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ABSTRACT: Dielectric spectroscopy from 107" to 10° Hz was used to investigate bulk amorphous cis-
polyisoprenes with different molecular weights having narrow molecular weight distributions. A molecular
weight dependent normal-mode relaxation process due to reorientation of the end-to-end vector as well as
a molecular weight independent segmental-mode process caused by local chain motions were observed.
The relaxation time for the normal-mode process exhibits a molecular weight dependence that can be
described below a critical molecular weight, M, (=10%), according to the Rouse theory; but above M, the
relaxation time follows the 3.7 power of M, which is explicable with the reptation theory. Both processes
were analyzed in terms of dipole—dipole correlation functions and reveal a Kohlrausch-Williams-Watts
(KWW) type of relaxation behavior. The nonexponential decay is explained with the cooperative nature
of motions in the bulk amorphous state. The stretched exponential Sxww for the normal-mode process
depends on the chain length whereas it remains constant for the segmental process. The results are in
agreement with new theoretical and computational approaches.

I. Introduction

It is well established™? that most dipolar amorphous
polymers give rise of multiple dielectric relaxation pro-
cesses. Among them, the well-known « and § processes
are often found. Their frequency-temperature loca-
tions are essentially independent of molecular weight.®

From a variety of macromolecules only a few reveal a
low-frequency relaxation, which is strongly dependent on
molecular weight.* The first dielectric investigation in
the bulk amorphous state for poly(propylene oxide), which
contains both a “fast” « process and a “slow” molecular
weight dependent process, was carried out by Baur and

0024-9297/90/2223-0829$02.50/0

Stockmayer.>® The latter process was interpreted with
the Rouse-Zimm theory for unentangled polymer
chains.”® For the entangled state of poly(propylene oxide),
the experimental results of Beevers et al.? were com-
pared with the predictions of the models for reptational
motions of chains, as proposed by de Gennes!® and Doi
and Edwards.)! Adachi and Kotaka'?*'® studied cis-
polyisoprene in its undiluted state and observed two relax-
ation regions, as in the case for poly(propylene oxide).
Because of the asymmetry in the chemical structure of
cis-polyisoprene, the polymer has components of the dipole
moment both parallel and perpendicular to the chain con-
tour (Figure 1). Therefore, cis-polyisoprene exhibits a

© 1990 American Chemical Society



830 Boese and Kremer

H - H
CH | P R
(': _ ! M \\
/‘C% & ﬁ" \CH?
/
/
H C C
CH, H

Figure 1. Chemical structure and dipole moments of the mono-
mer unit of cis-polyisoprene.

dielectric normal-mode process caused by the parallel
dipole moment as well as an o segmental-model process,
which has its origin in local motions of the perpendicu-
lar dipole moment. For samples with molecular weights
below the critical molecular weight, M, (=10%), the relax-
ation time for the normal mode process was found to be
proportlonal to M2 in agreement with the Rouse
theory,” and above M it followed the 3.7 power of M,
which has been explamed semiquantitatively by the tube
theory.!® Linear flexible polymers having moments aligned
in the direction parallel to the chain contour show a dielec-
tric relaxation due to reorientation of the end-to-end vec-
tor », which gives rise for a dipole correlation function
as proposed earlier by Stockmayer.>!7'® For dipole
moments perpendicular to the chain contour, Williams
et al.'® 2! introduced molecular correlation functions,
describing the time-dependent dipole moment correla-
tions along a chain.

In this paper the dielectric properties of bulk cis-
polyisoprene, having narrow molecular weight distribu-
tion, were reexamined, and its molecular dynamics were
analyzed in terms of correlation functions comprising both
the normal- and the segmental-mode relaxation. The
results are compared with new theoretical and computa-
tional approaches.

