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ABSTRACT Global motion of entangled linear cis-polyisoprene (PI) chains in monodisperse systems was 
examined through their slow dielectric relaxation behavior. For this purpose, a series of dipole-inoerted PI 
chains of (almost) the same molecular weight M z 48 x 108 was made via multistep coupling of two living 
PI anion precursors of various MI and M2 = M-M1 (<MI) with a bifunctional terminator,p-xylylene dichloride. 
Those PI chains had dipoles that were parallel along the chain contour but inverted once at a contour distance 
M2 from one chain end, and their slow dielectric relaxation corresponded to fluctuation of a vector AR(t) = 
Rl(t) - R& with Rl(t) and R&) being the vectors that connect the dipole inversion (DI) point and the two 
chain ends at time t .  Because of the differences in the DI point locations M2, the PI chains of (almost) the 
same M and thus of the same global motion exhibited remarkably different dielectric loss (e”) curves: For 
PI’s with Mz = M/2 (DI at the chain center) and Mz = 0 (DI at chain end, i.e., without DI), the dielectric 
relaxation time was found to be 3.9 times shorter for the former but the relaxation mode distribution was 
the same. For 0 < Mz < M/2, the 6’’ curves were intermediate of these two extremes and exhibited a bimodal 
relaxation mode distribution. These features of the dipole-inverted PI’s at low frequencies were reasonably 
well described by a model considering reptation and Rouse-type constraint release (CR) for the cases of M2 
= 0 and M/2. However, nonnegligible disagreements were found for the cases of intermediate Mz, indicating 
a necessity of refining the model. Further analyses of the 6” data enabled us to obtain information on 
low-order eigenfunctions fp(n) for a local correlation function C(n,t;m) = (l/az) (u(n,t)-u(m,O)), with u(n,t) 
being a bond vector for nth segment at time t and az = (uz). The experimentalf,(n) QJ = 1-3) were not largely 
but certainly different from the model eigenfunctions and exhibited nonsinusoidal n dependence. This n 
dependence appeared to be related to an extra relaxation mechanism (other than reptation and Rouse-type 
CR) that had a significant effect at chain ends. 

I. Introduction 

Entanglement of long and flexible chains is one of the 
most fundamental subjects in polymer physics, and some 
characteristic features like the M3.b3.7 dependence of 
viscosity of linear chains have been well-known.lY2 How- 
ever, details for molecular motion and relaxation processes 
of entangled chains are not yet completely understood. 
For investigation of such details, it  is most efficient to use 
some labeling techniques and examine various dynamic 
quantities for a particular segment and/or chain involved 
in the system. In this sense isotope labeling has been 
successfully used, for example, in diffusion and orientation 
relaxation experiments to elucidate some detailed aspects 
of the chain motion.= However, even with such labeling 
techniques any single experiment can provide us only 
limited information: The diffusion experiments elucidate 
only the center-of-mass displacement, while the orientation 
and viscoelastic relaxation experiments provide informa- 
tion only for anisotropy of chain orientation at  respectiue 
times.6 For a deeper understanding of the entanglement 
dynamics, it is desirable to combine all aspects of molecular 
motion obtained from various kinds of experiments with 
adequate labeling techniques. 

From the above point of view, it is important to examine 
dielectric relaxation of so-called type-A chains7 that have 
dipoles parallel along the chain contour. As pioneered by 
Stockmayer and co-workers7*8and later studied extensively 
by Adachi and co-workers,+ll Boese and co-workers,12 and 
Pate1 and Takahashi,13 global motion of type-A chains 
(like poly(propene oxide) and cis-polyisoprene chains) 
induces M-dependent dielectric relaxation processes. 
These processes provide us information for a correlation 
of chain orientation at  two separate times6J4Js that is 
different in nature from the information extracted from 
the diffusion and orientation as well as viscoelastic 
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relaxation processes explained above. In addition, di- 
electric labeling can be attained for a special sort of type-A 
chains that have the parallel dipoles inverted once at  a 
particular point in the chain c ~ n t o u r ~ ~ J ~ J ~  (cf. Figure 1). 
The dielectric relaxation process of those chains reflects 
fluctuation of a vector AR = R1-R2, with R1 and R2 being 
the vectors that connect the dipole-inversion point and 
the two chain ends. Namely, the chains having differently 
located dipole-inversion points should exhibit different 
relaxation processes even if the molecular motion itself is 
the same. In this sense, the dipole-inversion works as the 
dielectric labeling. 

On the basis of the above ideas, we have anionically 
synthesized a unique series of linear cis-polyisoprene (PI) 
chains having almost the same M but dipole inversion at  
different locations and examined their dielectric relaxation 
processes. Specifically, analyses for these processes en- 
abled us to obtain entirely new and interesting information 
on eigenfunctions for a local correlation function that 
describes an orientation correlation of segmental bond 
vectors at two separate times.14J5 This paper explains 
the method of synthesis for the dipole-inverted PI  chains 
of narrow molecular weight distribution, the dielectric data 
for their bulk systems, and the resulting information for 
the eigenfunctions. Results of studies on blends containing 
the dipole-inverted chains will be described in our later 
paper. 

Here, we emphasize that the dipole-inverted PI chains 
are the best model chains for investigating the details of 
the local correlation function. Such details could be 
examined, in principle, also for entangled block polymers 
like polybutadiene (PB)-PI diblock polymers that are 
composed of non-type-A (PB) and type-A (PI) blocks.” 
However, even for the chemically similar PB and PI  blocks, 
the entanglement spacing (Me) and segmental friction (0 
are considerably different.14 Thus, such block polymers 
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Figure 1. Schematic representation of a PI chain having 
asymmetrically inverted dipoles. 

have a distribution of Me and along the chain contour, 
and their modes of molecular motion should be consid- 
erably different from the modes for homopolymers. 
Because of this difference, the dielectric information 
obtained for the block polymers cannot be used for 
quantitative discussion on the motion of homopolymers. 
On the other hand, this problem due to the Me and b 
distribution never appears for the dipole-inverted homo- 
PI  chains, and thus these chains are ideal for the present 
study. 

11. Theoretical Section 

We here consider a linear Gaussian chain that is 
composed of N segments and has the parallel dipoles 
inverted once at  the n*th segment (cf. Figure 1). We can 
extract some detailed information for the motion of this 
chain from its dielectric data, as explained below. 

The total polarization of the dipole-inverted chain at a 
time t is proportional to a vector AR(t) = Rl(t) - Rdt) ,  
withRl(t) andRz(t) being thevectors connecting the n*th 
segment and the two chain ends (cf. Figure 1). Thus, its 
dielectric relaxation function @(t) normalized to unity a t  
t = 0 is written in terms of AR and the end-to-end vector 
Re as10J415 

(Here, we have used a relation ( ARz) = ( Re2) valid for a 
Gaussian chain.) The dielectric loss factor E” is written 
in terms of @ as16 

&’(a) = -,CJomy sin ut dt 

Here, w and A€ are the angular frequency and the dielectric 
relaxation intensity, respectively. 

