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ABSTRACT: Broadband dielectric spectroscopy (10-2-10¢ Hz) is employed to study the relation between
«a relaxation and normal mode process for oligomeric polyisoprene samples of different molecular weights.
It is shown that o relaxation and normal mode process merge above the Vogel temperature of the « relaxation.
This means that the Rouse model is not applicable to the normal mode relaxation near the glass transition.
Further, this result is discussed from a microscopic point of view in terms of the different temperature
dependences of the two relevant length scales, the correlation length for the « relaxation £ and the end-to-end
vector of the polymer chain. A quantitative evaluation gives more evidence that there exists a characteristic
length scale for the o relaxation which is in the order of magnitude of 2-3 nm at the glass transition temperature.

I. Introduction

Relaxations in polymers are controlled by very different
length scales ranging from local to very cooperative
motions. The segmental motion responsible for the o
relaxation is regarded as local and should cover only a few
repeating units. On the other hand, the so-called normal
mode process (n relaxation), related to the fluctuation of
the end-to-end vector, is highly cooperative and involves
the whole polymer chain. Ashas been well established for
low molecular weight (unentangled) polymers at high
temperatures compared to their glass transition temper-
ature T, the normal modes of chains and their viscoelastic!
and dielectric?-10 properties, with respect to their depen-
dence on molecular weight, are in good agreement with
the modified Rouse model for undiluted polymers.l! This
theory predicts for the time dependence of the mean end-
to-end vector

(rOr®))/(r) = &/7))_(1/p" exp(-t/r) (D)

1, = {N*b%/3n°k Tp? p=135. (2
where 7, is the relaxation time for the pth normal mode,
N is the number of chain segments with bond length b,
and { is the monomeric friction coefficient.

Most dielectric measurements on so-called type A
polymers* having a dipole component parallel to the chain
contour show that the temperature dependence of a
characteristic relaxation time 7, for the normal mode
process obeys the Vogel/Fulcher/Tammann/Hesse (VFTH)
equation!2-14

A
log 7, =log 7., + 77— 3)
On

where 7., and A, are constants and T, is the so-called
Vogel temperature. This temperature dependence is
rationalized by introducing a temperature-dependent
monomeric friction coefficient ¢(7). From a molecular
point of view {(T’) should be controlled by the segmental
motion, and because (as is well-known) the temperature
dependence of the relaxation time of the « relaxation 7,
also obeys the VFTH equation,'?-14 both processes should
have the same monomeric friction coefficient, with Ty, =
To.0e

The relation between normal mode and a relaxations
has been previously studied by several authors,2-815-17
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providing experimental evidencei®1? that normal mode
and « relaxations merge at a significantly higher tem-
perature than Ty ,. Also, from a theoretical point of view,
the coupling model introduced by Ngai predicts a break-
down of the Rouse model in the vicinity of the glass
transition.181® Recent broadband dielectric experi-
ments2%2! on a series of oligomeric poly(propylene oxide)s
(PPO) also deliver a much stronger temperature depen-
dence of 7, than that of 1, as the temperature approaches
T,. But because the PPO samples show an anomaly with
respect to their glass transition temperature,? it is not
clear from these experiments whether this behavior is
general or not.

Because the Rouse model is fundamental in polymer
physics, it seems important to clarify the relation between
normal mode and a relaxations on another polymer system.
Inthe present paper dielectric measurements on oligomeric
polyisoprene (PI) samples having an in-chain dipole
moment®? are carried out. The relaxation of the end-to-
end vector therefore shows up in the spectrum of the
dielectric permittivity as a discernible relaxation mode.
These experiments show the same behavior as observed
for the PPO system, a much stronger temperature de-
pendence of 7, than that of 7, in the vicinity of T,. This
behavior is discussed by assuming that the characteristic
length connected with the a relaxation shows a stronger
temperature dependence than the end-to-end vector of
the polymer chain. Also, a new approach estimating the
length scale of the « relaxation at T, is presented. The
obtained values are of the order of magnitude predicted
by the fluctuation approach to the glass transition.22-2¢