II. Theory

The complex dielectric permittivity e*(w) = €(w) -
ie”(w) of a macroscopic system is given by the one-sided
Fourier or pure imaginary Laplace transform of the time
derivative of the normalized response function, ®(t), for
the dielectric polarization of the system®2*

*w) ~ € _ [ d<I>(t)]
py—y f exp[-iwt] 1)
where ¢,, and ¢,, are the limiting low- and high-frequency
permittivities, respectively. The response function ®(t)
can be decomposed into contributions of dipole moment
components parallel, 4", and perpendicular, u+, to the
chain contour (ref 15, Appendix). The parallel compo-
nents correspond to the end-to-end vector motion
2y (0) py(t)) = u®(r,(0) x,(t)). Thus $(t) is writ-
ten as

BAEAO) B8 + DD () ™ (6))
(1) = L @)
WHEL0) 10)) + DD (1 (0) iy (0))
J [}

where u is the constant having the meaning of the par-
allel dipole moment per unit contour length and (r;(0)
r;(t)) is the end-to-end vector autocorrelation function
for the chain i at time ¢. The second term of eq 2 is
simply reduced to the autocorrelation function of the per-
pendicular dipole moment component representing seg-
mental motions. For detailed analysis the reader is referred
to Williams et al.242%
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Since the relaxation times for the two components of
®(t) are well separated in time domain, the individual
autocorrelation functions are accessible and can be
calculated.’® For nonentangled pol ers, (r;(0) r,{¢)) is
given by the Rouse-Zimm theory.”® Accordmg to the
free- dramlng model proposed by Rouse,” the correlation
function is given by

(r(0) ¥(t))/(xh) = 8/79)D_(1/p) exp(-t/7,) (3)
(N
371'2kBTp

where 7, is the relaxation time for the pth normal mode,
¢ the friction coefficient per monomer unit, and N the
number of chain segments with bond length b. Since N
is proportional to the molecular weight M the Rouse the-
ory predicts for the longest relaxation time r; «

For entangled polymer systems the tube model derived
by de Gennes'® predicts that the correlation function for
the end-to-end vector is given by the same form as eq 3.
The maximum relaxation time r4 for the tube disengage-
ment process or reptation process is different from 7, in
the Rouse theory. The ratio between r4 and r, is writ-
ten as

p=13,5,.. 4

7q4/71=3L/b (5)

where L is the contour length of the primitive chain. This
model predicted the M®° dependence of 7,.

Experiments on high molecular melts are in qualita-
tive agreement with the predictions of the reptation the-
ory but yield a slightly higher exponent of 3.4, e.g., for
the zero shear viscosity, which is proportional to 74, Con-
sequently, the validity of the concept has been ques-
tioned, and several new theoretical and computational

approaches to polymer dynamics have been developed.?-%°

Among them, the computer simulation of Pakula and
Geyler,3132 mvolvmg cooperative motions in condensed
polymer systems, is in agreement with the predictions of
Rouse and reptation for the center-of-mass motion but
reveals nonexponential correlation functions, which are
of interest for the further analysis.

It is beyond the scope of this present paper to discuss
in detail the various models describing the molecular
dynamics of segmental relaxation modes. Most such stud-
ies proceed by evaluating the autocorrelation function of
the second term in eq 2. Following the approach of Cook
et al.,?° who do not consider the detailed mechanical
motions of chains, no specific model for chain dynamics
or structural relaxation has been preferred. For details
the reader is referred to selected papers and re-
views, 32433

III. Experimental Section

Linear cis-polyisoprene were prepared by anionic polymer-
ization in hexane at 303 K with sec-butyllithium as initiator to
produce linear polymers with narrow molecular weight distri-
bution. Weight-average molecular weights, M, were deter-
mined by low-angle light scattering and osmometry, respec-
tively. Gel permeation chromatography (GPC) was employed
to determine the molecular weight distribution, M,/M_. The
microstructure of cis-polyisoprene was analyzed using °C
NMR.** The glass transition temperature, T,, was determined
from DSC at a heating rate of 20 K/min. Thé results are listed
in Table L

The dielectric measurements covered the frequency range from
1071 to 10° Hz. Three different measurement systems were used:
(1) A Solartron—Schlumberger frequency response analyzer FRA
1254, which was supplemented by using a high-impedance pream-
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Table I
Characteristics of the cis-Polyisoprene Samples

microstructure, % of units

code 10°M,, M, /M, T, K cis-1,4 trans-1,4 vinyl-3,4
PIP-01 1.1 200.0 74.6 184 7.0
PIP-05 5.1 1.03 207.1 78.8 17.9 3.3
PIP-08 84 1.03 211.2 78.8 17.9 5.0
PIP-12 11.7 1.03 211.2 78.2 17.9 39
PIP-13 13.5 1.03 211.56 779 18.1 4.0
PIP-14 14.2 1.03 213.4 79.1 15.2 5.7
PIP-17 17.2 1.02 213.1 76.4 17.8 5.8
PIP-38 38.2 1.03 213.1 78.6 16.7 4.7
PIP-65 65.0 1.03 213.2 78.5 16.7 4.8
PIP-97 97.0 1.02 213.2 75.7 18.1 6.2
PIP-130 130.0 1.05 213.0 774 18.1 4.5
NORMAL MODE 0.04 100 Hz 1
. I (' RIC :J
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Figure 2. 3D representation of the frequency and tempera-
ture dependence of the dielectric loss, ¢”, for cis-polyisoprene
PIP-12.