As can be seen from eqs 1 and 2 ,  the slow dielectric 
relaxation of the dipole-inverted chain reflects fluctuation 
of the difference vector AR that is induced by the global 
chain motion. As a quantity that describes the funda- 
mental aspects of this relaxation, we here introduce a local 
correlation function6J4J5 

C(n,t;m) = (l/a2)(u(n,t).u(m,0)) (3) 
with u(n,t) being a bond vector for the nth segment a t  
time t and a2 = ( u2) (the mean-square segment size). This 
function represents an orientation correlation of the nth 
and mth bond vectors a t  two separate times, so that it 
contains detailed information for the global chain motion. 
Assuming a very rapid orientation randomization for two 
bond vectors a t  the chain ends, we have a boundary 
condition for C, 

C(n,t;m) = 0 for n, m = 0, N (4) 
For a Gaussian chain having no isochronal orientation 

correlation for different bond vectors, we may write the 
initial condition as14J5J7 

2 N  pnn pnm 
C(n,O;m) = J,, = - Z s i n  - sin - (5) 

Np=l N N 

From eqs 1 and 3, the relaxation function @ is related 
to the local correlation function as 

This relation clearly indicates that @ and thus E” (cf. eq 
2) change with n* even if the molecular motion described 
by C(n,t;m) is the same. In other words, using eq 6 to 
analyze the n*-dependent e’’ data of the dipole-inverted 
PI  chains, we can find features of C(n,t;m), Le., how the 
orientation correlation of two particular bond vectors 
changes with time. (Note again that the dipole inversion 
works as dielectric labeling to provide this information.) 

For convenience of the above analysis, we expand 
C(n,t;m) at  long time scales with respect to its eigen- 
functions fp(n)  (with the mode number p = 1, 2 ,  ..., N). 
The functional form of f p ( n )  is determined by a time 
evolution equation for C(n,t;m), i.e., by a nature of the 
global chain motion. As discussed in Appendix A, we may 
use f, and generally write C(n,t;m) in the form 

Here, 7, is the pth relaxation time (=reciprocal of the pth 
eigenvalue). The fp’s  involved in eq 7 satisfy a boundary 
condition (cf. eq 4) 

f,(O) = f,(N) = 0 (8) 
and a normalization condition (cf. eq 5) 

n N  

From eqs 1, 2, 6, and 7 ,  we find 

Here, g, is the intensity of the pth dielectric mode, 

Equation 11 indicates that an integral of the p th  eigen- 
function f p  is evaluated from experimentally determined 
g,. For convenience of this evaluation, we classify f p  in 
two categories: Two ends of a linear chain should move 
in an equivalent fashion, so that f p  should be either 
symmetrical (f ,(n) = f , (N-n) )  or antisymmetrical ( fp(n)  = 
-f,(N-n)) with respect to the chain center ( n = N / 2 ) .  The 
symmetrical f p  are classified as odd f p  (with p = 1, 3, ... ), 
and the antisymmetricalf,, as even f p  (p = 2,4, ... ). Then, 
as seen from eq 11,  an integral off, defined by 

F,,(n*) = wJon’fp(n)  4 2  dn (=O for n* = 0) 

is evaluated as 

F p ( N / 2 )  - Fp(n*) = f[g,(n*)/4A~l’/~ (=0 for n* = 
N / 2 ) ;  p = odd (13a) 
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Table I. Characteristics of Dipole-Inverted PI Samples 
first second 

precursor precursor 

MwI Mw/ Mwl 
code 109Ma M. wb I.Mc 109M1" Mn 10-3M2' Mn 

1-1 49-od 48.8 1.05 48.8 1.05 
1-150-6 55.4 1.06 1.03 1.01 49.9 1.05 6.12 1.08 
1-135-9 44.4 1.05 1.04 1.00 35.0 1.04 9.48 1.04 
1-135-14 47.6 1.07 0.96 1.02 34.7 1.05 13.7 1.04 
1-133-16 48.9 1.07 0.98 0.99 32.6 1.07 15.7 1.04 
1-128-18 47.4 1.06 0.96 0.96 27.5 1.04 18.0 1.04 
1-124-24' 47.7 1.06 23.9 1.05 

a Weight-average molecular weight. * rw = (A, + A1 + A2)/Af. 
c = (MI + M2)/M. Regular PI without dipole inversion. e 1-1 24- 
24 with symmetrically inverted dipoles was made in our previous 
work10 via one-step coupling of precursor PI. 

and 

F,(n*) = f[g,(n*)/4Atli/2 (=0 for n* = 0); 
p =even (13b) 

Wheng,(n*) is obtained for the dipole-inverted PI chains 
with various n* values = 0, nl*, n2*, ..., N/2 increasing in 
this order, we can choose either + [g,/4Aeli/2 or -[g,/4A~]~/~ 
for n* = 0 in eq 13a and for n* = nl* in eq 13b, because 
f$n) and -fp(n) are equivalent eigenfunctions and thus 
either F,(n*) or -F,(n*) can be used as the integral. For 
definiteness, we choose + [g,/4Ae11/2 in this paper. With 
this constraint, a requirement of smooth and continuous 
n* dependence of F,(n*) unequivocally determines the 
signs of the terms [gp(n*)/4At11/2 in eq 13 for the other n* 
values, if the intervals between the neighboring n* values 
are sufficiently small. This was the case for the deter- 
mination of F,(n*) (p = 1-3) made in this paper for seven 
n* values in a range 0 I n* I N/2 (cf. Table I). For n* 
> N/2, eigenfunction symmetries lead to the relations 
Fp(n*) = -F,(N-n*) + 2FP(N/2) for p = odd and F,!n*) 
= Fp(N-n*) forp = even. Thus, fromg, (p = 1-3) obtaned 
for 0 I n* I N/2, we unequivocally evaluated F,(n*) in 
an entire range 0 I n* I N through eq 13. 

Those F,(n*) provide us information on detailed aspects 
of global chain motion. For example, for a vector 
connecting the nl and n2th segments, Rlz(t) = J,:lu(n,t) 
dn, an autocorrelation function is given by 

(R,,(t)*R,,(O) ) 

This equation indicates that relaxation is faster for the 
portion of the chain that has smaller [F,(nz) - F,(n1)I2 
values for the low-order eigenmodes. Thus, we used the 
experimental Fp's and examined differences of the relax- 
ation rates for various portions of the chain, as shown 
later in Figure 10. Furthermore, we may obtain a clue to 
specify the features of a time evolution equation for 
C(n,t;m) and thus those of the global chain motion, if we 
know eigenvalues 117, and eigenfunctions f, (or F,.) up to 
sufficiently high mode number p. This possibility en- 
courages the dielectric work on the dipole-inverted PI 
chains. 