II. Experimental Section

Four oligomeric poly(cis-1,4-)isoprene samples were measured
with different molecular weights from 1000 to 8000, purchased
from Polymeric Standard Service Mainz, Germany. The sample
characteristics are summarized in Table I. For dielectric
measurements the sample was kept between two gold-plated
stainless steel electrodes (diameter 20 mm) with a spacing of 50
£ 1 um maintained by fused silica fibers. The temperature of
the sample was controlled by a nitrogen gas jet heating system?
covering a broad temperature range with a resolution of +0.02
K. Todetermine the isothermal dielectric behavior, characterized
by the complex dielectric permittivity

N =€ i’ 4)

(f, frequency; ¢, real part; ¢, imaginary part; { = -1/2) in a
frequency range from 10-2 to 106 Hz, a Schlumberger frequency-
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Table 1
Molecular Characteristics of the Polyisoprene Samples
sample M, M, M/M,
Pl-1 1400 1230 1.11
Pl-4 3830 3540 1.08
PI-5 4700 4500 1.04
PI-8 8400 8160 1.03
0.04
0.03 4
. 0.024
0.01
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Figurel. ¢’ vstemperature at a frequency of 104 Hz for different
samples. (@) PI-1; (m) PI-4; (a) PI-8.

response analyzer FRA 1260 with a buffer amplifier of variable
gain was used.?® A part of this work was carried out during a
stay in the dielectric group of the Max-Planck-Institut fir
Polymerforschung at Mainz.

Figure 1 shows ¢’ vs temperature for the samples PI-1, PI-4,
and PI-8 at a frequency of 10¢* Hz. Clearly two relaxation
processes, indicated by peaks in ¢’(f), can be seen assigned to the
« relaxation (low-temperature peak) and to the normal mode
process (high-temperature peak).

For a quantitative analysis and to determine f,; (i = n, o), the
frequency of maximum loss, for each process also in the case of
strong overlapping of the « and the normal mode relaxation, an
evaluation method® based on the model function introduced by
Havriliak and Negami (HN function)?’ was applied. The HN
function reads

= _Ae
(L + Gfif)")

with the HN parameters Ae (intensity), f, (characteristic fre-
quency which is nearly equal to the peak frequency f,) and e.. =
¢(f) for f > f,. The fractional shape parameters 5 and v (0 <
8, 8*y < 1) are related® to the slopes of ¢’ for low and high
frequencies with respect to fo: m = 3 = dlog /9 log f for f «
foand n =By =-dloge”/dlogfforf> fo. The Debye limit, which
is characteristic for the motion of small isolated molecules, is
givenbym=n =1,

In the case where both relaxation peaks are covered by the
experimental frequency window, two HN functions are simul-
taneously fitted to the experimental data to determine the HN
parameters for each process. In the other cases an additional
power law Af® is added to determine the influence of neighboring
processes.? Both normal mode and « relaxations are well
described by this procedure (cf. Figure 2) where the accuracy in
the determination of the shape parameters 8 and v is £0.05 and
in fo £10%.

*() -« (5)

III. Results and Discussion

A. Shape Parameters. In agreement with the liter-
ature®10 for the shape parameters of the segmental model
mq =~ 0.6 and n, =~ 0.34 independent of the temperature
and of the molecular weight are found. In contrast to this
result, the shape parameters for the normal mode process
show a different behavior. The low-frequency parameter
my is approximately unity for all samples studied, whereas
the high-frequency parameter n, depends on molecular
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Figure 2. Decomposition of the measured ¢’-frequency depen-
dence into the « relaxation (dashed line), into the normal mode
relaxation (dashed-dotted line), and into the conductivity con-
tribution (dotted line) for PI-1 at 218 K. The solid line is the
fit-function.
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Figure 3. Molecular weight dependence of the shape parameter
n,. (M This work; (&) ref 7.

weight as shown in Figure 3. The molecular weight
dependence of n, can be well described by

n,(M,) = 1.435 - 0.249 log (M) (6)

Although the samples are relatively monodisperse (see
Table I), the absolute value of n, does not agree with the
parameters given in ref 9 but coincide very well with the
data given by Adachi and Kotaka? (cf. Figure 3) and can
be described also by eq 6.

