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ABSTRACT Broad-band dielectric spectroscopy (10-"106 Hz) was employed to investigate molecular 
dynamics in polyisoprene-polystyrene (PI-b-PS) diblock copolymers with different contents of PI varying 
from 27.9 to 50.4 w t  96 and having an identical molecular weight of the PS blocks (2830). The diblock 
copolymers studied were considered to be thermodynamically homogeneous concerning DSC measurements 
and having a value of xN from 5.5 to 8.9 at 25 O C ,  where x is the segment-segment interaction parameter 
and N the number of statistical segments per chain. Two relaxation processes are observed which sense the 
molecular dynamics of the PI chain in the diblock copolymer on two different length and time scales: The 
segmental relaxation is a local process corresponding to the primary relaxation of the PI chain in the PI-rich 
regions of the thermodynamically homogeneous phase. In contrast, the normal-mode relaxation is assumed 
to be mainly controlled by an effective friction coefficient reflecting the properties of both block components. 
The normal-model relaxation in its temperature dependence and in its distribution of relaxation times provides 
evidence for the coupling to composition fluctuations. Furthermore, there is a hint that the freezing-in of 
PS segmental fluctuations affects the normal-mode dynamics of the PI blocks. Our results are compared 
to similar investigations by Yao et on PI-b-PS under conditions of microphase separation. The findings 
are consistent with the fluctuation picture recently developed by Fredrickson et al. for diblock copolymers 
near the microphase-separation transition. 

I. Introduction 

In the last decade, there has been an increasing interest 
in block copolymers.' Most of the published work deals 
with static properties in the ordered and disordered phase 
near the microphase-separation transition (MST) of 
diblock copolymer melts. The order-to-disorder transition 
in these systems is a result of a delicate balance between 
contradicting thermodynamic forces expressed in the 
reduced quantity xN,  where x is the Flory parameter 
describing the enthalpic interactions between statistical 
segments of types A and B. N is the total number of 
statistical segments per molecule. The equilibrium ther- 
modynamic state of an A-B diblock copolymer melt is 
then determined by xN and the composition f = N J N ,  
where NA is the number of segments of type A in the chain. 
For values of xN greater than (xN) t ,  for which the MST 
occurs, the diblock copolymers (A-B) form different mi- 
crodomain structures depending on f ,  whereas for xN < 
( X N ) ,  entropic effects dominate and hence A-B is 
considered to form a homogeneous phase. 

For symmetric diblock copolymers cf = 0.5), the mean- 
field theory2 predicts a critical value (xWS = 10.495 for 
the spinodal point. In a more recent correction, Fredrick- 
son and Helfand3 implemented the effect of composition 
fluctuations on the diblock phase diagram. They replaced 
the mean-field critical point for f = 0.5 by (xN)* = 10.495 + 41.022N-1/3, which recovers the mean-field result for N - -. Block copolymer melts in the disordered phase 
display a single glass transition when measured by bulk 
experimental techniques such as differential scanning cal- 
orimetry, suggesting spatial homogeneity down to about 
100 A. Compatibility at  shorter length scales can be 
revealed by probing local molecular motions. Segmental 
dynamics can then be used to sense effects of the 
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composition fluctuations; $(PI = PA(?) / ;  - f denotes an 
order parameter where PA(?) is the number density of 
segments A at  the point P and ; the overall (A + B) segment 
density. In the frame of the mean-field theory2 ($(?)) is 
assumed to be uniform and to vanish for all points in the 
ordered phase. 