plifier of variable gain, covered the frequency range from 10™*
to 6 X 10* Hz. (2) In the audio frequency range (10-107 Hz) a
Hewlett-Packard impedance analyzer 4192A was used. For both
parts the sample material was kept between two condenser plates
(gold-plated stainless steel electrodes; diameter 40 mm) with a
separation of 150 um, which was maintained by three fused sil-
ica pieces (area ~2 mm?). (3) For the measurements between
108 and 10° Hz a Hewlett-Packard impedance analyzer 4191A
was employed, which is based on the principle of a reflectome-
ter. The sample was kept between two gold-plated stainless
steel electrodes (diameter 6 mm) with a spacing of 50 £ 1 ym
maintained by two fused silica fibers. The whole setup was
mounted as a part of the inner conductor of the coaxial cell. All
three arrangements were placed in custom-made cryostats, which
allowed us to adjust the sample temperature between 100 and
500 K by use of a temperature-controlled nitrogen gas jet (sta-
bility £0.02 K). For further details see ref 36.

IV. Results and Discussion

A. Dielectric Relaxation of Bulk Amorphous cis-
Polyisoprene. The temperature and frequency depen-
dence of the dielectric loss ¢/(v) for undiluted PIP-12.
Figure 2 shows a low-temperature process around 220 K
just above the glass transition temperature (211 K) and
hence assigned to the segmental-mode process. It origi-
nates from local motions of the perpendicular dipole
moment. The positions of the loss maxima arising from
segmental motions are almost independent of molecular
weight (Figure 3). In contrast, the relaxation process above
250 K exhibits a pronounced dependence on molecular
weight; it shifts to higher temperatures with increasing

TEMPERATURE [K]

Figure 3. Temperature dependence of the dielectric loss, ¢”,
at 100 Hz for cis-polyisoprene with different molecular weights
(see Table I): *, PIP-12; @, PIP-17; ¢, PIP-38; X, PIP-65; v,
PIP-97.

molecular weight (Figure 3). This is characteristic for a
normal-mode process, which corresponds to motions of
the entire chain caused by dipole components parallel to
the backbone.!?4

In a region T, + 10 K < T < T, + 100 K the applica-
bility of the Williams-Landel-Ferry (WLF) equation®
to describe the temperature dependence of the dynamic
response of a system is generally accepted.® The tem-
perature dependence of the relaxation rate »,,, at max-
imum €”,,,(v) is expressed by

Vmax _ C1(T'— Tp)
V_O- C2+ T_To

where T, is a reference temperature, v, is its correspond-
ing relaxation rate, and C,; and C, are fitting parame-
ters. The values of these parameters are calculated via
nonlinear least-squares fit with T, = 250 K for the seg-
mental-mode process and T, = 300 K for the normal-
mode process, respectively. The results are listed in Table
II and plotted in Figure 4a,b. To compare the obtained
fit parameters with the values of Adachi and Kotaka'3
who use the Vogel-Fulcher-Tamman (VFT) equation®®*!

log vpey = A-B/(T-T.) (M

(where A, B, and T'_ are parameters), the activation param-
eters B = C,C, and T, = T, - C,>® have been calculated;
they are in agreement for selected samples (Table III).
As presented in Table II and plotted in Figure 4a,b, the
relaxation rates for the segmental process and hence the
activation parameters are almost independent of molec-
ular weight except for very low molecular weights. In
contrast, the relaxation rate for the normal mode shows
a strong dependence on the molecular weight and dem-
onstrates a weaker temperature dependence.