Here, we add a few comments on our final formulas (eqs 
10, 12, and 13). These equations were derived for a 
dielectric response of a single chain and are best applied 
to dilute blends containing a small amount of dipole- 
inverted PI chains dissolved in dielectrically inert (non- 
type- A) matrices like polybutadiene. For monodisperse 
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bulk systems of the PI chains examined in this paper, we 
need to consider, in principle, an orientation correlation 
for all chains in the system and modify the fundamental 
relation, eq 1, asl4 

= C(ARi(t).ARi(O)) + ~ J - , ( A R j ( t ) . A R j ( 0 ) )  (1') 
I a ]#a 

Here, ARj is the difference vector (cf. Figure 1) of the ith 
chain in the system. However, the product ARi(t)*ARj(O) 
involved in the second term of eq 1' would take positive 
and negative values with the same probability if a dipole- 
dipole interaction energy is much smaller than a thermal 
energy, as is the case for the PI  chains having only small 
dipole moments. Then, eq 1' can be reduced to eq 1, so 
that we may safely apply eqs 10,12, and 13 to monodisperse 
bulk systems of the dipole-inverted PI  chains. (This 
argument is in harmony with an experimental fact that 
the dielectric relaxation mode distribution is the same in 
monodisperse systems and in dilute blends for PI  chains 
either with symmetrical inversion of dipoles or with no 
inversion.14) 

111. Experimental Section 
111.1. Synthesis. A series of monodisperse cis-polyisoprene 

(PI) samples having almost the sameM ( ~ 4 8  x 10s) but differently 
located dipole-inversion points were prepared. A PI sample 
without dipole inversion (i.e., inversion at one chain end) was 
obtained via our laboratory routine of anionic polymerization in 
high vacuum using sec-butyllithium (s-BuLi) and heptatne (Hep) 
as the initiator and solvent. A PI sample with symmetrically 
inverted dipoles (Le., inversion at the chain center) was previously 
made via one-step coupling of monodisperse PI anions with a 
prescribed amount (~90% equimolar to  the PI anions) of 
p-xylylene dichloride (XDC) and successive fractionation.1° Five 
PI samples with asymmetrically inverted dipoles (i.e., inversion 
not at the chain center) were synthesized in this study by a 
multistep coupling method, as summarized in Scheme I. This 
method was originally developed for syntheses of block polymers, 
and the details were described elsewhere.18 

As shown in Scheme I, the method splits the coupling of two 
living PI precursors of molecular weights MI and M2 (made in 
Hep) into several steps. In the first step, to a vigorously stirred 
dilute Hep solution of the first PI precursor anions (with MI > 
24 X lo9) was added at -78 "C a large amount of XDC k30-40 
times excess to the anions) diluted with tetrahydrofuran (THF). 
Immediately after the addition, single-chain termination was 
completed and the first precursors with chlorinated ends (PI-Cl) 
were obtained as a major product. When necessary, the living 
ends of the precursors were converted to diphenylethylene (DPE) 
anions through a reaction with - 2  times excess DPE just before 
the addition of XDC (case I1 of Scheme I). This end modification 
enabled us to reduce the amount of a minor product, dimers of 
the precursors formed by bimolecular termination. 

In the second step, the first-step product was precipitated in 
pure acetone (a nonsolvent for PI) to largely reduce the amount 
of unreacted (excess) XDC left with the product. After removal 
of the supernatant containing excess XDC, the precipitated 
product waa thoroughly dried and then redissolved in pure THF. 
The whole precipitation/redissolution procedure was repeated 
in high vacuum several times,18 and the PI-Cl/THF solution 
containing only a small amount of residual XDC was recovered 
(cf. part b of Scheme I). 

In the third step, the PI41 chains were allowed to couple with 
2-3 times excess of the second precursor PI anions (with M2 < 
Ml) at =: 30 "C for 2-3 days to yield dipole-inverted PI chains 
(cf. part c of Scheme I). (Dimers of the second precursors were 
also formed as a minor product due to residual XDC, but they 
were removed by later fractionation.) For convenience for later 
characterization, the living ends of the second precursors were 
converted to DPE anions when DPE was not used in the first 
step (case I of Scheme I), and vice versa (case 11). 
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Scheme I. Synthesis of PI chains with Asymmetrically 
Inverted Dipoles via Multistep Coupling 

case I case I1 

i )  large excess of CI-X-Ci (XDCla 
2 )  precipitatiodre-dissolution in vuc 

(removal of excess XDC) 

--t x-CI 
IPI-CI. major produci'i 

+ - ..+ x 
!dimer-I. minor p r i u c c  

t midual  XDC 

Finally, after fractionation of the third-step product from 
benzene/methanol solutions, we obtained dipole-inverted PI 
chains composed of two PI blocks of molecular weights M I  and 
MZ (cf. part d of Scheme I): The direction of the parallel dipoles 
is the same in each block but inverted at the junction between 
the two blocks. 

111.2. Characterization. The products obtained at respec- 
tive stages of the multistep coupling were characterized with a 
gel permeation chromatograph (GPC) having a combined re- 
fractive index (RI) and light scattering (LS) monitor (Tosoh, 
LS-8000) and an ultraviolet (UV) absorption monitor (Tosoh, 
UV-8011). The elution solvent was THF, and previously made 
and characterized monodisperse PI chaindo were used as elution 
standards. 

Through the multistep coupling, a UV-active coupler unit 
composed of p-xylylene and DPE groups was attached to each 
PI chain (cf. part d of Scheme I). This low-M unit had no 
detectable contribution to the RI and LS signals for the high44 
PI chains made in this study. However, since the isoprene unit 
has very weak UV absorption (at X = 254 nm), even one coupler 
unit per chain drastically increased the UV signal. Using this 
feature, we examined the coupler/isoprene composition at  various 
stages of the multistep coupling through the UV signal. (Coupling 
of the PI-Cl chain and the second PI precursor with the DPE 
anion end induced a large change of the UV signal even when the 
former was much longer than the latter. Thus, for easy 
characterization of the final product, we used the end-modified 
second precursor in case I of Scheme I.) 