Dielectric spectroscop9 on 1,4-polybutadiene/ 1,2-p0- 
lybutadiene diblock copolymers provides evidence of local 
concentration heterogeneities, being large enough to 
display a primary relaxation for each of the blocks, even 
for samples that are considered to be homogeneous on the 
molecular length scale probed by small-angle neutron 
scattering. Very recent5t6 depolarized Rayleigh scattering 
(DRS) and dielectric spectroscopy (DS) studies of the 
segmental dynamics of athermal ( x  = 0) polyisoprene-b- 
poly(l,2-butadiene) (PI-PW) copolymer near its glass 
transition Tg and of a polyisoprene-b-polystyrene (PI- 
PS) melt with f p I  = 0.61 give further support to local in- 
homogeneities of A and B blocks in the disordered 
~ h a s e . ~ J - ~  In the fluctuation picture3 of block copolymer 
melts significant amounts of composition fluctuations are 
possible in the disordered phase. The amplitude of these 
fluctuations is assumed to increase with increasing xN. 

One possible way for probing the length and time scales 
of these fluctuations is relaxation studies. Dielectric 
spectroscopy on copolymers containing type poly- 
mers, such as poly(cis-1,4-isoprene), offers the possibility 
to investigate both the collective and the local dynamics 
with the same method. The former is dielectrically 
observable due to the nonvanishing dipole component 
parallel to the chain contour (normal mode), while the 
latter corresponds to fluctuations of the perpendicular 
component (segmental mode) of the net dipole moment. 
Retardation and broadening of the dielectric normal modes 
of PI blocks in microphase-separated PI-b-PS with glassy 
PS blocks (T< T,(PS)) as compared to PI homopolymers 
were recently reported.13 These interesting differences 
were considered to arise from the confinement of the mobile 
PI blocks in the microdomain region with frozen PS walls. 

In this paper we present DS results for both local 
(segmental) and large-scale (normal) chain motion in three 
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polyisoprene-b-polystyrene (PI-b-PS) samples in the dis- 
ordered state; xNat  25 “C varies between 5.5 and 8.9. The 
samples are thermodynamically homogeneous, having one 
(broadened) glass transition. 

11. Theoretical Background 
The complex dielectric permittivity e*(o) = e’(w) - ie”(w) 

of a macroscopic system is provided by the one-sided 
Fourier or pure imaginary Laplace transform of the time 
derivative of the normalized response function @(t) for 
the dielectric polarization of the system1*-16 
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Table I 
Molecular Characteristics of the PS-bPI Samples* 

sample PI(& %) f p ~  Mn(PS) Mn(total) Tg(K) xNat25OC 

where es and em are the limiting low- and high-frequency 
permittivities, respectively. The dielectric response of the 
PI-b-PS copolymer mainly originates in the contribution 
of PI because the dielectric strength of PS is about 2 times 
smaller than that of PI. For the PI blocks the response 
function @(t) can be decomposed into contributions of 
dipole moment components parallel p” and perpendicular 
p i  to the chain When neglecting cross 
correlations between segments of different chains, the 
autocorrelation @(t) for the ith chain can be written as 

. .  . .  
@(t)  = 

(2) 
where (p”il(0) p”j l ( t ) )  is the end-to-end or “graft end”- 
to-end vector autocorrelation function, respectively, for 
the ith chain at  time t. The first term in eq 2 can be 
rewritten as 

where p is the absolute value of the parallel component 
of the dipole moment per unit contour length; rdt) is the 
end-to-end or ygraft end”-to-end vector for the ith chain. 
The second term of eq 2 is simply reduced to the 
autocorrelation function of the perpendicular dipole 
moment component representing segmental motions which 
can sense the local structure of block c ~ p o l y m e r s . ~ ~ ~ J ~  If 
the relaxation times for the two components of @(t) are 
well apart in the time domain, the individual autocorre- 
lation functions can be separated. 