B. Distribution of Relaxation Times for the Seg-
mental- and Normal-Mode Process. For samples hav-

log (6)
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Figure 4. (a) Activation plot for the segmental mode and the
normal mode of cis-polyisoprene samples with molecular weights
of M, < M_ A, PIP-05; m, PIP-08; *, PIP-12. The solid lines
represent the WLF fit with the fit parameters given in Table
II. (b) Activation plot for the segmental mode and the normal
mode of cis-polyisoprene samples with molecular weights of
M, > M_ * PIP-12; @, PIP-17; &, PIP-38; X, PIP-65; v, PIP-
97. The solid lines represent the WLF fit with the fit param-
eters given in Table [L

o
1

0.041 SEGMENTAL MODE

DIELECTRIC LOSS ¢~
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Figure 5. Fit of ¢’ for the segmental-mode process of PIP-17
using the Havriliak-Negami equation (eq 8). Experimental data
are given for T = 222.3 K (@) and for T = 229.5 K (0). The
dotted curve represents the conductivity contribution accord-
ing to eq 9 and the dashed curve the relaxation contribution to
¢’, The fit parameters are shown in Table IV.
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Table 11
WLF Parameters C,, C,, and v, Determined by Equation 6
for the Segmental- and Normal-Mode Processes

segmental mode, normal mode,

T, = 250 K T, = 300 K
code C, C,K 10%,Hz C, C,K vy, Hz
PIP-01 40 1516 2.0x10°
PIP-05 5.7 80.0 1.2 40 1339 3.1x10*
PIP-08 5.7 70.0 2.1 43 1862 T74x10°
PIP-12 5.8 76.0 2.5 42 1323 20x10°
PIP-13 5.8 74.3 2.2 42 1288 13x10°
PIP-14 6.0 69.7 1.5 44 1305 8.1 x10%
PIP-17 6.1 70.9 1.4 44 1295 3.9 x10?
PIP-38 6.0 71.2 1.6 42 1199 22x10!
PIP-65 6.1 73.4 1.7 3.6 975 3.1
PIP-97 6.1 70.9 14 0.9 579 0.02
PIP-130 6.1 72.5 1.6
Table III

VFT Parameters Calculated According to Reference 38 for
the Segmental- and Normal-Mode Processes?®

segmental mode normal mode
code B, K T.. K B, K T., K

PIP-05 456.0 (422,5) 170.0 (173.8) 535.6 (5630.2) 166.1 (168.4)
PIP-12 440.8 (413.0) 174.0 (174.6) 547.2 (510.2) 169.7 (169.5)
PIP-38 427.2 (438.3) 178.8 (175.9) 503.6 (495.0) 180.1 (175.9)

%The values in parentheses are drawn from Adachi and
Kotaka®® for samples having similar molecular weight: M,, = 5000,
M, =11 000, and M, = 42 000, respectively.

NORMAL MODE

DIELECTRIC LOSS €7

0
LOG (FREQUENCY [Hz])

Figure 6. Fit of ¢’ for the normal-mode process of PIP-17 using
the Cole-Davidson approach?® for T = 263.9 K (@) and T =
297.8 K (0). The dotted curve represents the conductivity con-
tribution according to eq 9 and the dashed curve the relaxation
contribution of ¢’. The fit parameters are listed in Table IV.

ing molecular weights M_, = 8000, it is possible to ana-
lyze the two relaxation processes individually. For this
reason the loss curves are resolved into the contribu-
tions of the normal- and segmental-mode process arising
from their different temperature dependence (Figures 5
and 6).

Since the loss curves were broad and asymmetric, the
Havriliak—-Negami (HN) function was used to fit the
data42,43

A
-
(1 + (leHN)a)‘Y

where ¢, is the limiting low-frequency permittivity and
Aegn = €, — €. denotes the relaxation strength. « is a
parameter characterizing a symmetrical broadening of dis-
tribution of relaxation times, and v characterizes an asym-
metrical broadening (0 < «, ¥ < 1). This function is a
generalization of the well-known Cole—Cole (CC) and Cole-
Davidson (CD) descriptions,*#45

(8)

*(w) = €



Macromolecules, Vol. 23, No. 3, 1990

Molecular Dynamics in Bulk cis-Polyisoprene 833

Table IV
Parameters of the HN Equation for the Segmental- and Normal-Mode Processes for PIP-17*
T, K Aeyn a ¥ TNy 8 60, §} Cm s
Segmental Mode

222.3 0.117 0.70 0.50 2.2 X 1072 2.8 X 10711 1.0
224.3 0.115 0.68 0.51 8.7 X 1078 3.5x 10711 1.0
226.4 0.114 0.65 0.55 3.0x 1078 42 x 1071 1.0
229.5 0.111 0.65 0.56 8.8 X 10™* 6.5 x 107! 0.7
240.4 0.097 0.64 0.59 2.2 X 1078