As an example of the UV and RI signals of the products at 
various stages of the reaction, Figure 2 shows those for case I1 
(cf. Scheme I) with Ml = 34.7 X lo3 and M z  = 13.7 X lo3. The 
signal sensitivities are the same for all GPC traces a-e, so that 
the changes of the coupler/isoprene composition during the 
reaction are seen in the figure as the differences of the UV/RI 
signal ratios for the traces. For the main peaks of traces a and 
b obtained before and after the reaction of the first PI precursor 
with DPE and XDC, we find that the RI signal is the same but 

.-. 9 DPE-X-CI 
(Pi-CI, major product, 

+ + DPE.X.DPE <. ~~~~ ~ 

rdimcr-1. minor producti 

+ reiiduol X D C  
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Figure 2. GPC traces for products obtained at various stages 
of synthesis of a dipole-inverted PI sample with MI= 34.7 x 109 
and M z  = 13.7 x 103. The RI and UV signal sensitivities are the 
same for all traces. The solid and dashed arrows for parta b and 
d indicate the dimers of the first and second precursors, 
respectively. These minor components were formed through a 
bimolecular termination of living precursor anions by p-xylylene 
dichloride. The diamond-shaped arrow for trace d indicates the 
location of a GPC trace for the desired dipole-inverted PI chain 
having M = M I  + Mz. 

the UV signal is much larger for the latter. Thus, the coupler 
units were successfully attached to the precursor ends to obtain 
the PI-Cl chains as the main product. (Although a small amount 
of the dimers is seen for trace b at  a location corresponding to 
uMl (the solid arrow), they were removed by later fractionation.) 

GPC trace b of the first-step product was not affected by the 
precipitation/redissolution procedure (cf. Scheme I) and changed 
to trace d after reaction with the second precursor PI anions 
(trace c). The UV/RI signal ratio for the main peak of trace d 
is certainly smaller than that for the main peak of trace b. In 
addition, we found that the former peak appeared at a location 
corresponding to M = Ml + Mz (shown with the diamond-shaped 
arrow). These results indicate a successful coupling of the two 
precursors. Finally, a small amount of undesired Components, 
unreacted (excess) second precursors, their dimers (dashed arrow 
for trace d), and the dimers of the first precursors (solid arrow), 
was removed by fractionation to obtain the final product 
composed of two PI blocks and a coupler unit (trace e). 

For the PI precursors and the dipole-inverted PI chains (final 
product), the weight-average molecular weights M, and heter- 
ogeneity indices M J M ,  were evaluated from the RI signals with 
an elution volume calibration (made for the standard PI'slO). 
The M, values were determined also from the LS signals, and 
good agreements were observed. The results of the character- 
ization are summarized in Table I, where the sample code numbers 
indicate the molecular weights M I  and MZ of the two precursors 
in unita of 1OOO. As seen there, the molecular weight M is nearly 
the same for all PI samples used in this study. 
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analyzed to evaluate a quantity 
In addition to the RI and LS signals, the UV signals were 

bulk PI, 400C 
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A, + A, i- A, 
rw = 

Af 
Here, A1 and A, are the molar UV absorption for the first and 
second PI blocks involved in the fiial product (cf. part d of Scheme 
I), respectively, and A, and Af are the molar absorption for the 
coupler unit and the final product, respectively. We should have 
m = 1, if the final product contains only the desired PI chains 
with asymmetrically inverted dipoles. Thus, the quantity r w  
was used as a measure for the quality of that product. 

A1 and A, were evaluated from the UV data and molecular 
weights of the PI precursors recovered before the reaction with 
DPE and XDC (cf. Scheme I). Similarly, Afwere evaluated from 
the UV data and M for the final product. For evaluation of A, 
for case I of Scheme I, we measured the molar UV absorption A, 
for p-xylene and A~.DPE for the end-modified second precursor 
recovered after the reaction with DPE. The difference A A 2  = 
AIDPE - A2 represents the molar absorption of the DPE unit 
involved in that precursor, and A, was evaluated as AAz + A,. 
For case 11, we replaced the chlorine atom at the end of the first 
precursor (cf. part b of Scheme I) by an isoprene pentamer through 
an end-capping reaction with a large amount of living pentamer 
anions. 100% replacement was easily achieved within 1 h for 
this reaction involving oligoanions. From the molar UV ab- 
sorption Alcp for the resulting end-capped precursor, A, was 
evaluated as  AI-*^ - AI. 

values calculated from the A values are summarized 
in Table I together with the other measure for the product quality, 
rM = (Ml + M2)/M with MI, Mz, and M being the molecular 
weights of the two PI precursors and the final product, respec- 
tively. As seen there, both r~ and rM values are identical to 
unity within experimental uncertainties, indicating that the 
desired PI chains with asymmetrically inverted dipoles were 
successfully obtained. 

111.3. Measurements. Dielectric loss factors e’’ were mea- 
sured at 40 I T (“C) I 80 with capacitance bridges (GR 1615A, 
General Radio; Precision LCR-meter 42&4A, Hewlett-Packard) 
on monodisperse bulk systems of the PI systems. The time- 
temperature superposition worked very well, and the d) data 
were reduced at T, = 40 “C. The shift factors a~ for the dipole- 
inverted PI chains were identical to the previously reported aT 
for regular PI chains without inversion?JO suggesting that the 
small coupler units involved in the former did not affect the 
chain motion. (In the temperature range examined, the amount 
of the shift was less than 1 decade and ambiguities due to the 
shift were negligibly small.) 

The 

IV. Rssults 

Dielectric Loss Curves. Figure 3 shows the frequency 
(0) dependence of d’ at 40 OC for the PI chains with various 
locations of the dipole-inversion points.19 Those PI chains 
having M z 1OMe (Me 5000 for bulk P11v2) are rather 
heavily entangled in their monodisperse bulk systems. In 
Figure 3, respective E” curves are shiftedvertically to avoid 
heavy overlapping of the data points. Details for differ- 
ences of the curves can be more clearly examined in Figure 
4, where the data points are not shown and no vertical 
shifts are made. 

As seen in Table I, the molecular weights are close but 
not exactly the same for the PI chains examined. Cor- 
respondingly, the longest relaxation time 71 for the local 
correlation function (cf. eq 7) is slightly different for those 
PI chains. Throughout this section (including Figures 3 
and 4), we use the 1-1 24-24 sample (A4 = 47.7 X 103) as 
a reference and shift the E” curve of each PI sample along 
the w axis by a factor U M  = (M/47.7 X 103)3.6 to correct the 
difference of 71. (71 iW5 for monodisperse chains.10) The 
log U M  values are summarized in Table 11. 

-2 t 
- l I  

-1 1 
-2 t 

-3 I I I I 1 

1 2 3 4 5 6 

log( coaTaM/s-*) 
Figure 3. Frequency ( w )  dependence of the dielectric loss factors 
e’) at 40 “C for the dipole-inverted PI chains. Small differences 
of the longest relaxation times 71 of the PI chains are corrected 
by shifts of the t“ curves along the w axis by factors QM = (W47.7 
X 103)s.6. (The 1-1 24-24 chain with M = 47.7 X 103 was used as 
a reference for this shift.) Respective curves are further shifted 
vertically to avoid heavy overlapping of the data points. 