For nonentangled linear bulk polymers, (ri(0) ri(t) ) is 
expressed by the Rouse free-draining model:’OJ7 

p = 1, 3, 5 ,  ... {“2b2 rp = - 
3x2kTp2 

( 5 )  

where T,, is the relaxation time for the pth normal mode, 
{the monomeric friction coefficient, and N the number 
of chain segments with bond length b. Since N is 
proportional to the molecular weight M,, the Rouse theory 
predicts for the longest relaxation time 

T I  M 2 . O  ( 6 )  
Numerical and analytical e v a l ~ a t i o n ~ ~ J ~  of the discrete 

Rouse spectrum of a diblock A-B revealed strong depen- 
dence on composition and the friction coefficient ratio 
{’A/{B. The boundary conditions19 at the junction point 

SI-4 27.9 0.37 2830 3930 308 
SI-5 35.9 0.46 2830 4410 284 
SI-6 50.4 0.61 2830 5700 255 

The interaction parameter x is taken from ref 34. 

5.5 
6.4 
8.9 

f PI 

Figure 1. Variation of the glass transition temperature Tg and 
ita breadth ATg with the PI composition f p ~  in the three block 
PI-b-PS copolymers. The open circles denote the temperature 
T-, of maximum dielectric absorption c” at 10 Hz due to 
segmental relaxation in PI-rich regions. The square symbol (0) 
indicates the segmental relaxation in the PS-rich environment 
as measurement by DRS.6 

for copolymers resemble those advanced in treating the 
normal-mode behavior of branched polymers. For a 
symmetric block copolymer, the longest relaxation time 
of one block approaches 4 times the corresponding 
relaxation time of the equivalent homopolymer. This 
corresponds to a tethered chain in a separated block 
copolymer. Analogous calculation of the normal-mode 
spectrum of A-B with thermodynamic interactions (xN 
# 0) is so far not known. In this context, the usual neglect 
of interchain correlations in eq 2 has to be questioned. 

The spectrum of the segmental relaxation times for 
diblock copolymer melts516 with xN < (xN) ,  was found to 
be significantly broader than that for the constituent bulk 
homopolymers due to the presence of adequate compo- 
sition fluctuations within the cooperative volume V, 
associated with the glass transition. For homopolymer 
blends the broadening of the distribution function has 
recently been discussed in terms of the coupling scheme 
of relaxation20 and a concentration fluctuation approach.21 

111. Experimental Section 
Samples. Three diblock copolymers poly(styrene-b-cis-l,4- 

isoprene) (PS-b-PI) were prepared by anionic 
The samples’ characteristics are summarized in Table I. The 
glass transition TB and ita width (as determined calorimetrically 
at a heating rate of 20 K/min) depend strongly on the composition 
of the copolymer (Figure 1). 

Dielectric Spectroscopy (DS). The dielectric meaeurements 
covered the frequency range from 1W2 to 1oB Hz using a Solartron- 
Schlumberger frequency response analyzer FRA 1254. The 
sample was kept between two gold-plated stainless steel electrodes 
(diameter 20 mm), with a spacing of 50 i 1 pm maintained by 
two fused silica fibers. By using a temperature-controlled 
nitrogen gas jet and a custom-made cryostat, temperature 
adjustment over a broad range was achieved. The accuracy in 
the determination of e’’ is f 5  % ; the resolution of the temperature 
measurement was kO.01 K.23 

For the quantitative analysis the generalized relaxation 
function according to Havriliak-NegamiZ4 is used: 

(7 )  

where a and y are parameters (0 5 a, y 5 1) describing the 
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Figure 2. Dielectric absorption e” vs frequency for PI-b-PS with 
f p ~  = 0.61 at two temperatures 348.1 and 323.5 K. The solid line 
is the superposition of the relaxation process (-) according to 
eq 7 and the conductivity contribution (. - .) according to eq 8. 
The relaxation process (- - -) is assigned to the normal mode in 
PI. 
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Figure 3. Dielectric absorption e”vs frequency for PI-b-PS with 
f p ~  = 0.61 at two temperatures 278.3 and 258.2 K. The solid line 
indicates the superposition of two relaxation processes (278.3 K, 
0; 258.2 K, e), according to eq 7 and a conductivity contribution 
according to eq 8, which is not shown because of graphical reasons. 
The low-frequency process is assigned to the normal mode and 
the high-frequency process to the segmental mode (- -, 258.2 

symmetric and asymmetric broadening of the relaxation time 
distribution, T is the relaxation time, and Ae = tl - e. is the 
dielectric strength. On the low-frequency side, an additional 
conductivity contribution is superimposed, obeying a power law 

K; - - -, 278.3 K). 