244.4 0.097 0.64 0.68 8.5x 107

253.9 0.091 0.62 0.66 9.0 X 1077

Normal Mode

263.9 0.127 1.0 0.38 46% 1072 34 %101t 0.9
272.5 0.118 1.0 0.40 1.2 x 1072 4,0x 1071 1.0
283.7 0.105 1.0 0.42 3.5x 1078 6.0 x 10711 1.0
297.7 0.096 1.0 0.44 9.4 x 10~ 7.0 X 10711 0.5
324.4 0.085 1.0 0.45 1.3 x 107

341.7 0.082 1.0 0.45 6.1 x10°®

359.4 0.078 1.0 0.44 3.2 %107

376.6 0.077 1.0 0.44 2.0x 107

¢ Havriliak-Negami parameters Aeyy, o, v, and 7y from the fit of eq 8 to ¢’ data. o, and s according to eq 9.

The steep rise at low frequencies (Figures 5 and 6) is
caused by frequency-dependent electrical conductivity
within the sample

)
(2mv)°

where o, and s are fitting parameters.*® o, describes the
contribution of mobile charge carriers to the dielectric
loss ¢’(w), and ¢, denotes the permittivity of free space.
Values of 0.5 < s < 1 in the exponent are found, indicat-
ing that the conductivity orginates from the hopping pro-
cess. Figures 5 and 6 show that the HN function gives a
good fit to the experimental data; the fit parameters for
one representative sample (PIP-17) are combined in Table
Iv.

e//(w) =

9)

It is seen from Table IV that the shape parameters o
and v for the segmental-mode process show systematic
deviation. With increasing temperature, o decreases
slightly whereas the v parameter rises to higher values.
This is observed for all samples under study and is in
agreement with earlier investigations.*”*® For the nor-
mal-mode process the HN function is reduced to the Cole-
Davidson function (CD) with @ = 1.0. The CD function
can be applied to all samples with M, = 8000, indicat-
ing that the normal-mode process has a narrower relax-
ation time distribution than the segmental-model pro-
cess.

C. Correlation Function for the Segmental- and
Normal-Mode Process. The application of eq 1 states
that the complex dielectric permittivity ¢*(w) = ¢'(w) -
ie”(w) is given by the one-sided Fourier transform of the
quantity [-d®(¢)/dt]. Since ¢(w) and ¢’(w) are related
to each other via a Kramers—Kronig relation, the further
evaluation concentrates only on ¢”(w) to extract (¢) from
measured quantities. This is done by a half-sided cosine
transformation:

sy =2(" ¢(w) coswt 4

w0 €€, @

(10)

In order to calculate ®(t) from eq 10 by numerical inte-
gration, the functional form of the HN description was
used to evaluate ¢’ (v) data over the entire relaxation range.
This proceeding has the advantage to calculate the cor-
relation function by an analytical and well-known equa-
tion. Furthermore, it provides the possibility of employ-
ing the HN parameters published by Adachi and
Kotaka'® and of comparing $(t) directly with our results.
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Figure 7. Normalized correlation function for the segmental
mode and normal mode of PIP-17 calculated according to eq
10 using the HN parameters are given in Table IV. The result-
ing B parameters are shown in Table V.

To the resulting correlation functions (Figure 7), the
empirical relation as given by the Kohlrausch-Williams—
Watts (KWW) function

(1) =exp[—($)”] 0<g<1 (11

is fitted. The 8 parameter describes the nonexponential
chracter of the correlation function and rxww is the time
at which ®(¢) falls to its 1/e point.!®2

From the determined parameters the mean relaxation
time can be obtained via

(trww) = (rgww/B8)T(1/8) (12)



834 Boese and Kremer

Table V
KWW Parameters for Both Segmental- and Normal-Mode
Processes of the Representative PIP-174

Macromolecules, Vol. 23, No. 3, 1990

Table VI
KWW Parameters for the Normal-Mode Process at
T =322 + 3 K for Various Samples

