e” curves 
reflect only the feature of the normal-mode relaxation (cf. 
Figure 3a). 

As seen in Figure 4, the shape of the e” curves and thus 
the dielectric mode distribution of PI(42)/C14 do not 
change even when CPI is decreased from 100 to 30 wt % , 
as reported previously.22 On the other hand, the mode 
distribution for SI(42-42) is quite broad for CSI = 100 wt 
% (bulk) and becomes narrower and closer to that of PI- 
(42)/C14 with decreasing CSI. However, we still do not see 
through our experimental window the dependence, e” 
f ,  characteristic of the terminal relaxation behavior even 
for CSI = 30 wt 70.  

Figure 5 compares similar reduced e” curves a t  30 “C 
for SI(43-86)/C14 and correspondingPI(86)/C14 solutions 

PI 96 

6 2  
- 0 5  
P 10 
0 20 

-2 - 1  0 1 2 

log (f/f,) 

Figure 5. Comparison of d’ curves reduced at peaks for SI- 
(43-86)/C14 and PI(86)/C14 solutions at 30 OC. 

of CSI (or CPI) between 20 and 2 wt 96. For these SI/C14 
solutions, the er’ curve is already considerably narrow for 
CSI = 20 wt % and becomes further narrower with 
decreasing CSI down to 2 wt %. 

In all SI/C14 solutions a t  30 “C (cf. Figures 1-5), the 
I- and S-blocks should be strongly segregated, and the 
S-phase is in the glassy state as explained before. The S-I 
junctions have a negligibly small mobility which is hardly 
affected by the decrease of CQI through dilution with C14. 
The major effects of dilution are thus to increase the 
volume fraction 41 of the I-phase (containing I-blocks plus 
C14) and to decrease the I segment concentration c p ~  in 
that phase. The decrease in CSI and thus in CPI tends to 
release the spatial constraint by providing more space to 
the I-blocks. The decrease in CPI also increases the osmotic 
compressibility in the I-phase, which in turn releases the 
thermodynamic confinement on the I-blocks. Both of 
these effects allow the I-blocks a t  smaller CSI to behave 
more like homo-PI chains with tethered ends. This 
explains qualitatively the results found in Figures 3-5 
(apart from the peculiar CSI dependence of the peak height 
seen in Figure 3a). 

For S1(43-86)/C14 solutions with CSI = 20-2 wt 5% ,4s 
is estimated to be less than 5 vol 96 and thus spherical 
micelles with S-cores and I-corona should have been 
formed.21 Rheological tests detected a structural transition 
upon dilution12J6-18 of these solutions from CSI = 20 to 2 
wt 96 : The solution with CSI L 10 wt % exhibited prominent 
plasticity a t  30 “C and should possess aregular array (stable 
macrolattice) of the micelles.12J6-18 The solution with CQI 
= 5 wt % still exhibited plasticity but much less primi- 
nently as compared to those with CSI 1 10 wt 5%. Finally 
a t  CSI = 2 wt %, the solution behaved just as a viscous 
liquid and exhibited no plasticity. Upon dilution of the 
solutions down to 2 wt %, thermodynamic interactions 
between the I-blocks belonging to different micelles 
become too weak to preserve a stable macrolattice. This 
explains the significantly narrow err  curve that reflects a 
narrow dielectric normal-mode distribution (cf. eq 3) for 
the 2 wt % SI/C14 solution examined in Figure 5. 
However, we still see a nonnegligible difference in the 
mode distribution between this solution and the PI(86) 
solutions. 

In all SI(43-86)/C14 solutions with 20 I c s ~ ( w t  5%) I 
2, the micelle size, Le., the number of SI chains per micelle 
should be close to each other, as suggested from a previous 
SAXS study on an SB copolymer similar to SI(43-86) 
examined here.15 This means that, even in a micelle in 
the solution with small cSI, the I-corona chains tethered 
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Figure 6. Comparison of dielectric relaxation times 7. evaluated 
from the location of c" peaks for SI/C14 and PI/C14 solutions 
at 30 O C .  Note that r, is close to the longest relaxation time rl 
for the PI/C14 solutions, while T,  << 71 for the SI/C14 colutions. 
For details, see text. 

to the rigid S-core are still rather densely populated and 
thus are under strong mutual influence of the thermo- 
dynamic confinement to maintain the concentration profile 
acceptable in the I-corona phase. This difference in the 
environments of the I-chains is responsible to the difference 
in the mode distributions of the I-chains in SI/C14 and 
PI/C14 solutions found in Figure 5. A further study on 
this problem is now in progress. 