(8) 

where 00 and s are fit parameters (0 I s I 1). eo denotes the 
permittivityof free space. Using eqs 7 and 8 allows us to describe 
the data within experimental accuracy (Figure 2). In cases (Figure 
3) where two relaxation processes overlap, two Havriliak-Negami 
functions have to be employed. The accuracy in the determi- 
nation of the fit parameters a and y is k0.05 and in T and he 
*lo%. In most cases a fit for the segmental relaxation in the 
frequency domain was not possible without conaiderable ambi- 
guity, especially when the segmental process had closely merged 
with the conductivity contribution and the normal mode. In 
these cases the temperature dependence of the relaxation time 
T was determined from the temperature position of maximum 
lose at fued frequency, assuming WT = 1. A determination of the 
distribution parameters a and y was not possible under these 
conditions. 

IV. Results and Discussion 
The two dielectric absorption processes observed in the 

frequency domain (Figure 3) show up more clearly in their 
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Figure 4. Dielectric absorption e” vs temperature at 104 Hz for 
three different compositions of PI-6-PS. 
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Figure 5. Dielectric absorption e” vs temperature at different 
frequencies for PI-b-PS with f p ~  = 0.61. 

temperature dependence (Figures 4 and 5) .  These pro- 
cesses are assigned to the segmental and normal modes 
which originate in the perpendicular and the parallel 
component of the net dipole moment of a monomer unit 
of PI. The segmental mode corresponds to a local 
relaxation process in which only a few monomer units are 
involved,2s while the normal mode shows a pronounced 
molecular weight dependence. Both processes strongly 
depend on the composition of the diblock copolymer in 
their frequency response temperature position and in their 
width. The a-relaxation in PS is dielectrically active as 
well. Ita dielectric strength is about 2 times smaller than 
that of the segmental or the normal mode of PI. This 
would lead to a factor of about 4 in e”. Thus, if the PS 
and the PI relaxations would be superimposed in the tem- 
perature and frequency window where the molecular 
dynamics of the diblock copolymers has been analyzed, 
one would have to expect either a bimodal or at least a 
strongly broadened relaxation time distribution. Con- 
cerning the normal-mode relaxation, it cannot be ruled 
out that for the sample SI-6 at a temperature between 290 
and 320 K two processes add up, but in the spectra no 
shoulder and no additional broadening was observed. 
Hence, it is concluded that the primary relaxation in PS 
and the PI relaxations are not superimposed in the 
dielectric spectra. 

Segmental-Mode Relaxation. The segmental-mode 
relaxation in the PI-PS block copolymers exhibits a tem- 
perature dependence similar to that in the bulk PI ho- 
mopolymer (Figure 6). It is located closer to therelaxation 
time of the PI homopolymer than expected from the PI 
content in the block copolymer. This indicates that this 
local relaxation process occurs within the PI-rich region. 
Its microscopic friction coefficient should be determined 
by the composition of these regions in the block copolymer. 
For the quantitative analysis the Vogel-NcherTamann- 
Hesse (VFTH) equation is used to describe the temper- 
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I seamental mode 
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Table I11 
Havriliak-Negami (Equation 7) Fit Parametere for the 

Normal and Segmental Modes* 

1 ,  

7 2 L 5 
1000/T l l / K 1  

Figure 6. Arrhenius plot of the relaxation times 7n and 78 
respectively for the normal-mode and segmental-mode processes 
in the three PI-b-PS copolymers withfp] = 0.37 (A), 0.46 (O) ,  and 
0.61 (0). The solid line denotes the 7s for the bulk PI homopoly- 
mer having a molecular weight of M, = 5100.12 

