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ABSTRACT: Dielectric relaxation behavior was examined for solutions of a series of cis-polyisoprene 
(PI) chains having almost identical molecular weights ( M  = 48K) but differently inverted type-A dipoles 
parallel along the chain contour. The solvent used was a dielectrically inert butadiene oligomer of M = 
0.7K that was a moderately good solvent for the PI chains. Global motion of the dipole-inverted PI chains 
induced prominent dielectric relaxation at low frequencies, and the dielectric loss (E")  curves changed 
their shape (frequency dependence) with increasing PI concentration CPI: At CPI smaller than the 
overlapping threshold c* the E" curves were rather sharp and reasonably close to the prediction of the 
Tschoegl model considering both hydrodynamic and excluded-volume interactions, while for CPI > c* the 
distribution became considerably broader than that predicted from the RouselZimmPTschoegl and reptation 
models. These dielectric changes were quite similar to those found in previous studies for PI solutions 
in Isopar-G and heptane. The shape of the E" curves reflected distribution of both relaxation times and 
intensities of dielectric modes, while those times and intensities were separately determined by 
characteristic times tp and integrated eigenfunctions FJn) for eigenmodes of a local correlation function, 
C(n,t;m) = (u(n,t).u(m,0))/(u2), with u(n,t) being the nth bond vector a t  time t. For detailed examination 
of the above dielectric changes with c p ~ ,  the E" data of the dipole-inverted PI chains were analyzed to  
evaluate Fp(n) and tp (for the eigenmode indexp = 1-3). At CPI 5 c*, tp were almost proportional t ~ p - ' . ~ ~  
and FJn) were nearly sinusoidal with respect to the segment location n. These results were in reasonable 
agreement with the Tschoegl model. With increasingcp~ > c*, tp became almost proportional top-2 while 
FJn) became nonsinusoidal. This p dependence of tp was still in close agreement with the Rouse and/or 
reptation models, but the n dependence of FJn) was considerably different. This result indicated that 
the broadening of the E" curves with CPI was essentially due to changes in the eigenfunctions, not due to 
changes in the p dependence of tp (relaxation time span). Changes of F,(n) with CPI were discussed in 
relation to coupling of motion of chains being overlapped a t  CPI > c*. 

I. Introduction 
cis-Polyisoprene (PI) chains have so-called type-A 

dipoles1!2 parallel along their   on tour,^ and their global 
motion induces slow, molecular weight (M) dependent 
dielectric relaxation. Utilizing this feature, extensive 
dielectric studies have been made for dynamics of PI 
chains in b ~ l k , ~ , ~ - ~ J ~  b l e n d ~ , ~ , ~ J ~ J ~  and s o l ~ t i o n s . ~ ~ ~ J ~ - ~ ~  
A quantity describing fundamental aspects of the di- 
electric relaxation of the PI chains is a local correlation 
function,14J5 

C( n,t;m) = ( l/a2)(u(n ,t).u(m,O)) (1) 

with u(n,t) being a bond vector for the nth segment at 
time t and a2 = (u2). This function represents orienta- 
tional correlation of segments at two separate times. At 
long time scales of global relaxation, C(n,t;m) is written 
as a sum of its eigenmodes,14 

where f p  and z, are the eigenfunction and relaxation 
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time for the pth eigenmode, and N is the number of 
segments of the chain. Characteristics of the chain 
dynamics are sensitively reflected in the p dependence 
of z, as well as in the functional form of fp(n) ,  or 
equivalently in the form of integrated eigenfunctions 
defined by 

(3) 

Fp (or f p )  and tp are involved in dielectric quantities 
of type-A chains. For example, for regular PI chains 
having type-A dipoles aligned in the same direction from 
one end to the other, dielectric relaxation detects end- 
to-end vector fluctuation. For this case, dielectric loss 
(E") is written a d 4  

N 

2 2  
€"(Lo) = 5, 

1 + 0 zp 
(4) 

with 

g, = 2AckhNfp(n)  dn] 2 = Ac[FP(N)l2 

(for regular PI chains) ( 5 )  

Here, Ac is the total dielectric intensity for the global 
relaxation. As seen from eqs 4 and 5, the relaxation 
time of the pth dielectric mode is identical to  zp for the 
pth eigenmode of C, while the pth dielectric intensity 
g, is determined by the pth eigenfunction, Fp. Thus, 
changes in z, and Fp (or f,) with various factors such as 
concentration and molecular weight are separately 
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reflected in changes in the relaxation times and intensi- 
ties of the dielectric modes. 

We here focus our attention on the effects of the PI 
concentration CPI on dielectric behavior. Pate1 and 
Takahashill and Urakawa et al.12,13 studied dielectric 
relaxation of regular PI chains (without type-A dipole 
inversion) in solutions and found the following changes: 
In a dilute regime, the shape (frequency dependence) 
of E" curves is insensitive to CPI and close to the 
prediction of the Rouse/Zimm model. With increasing 
c p ~  in a semidilute regime, broadening of the E" curves 
takes place. Finally, in a concentrated regime the shape 
of the E" curves (broader than that in the dilute regime) 
again becomes independent of CPI. These results indi- 
cate that the dielectric mode distribution is broadened 
with increasing CPI. This broadening is certainly at- 
tributed to  changes in the chain dynamics that could 
have affected both zp and Fp. However, the E" data for 
regular PI chains are not sufficient to further specify 
details of the changes in zp and Fp: As seen from eq 4, 
the shape of the E" curves is determined by two factors, 
relaxation time span (zp/zl ratio) and dielectric intensity 
distribution (gp/gl ratio) for the eigenmodes. The data 
for the regular PI chains do not clearly tell us whether 
the observed broadening of the E" curves corresponds 
to changes in the zdtl ratio or in thegdgl ratio, or both. 
In addition, for the regular PI chains gp is related to Fp 
at a particular n value, n = N (eq 51, so that the 
functional form of Fp(n) reflecting the characteristics of 
chain dynamics cannot be specified even if we know the 
gp values. Thus, details of the concentration dependence 
of zp and Fp were left unclear, although a r g u m e n t ~ ' l - ~ ~ J ~  
were made for the longest relaxation time z1 as well as 
for the dielectric mode distribution on the basis of the 
theories of M~thukumar-Freed'~ and Muthukumar.l8 

A breakthrough for the above problem is found from 
dielectric studies on PI chains having inversion of type-A 
dipoles at particular ~ e g m e n t s . ~ J ~ J ~  For a series of such 
PI chains having the same M but differently inverted 
type-A dipoles, the molecular motion is the same but 
the dielectric responses are quite different. As demon- 
strated in our previous papers,14J5 this difference 
enables us to experimentally evaluate zp and Fp(n). 
Considering this unique feature of the dipole-inverted 
PI chains, we examined their dielectric behavior in a 
moderately good solvent, a butadiene oligomer of M = 
0.7K. We evaluated the zp and Fp for the lowest three 
eigenmodes (p = 1-3) from the E" data for those PI 
chains at various CPI, examined the CPI dependence of 
zp and Fp, and discussed details of changes in the 
dielectric mode distribution with c p ~ .  This paper pre- 
sents the results. 
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Table 1. Characteristics of PI and OB Samples 

11. Theoretical Section 
A theoretical background for dielectric relaxation of 

dipole-inverted type-A chains and details of procedures 
for evaluation of Fp were described in our previous 
paper.14 This section presents a brief summary. 