T,K 8 TRWW: S (Tkww)» 8 (1), 8 code T, K 8 TRWW» S {Tkww)s 8 (1), 8
Segmental Mode PIP-08 3244 065 3.0x10°% 41x10°% 39%x10°®
222.3 0.40 7.1 %1073 1.6 X 1072 84x10°2 PIP-12 3248 063 1.1Xx10° 1.5 % 107 1.6 X 1078
224.3 0.40 2.8 X 1078 8.2 x 108 3.3x 1072 PIP-13 3199 0.61 19%x10°% 28x10° 28x%x107°
226.4 0.39 1.1 % 1078 2.5 X 1078 1.2x 1072 PIP-14 3203 061 34x10% 50x10°% 53x%x10°
229.5 0.39 3.5 X 10™ 8.0 X 10™ 4.1%x10™* PIP-17 3244 0.61 45x10° 66%X10° 64x%x10°
240.4 0.39 9.2 X 107 2.1 X% 107® 1.4 X 1078 PIP-38 3244 0.54 7.5%x10™* 1.3x 1078 1.3x 1072
244.4 0.39 3.5%10°® 8.0 x 1078 3.2x10°® PIP-65 3238 0.54 6.0x10°8 1.0x 1072 1.0 X 1072
253.9 0.39 48 X 1077 1.1 x 1078 41x 107 PIP-97 325.1 0.52 2.0 X 1072 3.7 X 1072 3.9 %1072
Normal Mode 2 - For the further analysis only those values are discussed
263.9 0.54 1.3X10 23X 10 2.0X%x 10 . .
279.5 0.56 35 X 10-2 5.8 X 10-2 5.5 X 10-3 where 3 is nearly independent of temperature and where
283.7 0.58 11X 103 1.7 X 1072 1.7 % 1072 the relaxation process is far from the glass transition region.
297.7 0.61 3.2 X 107 4.7 X 10 4.6 X 107 With a view to compare our results with the Adachi and
324.4 0.61 4.5 X 107 6.6 X 10°° 6.4 X 107 Kotaka values, measurements at 320 + 4 K are evalu-
3417 0.61 21107 3.1x107 33X 107 ated (Table VI). As expected® the response function and
g?g:é 8:2(1) éé : }8‘6 i:g i %8_6 ;g : }g_e consequently the 3 values exhibit a molecular weight

¢ B and rxww parameters from the fit of ¢(¢) from eq 10 to KWW
representation of eq 11. {(7xww) is according to eq 12 and (r) is
obtained from () = (2wv,)"

where I' denotes the T' function.’® The results for the
representative PIP-17 are listed in Table V.

Segmental Dipole-Dipole Correlation Function.
The § parameter for the segmental process is found to
be constant over the entire temperature range. This holds
for all samples with 8000 £ M,, < 97 000 and reveals a
mean 3 value of 0.40 £ 0.02 whereas the « and v values
from the HN equation (Table IV) show a systematic tem-
perature deviation. This is in close agreement with the
results discussed in a previous paper;*®*® the fit quality
of the HN and KWW representation was found to be
comparable.®® The related KWW parameters at 273 K
for samples used by Adachi and Kotaka yield:

code g8 1037k wws S
PI-05 0.39 1.3
PI-14 0.39 1.8
PI-32 0.39 2.0
PI-53 0.39 1.6

These values are obtained from the HN parameters in
Table III of ref 16. The mean 8 value is in agreement
within its error bars with our results (Table V).

The nonexponential decay of the correlation function
for the segmental-mode process has been explained with
the cooperative nature of motions in the amorphous rub-
bery state.?’ Skinner®"52 has worked out a kinetic Ising
model of “spin” flips resulting in a diffusionlike motion
of defects. These produce a correlation function of the
KWW form with 5Kvggv in the range of 0.74-0.50. Fre-
drickson and Brawer®® developed a kinetic Ising model
with single-spin-flip dynamics and highly cooperative flip
rates. Their approach leads to a non-Arrhenius temper-
ature dependence of the mean relaxation time as well as
a nonexponential decay of correlation functions. It was
shown that the time correlation functions can be accu-
rately fit to the KWW expression. As noted in the the-
oretical part and briefly summarized above, quite differ-
ent models may lead to correlation functions of the KWW
type. But in each case the function results from the coop-
erative nature of the developed model.