Table I1 
VFTH Parameters As Determined from Equation 9 for the 

Normal and Segmental Modes 

sample -log I 7 0  (S)] B (K) T- (K) 
Normal Mode 

SI-4 10.4 537 258 
SI-5 9.5 556 234 
SI-6 8.9 610 200 
PI 5.9 536 166 

Segmental Mode 
SI-4 12.5 634 208 
SI-5 12.8 638 194 
SI-6 12.6 583 185 
PI 12.3 456 170 

ature dependence of 7*: 

T~ = 70 expEBI(T- T,)1 (9) 
where TO is the relaxation time at infinitely high temper- 
ature, B an activation parameter, and T ,  the ideal glass 
temperature (Table 11). 

To analyze the composition dependence of the segmental 
relaxation times 7* (Figure 6), we calculated the WLF 
coefficient CZ, which should be constant if T ,  scales with 
Tg of the copolymer. From the parameters T ,  = Tg - CZ 
(Table 11) and Tg (Table I), the WLF coefficient CZ is 
calculated to vary systematically from 70 to 100 K for 
PI-b-PI with f p ~  = 0.61 and 0.37, respectively; for bulk PI, 
CZ = 40 K. This variation of CZ with f p ~  is due to the 
stronger composition dependence of the DSC-determined 
T, compared to T,. The situation is also illustrated in a 
plot where Tm, (at which e”(w,T) due to the segmental 
mode in PI-b-PI exhibits amaximum at 10 Hz) is compared 
to Tg (Figure 1). In spite of the fact that the determi- 
nation of Tg from the broad DSC curves of the copolymer 
is subject to a rather large error, T,, and the calculated 
T,*cfp~) = T-cfpI) + Cz(P1) for the PI-rich environment 
exhibit a weaker composition dependence than the Tg in 
the bulk copolymer. Moreover, the values of Tmax and 
Tg* lie near the lowest edge of the breadth AT,. 

Further evidence for the influence of slow composition 
fluctuations on the segmental dynamics arises from DRS 
measurements6 on the block copolymer SI-6. While the 
dielectric measurements are probing segmental motion in 
the PI-rich region, DRS measures the segmental relaxation 
in the PS-rich environment. For the sample SI-6 the two 
segmental relaxations are (at 10 Hz) 54 K apart. It is 
noteworthy that the segmental relaxation of the PS-rich 
region is located at the upper limit of the glass transition 

BKWW THN CY Y T(K) ACHN 
~~ 

Normal Mode 
348 0.083 1.7 X 0.86 0.33 0.37 
338 0.092 3.7 X 0.82 0.33 0.35 
328 0.10 9.8 X 0.80 0.31 0.32 
318 0.10 2.4 X 0.70 0.37 0.31 
308 0.11 7.0 X loy4 0.60 0.44 0.34 
298 0.12 2.5 X 0.56 0.44 0.32 

Segmental Mode 
263 0.10 2.3 x 10” 0.42 0.38 0.25 
253 0.061 8.2 X 0.57 0.38 0.29 
243 0.081 3.6 X 0.48 0.38 0.25 

Sample: SI-6. @KWW is the “stretched” exponential according to 
Kohlrausch, Williams, and Watta.18 
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Figure 7. Segmental relaxation times for the PI block vs mo- 
lecular weight MPI of the PI sub(chain) in homogeneom (0) and 
heterogeneous ( 0 ) 1 3  PI-b-PS block copolymers. The filled 
symbols denote 7, in bulk PI homop01ymers.l~ 

region (square symbol in Figure 1). The observation of 
two distinct primary relaxation processes for the homo- 
geneous PI-b-PS samples supports the fluctuation picture3 
of block copolymers for temperatures above MST. Since 
the composition correlation length t ,  which is at least on 
the order of the size (-20 A) of the copolymer chain, 
usually exceeds the cooperative length - Vg1I3 associated 
with the glass t r a n s i t i ~ n , ~ ~ ~ ~ ~  the splitting into two distinct 
segmental processes can be rationalized. 