For a type-A chain being composed of N segments and 
having dipole inversion at the n*th segment, the total 
dipole P is proportional t o  a difference vector AR(t) = 
Rl(t) - Rdt), with R1 and R2 being vectors that connect 
the chain ends and the n*th segment (R1 + R2 = end- 
to-end vector R). Thus, a normalized relaxation func- 
tion is given by an autocorrelation function of AR, 
@(t;n*) = (AR(t)-AR(0))/(AR2). Representing <p in terms 
of the local correlation function C (eq 1) and performing 
Fourier transformation of -a@/at, we obtain an expres- 

precursors 
molecular weightsd 

code 10-3M MwIMn nVNC 10-3M~a 10-3Mza 
Dipole-Inverted PI Chainse 

1-1 49-6 48.8" 1.05 0 48.8 
1-1 50-6 55.4" 1.06 0.109 49.9 6.12 
1-1 35-9 44.4" 1.05 0.213 35.0 9.48 
1-1 35-14 47.6" 1.07 0.283 34.7 13.7 
1-1 33-16 48.9" 1.07 0.325 32.6 15.7 
1-1 28-18 47.4" 1.06 0.396 27.5 18.0 
1-1 24-24 47.7" 1.06 0.5 23.9 

OB-0.7 0.711b 1.08 
Butadiene Oligomer 

[I Weight-average molecular weight. Number-average molec- 
ular weight. Reduced location of dipole-inversion point. MwIMn 
5 1.08 for,all precursor PI'S. e cis:trans:vinyl -- 75:20:5. f Without 
dipole inversion (inversion at  the chain end). g With symmetrically 
inverted dipoles. 

sion for the dielectric loss E" in terms of the relaxation 
times tp and integrated eigenfunctions Fp for eigen- 
modes of C .  The result is identical to eq 4, except that 
the dielectric intensityg, for thepth eigenmode is given 

gp(n*) = A&Pp(n*) - FP(N)l2 
(for dipole-inverted chains) (6) 

with A6 being the total dielectric intensity. Equation 6 
involves eq 5 for the regular type-A chains as a special 
case of n* = 0 or N. (Fp(0) = 0; cf. eq 3.) 

With linear least-squares fitting methods explained 
in o u r  previous paper,14 the E" data are decomposed into 
contributions from dielectric modes and gp(n*) are 
evaluated. Then, applying eq 6 to the gp(n*) data and 
considering symmetries of the eigenfunctions (Fp(n) = 
Fp(N) - Fp(N-n) forp = odd and Fp(n) = Fp(N-n) forp 
= even),14 we obtain Fp as 

Fp(N/2) - Fp(n*) = fkp(n*)/4Acl'"; p = odd (7a) 

by14319 

and 

Fp(n*) = f[g,(n*)/4AcI1"; p = even (7b) 

(When necessary, f p  are obtained as (1/2/2)[dFJd(n*/N)I.) 
The sign in the right-hand sides of eq 7 is determined 
from a requirement of smooth and continuous n* 
dependence of Fp(n*) for the series of dipole-inverted PI 
chains having narrowly spanned n* values (cf. Table 1). 
Note that Fp's satisfy a relationship 

N 

p=l  

n/N (for n I m )  and m/N (for n > m) (8) 

that corresponds to an initial condition for the local 
correlation function,14J9 C(n,O;m) = dnm. 

111. Experimental Section 
111.1. Materials. Table 1 summarizes molecular charac- 

teristics of the dipole-inverted PI chains and a butadiene 
oligomer (OB-0.7) used in this study. The OB-0.7 sample was 
anionically synthesized with tert-butyllithium in benzene. The 
number-average molecular weight was determined from 'H- 
NMR (by counting the proton numbers for the tert-butyl groups 
and butadiene monomer units in the sample), and the hetero- 
geneity index M,/M, was determined from oligo-GPC. 
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The PI chains having inverted type-A dipoles were synthe- 
sized via a multistep coupling method and fully characterized 
in our previous study.14 Details of the synthesis and charac- 
terization were described e1~ewhere.I~ The PI chains were 
composed of two PI blocks connected in a head-to-head fashion, 
and the dipole direction is the same in each block but inverted 
at the block junction. The sample code numbers for those PI 
chains indicate molecular weights of the two blocks in units 
of 1000. As seen in Table 1, the PI chains have nearly the 
same M (-48K) but differently inverted dipoles that are 
specified by the reduced location of the inversion point, n*lN. 

111-2. Measurements. Homogeneous PIIOB-0.7 solutions 
with the PI concentration c p ~  = 0.027,0.045,0.135, and 0.272 
g cm-3 were prepared by first dissolving prescribed amounts 
of the PI and OB-0.7 samples in cyclohexane and then 
completely removing cyclohexane. (These CPI values were 
calculated from a known weight fraction of PI under an 
assumption of no volume change on mixing.) Dielectric losses 
E" were measured for the PIIOB-0.7 solutions at temperatures 
(T) between -30 and 150 "C. (These T were well above Tg of 
the solutions.) The measurements were carried out with 
capacitance bridges (GR 1615A, General Radio; Precision LCR- 
meter 4284A, Hewlett-Packard) at angular frequencies w (9-l) 
ranging from 0.2K to 1.3M and E" were determined with 
accuracy better than 5%. The solvent, OB-0.7, had negligibly 
small E" at w examined, and E" of the PIIOB-0.7 solutions were 
attributed to global motion of the PI chains. 

The time-temperature superposition worked very well for 
the E" data at respective cp~,  and the data were reduced at a 
reference temperature T, = 40 "C. In the T-range examined, 
the shift factor UT exhibited rather small changes with T for 
all PIIOB-0.7 solutions: -1 < log UT < 2.5 for the largest 
change observed. Thus, all 6" data at T f T, had sufficiently 
large overlapping with the data at T, in the reduced frequency 
(WUT)  scales. This large overlapping enabled us to construct 
the 6" master curves with negligibly small uncertainties (< 10% 
in the frequency scales shown later in Figure 4). 