IV-3. Normal-mode relaxation times: For SI/C14 
and PI/C14 solutions, we evaluated the (nominal) dielec- 
tric relaxation time T ,  from the loss maximum frequency 
f m  using eq 5. Figure 6 compares dependences of r,  a t  30 
"C on the I segment concentration c p ~  for C14 solutions 
of SI and corresponding P I  precursors. We see that the 
7, are longer for SI/C14 solutions (unfilled symbols) than 
for PI/C14 solutions (filled symbols) a t  high c p ~  but 
opposite at  low c p ~ .  However, we have to hasten to add 
that this result does not necessarily mean the I-blocks 
move more rapidly at  low cp1 as compared to homo-PI 
chains. The reason is as follows. 

Equation 3 tells that in general the d' peak corresponds 
to a relaxation mode of the largest intensity gp but does 
not always correspond to the slowest mode. For a broad 
mode distribution, the longest relaxation time r1 is 
generally much longer than the apparent 7,. If the 
dielectric mode distributions (the distribution of rp and 
gp; cf. eq 3) are not the same between the two systems 
under comparison, their c f f  peaks correspond to different 
modes and the comparison of nominal T ,  estimated from 
the loss maximum frequencies fm (eq 4) does not make 
sense a t  all. As we have repeatedly emphasized,' com- 
parison of T ,  makes sense and is identical to the comparison 
of the longest relaxation times r1 only when the systems 
to be compared have the same mode distribution and the 
df  curves of the same shape. 

As seen in Figures 3-5, the PI/C14 solutions exhibit the 
relation 6'' a. f a t  the low fside soon after the peak frequency 
f m .  This means that the slowest mode has the largest 
relaxation intensity (cf. eq 3) and rn  is close to r1 for those 
PI/C14 solutions. On the other hand, SI bulk systems 
have a quite broad mode distribution that becomes 
narrower as C14 is added to decrease CSI. The cf' curves 
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Figure 7. Dielectric loss curves at various temperatures for SI- 
(12.5-9.5)/C14 solutions with C S ~  = (a) 30 and (b) 40 wt %. The 
peaks observed in this figure correspond to the peak I1 found in 
Figure 1. 
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Figure 8. Dieletric loss curves at various temperatures for SB- 
(8.6-8.5)/C14 solutions with CSB = 41 wt %. Note that the SB 
copolymer has no type-A dipoles and exhibits no dielectric normal- 
mode relaxation. 
of the SI/C14 solutions exhibit only weak f dependence 
a t  the low f tail, indicating the terminal relaxation can be 
attained a t  much lower f .  This broadening is the case 
even for the dilute SI(43-86)/C14 solution with CSI = 2 wt 
% (cf. Figure 5). Thus the SI/C14 solutions should have 
T I  much longer than T,. It is likely that the 71 (>>Tn) of 
the SI/C14 solutions are much longer than the T I  ( Z T n )  
of the corresponding PI/C14 solutions. 

IV-4. Domain relaxation: Now we turn our attention 
to the peak I1 relaxation shown in Figure 1. Parts a and 
b of Figure 7, respectively, show the c f f  curves of SI(12.5- 
9.5)/C14 with CSI = 30 and 40 wt % at the temperatures 
as indicated. The peaks I1 are observed a t  low to 
intermediate f, and the increase in df  at the high f end is 
due to the normal-mode relaxation (peak I). Figure 8 shows 
similar &' curves of SB(8.6-8.5)/C14 solutions. 

As seen in Figure 7, the peaks I1 of SI(12.5-9.5)/C14 
solutions not only shift to the higher f side but also decrease 
their height with increasing T. Essentially the same 
behavior is found in Figure 8 for SB(8.6-8.5)/C14 solutions. 
The peak I1 is thus not due to the type-A dipoles of the 
I-blocks but is related to the PS microdomain structure 
commonly existing in the SI and SB/C14 solutions. 
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With further increase in Tfrom 65 to 97 "C, the plateau 
levels of GI' and GI" rather rapidly decrease. In this tem- 
perature range their f dependence also became significant. 
Weakening of the macrolattice must have been taking place 
in this temperature range. The solution, however, is still 
plastic even a t  97 "C, exhibiting a lozenge-shaped Lissa- 
jou's pattern as seen in Figure 9. The result suggests the 
macrolattice is still preserved even at 97 "C. 