From the fits in the frequency domain the distribution 
parameters CY and y can be determined (Table III). The 
parameter a describing the symmetric broadening of the 
distribution of relaxation times is much smaller than in 
the case of the PI  homopolymer; for a sample with M, = 
17 200, a = 0.62, y = 0.66, and BKWW = 0.39 at T = 254 
K.lZ Hence, the distribution of relaxation times is strongly 
broadened in the block copolymers. In view of the 
composition fluctuations this result is not unexpected.21 

Recently, segmental relaxation times of PI block in mi- 
crophase-separated PI-b-PS block copolymers and the cor- 
responding PI precursors were measured by DS.13 Figure 
7 depicts the variation of rB with the molecular weight MPI 
of the PI block or homopolymer. For comparison the 
present rs values for the homogeneous PI-b-PS samples 
are also shown in Figure 7. As expected, the local relaxation 
times 7s for the microphase-separated PI-b-PS samples 
are insensitive to MPI variation, similar to that in PI ho- 
mopolymers; in the segregated state the PI segmente are 
assumed to behave in a manner similar to that of the ho- 
mopolymer. In contrast, the present non-microphase- 
separated (xN < (xN),) copolymers display a different 
behavior; the increase in is for MPI below 4 X 103 indicates 
the crossover to the homogeneous regime. The slowing 
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Figure 8. Reduced plot of the normal- and segmental-mode 
relaxation times in PI-b-PS block copolymer. The times for two 
copolymers were shifted on the T axis by AT = 52.4 and 21 K 
respectively for the sample with f p ~  = 0.37 and 0.61. The solid 
curves 1 and 2 denote the relaxation time for the first normal 
mode of equivalent PI homopolymers12 according to eq 5. Curve 
1: NPI = 69. Curve 2 NPI = 43. (Because of graphical reasons, 
the data for f p ~  = 0.46 are omitted.) The solid line marked by 
a is the segmental mode in the PI homopolymer (Mw = 5100). 

down of r, with decreasing MPI follows the increasing 
microscopic glass transition temperature Tg* of the PI- 
rich regions. 

Normal-Mode Relaxation. In contrast to the seg- 
mental-mode relaxation, the normal-mode relaxation 
exhibits-compared to homopolymers-a completely dif- 
ferent frequency and temperature dependence in block 
copolymers (Figure 6). In order to normalize the data 
with respect to the local friction coefficient as sensed by 
the segmental-mode relaxation, the data are shifted on 
the temperature axis: Shifts of 21,35, and 52.4 K lead to 
a superposition of the segmental relaxation times of PI- 
b-PS respectively with f p 1 =  0.61,0.46, and 0.37 with T~ of 
the bulk PI homopolymer (M, = 5100 from Figure 4 of ref 
12) as shown in Figure 8 for two of the samples. Again 
these temperature shifts are smaller than the correspond- 
ing differences in Tg of PI-b-PS and PI (49, 79, and 102 
K). Whereas superposition is observed for T, in block 
copolymers and bulk PI, the temperature dependence of 
r,, shows the following features: (i) In comparison to PI 
homopolymers (curves 1 and 2) of equivalent chain lengths, 
the relaxation times are strongly increased in the copol- 
ymers. (ii) The separation between 711 and r, ("breadth" 
of the relaxation time spectrum) has a different temper- 
ature dependence compared to the PI homopolymer and 
depends on the PI block length. (iii) At low temperatures 
the temperature dependence of T,, deviates from the VFTH 
behavior. (iv) The distribution of the relaxation function 
is much broader in the block copolymers (Table 111) than 
in the homopolymer. 
As stated in (i), the time scales characteristic for 