As seen from eq 6, dielectric intensities for the eigenmodes 
of the local correlation function are dependent on the location 
of the dipole-inversion point, and the slowest eigenmode ( p  = 
1) does not necessarily have the maximum intensity. In 
particular, for the PI chain having symmetrically inverted 
dipoles (1-1 24-24 listed in Table 11, the dielectric intensities 
vanish for all odd modes and tl cannot be evaluated from its 
E" data. For evaluation of tl for the dipole-inverted PI chains, 
dielectric measurements were carried out for OB-0.7 solutions 
of monodisperse, regular PI chains (without dipole inversion) 
at concentrations CPI = 0.027, 0.045, 0.135, and 0.272 g ~ m - ~ .  
The molecular weights of those regular PI chains were chosen 
in a range ( M  = 35K-60K) that covered Ws for the dipole- 
inverted PI chains. (One of the regular PI chains was the 1-1 
49-0 chain listed in Table 1.) The regular PI chains exhibited 
sharp E" peaks corresponding to the slowest eigenmodes, and 
tl were evaluated as reciprocals of the peak frequencies. Those 
tl data were interpolated and/or extrapolated to evaluate the 
51 values for the dipole-inverted PI chains. 

IV. Results 
IV-1. Behavior of Regular PI Chains in OB-0.7. 

Figure 1 shows the dependence of z1 of regular PI chains 
in the OB-0.7 solutions at 40 "C on their molecular 
weights Mp1 (large unfilled symbols). As explained 
earlier, the regular PI chains exhibited sharp 6'' peaks 
corresponding to the slowest eigenmode of the local 
correlation function, and their z1 were determined from 
the peak frequencies. Those z1 data were interpolated 
andor extrapolated to evaluate z1 for the dipole-inverted 
PI chains (small filled symbols). 

In the ranges of MPI and CPI examined in Figure 1, 
the MPI dependence of z1 (large symbols) can be repre- 
sented by a power-law relationship, z1= Mpf  (solid lines 
in the figure), with the exponent /3 = 1.65, 1.72, 2.18, 
and 3.5 for CPI = 0.027, 0.045, 0.135, and 0.272 g ~ m - ~ ,  
respectively. Characteristic molecular weights for en- 
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0 
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I I 

PIIOB-0.7 
40°C 

4.5 4.6 4.1 4.8 

1% M,, 
Figure 1. Molecular weight dependence of the longest 
relaxation time tl at 40 "C for regular PI chains (without dipole 
inversion) in OB-0.7 (large symbols). The small symbols 
indicate t1 for the dipole-inverted PI chains evaluated from 
short interpolatiodextrapolation of the tl data for the regular 
PI chains. 

tanglement, M,, are 33K and 167K for CPI = 0.272 g 
and CPI 5 0.135 g ~ m - ~ ,  respectively.20 Thus, the 

PI chains examined are entangled at CPI = 0.272 g 
so that the well-known exponent, /3 = 3.5, is obtained. 
On the other hand, for CPI I 0.135 g ~ m - ~ ,  the PI chains 
are in the nonentangled regime to exhibit much smaller 
p. In this regime p gradually decreases with decreasing 
CPI, as found also for solutions in the usual solvents. In 
particular, the exponent for the dilute PYOB-0.7 solu- 
tions (CPI = 0.027 g ~ m - ~ ) ,  /3 = 1.65, agrees well with 
the exponent found for dilute PI solutions in Isopar-Gll 
(p = 1.69) and in heptane13 (p = 1.63). This agreement 
suggests that the solubility for PI chains is nearly the 
same for OB-0.7 (the solvent used here), Isopar-G (used 
by Pate1 and Takahashill), and heptane (used by 
Urakawa et al.13). These solvents are classified as 
moderately good (marginal) solvents for PI. 

We now focus our attention on the behavior of one 
particular PI chain examined in Figure 1,I-I 49-0 with 
MPI  = 48.8K (cf. Table 1). Figure 2 shows the c p ~  
dependence of the total dielectric intensity for the global 
relaxation, A€, for 1-1 49-0 in OB-0.7. We note that A€ 
increases in proportion to CPI for CPI 5 0.045 g and 
the CPI dependence becomes slightly weaker for CPI > 
0.045 g ~ m - ~ .  Since A€ is proportional t o  cpI(R2)fMpI, 
with (R2) being the mean-square end-to-end d i ~ t a n c e , ~ J ~  
this change in the cp1 dependence indicates that the 
excluded-volume interaction expands dilute PI chains 
in OB-0.7, as is the case also in Isopar-GI1 and hep- 
tane.12 

A reduced intensity, A€* = AcfcpI, is proportional to 
(R2). Thus, a ratio of A€* at small CPI to that in bulk 
state can be used as an expansion factor for (R2) of dilute 
chains, a2 = (R2)/(Rs2), with (Re2) being (R2) in the 
unperturbed (bulk) state. In Figure 2, the a factor for 
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log ( ~ ~ ~ / g c r n . ~ )  

Figure 2. Concentration dependence of the dielectric intensity 
A6 at 40 "C for the 1-1 49-0 chain in OB-0.7. For comparison, 
A6 is shown also for bulk 1-1 49-0 (CPI = 0.92 g ~ m - ~ ;  bulk 
den~ity).'~ 

1-1 49-0/0B-0.7. 40°C 
0 

B x 
L 
00 - 

I I I 

- I  0 1 2 

log w/omax 

Figure 3. Comparison of the E'' curves reduced at peaks for 
the 1-1 49-0/0B-0.7 solutions with various PI concentrations 
as indicated. 

the dilute 1-1 49-0 chains (with cp~ = 0.027 g ~ m - ~ )  is 
evaluated to  be 1.12. From this factor and the un er- 

we can evaluate R, of 1-1 49-0 in the dilute OB-0.7 
solution, R, = &,,e = 83 A, and further the overlapping 
threshold e*. 

turbed radius of gyration for PI, R,,e = 0.335Mp1~,~ ( 8: IF2 

c* = [MpI/NAl[4nR~/31-' = 0.034 g ~ r n - ~  (NA = 
Avogadro's number) for 1-1 49-0/0B-0.7 (9) 

(In the above evaluation of R,, we have neglected a 
small difference between expansion factors for (R2)1'2 
and R,. This difference was found to  be only 5% for PI 
chains in heptane23 and is expected to be as small as 
5% in OB-0.7 having nearly the same solubility for PI.) 

Figure 3 shows changes of the 6" curve for the 1-1 49- 
0/OB-0.7 solution with cp~. As done in previous stud- 
ies,13J3 comparison is made for the df  curves reduced 
at their peaks. The dielectric mode distribution is 
reflected in the shape (w  dependence) of those reduced 
6'' curves. As seen in Figure 3, the distribution is rather 
sharp and hardly dependent on CPI for cp1 5 1.3c*, with 
c* being the overlapping threshold (eq 9). With increas- 
ing c p ~  up to 8c*, the distribution becomes broadened, 
and for c p ~  z 8c* the broad distribution becomes 
independent of CPI. These results are quite similar to 
those found for PI solutions in Isopar-Gll and heptane.13 

0 

1 

0 

I 
w 
?. 
-w 

I 

0 

I 

I 

o 0.027 

0 .  