The small coupler units involved in the long PI chains 
should have no effect on the global motion. Thus, after 
the small correction for 71 (with [log  MI 10.1 except for 
1-1 50-6 with log QM ”= 0.21, we can consider the motion of 
the PI chains to be exactly the same. Nevertheless, large 
differences of the e” curves are observed in Figures 3 and 
4, because of the dielectric labeling due to dipole inver- 
sion: As the dipole-inversion point moves from the chain 
end (1-149-0) to the center (1-1 24-24), the E” peak intensity 
decreases at log w z 2.1 and increases a t  log w z 2.7, and 
the shape of the E” curve first becomes broad and bimodal 
and then becomes narrow again. These changes corre- 
spond to  changes of the dielectric relaxation mode 
distribution and provide us information for the chain 
motion through eqs 10, 12, and 13. 

In Figure 5,  the e” curve for 1-1 49-0 (after correction for 
71) is shifted along the w axis by a factor AM = 3.9 and 
compared with the curve for 1-1 24-24. The two curves are 
indistinguishable, meaning that the relaxation mode 
distribution is the same for the 1-1 49-0 and 24-24 chains 
but the dielectrically observed relaxation time is 3.9 times 
shorter for the latter.1°J4 As seen from eq 13, only odd 
eigenmodes of the chain motion contribute to E” of the 1-1 
49-0 chain (with n* = 0), while only even modes contribute 
to e‘’ of the 1-1 24-24 chain (with n* = N/2). Thus, the 
sharp E” peaks for these PI chains correspond to the first 
and second modes with relaxation times 71 and 7 2  (=q/ 
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Figure 4. Comparison of the c” curves at 40 “C for the dipole-inverted PI chains. Only the curves smoothly connecting the data points 
are shown, and no vertical shifts are made. As done in Figure 3, horizontal shifts by factors a M  = (M/47.7 X 10s)s.6 are made to correct 
small differences of 71. 

Table 11. Correction Factors for Small Differences of the 
Longest Relaxation Times TI for the PI Samples 

sample lor! a d  
1-1 49-0 
1-1 50-6 
1-1 35-9 
1-1 35-14 
1-1 33-16 
1-1 28-18 
1-1 24-24 

’ aM = (MlMi.1 2 ~ 2 4 ) ~ “ .  

0.035 
0.227 
-0.109 
-0.003 
0.038 
-0.010 

0 

3.9; cf. Figure 5) .  Specifically, the 71 and 7 2  values are 
evaluated from the peak frequencies as 

71 = 8.13 X lo3 S, T~ = 2.09 X s (16) 
Eigenfunctions for C(n,t;m). For evaluation of the 

integrals Fp of the eigenfunctions f , ,  we have to decompose 
the E’’ curves of the dipole-inverted PI  chains into 
contributions from the eigenmodes (cf. eqs 10, 12, and 
13). Although we may do this with various methods, we 
here use a linear least-squares fitting method that enables 
us to analyze the c” data with the highest accuracy 
attainable. 

F1 and F2 are evaluated from the c’‘ data a t  low w where 
the contribution from all higher pth modes with p 1 3, 
Cprsgp(n*) Dp(w)  withDp(w) = w P / ( l  + 0 ~ 7 ~ ~ )  (cf. eq lo), 
is practically identical to its low-w asymptote, 

At  those low w, eq 10 becomes a linear function of three 
variables gl,  gz, and Gs, 

t”(w;n*) = gl(n*) Dl(w) + gz(n*) D,(w) + G,(n*) w (18) 
(Note that the locations of the two single-relaxation 
functions D l ( o )  and Dz(w) are determined by 71 and TZ 

given in eq 16.) Thus, as explained in Appendix B, we 
made a standard linear least-squares fit with eq 18 to 
determine gl ,  gz, and G3. 

Figure 6 demonstrates the results of the mode decom- 
position. The unfilled symbols indicate the E’’ data, and 
the dash-dot and dashed curves, the contributions from 
the first and second modes g1D1 and g a 2 ,  respectively. 
The contribution from all higher pth modes with p I 3, 
cps3” = E“ - g lDl -  g a 2 ,  is shown with the filled symbols. 
We see that the prerequisite of the fit, ep>3’‘ a w, is well 
satisfied at low w. This result indicates that the mode 
decomposition was well achieved and g1 and g2 were 

1 
I I I 

bulk PI, 40°C 

I I I 1 

I 2 3 4 5 6 
log( waTaMAM/s-l)  

Figure 5. Comparison of the e’’ curves at 40 “C for the 1-1 49-0 
and 1-1 24-24 chains. The curve for the former is shifted along 
thew axis first by a factor a M  = (48.8/47.7)sJ = 1.083 (a correction 
for the difference of 71) and further by a factor AM = 3.9. 

determined with little ambiguities. From these gl and g2 
together with the total relaxation intensity Ac (determined 
by integration of c” curves with respect to In wj,9J4 we 
evaluated F1 and F2 through eq 13. As explained earlier, 
a requirement of smooth and continuous n* dependences 
of F1 and F2 was successfully used in this evaluation. (F1 
and FZ monotonically increased with n* for 0 I n* I N / 2 ,  
as shown later in Figure 7.) 

I t  is desirable to evaluate Fp also for higher modes (p 
1 3) from the linear least-squares fit for the c’’ data. We 
can accurately do this if we know the 7p  values for p 1 3 
and those values are sufficiently separated. The rpvalues 
would be experimentally determined from E” peak fre- 
quencies for a specialsort of PI chains with multiinuersion 
of dipoles, e.g., a PI  chain with inversions at  n* = N/3 and 
2N/3 (that would exhibit a peak corresponding to 7 3 ) .  