segmental motion of PI and normal-mode relaxations of 
copolymer chains are separated more than we would 
anticipate for a PI chain of the same length in the bulk 
state. For comparison we have computed the relaxation 
time T I  for the first normal mode of the PI blocks in the 
copolymer chain using the relaxation time of bulk PI (M, 
= 5100, ref 12) assuming a W dependence (eq 6). The 
curves 1 and 2 in Figure 8, for NPI = 69 and NPI = 43, 
respectively, refer to the local friction coefficient of the 
bulk PI  (curve a). Therefore, the additional slowing down 
of the normal-mode relaxation times T,, observed in the 
disordered phase of diblock copolymers can be due to the 
differences in the monomeric friction coefficient of foreign 
blocks. 

'v 
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O\ 
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PI - b -  PS YL- 
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2 3 i 5 
tog MP, 

Figure 9. Normal-mode relaxation times vs molecular weight 
MPI of the PI (sub)chain for homogeneous (O), heterogeneous 
(o), ref 13 and PI bulk homopolymers (solid symbols): 0, ref 11; 
A, ref 12. The broken line is a guide to the eye. 

As predicted earlier,18J9 the normal-mode spectrum of 
athermal homogeneous block copolymers (for free-draining 
conditions) depends sensitively on block composition and 
the friction coefficient ratio {A/{B, where B is the mobile 
component (here PI). For a block composition f~ = 0.5, 
a ratio of {A/{B - 200 can cause a similar slowing down 
of the normal-mode relaxation time as observed for sample 
SI-6. Though the former numerical result offers a 
quantitative account for the pertinent experimental fiid- 
ing, a qualitative description is precluded mainly because 
the value of t ~ /  {B and chain dimensions to be assigned to 
the blocks are not known. Whereas the segmental 
relaxation times being a measure of a local friction 
coefficient referred to regions rich in one of the blocks, the 
end-to-end fluctuations of the PI-b-PS chain with com- 
parable dynamics and lengths scales as the fluctuating 
composition pattern are dominated by a friction coefficient 
averaged over different regions. 

The effective friction coefficient for the chain motions 
is expected to be between the friction coefficients of the 
PS- and PI-rich regions of the copolymer. To explain the 
different temperature dependence of rn for the different 
copolymer compositions, a temperature-dependent effec- 
tive friction coefficient, which differs for the different 
compositions, has to be assumed. A possible reason for 
this finding might be the neglect of the thermodynamic 
interactions expressed by different XN in Table I. Fur- 
thermore, the XNvalues are temperature dependent, which 
leads to an increase of the composition fluctuations with 
decreasing temperatures. The slowing down of the reduced 
711 for SI-4 compared to SI-6 (Figure 8) indicates the 
different coupling between composition fluctuations and 
normal-mode dynamics for different thermodynamic 
interactions. A further indication for the coupling of 
normal-mode dynamics and composition fluctuation is the 
broadening of the normal-mode relaxation of the copol- 
ymers (Table 111) compared to the homopolymers (BKWW 
N 0.5-0.712). 

The observed kink (iii) in the temperature dependence 
of 711 for samples SI-5 and SI-6 at  low temperatures may 
be attributed to a freezing-in of the PS segmental motions, 
whereas the segmental dynamics in PI-rich regions is un- 
affected. This is supported by a comparison of DR and 
DSR measurements6 on sample SI-6, where i t  is shown 
that at  low temperatures the segmental dynamics in the 
PS-rich region becomes slower than T,, of the PI blocks. 
In this case we have to expect normal-mode dynamics of 
the flexible PI blocks in a structure of frozen-in PI blocks. 