I 0 I 1 

log COT1 

Figure 4. Dependence of normalized dielectric loss, ~ ' ' I A c ,  on 
reduced frequency, ~0x1, for OB-0.7 solutions of the dipole- 
inverted PI chains with the concentrations as indicated. 

As seen in Figures 1-3, the dielectric behavior of 
regular PI chains in OB-0.7 is essentially the same as 
the behavior in Isopar-G and heptane studied in previ- 
ous papers.11-13 Thus, the broadening of the dielectric 
mode distribution in these three solvents should have 
a common origin, that is discussed in later sections in 
relation to the behavior of dipole-inverted PI chains in 

IV-2. E'' Curves for Dipole-Inverted PI Chains 
in OB-0.7, Figure 4 shows E" curves at 40 "C for the 
OB-0.7 solutions of the dipole-inverted PI chains (Table 
1). Differing from Figure 3, Figure 4 shows normalized 
dielectric loss, d'IA6, plotted against reduced frequencies 
uti. At respective CPI, good agreement of the Ac values 
was found for the dipole-inverted PI chains including 
1-1 49-0 (cf. Figure 2). z1 for the dipole-inverted chains 
were evaluated in Figure 1 (small symbols). Those TI 
values, obtained after short interpolatiodextrapolation, 
contain negligibly small uncertainties. 

The seven dipole-inverted PI chains have almost 
identical MPI ( ~ 4 8 K  cf. Table 1) and thus almost 
identical e*. Therefore, in the reduced frequency scale 
shown in Figure 4, we can consider the global motion 

OB-0.7. 
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- 1  

4 > 
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4 0  

I 1-1 24-24 1 

-2 1 0 1 2 

log OTI, log 0 7 2  

Figure 5. Comparison of the E"/A€ curves for 1-1 49-0 (without 
dipole inversion) and 24-24 (with symmetrical inversion) in 
OB-0.7 solutions. The E"/AE data are plotted against wr1 (for 
1-1 49-0) and ut2 (for 1-1 24-24). 

and the time evolution of the local correlation function 
(eq 1) to  be exactly the same for those PI chains. 
Nevertheless, a t  respective CPI, the PI chains exhibit 
significantly different dielectric relaxation behavior: As 
seen in Figure 4, the E" curves are first broadened and 
then become narrow again as the dipole-inversion point 
shifts from the chain end to the chain center. These 
changes correspond to  the n* dependence of the dielec- 
tric intensities gp for the eigenmodes (eq 6). In particu- 
lar, the 1-1 24-24 (n*/N = VZ) and 1-1 49-0 (n*/N = 0) 
chains exhibit almost indistinguishable shapes of the 
E" curves, as demonstrated in Figure 5 where €"/A€ is 
plotted against ozz (for 1-1 24-24) and/or wz1 (for 1-1 49- 
0). (Here, zz is the relaxation time for the second 
eigenmode shown later in Figure 7: zz were evaluated 
from E" peak frequencies for 1-1 24-24). 

More importantly, we also note in Figure 4 for each 
dipole-inverted chain that the dielectric mode distribu- 
tion is broadened with increasing cp~. Close inspection 
reveals that the broadening corresponds to a decrease 
in the E"/AE peak height with c p ~  and an increase in the 
magnitude of E"/AE at high o. As discussed later, this 
broadening is further related to changes in Fp with CPI. 

In Figure 6, the E"/AE curves of the dipole-inverted 
PI chains in the dilute OB-0.7 solutions (CPI = 0.027 g 
cmW3) are compared with predictions of the free-draining 
Rouse (dashed curves), nondraining Zimm (dash-dot 
curves), and nondraining Tschoegl (solid curves) 
 model^.^^-^^ The excluded-volume (EV) interaction, not 
considered in the Rouse and Zimm models, is incorpo- 
rated in the Tschoegl model through a scheme of 
uniform chain expansion, and the EV parameter of this 
model used in Figure 6 is E = 0.2.27 These models 
predict the same sinusoidal eigenfunctions (within the 
approximations involved in respective models)24 

-3 
-1 0 1 2 

IOg 071 

Figure 6. Comparison of the €"/ALE curves (symbols) for the 
dilute dipole-inverted PI chains in OB-0.7 (CPI = 0.027 g ~ m - ~ )  
with the prediction of the Rouse (dashed curves), Zimm (dash- 
dot curves), and Tschoegl (€ = 0.2; solid curves) models. 

Thus, the dielectric intensities for the eigenmodes are 
the same for the three models (cf. eq 6). However, a 
span of the relaxation times zP is different: In a 
continuous limit, the tp span 

Rouse: rAzl =p-' = 114 (p = 2), 119 (p = 3), ... (11) 

Zimm: tPlz1 = 113.17 (p = 2), 115.99 (p = 3), ..., 
0 . 8 1 9 ~ - ~ . ~  (for p >> 1) (12) 

Tschoegl (E = 0.2): tp/tl = 113.31 (p = 21, 
116.48 (p = 31, ..., 0 .853~- ' .~  (forp >> 1) (13) 

These differences lead to  the differences seen for the 
dashed, dash-dot, and solid curves in Figure 6. 

As seen in Figure 6, ut low w the three models predict 
almost identical shapes for the E" curve of the 1-1 49-0 
chain (without dipole inversion) because the predicted 
curves are in any way dominated by the slowest eigen- 
mode. Thus, it is difficult to  distinguish those models 
from the shape of the E" curve for this chain (as were 
the cases also for regular PI chains examined in previ- 
ous studies"J3). However, differences between the 
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3 ,  

I;'..-1 092 tbdk PI1 

- -4 

0 0.2 0.4 0.6 

1% P 
Figure 7. Dependence of the relaxation times tp for eigen- 
modes of 1-1 49-0 at 40 "C on the mode index p .  The 1-1 49-0 
concentration is varied from 0.027 to 0.92 g ~ r n - ~ .  

models become prominent for the dipole-inverted chains, 
and the data are close to the predictions of the Zimm 
and Tschoegl models, with a small preference for the 
latter (cf. E" curves for 1-1 50-6). This result indicates 
the well-known importance of the hydrodynamic and 
excluded-volume interactions for dynamics of dilute 
chains. 
IV-3. Dependence of Relaxation Times rp on p 

and cp~. From the E" data for the 1-1 49-0 and 1-1 24- 
24 solutions, the relaxation times tp were evaluated for 
the lowest three eigenmodes of the local correlation 
function. As seen from eq 6, all even eigenmodes 
dielectrically vanish for the 1-1 49-0 chain (n* = 0), while 
all odd eigenmodes vanish for the 1-1 24-24 chain (n* = 
N/2). Thus, sharp E" peaks observed for the 1-1 49-0 and 
1-1 24-24 chains (cf. Figures 4 and 5) correspond to the 
first and second eigenmodes, respectively, and t1 and 
z2 for the respective chains were evaluated from their 
peak frequencies. t 2  for 1-1 49-0 was obtained after a 
minor correction for the small MPI difference between 
1-1 49-0 and 1-1 24-24 (MPI = 48.8K and 47.7K). t 3  was 
evaluated from the E" data for 1-1 49-0 with a previously 
reported linear least-squares fitting method.14 