However, such PI chains are not yet available. Thus, we 
tentatively estimated 73 = 1.1 X 10-3 s from the c” data 
of the 1-1 49-0 chain with a method explained in Appendix 
C. As above, we used the 7 1  - 73 values and made a linear 
least-squares fit for the E” data a t  low w with equation 

t”(w;n*) = g,(n*) D l ( o )  + gz(n*) Dz (w)  + 
g3(n*) ~ ~ ( w )  + [ C g p 7 p ~ w  (19) 

From the resulting gl - g3 values, we obtained Fa together 
with the reevaluated F1 and Fz. Although not shown here, 
a prerequisite of this fit, c” - glD1- g a z  - g& a w,  was 
satisified at  low w within a scatter similar to that seen in 
Figure 6. (For higher modes with p 1 4, 7 p  were not 
estimated with acceptably high accuracies and the mode 
decomposition was not made with good resolutions. Thus, 

ps4 
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Figure 6. Results of the mode decomposition of the t" data 
(unfilled symbols) for the dipole-inverted PI chains at 40 OC. 
Linear least-squares fit with eq 18 was made for the decompo- 
sition. The dash-dot and dashed curves indicate the contributions 
from the first and second eigenmodes glDl(w)  and gzDz(w), 
respectively. (Dp(w)  = wTp/ ( l  + w2rP2).) The contributions from 
all higher pth eigenmodes with p 1 3, t p p r g f ' ( 0 ) ,  are shown with 
the filled symbols. The thick solid curves indicate the recalculated 
dr = 8101 + g& + tPprB)', with epprgff  being evaluated for the thin 
solid curves that smoothly connect the filled symbols. 

in this study we do not attempt to evaluate Fp for p 2 4.) 
Figure 7 shows the plots of AFp(n*) = Fp(n*) - F,(N/2) 

(p = 1-3) against n*/N. (For convenience for later 
comparison, we have shown AF,, not Fp themselves.) The 
unfilled and filled symbols indicate AF, evaluated from 
the first and second least-squares fitting procedures using 
eqs 18 and 19, respectively. We may expect some 
ambiguities for the second procedure that involved the 
estimated 73 value. However, as seen in Figure 7, the two 
procedures gave almost identical AFl and A F 2 .  This result 
suggesta an acceptably small ambiguity for the second 
procedure. 

As explained later, some models have sinusoidal eigen- 
functions, f p o  (n) = sin@m/N).6J4$21*22 The integrals of 
these fpo (normalized according to eq 9) are given by 

1 2 3 4 5 6 

These AF," are indicated with the dashed curves in Figure 
7. As seen there, AFPo are fairly close to the experimental 
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Figure 7. n* dependence of the integrals of low-order eigen- 
functions for the PI chains, AF (n*) = - (d2/N)f#*f (n) dn (= 
Fp(n*) - Fp(N/2); cf. eq 12). &he unfilled and f i e 8  symbols 
indicate the experimental A F  obtained from the linear least- 
squares fits for the tff data wit[ eqs 18 and 19, respectively. The 
dashed curves indicate AF O(n*) = [21/2/p~l[~os@d2) - cos- 
@m*/N)l predicted from t ie  CDCR and reptation models. Note 
that AFp(n*) and AFpo(n*) are normalized according to eq 9, so 
that their differences at n* = 0, N suggest nonsinusoidal n 
dependences for the eigenfunctions fp(n) = [N/d2] [dAF,(n)/ 
dnl of actual PI chains. 

AF, for n* = N/2 but systematically deviate from AF, as 
n* approaches 0 or N. The differences between AF, and 
AF," seen for n* = 0 and N are larger than the ambiguities 
in the evaluation of AF,. Because the eigenfunctions f, 
and f p o  and thus their integrals AF, and Upo are 
normalized (cf. eq 9), those differences suggest some 
differences of the n* dependences of f p  and f p o .  For a 
critical examination, we magnified AFpo by adequate 
factors zp  (=0.79,0.82, and 1.32 for p = 1-3) so that zpAFpo 
coincided with AF, at  n* = 0 and N, and compared zpAFpo 
(dashed curves) with AF, (symbols) in Figure 8. This 
comparison most clearly demonstrates the nonsinusoidal 
n dependences of the experimental AF,(n) and fp(n) = 
[N/1/2] [dAF,(n)/dnl, althoughdeviations from sinusoidal 
dependences are not very large. 

V. Discussion 

For relaxation processes in entangled blends as well as 
monodisperse systems with intermediate M (120Me), the 
importance of the constraint release (CR) mechanismw22 
has been experimentally establi~hed.3~14~~6~~3 Thus, we 
compare the cff curves of the dipole-inverted PI chains 
with predictions of a configuration-dependent constraint 
release (CDCR) mode1.14J6*22*23 This model assumes a 
Rouse-type CRmp21 and allows it to compete with repta- 
tions$' that is taking place simultaneously. Among various 
models so far proposed, the CDCR model appears to best 
describe this competition formulated for various kinds of 
local relaxation functions.14J6*22*23 
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samples (cf. Table 1). The values of 71 and AE (dielectric 
relaxation intensity) were adequately chosen in the 
calculation so that the location and peak height of the d’ 
curve calculated for the 1-1 49-0 chain are the same as 
those observed experimentally (cf. Figure 4). For sim- 
plicity, small molecular weight distributions (MWD) of 
the PI chains were not considered in the calculation. 

Comparing Figures 4 and 9, we note that general features 
of the dipole-inverted PI chains are reasonably well 
described by the CRCR model. In particular, for PI  chains 
with n*/N = 0 and l/2, our previous work indicated that 
the location and shape of the E” curves a t  low w were 
semiquantitatively described by the CDCR model con- 
sidering a small MWD.14JS However, a close inspection 
of Figures 4 and 9 reveals that the agreements become 
poorer for intermediate n*/Neven at  low w. (For example, 
compare the observed and calculated curves for the 1-1 
35-14 sample.) In addition, the calculated E” depends on 
w too strongly at  high w (E” 0: d2 irrespective of n*), as 
already found for the cases of n*/N = 0 and 1/2.10J4J6 These 
disagreements are not completely removed even if a small 
MWD is considered in the calculation. Thus, the CDCR 
model of the present form (eq 21) is valid only at  low w in 
a semiquantitative way. In other words, the Rouse-type 
CR and reptation processes considered in the model are 
not enough to describe the global motion of the entangled 
chains. 

The experimentally observed 7 p  @ = 1-3) are approx- 
imately proportional to P - ~ ,  and the differences from the 
calculated rpo (eq 22) are rather small. However, as found 
in Figures 7 and 8, the observed and calculated eigen- 
functions fp(n) and fpo(n) certainly have different n 
dependences. This difference mainly caused the above 
disagreements of the d’ curves at  low w. We can examine 
even more clearly an importance of the n dependence of 
fp(n) in the relaxation behavior through an autocorrelation 
function for a portion of the chain (subchain) between the 
nl and nzth segments, @ d t )  = (R12(t).R12(0) )/ (R1z2). (RIZ 
is a vector connecting the nl and nzth segments.) As seen 
from eq 14, the relaxation is faster for a subchain that has 
smaller [FP(nz) - F,(n1)lZ values for the low-order eigen- 
modes (or equivalently, smaller [fp(n)12 values in an 
interval nl < n < n2). 