In Figure 9 our T,, values are compared to those of mi- 
crophase-separated copolymers13 having higher molecu- 
lar weights and to results for PI homopo1ymem1lJ2 The 
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7n from ref 13 were shifted by the factor aT given in the 
same paper to reduce all data to 320 K. As discussed 
before, in the case of microphase separation (xN > ( x N ) t ) ,  
it is important to consider a tethered type A Gaussian 
chain and, similar to star-shaped polymers,2g30 the longest 
relaxation time should be 4 times longer than that of a 
free Gaussian chain of the same length. The experimental 
finding that 7 n  for the microphase-separated samples is 
about a factor 3-4 slower than those of their PI precursors 
seems to be in agreement with this prediction, although 
the broadening of the normal-mode distribution needs 
further e~p1anation.l~ Below Mp1- lo4 the normal-mode 
relaxation time deviates totally from the power law 
observed in the microphase-separated block copolymers 
and in the homopolymer (Figure 9). This reflects an 
observation similar to that in Figure 7 for the segmental- 
mode relaxation showing the crossover from the mi- 
crophase-separated to the homogeneous regime with 
decreasing MPI. 

Chain Conformation. The fits according to eq 7 (see 
Table 111) deliver besides the relaxation time 7 and the 
shape parameters cy and y the dielectric strength for the 
segmental- and normal-mode relaxation in the PI blocks. 
The segmental relaxation in the diblock copolymers 
exhibits-normalized to the PI content-a dielectric 
strength similar to that of PI homopolymers (for M, = 
17 200; Ac,(PI) = 0.091 at  254 K12). This indicates that 
the microstructure in the diblock copolymers and in the 
PI homopolymers used in ref 12 was comparable. Within 
experimental accuracy, the segmental-mode dielectric 
strength scales with the PI content. In contrast, the 
normalized dielectric strength Ac$fpI for the normal mode 
in the block copolymers exceeds strongly the correeponding 
dielectric strength for the homopolymer (Aen(P1) = 0.085 
at 324 K12), and it depends only weakly on the PI 
composition. (This can qualitatively be seen already in 
Figure 5.)  The normal-mode relaxation strength Acn can 
be expressed by the formula 
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where N A  is Avogadro's number, is the dipole moment 
per unit contour length, MPI is the molecular weight of the 
PI block, and (9) is the root-mean-square distance of the 
PI block in the copolymer. Hence, the comparison between 
Acn(PI-b-PS)/fpI and Acn(PI) proves that the PI block in 
the copolymer is expanded in the disordered phase near 
MST. A similar deviation of the static structure factor of 
a PI-b-PS diblock copolymer from the Gaussian coil 
assumptions was found recentW2 for temperatures near 
the MST using SAXS and dynamic experiments. It was 
also suggested by recent Monte Carlo  simulation^.^^ 
Blocks with larger chains are necessary to prove this 
interesting effect in more detail. 

V. Conclusions 
By comparison of dielectric relaxation measurements 

on thermodynamically homogeneous isoprene-styrene 
block copolymers to recently published data for samples 
which are microphase separated, significant changes in 
the normal-mode (7n) as well as segmental-mode ( T ~ )  
dynamics at  the microphase-separation transition (MST) 
were found. The existence of two dielectric active relax- 
ations allowed us to differentiate between two length and 
time scales in the so-called homogeneous phase of a block 
copolymer. From the different composition dependence 
of 7n and 7s it was possible to give further evidence for 
composition fluctuations in the disordered phase of block 
copolymers and to test the length and time scales of those 

fluctuations. 
The slight composition dependence of the segmental 

relaxation 7, compared to the Tg dependence indicates 
the existence of PI-rich regions in the homogeneous phase 
larger than the length scale of the rearrangements con- 
nected to the main transition. The lifetime of those regions 
must, therefore, also be longer than the relaxation time 
(7g). The normal modes are assumed to be influenced 
mainly by an effective friction coefficient, which reflects 
the properties of both components. On the other hand, 
there are several indications for interaction between 
normal modes and composition fluctuations. The length 
and time scales of both seem to be comparable. Therefore, 
we assume that the composition fluctuations are originated 
in (or coupled to) the subchain dynamics. 
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