Figure 7 shows dependence of the relaxation times 
tp for the 1-1 49-0 chain at  respective CPI on the 
eigenmode indexp (=1-3). Thep dependence becomes 
a little stronger with increasing CPI. If we approximate 
this dependence (for p I 3) with a power-law relation- 
ship, tp = p - y  (solid lines in the figure), the exponent y 
is evaluated to  be 1.75, 1.77, 1.82, 1.87, and 1.92 for c p ~  
(g ~ m - ~ )  = 0.027, 0.045, 0.135, 0.272, and 0.92 (bulk 
state). In the dilute solution (CPI = 0.027 g ~ m - ~ )  the p 
dependence of tp is reasonably described by the Tschoegl 
model (E = 0.2; eq 13), and in the concentrated solutions 
the dependence approaches the prediction of the Rouse 
and reptation models25 (tp = P-~) .  In particular, the 
observed zdtl  ratio (=1/3.9) for CPI = 0.272 and 0.92 g 
cm-3 is very close to  the model prediction, tdz1 = V4. 

We now focus our attention on the c p ~  dependence of 
z,. Patel and Takahashill and Urakawa et al.13 found 
a universal relationship between sl/zl,o and CPI[VI for 
semidilute solutions of regular PI chains in Isopar-G and 
heptane, with t1 ,o  and 1171 being tl at infinite dilution 
and the intrinsic viscosity, respectively. The product, 

i - 2  

I 0 I 2 

log CPllC', 1% Cp#ll 

Figure 8. Concentration dependence of (a) rdzP,o ratios and 
(b) z,,/rl ratios at 40 "C for the 1-1 49-0 chain in OB-0.7 (filled 
symbols). The unfilled triangles and squares indicate the tll 
~ I , O  ratios obtained by Patel and Takahashi" (for PMsopar-G 
solutions with MPI = 31K-1.3M and CPI 5 8%) and by Urakawa 
et al.I3 (for PI/heptane solutions with MPI = 140K and 747K 
and c p ~  5 0.178 g ~ m - ~ ) ,  respectively. The solid curves indicate 
the prediction of the Muthukumar theoryI8 with the param- 
eters evaluated by Urakawa et aL13 

CPI[V], is a measure for the chain overlapping, and the 
universal relationship suggests that the degree of chain 
overlapping determines the magnitude of retardation 
of the PI relaxation with increasing CPI. The degree of 
chain overlapping is also represented by a CPI/C* ratio, 
with the overlapping threshold c* = [MPI/NAI[~zR~/~I-' 
being evaluated in eq 9 for the 1-1 49-0 chain in OB-0.7. 
Thus, we evaluated zP,o (p = 1-3) by extrapolating the 
tp data for 1-1 49-0 (Figure 7) to CPI = 0 and examined 
the dependence of zJtP,o on CPI/C*. The results are shown 
in part a of Figure 8 (filled symbols). Unfilled symbols 
indicate the dependence of z1/z1,0 on CPI[VI found in 
previous studies,11J3 and the solid curves, prediction of 
the Muthukumar theory1* discussed in a later section. 
As seen in Figure 8a, the tl/z1,0 ratio increases 

monotonically with CPI/C* for 1-1 49-0 in OB-0.7. This 
CPI/C* dependence agrees well with the CPICV] dependence 
of t1/z1,0 for PI chains in Isopar-Gll (unfilled triangles) 
and heptane13 (unfilled squares), again indicating that 
the relaxation behavior of PI chains is the same in these 
solvents (within small differences between [VI and l/c*). 
More importantly, Figure 8a indicates that z2/~2,0 and 
t$t3 ,0  ratios also increase with CPI/C* and closely follow 
the change in Z&O. This behavior is most clearly seen 
in part b of Figure 8, where the CPI/C* dependence is 
examined for zdzl and zdz1 ratios (relaxation time span). 
These ratios exhibit only a weak CPI/C* dependence, 
meaning that the CPI dependence is nearly the same for 
t1, z2, and z3. (This result corresponds to the very 
gradual increase of the exponent y seen in Figure 7.) 
IV-4. Changes of Eigenfunctions with CPI. Fit- 

ting the E" data for the dipole-inverted PI chains (Figure 
4) with low-w forms of eq 4, 

E"(w;~*) = g,(n*) D,(w) + g,(n*) D ~ ( w )  + G3(n*) w 

(14) 
and 
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d'(0;n*) = g,(n*) D , b )  + g,(n*) D 2 ( 0 )  + 
g3(n*) D3(0) + G4(n*) 0 (15) 

we can decompose the data into contributions of eigen- 
modes and evaluate the dielectric intensities, gl - g3, 
for the lowest three eigenmodes. Here, Dp(o) = oz,/(l + w2zp2) is the single relaxation function for the pth 
eigenmode, and G,(n*) (4 = 3,4)  is the low-w asymptote 
of the contribution from all kth eigenmodes with 
k 2 4, 

(16) 

The z1 - z3 values specifying the location of Dl(w) - D3- 
(0) have been determined for 1-1 49-0 (Figure 7), and 
those values for the other dipole-inverted chains were 
obtained after a minor correction for small MPI differ- 
ences (by use of the data in Figure 1). Thus, for those 
PI chains, eqs 14 and 15 are linear with respect to the 
unknown quantities, gl - g3 (and Gs and G4), so that 
these quantities can be determined, with the highest 
accuracy attainable, from standard, linear least-squares 
fits of the e" data at low w with eqs 14 and 15. Details 
of fitting procedures were described previously. l4 
As an example, Figure 9 shows results of the fit with 

eq 15 for the PVOB-0.7 solutions of c p ~  = 0.027 g / ~ m - ~ .  
A similar quality of fit was obtained also for the 
solutions of other CPI. In Figure 9 the unfilled symbols 
indicate the e" data, and the thin dash-dot, dashed, and 
solid curves indicate the contributions from the lowest 
three eigenmodes, glD1, gzD2, and g3D3, respectively. 
The filled symbols indicate the higher mode contribu- 
tion, ~ ( ~ 4 ) ' '  (eq 16). The prerequisite of the fit, ~ ( ~ 4 ) "  
w (eq 151, is well satisfied at low w (<lO/rd, and the 
mode decomposition is well achieved. A similar quality 
of fit was obtained also for eq 14, and the gl and gz 
values obtained from the fit with eq 14 were very close 
to  those with eq 15. 