For three subchains having almost the same length (nz 
- nl z 0.llN) but different locations, we used the 
experimental AF, and rp (p = 1-3) to calculate a12 for t 
> r3. (Higher order p th  eigenmodes with p 1 4 have 
negligible contributions to +12 a t  those long time scales.) 
Figure 10 shows those @IZ plotted against t/r1 (symbols). 
For comparison, @1z0 of the subchains calculated from the 
CDCR and reptation models are indicated with the solid 
curves. Both $12 and @1z0 exhibit qualitatively the same 
feature, slower decay at  the chain center than a t  the ends. 
In particular, for the subchain near the chain center, @U 
is fairly close to  *1zo. However, we also note for the 
subchain near the chain end that @n decays much more 
rapidly than @1z0. Thus, actual PI chains may have an 
extra relaxation mechanism (other than reptation and 
Rouse-type CR) that has a significant effect a t  the chain 
ends but not so much at  the center. 

The CDCR model does not consider such an extra 
mechanism, and it treats the chain ends only as a memory- 
vanishing boundary to predict the sinusoidal f,” (cf. eqs 
21 and 22). Qualitatively, f p o  is distorted toward the 
experimental f, when the extra mechanism is incorporated 
in the model and ita effect is represented as a relaxation 
source U(n) added in eq 21: U(n) should be large for n 
s 0, N to have large effects a t  the chain ends. The 
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Figure 8. Critical comparison of A F  O(n*) predicted from the 
CDCR and reptation models (daeheg curves) with the experi- 
mental @&a*) (symbols). Theformeraremagnifiedby adequate 
factoraz (=0.79,0.82,and 1.32 forp = 1-3) sothatz,AFpo coincide 
with A$ at n* = 0 and N .  

For the local correlation function C(n,t;m) of mono- 
disperse PI chains composed of N entanglement segments, 
the CDCR model leads to a time evolution equation14J5 

a 1 - C(n,t;m) = a[N/a12 a2 C(n,t;m) (21) 
at 71 an2 

Here, 71’ = [ + rc~-l]-l, with 7rep (aM) and TCR ( E M )  
being the pure reptation and CR times, respectively. (This 
r 1 O  is roughly proportional for intermediately large 
N.) With the boundary and normalization conditions, eqs 
8 and 9, the p th  eigenfunctions and eigenvalues associated 
with eq 21 are given by 

(22) 

Using these fpo(n) and rpo, we can calculate c”(w;n*) for 
the PI  chain with dipole inversion at  the n*th segment. 
Note that the time evolution equation is given by eq 21 
also for the pure reptation mode1.6t21 Thus, despite the 
difference of q0 for the CDCR and reptation models (71’ 

= ?rep a N3 for the latter), the results explained below are 
applicable also to the reptation model. 

From eqs 10, 12, 13, and 22, we first find a relation 

t”(o;N/2) = - = ~“(w/4;0) (23) 

Namely, the model predicts that the e”(w;O) curve for 1-1 
49-0 is superposed on the c”(w;N/2) curve for 1-1 24-24 if 
the former is shifted along the w axis by a factor AM = 4. 
This is in close agreement with the experimental result 
shown in Figure 5. For further examination of the model, 
Figure 9 shows the e’’ curves calculated for a series of PI  
chains having the same N but different n*. The n*lN 
ratios are the same as the MdM ratios for the actual PI  



Macromolecules, Vol. 26, No. 19, 1993 Slow Dielectric Relaxation of Entangled Linear cis-PI 5081 

-1 
I I I I 

CDCR and reptation models 

2: 0.109 
3: 0.213 

6:  0.396 

2 3 4 5 6 

I I I I 

log( w/s-’) 

-3 
1 

Figure 9. c” curves for the dipole-inverted PI chains calculated from the CDCR and reptation models. The longest relaxation time 
T~ and relaxation intensity Ac were adequately chosen in the calculation so that the height and location of the crr peak were the same 
for the calculated and observed c” curves for the 1-1 49-0 chain (cf. Figure 4). The numbers attached to the curves correspond to those 
in Figure 4. 
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Figure 10. Decay of autocorrelation functions, = (Rlz- 
(t).Rlz(O))/( R1z2), for the three subchains as indicated. These 
subchains have almost the same length nz-nl but different 
locations (nl /N,  ndN). The symbols indicate evaluated 
from AFp(n*) and T~ (p = 1-3) for the PI chains, and the solid 
curves, predictions of the CDCR and reptation models. 

eigenfunction equation is formally identical to the Schrij- 
dinger equation with a potential term U(n),  

dn2 
and [fp(n)12 is analogous to the probability density. Thus, 
f p  and f p o  ( = f p  for U = 0) normalized by eq 9 would satisfy 
a relation, Vp(n)l < Vpo(n)l for n* = 0, N, as noted in Figure 
7 forfp(n) = [ N / d 2 1  [d~W,(n)/dnl (in particular for those 
with p = 1 and 2 ) .  (A similar argument may be made also 
for U(n) that works as a differential operator.) 

The above argument suggests a possible direction for 
refinement of the CDCR model or even gives a clue for the 
formulation of an entirely new model. However, a 
molecular motion inducing the extra relaxation is not yet 

specified. Analyses for the experimental fp(n) and rp up 
to sufficiently large p may provide a clue to find the features 
of this motion. On the other hand, some candidates for 
that motion may be found in molecular models: For 
example, contour length fluctuatione may induce a sig- 
nificant relaxation at  the chain ends. However, to our 
knowledge the eigenfunctions for this mechanism have 
not been explicitly obtained, and a critical comparison 
with f p  cannot be made at  this moment. These problems 
require further work both experimentally and theoretically. 

VI. Concluding Remarks 
The dielectric study on the dipole-inverted PI chains 

has provided us entirely new information for some details 
of eigenfunctions fp (n )  for the local correlation functions 
C(n,t;m). Differing from the prediction of the CDCR (as 
well as reptation) model, the experimentally obtainedfp(n) 
@ = 1-3) have nonsinusoidal n dependence. This de- 
pendence appears to be related to an extra relaxation 
mechanism (other than reptation and Rouse-type CR) that 
has a significant effect a t  the chain ends. 

In addition to the new information, the importance of 
the present work is also found in its idea of the experi- 
mental determination of the eigenfunctions. This idea is 
not limited to dielectric relaxation but applies to any 
relaxation process, for example, to a dichroism relaxation 
process of partly deuterated chains that can provide 
information for a segmental orientation tensor S(n, t )  = 
(u(n,t) u(n,t)). Thus, the idea of the present work would 
be useful for combining the detailed information for various 
kinds of local relaxation functions (e.g., C(n,t;m) and 
S(n, t ) )  to constract a unified molecular picture, as is 
extremely important for the deeper understanding of 
polymer dynamics. 