End-to-End Vector Correlation Function. Asseen
in Table V the 8 value for the normal-mode process
decreases with decreasing temperature. This behavior
is observed for molecular weights between 8000 and 97 000.

dependence. With increasing molecular weight the 3
parameter decreases slightly. A similar dependence was
observed by Adachi and Kotaka'* where they evaluated
Cole-Davidson distribution parameters from master plots
with a reference temperature of 320 K. The Cole-Dav-
idson parameters for bulk cis-polyisoprene with M, =
102 000, M, = 42 000, and M, = 11 000 are determined
to be 0.22, 0.25, and 0.40, respectively. The conversion
into the KWW @ value using the Lindsey-Patterson
equation® yields 0.36, 0.38, and 0.53, respectively. These
values are much smaller than those listed in Table VI
due to broad molecular weight distribution M,/ M, rang-
ing from 1.17 to 1.34. The decrease in v with increasing
molecular weight was closely related to the “entangle-
ment effect”.!® An interesting approach we used to explain
our experimental data has been developed by Pakula and
Geyler®** who carried out computer simulations for coop-
erative relaxations in condensed macromolecular sys-
tems. The conformational relaxation in a system of lin-
ear chains is characterized by the end-to-end vector auto-
correlation function which follows the stretched exponential
or KWW form. The model takes into consideration a
large variety of cooperative rearrangements as well as a
large variety of local structural situations. This results
in a broad spectrum of relaxation times and conse-
quently leads to the nonexponential decay of the end-to-
end vector autocorrelation function. When our results
are compared with those from the simulation,?' the char-
acteristic ratio C,, = 5.1 for cis-polyisoprene with about
70% cis-1,4, 23% trans-1,4, and 7% 3,4 units was used.?®
The predicted 8 values are

M, = 7400 — 8 = 0.68
M, = 141700 — 8 = 0.62
M, = 29600 — 8 = 0.57

The parameters are in good agreement with the experi-
mental results (Table VI). The nonexponential decay of
the end-to-end vector autocorrelation function that is
observed experimentally and found in the computer sim-
ulations of Pakula and Geyler reflects mode-mode inter-
actions due to intermolecular restraints of closed-
packed chains. The close packing restricts motion of any
element in the system until some other elements move
with these elements cooperatively. Elementary cooper-
ative motions are possible only along some structurally
acceptable paths. This involves a strong hierarchy in
degrees of freedom and makes fast and slow motions inter-
dependent and dependent on the conformational state
of the system.®?
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Figure 8. Dependence of the mean dielectric relaxation time,
(1) = Qrvg)™?t , on molecular weight, M, for the normal-
mode process of cis-polyisoprene (A) at 320 IE’ data are reported
by Adachi and Kotaka (@) in ref 13.

It is remarkable that the mean relaxation times
{(Tgww ) correspond excellently to the mean relaxation
times () obtained from the trivial relation w_,. (7) =1,
which is only valid for symmetric loss curves and fails i in
the strong asymmetric limit.

D. Molecular Weight Dependence of the Normal-
Mode Relaxation Time. In Figure 8 the mean relax-
ation times for the normal-mode process are plotted against
the molecular weight, indicating the predicted crossover
from Rouse to reptation.®

The molecular weight dependence of the normal-
mode relaxation time, (7), changes at the critical molec-
ular weight M, (=10%) and is given by

(1) « M?*  for M, <M,
(1) « MA™01 for M, = M,

As reviewed in the theoretical part these molecular weight
dependences have been explained by the Rouse theory
and by the reptation theory in its recent modifications.

V. Conclusions

1. The molecular weight dependence of the dielectric
relaxation time for the normal-mode process below a crit-
ical molecular weight M, (=10*) obeys the Rouse theory
where 7 is proportional o M29. Above M, the normal-
mode relaxation time is proportional to M“’ which is
characteristic for entangled polymers. The segmental-
mode process is found to be almost independent of molec-
ular weight and hence to give similar activation param-
eters. This process is directly associated with the dynamic
glass transition of the bulk polymer.

2. The distribution parameters « and v of the Havril-
iak-Negami equation vary significantly with tempera-
ture for the segmental-mode process whereas the 8 param-
eter obtained from the Kohlrausch-Williams-Watts func-
tion remains constant over the whole temperature and
molecular weight range, respectively. For the normal-
mode process the Havriliak—-Negami equation is reduced
to the Cole-Davidson equation. The determined stretched
exponential 8 depends on chain length and is in agree-
ment with the results of computer simulation.

3. The nonexponential decay for both the segmental
dipole—dipole correlation function and the end-to-end vec-
tor correlation function is explained by a relaxation behav-
ior due to cooperative rearrangements.
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