From the gl - g3 values thus obtained, we evaluated 
the integrated eigenfunctions, F1 - F3 (eq 7). Figure 
10 examines dependence of these Fp on the reduced 
segment location, n/N, at concentrations cpIlc* = 0.8,4.0, 
and 8.0 (CPI = 0.027, 0.135, and 0.272 g ~ m - ~ ) .  Fp for 
cp~/c* = 1.3 and 27.1 (not shown here for simplicity of 
the figure) were close to those for cp~/c* = 0.8 and 8.0, 
respectively. Most of the models so far proposed, e.g., 
Rouse, Zimm, Tschoegl, and reptation models, have 
sinusoidal Fpo (eq 10). For convenience of comparing 
the experimental Fp and model Fpo, Figure 10 shows 
AFp(n) = Fp(n) - F,(N/2) 0, = 1-3), not Fp(n) them- 
selves. The thin, solid curves indicate AFpO(n) for the 
models, 

m P o ( n )   cos^ - c o s y ]  (17) 
P Z  

Fp and Fpo (and thus AF, and AF," too) are normalized 
according to eq 8. Thus, in Figure 10 we can compare 
both n dependence and absolute magnitudes for Fp and 

As seen in Figure 10, the experimental hF,(n) for 
dilute PI chains (cpI/c* = 0.8) are nearly sinusoidal with 
respect to n1N and reasonably close to the model Upo- 
(n),  in particular for p = 1. However, with increasing 
cpI/c*, M,(n) deviate from hF,"(n) and their nonsinu- 
soidal n dependence becomes more prominent. As 
shown later in Figure 12, these changes of Fp correspond 
to changes in the dielectric intensities for the eigen- 
modes of the local correlation function. 
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Figure 9. Results of the mode decomposition of the E'' data 
(unfilled symbols) by fit with eq 15 for the dipole-inverted PI 
chains in OB-0.7 (CPI = 0.027 g ~ m - ~ ) .  The thin dash-dot, 
dashed, and solid curves indicate the contributions from the 
first to third eigenmodes, g&o) with p = 1-3. The higher 
mode contribution, ~ ( ~ 4 ) "  (eq 16), is indicated with the filled 
symbols. The thick solid curves indicate the recalculated 6'' 
= glDI,+ gzD2 + g3D3 + ?(?4)", with ?(?4)" being evaluated for 
the solid curves that smoothly connect the filled symbols. 

To quantify the changes of Fp seen in Figure 10, we 
expanded Fp with respect to Fpo as 

(18) 
i 

and evaluated the expansion Coefficients u,i from Fou- 
rier analysis for the Fp data. Figure 11 shows the c p ~  
dependence of the coefficients. F1 and F 2  gradually vary 
with n/N (Figure 101, and their coefficients, uli (top 
panel) and u2i (middle panel), were accurately evaluated. 
On the other hand, F3 rather rapidly varies with nlN 
(in particular at nlN = 0 and 1) so that the limited 
number of data points unavoidably introduced some 
uncertainty in the evaluated coefficients a3i (bottom 
panel). However, those coefficients are still useful for 
quantifying the changes of F3 with CPI. 

As seen in Figure 11, the diagonal coefficients for F1 
and Fz, all and u22, respectively, monotonically increase 
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Figure 10. Plots of AF,(n) = F,(n) - F,(N/2) (p = 1-3) against 
n/N for the PI chains in OB-0.7 (symbols). The thin, solid 
curves indicate AF,"(n) = [JS/pnl[cos(pn/2) - cos(pnn/N)] 
predicted from the Zimm, Rouse, Tschoegl, and reptation 
models. Note that AF, and AF," are normalized according to 
eq 8. 

and appear to approach unity with decreasing CPI, while 
a33 for F 3  appears to approach unity after exhibiting a 
maximum. We also note that all off-diagonal coef- 
ficients, api with i t p ,  approach zero with decreasing 
c p ~ .  A quantity, Qp = 1 - app/[Ciapi211'2, can be used as 
a measure for the difference between the observed Fp 
and sinusoidal Fpo, and those changes of api quantita- 
tively indicate that Qp - 0; i.e., the nonsinusoidal n 
dependence of Fp becomes less prominent with decreas- 
ing CPI. 

V. Discussion 
V-1. Eigenmodes in Dilute Solutions. The PI 

chains in the dilute OB-0.7 solutions ( C P I  = 0.027 g ~ m - ~ )  
are subjected to both hydrodynamic (HD) and excluded- 
volume (EV) interaction (cf. Figure 2). Consequently, 
their dielectric behavior (Figures 1, 6, and 7) is better 
described by the Tschoegl model considering these 
interactions than by the Zimm model without the EV 
interaction: Although the shape of the 4' curves is 
almost equally well described by the two models (Figure 
61, the Zimm model fails to explain the observed MPI 
andp dependence of the relaxation times at c p ~  = 0.027 
g ~ m - ~ ,  TI 0~ M P P ,  zdz1 = 113.34, and rdtl  = 116.75 
(Figures 1 and 7).28 

Nevertheless, we note a small but nonnegligible 
disagreement between the data and the Tschoegl 
model: As can be seen in Figures 10 and 11, the 
experimental eigenfunctions Fp are nearly but not 
perfectly sinusoidal even at CPI = 0.027 g cm-3 (=0.8c*) 
while the model has sinusoidal Fpo (eq This small 
disagreement might be related to  a limitation of the 
uniform chain expansion scheme involved in the model 
and also t o  some small CPI dependence of Fp that might 

o'5 t 

_f _ _ _ _  * a31 
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Figure 11. Concentration dependence of the Fourier expan- 
sion coefficients a,, defined by eq 18 for the dipole-inverted PI 
chains in OB-0.7. The unfilled circles indicate the diagonal 
coefficients, a,, ( p  = 1-31, and the filled symbols denote the 
off-diagonal coefficients, a,, with p f i. 

survive at CPI as small as O.&*. Further studies are 
desired for that disagreement. Concerning this prob- 
lem, it would be interesting to examine the dielectric 
behavior of dipole-inverted chains in 0 solvents and test 
whether Fp are sinusoidal at C P I  as small as O.&*. 
V-2. Changes of Dielectric Mode Distribution 

with CPI. Figure 10 has demonstrated that the eigen- 
functions Fp change their n dependence with increasing 
CPI. These changes led to changes in the dielectric 
intensities for the eigenmodes. As an example, Figure 
12 shows CPI dependence of reduced intensities g1(O)lAc 
and g3(O)/Ac (cf. eq 6) for the first and third eigenmodes 
of the 1-1 49-0 chain. (Bz(0) = 0 for this chain.) The 
intensity gp( 0)IAe represents the fraction of orientational 
correlation memory that decays through the pth eigen- 
mode. Two dashed lines indicate gp(0)lAe (=8/p2n2) for 
the Zimm, Rouse, Tschoegl, and reptation models (hav- 
ing the same Fpo given by eq 10). 