Appendix A. Eigenfunction Expansion of 
C h t ”  

As a quantity that describes the fundamental features 
of the dielectric relaxation of type-A PI  chains, a local 
correlation function is defined by 

C(n,t;m) = (l/u2) (u(n,t).u(m,O) ) (AI) 
with u(n,t) being a bond vector for the nth segment a t  
time t and u2 = ( u2). At short time scales, the relaxation 
spectrum might be continuous and an eigenfunction 
expansion of C(n,t;m) might contain some ambiguities. 
However, this is not the case at  long time scales where the 
PI chains actually exhibit a terminal dielectric relaxation 
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we found a range of the acceptable w,values: In that range, 
a mean-square deviation of the fit, 6, was minimized and 
the gl, g2, and GJ values were insensitive to the choice of 
we The smallest value of the acceptable wc was used to 
finally determine the g1, g2, and G3 values. That wc value 
was d . 5 / ~ 2  for the 1-1 49-0 chain (n* = 01, =2/T2 for the 
1-1 24-24 chain (n* = N/2), and between 0.5/s2 and 1/72 
for the other PI chains. With the gl and g2 values 
determined for these wc, a prerequisite of the fit, e” - glDl 
-g& 0: w, was well satisfied at  low w, for some cases even 
at  w somewhat higher than wc (cf. Figure 6). This result 
suggests that the best fit was made. 

Note here that the optimum value of wc is related to the 
relaxation time 7 3  (=1.1 X 10-3 s for the best estimate; cf. 
Appendix C) and intensity g3 of the third eigenmode. For 
large g3, epzP a t  w < wc is dominated by the contribution 
from the third mode g&(w). Then, wc should be suffi- 
ciently smaller than 1/73 for a good fit with small 6 to be 
made. This was the case for the 1-1 49-0 chains: For wc 
z0.5/~2 used in the fit, D3(w) at  w < w, agreeswith its low-w 
asymptote 073 within a few percent. On the other hand, 
for smaller g3, the third mode contribution becomes less 
significant and wc can become larger, as were the cases for 
the other PI’S. In particular, for the 1-1 24-24 chains having 
g3 = 0,  we had wc =2/72 and still found the prerequisite, 
t”-gg~D2 0: w,  to be well satisfied up to w =1.3wC (cf. Figure 
6). 

that is decomposed into well-defined modes. These 
dielectric modes correspond to eigenmodes of C(n,t;m), 
justifying the eigenfunction expansion at  long time scales. 
For those cases, a time evolution of C(n,t;m) should be 
generally described by an equation of a factorized form 

(A21 
a - C(n,t;m) = L(n) C(n,t;m) 
at 

whereL(n) represents an operator with respect ton. (Note 
in eq A1 that u(m,O) does not change with time; thereby 
no operation with respect tom is involved in eq A2.) Details 
of the global chain motion can be found from a functional 
form of the operator L(n) or, equivalently, from the form 
of the eigenfunctions hp(n) (p = 1, 2, ...) associated with 
L(n). This indicates the importance of the dielectric work 
on the dipole-inverted PI  chains that determines hp(n). 

Using h,(n) and corresponding eigenvalues 1/7p that 
are determined by 

(A3) L(n) hp(n) = - ( l / ~ ~ )  h,(n) (p = 1,2, ..., N) 
we can generally solve eq A2 as 

2 N  

Np=1 
C(n,t;m) = - zh , (n)  A,(m) exp(-t/T,) (t > 0)  (A4) 

Here, the factor (2/N)Ap(m) represents the amplitude 
factor for the pth eigenfunction at  t = 0. At equilibrium, 
an origin of time (t = 0) can be arbitrarily chosen and an 
orientation correlation of the bond vectors should be 
symmetrical with respect to time. This argument leads 
to a relation 

(u(n,t).u(m,O)) = (u(n,O)-u(m,-t)) = 

From eqs Al, A4, and A5, we find 
(u(n,O)-u(m,t)) for any t, n, m (A5) 

Ap(m) h,(n) = Ap(n) hp(m) for any n, m (A6) 
and thus 

Ap(n) = aph,(n) (A7) 
Here, a, is a numerical constant. Using normalized 
eigenfunctions f p ( n )  = ~ ~ ~ l / ~ h , ( n )  in eqs A4 and A7, we 
finally find an expression for C(n,t;m) on the basis of the 
eigenfunction expansion, 

Appendix B. Determination of g1 and g2 
At w below a characteristic wc, the contribution to e” 

form all higher pth modes with p 1 3, E >3”, is practically 
identical to ita low-w asymptote, G3w = [ f & ? , ~ , ] w .  Then, 
eq 10 becomes 

d’(w;n*) = g,(n*) Dl(w) + gz(n*) D2(w) + G3(n*) w (Bl) 
with Dk(w) = W T k / ( l  + W27k2)  being a single-relaxation 
function for the ltth mode. Using eq B1, we made a 
standard linear least-squares fit: Minimizing a sum C[e” 
- glD1- gZD2 - G ~ w I ~ / E ” ~  taken in the range of w < wc, we 
obtained a set of linear equations that determined gl, gz, 
and G3. 

For the best fit to be made, the upper limit of the fitting 
range, wc, should be small enough so that eq B1 is valid. 
At  the same time, wc should be large enough so that we can 
involve enough data points in the fit. Thus, we varied wc 
around its first estimate 1/72 (=478 s-l; cf. eq 16) and 
examined a quality of the fit. For respective PI samples, 

Appendix C. Estimation of TQ for  the Third 
Eigenmode 

For the 1-1 49-0 chain without dipole inversion, only 
odd eigenmodes contribute to e”. Thus, a t  low w where 
the contribution from all higher p th  modes with p 1 5 is 
practically identical to its low-w asymptote, G 6 W  = 
[ C p 2 g g p ~ p ] w ,  we may rewrite eq 10 as 

(C1) 
For convenience for the estimation of 73, this equation is 
further modified as 

(C2) 

e’’ = glDl(w) + g3D3(w) + G 6 W  

6” = w3[e” - g,D1(w) - c3wl-1 = -x - w2Y 
with 

and 

Since 71 was experimentally determined (eq 16) and gl 
and G3 were evaluated from the least-squares fit with eq 
18 (cf. Figure 61, we made a standard linear least-squares 
fit for the quantities 6” calculated from the e” data: 
Minimizing a sum c[6” + X + w2Y12/8”2 taken for the 
data in a given range of w, we obtained a set of linear 
equations for X and Y that determined 7 3  = ( Y / X ) V .  

Equation C1 should be valid in a w range with ita upper 
limit 0: being located in the vicinity of 1/79. Thus, for the 
fit, we first need to know an approximate value for 73. For 
this purpose, we used 7 3 O  = rL/9 (predicted from the CDCR 
and reptation models) as a first estimate. As in Appendix 
B, we varied w: around 1/~3O, examined a mean-square 
deviation of the fit, and obtained 73 = 1.1 X 10-3 s as the 
best estimate. 
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