Finally at high T 1 104 "C, the solution becomes linear 
viscoelastic, exhibiting an elliptic Lissajou's pattern. The 
moduli decrease very rapidly with increasing T 1 104 "C. 
Thus, in the S1(12.5-9.5)/C14 solution of CSI = 30 w t  %, 
the macrolattice disordering12-18 took place at T between 
97 and 104 "C. As judged from the changes in the rheo- 
logical behavior of the SI(12.5-9.5)/C14 solution with CSI 
= 30 wt 76 shown in Figures 9 and 10, the dielectric peak 
I1 relaxation visible in the SI/C14 as well as SB/C14 
solutions from 11 to 60 "C is not attributable to the 
existence of the micelles themselves. The peak I1 almost 
disappears in both solutions a t  80 "C, but the micelles are 
still preserved a t  T I 97 "C to form a macrolattice. Instead, 
the peak I1 is observable a t  T < 65 "C only when a stable 
macrolattice exists in the SI(12.5-9.5)/C14 as well as in 
the SB(8.6-8.5) solution. 

A previous work14 on SB/C14 solutions suggested that 
the mobility of SB junctions plays an important role on 
the stability of the macrolattice. From this point of view, 
it is interesting to note that the critical temperature ( ~ 6 5  
"C) a t  which the macrolattice becomes weakened and the 
peak I1 mode disappears in the SI(12.5-9.5)/C14 solution 
is fairly close to Tgps of swollen homo-PS of Mps = 10.5 
X 103 (and thus to Tgps of the S-domains of Mps = 12.5 
X lo3 in the SI). However, it is not yet clear how such a 
stable macrolattice leads to the peak I1 mode and why the 
peak intensity almost vanishes before completion of the 
macrolattice disordering. Further study is necessary to 
solve these problems. 

V. Conclusions 
We found that the dielectric normal-mode relaxation of 

SI diblock copolymers is strongly affected by the addition 
of an I-selective solvent, n-tetradecane (C14), that reduces 
the spatial and thermodynamic confinements for the 
I-block chains tethered on the rigid S-cores, especially the 
latter, leading to the narrowing of the mode distribution. 
However, even in the micellar solution of very low CSI, the 
dielectric behavior is still different from that of homo-PI 
molecules. This suggests that the thermodynamic con- 
finement arising from densely populated neighboring 
I-block chains (tethered onto the S-cores) is still important 
even in the corona I-phase of an isolated micelle. 

For SI/C14 solutions with intermediate CSI, we found 
a new dielectric relaxation mode slower than the normal- 
mode relaxation. The new mode was observed also in 
similar SB/C14 micellar solutions. The changes in the 
rheological behavior of the solutions with temperature 
suggest that the new relaxation mode may be related to 
a stable macrolattice of micelles, which is common to both 
SI and SB systems, although a t  the moment we do not 
know how. 

SI( 1 2 . 6 -  0. 6) /C14 ,30% f : O . O l H Z  

a /dyncm-2 

t 
13000 

Figure 9. Comparison of stress-strain Lissajou's patterns at 
0.06 Hz for a 30 wt % S1(12.5-9.5)/C14 solution at various tem- 
peratures as indicated. The strain amplitudes are 0.3 for all 
cases. 

$1(12.5-9.6)/ '214, 30% f = O . O 8 H Z  

1 I I I I I I I 1 1 
30 40 5 0  80 70 80  90 1 0 0  1 1 0  1 2 0  

T/"C 
Figure 10. Temperature dependence of nonlinear moduli GI' 
and G P  at 0.06 Hz for a 30 wt 7% S1(12.5-9.5)/C14 solution. 

The decrease of the peak I1 height with increasing T 
may give a clue to elucidate the structure responsible to 
the peak I1 relaxation. From this point of view, we made 
rheological tests on SI(12.5-9.5)/C14 with CSI = 30 wt 76 
a t  various temperatures from 30 up to 114 "C. Figure 9 
shows typical Lissajou's patterns of dynamic strain y versus 
stress u (f = 0.06 Hz) obtained a t  the temperatures 
indicated. We made Fourier analyses to evaluate the 
fundamental and higher order odd harmonics of the 
moduli, G.' and Gj" (j = 1,3, ... ) defined by a constitutive 
equation14p17,la 

y = yo sin ut, u = yo [G; sin jut + ~ j "  cos jut] 
(6) 

with yo being the strain amplitude. Figure 10 shows the 
temperature dependence of the isochronal GI' and GI" 
values a t  f = 0.06 Hz. 

As seen in Figures 9 and 10, the solution a t  T I 65 "C 
exhibits a lozenge-shaped Lissajou's pattern characteristic 
of nonlinear viscoelastoplasticity, and the GI' and GI" 
depend little on T. Although not shown here, the GI' and 
GI" exhibited plateaus against f a t  T I 65 OC. All these 

j = d d  

results indicate the existkce of a stable macrolattice at 
T I 6 5  0C.12-18 
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