As seen in Figure 12, gl(0)IAc decreases significantly, 
while gs(O)/Ae increases a little with increasing CPI. In 
particular, the decrease of gl(0)lAe well corresponds to 
the decrease of the c"lAe peak height seen for 1-1 49-0 
(Figure 4). Thus, changes in Fp with c p ~  (Figure 10) 
inducing the changes of gp(n*)/Ae largely contribute to 
the broadening of the dielectric mode distribution. On 
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Figure 12. Concentration dependence of the reduced dielec- 
tric intensities for the first and third eigenmodes of the 1-1 
49-0 chain in OB-0.7. The dashed line indicate the intensities 
predicted from the Zimm, Rouse, Tschoegl, and reptation 
models. 

the other hand, comparison of Figures 8b and 10 
indicates that the changes in the relaxation time span 
(@I) with CPI are much less significant as compared to  
the changes in Fp. From this experimental fact, we can 
conclude that the broadening of the dielectric mode 
distribution for the regular and dipole-inverted chains 
(Figures 3 and 4) is essentially due to changes in Fp 
(Figure lo), not due to the small changes in the tp span 
(Figure 8b), at least at low u where the lowest three 
eigenmodes dominate the dielectric relaxation. 

Concerning the above conclusion, we note for concen- 
trated PI solutions that the p dependence of tp (Figure 
7 )  is very close to that for the Rouse and/or reptation 
models, but the observed curves are broader than the 
prediction (Figures 3 and 4). This disagreement for the 
observed and predicted shape of E" curves is due to the 
differences between the experimental Fp and model Fpa, 
again indicating that the broadened dielectric mode 
distribution is attributed to  changes in Fp with CPI. 

Here, comments should be made for previous discus- 
sions for the concentration dependence of z1. Pate1 and 
Takahashill compared their z1 data for PMsopar-G 
solutions with the Muthukumar theory18 and reported 
a fair agreement, while Urakawa et a l .13  made a similar 
comparison for PUheptane solutions and concluded that 
z1 of those solutions conforms well to the theory. The 
Muthukumar theory considers changes of the hydrody- 
namic and excluded-volume interactions with concen- 
tration, c. The predicted c dependence of tp is written 
as18 

zplzp,o = 1 +  CAP-^ - 21'2[~Ap-K13'2 + 2[cAp-"I2 + ... 
(19) 

where A and K are constants dependent on the strength 
of the excluded-volume interaction. (The Muthuku- 
mar-Freed theory17 is involved in the Muthukumar 
theory18 as a low-c asymptote.) As seen from eq 19, the 
Muthukumar theory predicts the increase of the relax- 
ation time span (decrease of zJz1 ratios) with increasing 
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Figure 13. e'' curves predicted from the Muthukumar theory1* 
for the 1-1 49-0 chain with concentrations as indicated. As done 
in Figure 3, the curves are reduced at their peaks. A small 
molecular weight distribution of the 1-1 49-0 chain was 
neglected in the calculation. 

c. Urakawa et al.13 evaluated the Muthukumar param- 
eters for their Pfieptane solutions as A = 0.29[~1 and 
K = 0.634. The tpltp,o and t p l q  ratios calculated from 
the Muthukumar theory with these parameters are 
indicated with the solid curves in parts a and b of Figure 
8. As seen in Figure 8a, the theory reasonably describes 
the z1 data for PIIOB-0.7 solutions (filled circles) at CPI 
I &*. (Here, we have again neglected small differences 
between [VI and e*.) However, t g  and t3 increase with 
CPI more rapidly than the prediction. 

As explained earlier, the dipole-inverted PI chains are 
entangled at CPI I &* (=0.272 g cmP3) so that the rapid 
increase of z1 - z3 a t  CPI I 8c* (Figure 8a) should be 
partly due to the entanglement effect. In addition, the 
segmental friction 5 should increase with c p ~  t o  partly 
contribute the rapid increase of z1- z3 at large CPI. The 
Muthukumar theory does not consider the entangle- 
ment effect and the increase of r. Thus, for meaningful 
examination of the theory, the comparison with the data 
should be made in the nonentangled regime (cp~ < &*I 
for the tpltl ratios that are not affected by the increase 
of 5. As seen in Figure 8b, the Muthukumar theory 
predicts significant decreases of these ratios with in- 
creasing c > c*, while the observed ratios are quite 
insensitive to c: For example, at CPI = 4c*, the model 
predicts & I =  115.15 and tdtl= 1112.67, while the data 
are zdz1 = 113.72 and z$t1 = 117.0. From this fact, we 
can conclude that the theory does not describe the c 
dependence of the relaxation time span a t  c > c* where 
the broadening of the E" curves takes place. 

In relation to this conclusion, Figure 13 shows the E" 
curves predicted from the Muthukumar theory for the 
1-1 49-0 chain at various c p ~  as indicated. As done in 
Figure 3, the curves are reduced at their peaks. Within 
the approximation used in refs 17 and 18, the Muthu- 
kumar theory leads t o  sinusoidal Fpo (eq 10) that give 
gp(0) = 8Adp2x2 (p = odd) for the 1-1 49-0 chain (cf. eq 
6). The curves shown in Figure 13 were calculated from 
these gp values together with the zp span specified by 
eq 19. As seen there, the theory predicts that the E" 
curve becomes sharper around its peak and broader a t  
high-w tail with increasing c. However, the data (Figure 
3 )  do not exhibit such changes in both nonentangled (CPI 
< &*) and entangled (CPI L &*I states. This result 
again indicates that the changes of the eigenfunctions 
(and ofgplAc) are essential for the observed broadening 
of the E" curves. 

The results seen in Figures 8 and 13 indicate the 
necessity of reexamining the recent conclusion of Adachi 
et a1.16 They studied dielectric behavior of a type-A 
chain, poly(€-caprolactone) (PCL), in a marginal solvent 
(benzene) and concluded that the Muthukumar theory 
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is valid for describing the shape of E" curves up to c as 
large as 3c* if molecular weight distribution (MWD) of  
the chain is taken into account. However, the behavior 
of PCL is quite similar to that of PI,16 and for PI the 
theory does not describe the z, span at c > c* where 
the dielectric mode distribution is broadened (cf. Figure 
8b). This fact strongly suggests that the agreement of 
the observed and calculated shape claimed by Adachi 
et a1.16 merely reflects the width of the assumed MWD 
but does not mean the validity of the theory. 

V-3. Changes of Viscoelastic and OFB Mode 
Distribution with c. It is very interesting and im- 
portant to compare the c dependence of the dielectric 
quantities with that of viscoelastic q u a n t i t i e ~ ~ ~ , ~ ~  and 
oscillatory flow b i r e f r ingen~e~ l -~~  (OFB). Extensive 
studies in the dilute to semidilute regime have sug- 
gested that the viscoelastic/OFB relaxation time Z,,OFB 
increases with c more rapidly for the slowest mode (p 
= 1) than for higher order modes (p > 1)29-33 and that 
the corresponding increase in the Z,,OFB span causes the 
well-known Zimm-to-Rouse-like change of the viscoelas- 
tic mode d i s t r i b u t i ~ n . ~ ~ ? ~ ~  The dielectric zp,< span be- 
comes a little wider with increasing c (from Tschoegl- 
like span to Rouse/reptation-like span; cf. Figures 7 and 
8b). In this sense, the dielectric data are similar to the 
viscoelastic/OFB data. However, the Z,,OFB span has not 
been quantitately evaluated even for the lowest few 
modes, and at this moment we cannot quantitatively 
compare the T,,OFB span with the z,,, span (p = 1-3) 
determined in this study. 

The c dependence of the longest viscoelastic/OFB 
relaxation time, Z~,OFB,  is described by the Muthukumar 
theory up to  c E 5c* (or more; cf. Figure 5 of ref 331, as 
is the case also for the longest dielectric relaxation time, 
zl,< (Figure 8a of this paper). However, in that range of 
c ,  the theory does not describe the OFB terminal mode 
distribution (observed as u dependence of the phase 
angle of complex mechano-optic coefficients; cf. Figure 
11 of ref 331, again in harmony with the results for the 
dielectric mode distribution (cf. Figures 3 and 13 of this 
paper). For the dielectric mode distribution, the dis- 
agreements between the data and prediction are due 
to the considerably weak c dependence of the z,,, span 
(cf. Figure 8b) and the rather strong c dependence of 
the intensity distribution (Figure 12), both being not 
described by the theory. From this fact, one may 
speculate that the disagreements for the OFB mode 
distribution are also due t o  theoretically-unexpected, 
weak and strong c dependence of the ~ , , O F B  span and 
intensity (~,,oFB) distribution for slow OFB modes. 

However, we should also note an important difference 
between dielectric and OFB/viscoelastic relaxation. The 
dielectric relaxation of type-A chains detects orienta- 
tional correlation at two separate times that is repre- 
sented by the local correlation function, C(n,t;m) (eq 1). 
On the other hand, both OFB and viscoelastic relaxation 
at long time scales reflect decay of orientational ani- 
sotropy with time that is described by an orientation 
f u n c t i ~ n , ~ ~ J ~ ~ ~ ~  

S(n,t) = (u(n,t) u(n,t)),, (20) 

As explained in our previous paper,15 C(n,t;m) and S(n,t) 
represent different averages (first- and second-order 
moment) of the bond vector u(n,t) a t  time t so that a 
relationship between C and S is dependent on the 
nature of chain dynamics: For an extreme case of 
incoherent chain motion, S(n,t) after a step-strain at t 
= 0 is expanded with respect to f, and z,,< for C (eq 2) 
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a d 5  
n N  

with SO being a constant. For this case, Z,,OFB andg,,om 
of thepth viscoelastic/OFB mode are given by zp,,12 and 
an integral, (2/N).fffp2 dn, respectively. On the other 
hand, for the other extreme case of highly coherent 
motion, we find15 

For this case, we have ~, ,OFB = tpc and gp,OFB = (2/N)- 
[ j f f ,  dn12. As noted from the difference between these 
two cases, the c dependence of T~,OFB and gp,OFB for the 
viscoelastic/OFB modes would be qualitatively similar 
but not necessarily identical to the dependence of the 
dielectric z,,, andg,,,. From this point of view, it is very 
interesting to experimentally compare dielectric and 
viscoelastic/OFB behavior of the PYOB-0.7 solutions 
used in this paper. An attempt is now being made, and 
the results will be presented in our future paper. 

V-4. Origin of Changes in Eigenmodes. As 
concluded in section V-2, the broadening of the E" curves 
with c p ~  essentially reflects deviation of F, from the 
sinusoidal Fpo of various models (eq 10). Previous 
discussion considering analogies between the eigenfunc- 
tion equation and the Schrodinger equation suggests 
that differences between F, and Fpo (Figure 10) are 
attributed to some extra relaxation source at chain ends 
that is not considered in the m0de1s.l~ There are 
various mechanisms that could, in principle, provide 
this source to broaden the E" curves. 

The PI chains examined in this paper are entangled 
at CPI > 0.272 g cm-3 (cf. Figure l), and the broadening 
of the c" curves completes in this range of cp1 (cf. Figures 
3 and 4). From this fact, one might tend to attribute 
the changes of Fp and broadening of E" curves to  the 
entanglement mechanism. However, we have already 
demonstrated that entangled and unentangled, bulk 
regular PI chains exhibit indistinguishable, broad shapes 
of the E" curves.15 This fact indicates that the broaden- 
ing of the &' curves is not due to the entanglement 
mechanism defined in the usual sense as the mechanism 
leading to the 35th power law behavior of tl and 
viscosity of linear chains. 

curves are observed for 
CPI > c*,  the chain overlapping should be essential for 
those changes. We may speculate that the motion of a 
chain is coupled with motion of overlapping chains at 
CPI > c* and pure RouseiZimm eigenmodes of each chain 
are mixed into new eigenmodes having nonsinusoidal 
F,. From this point of view, the Fourier expansion 
coefficients a,, (Figure 11) can be used as a measure 
for the extent of mixing for the Rouse/Zimm modes. 
However, details in the coupling of chain motion are not 
yet understood. It is also unclear how the coupling 
effectively enhances relaxation at chain ends (as com- 
pared to the chain center) to  provide nonsinusoidal 
nature to Fp (Figure 10) without affecting much of the 
zp span (Figures 7 and 8). Further studies are necessary 
for the changes of Fp and zp spans with CPI. 

VI. Concluding Remarks 
We have examined the dielectric behavior for solu- 

tions of dipole-inverted PI chains. Eigenmode analyses 

Since changes of F, and 
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indicated that the (integrated) eigenfunctions Fp become 
nonsinusoidal with increasing CPI > c* while the span 
of relaxation times tp is only weakly dependent on CPI. 
Thus, the observed broadening of the E" curves with c p ~  
is essentially due to changes in Fp, not due to the 
changes in the zp span. This experimental fact rules 
out previous arguments for the dielectric mode distribu- 
tion and z1 that were based on the scheme of changes 
in the zp span. The changes in Fp may be attributed to 
coupling of motion of overlapping chains that could 
induce mixing of pure Rouse/Zimm modes into new 
eigenmodes having nonsinusoidal Fp. However, details 
of the coupling mechanism are not specified yet. The 
changes of Fp and tp spans with CPI deserve further 
attention. 
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