Fromeq1m,=1andn, =0.7 independent of molecular
weight are obtained. So in general one has to state that
molecular weight dependence of n, is in contrast to the
Rouse model, as also discussed in ref 9. Recently, Pakula
and Geiler? have carried out computer simulations for
cooperative relaxation in dense macromolecular systems.
The conformational relaxation in a system of linear chains
is characterized by the end-to-end vector correlation
function which shows a strong nonexponential behavior
depending on molecular weight. The model takes into
consideration a large variety of cooperative rearrangements
as well as a large variety of local structural situations. The
close packing restricts the motion of any element in the
system until some other elements move with these elements
cooperatively. The observed experimental behavior is in
accordance with this model. In particular, the extrapo-
lation of n, to the molecular weight of the repeating unit
using eq 6, leading to n,, = 0.944 which is near the Debye
limit, delivers strong support for this simulation. These
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Figure 4. Temperature dependence of the characteristic re-
laxation frequencies. Open and solid symbols correspond to the
« relaxation and to the normal mode process, respectively. (O)
PI-1; (A) PI-4; (O) PI-5; () PI-8.

Table I1
VFTH Parameters for the « and Normal Mode Relaxations

« relaxation normal mode relaxation

sample logf./Hz A/K To/K logf./Hz A/K To/K logf/Hz

PI-1 1073  403.3 163.8 1033 708 1423 -4.3
Pl-4 10.73  418.5 18681 949 664 1515 -1.1
PI-5 1073 440.8 164.8 9.26 693 146.3 -6.6
PI-8 10.73  419.2 165.2 821 629 151.2 -10.3

results are also in accord with a recent Focker-Planck
approach to the chain dynamics of polymers3® by Ngai
and co-workers.

B. Relaxation Frequencies. In Figure 4 log f; for the
a relaxation as well as for the normal mode process is
given. As is known, the temperature dependence of both
characteristic relaxation frequencies can be well described
by the VFTH equation (eq 3), and the VFTH parameters
are collected in Table II. For the a relaxation log f-, is
the vibrational frequency and should not be dependent on
molecular weight. For this reason the VFTH parameters
for the « relaxation were first determined without any
restriction; afterwards, log /- . was averaged over the four
samples to 10.73 £ 0.20, and finally, in a second run, A and
T, were determined with this fixed value of log f. .. This
procedure leads to more stable values of Ty, For the
normal mode process the VFTH equation was fitted to
the data without any restrictions. An analysis of f., vs
M, shows that the quadratic dependence on molecular
weight expected for polymers below the critical molecular
weight is approximately fulfilled. Therefore, the estimated
parameters of Table Il seem to be sufficiently accurate to
permit the extrapolation of f;; to low temperatures shown
in Figure 4. This extrapolation demonstrates clearly that
«a relaxation and normal mode process merge at a tem-
perature T, which is higher than the Vogel temperature
Ty« of the a relaxation.

In Figure 5 the difference Ty, - Ty, is plotted vs
molecular weight. For all samples this quantity is greater
than zero and the data can be described well by a straight
line with a slope of ~9.332 X 10~ + 2 X 10~ K mol/g. This
means that T, - Ty, decreases significantly with the
molecular weight and that the merging of « relaxation
and normal mode process occurs at lower temperatures
for higher molecular weights. This is also indicated by
the decrease of the merging frequency f; of the normal
mode process and the « relaxation with molecular weight
which is given in Table II. To show the consistency of the
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Figure 5. Difference of the Vogel temperatures for « relaxation

and the normal mode process vs molecular weight. (m) This work;
(a) ref 8; (@) ref 9.
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data, some values taken from the literature are also
included. Althoughthese datahave a greater scatter, they
display the same behavior. The results presented here
for the polyisoprene samples are essentially the same as
those obtained for the poly(propylene oxide) system?2%:2!
and provide more experimental evidence that the Rouse
model in connection with the conception of the monomeric
friction coefficient breaks down in the vicinity of the glass
transition. Because this behavior is now found for at least
two different materials, it should be regarded as a general
feature of polymer dynamics. The first attempt to explain
this was made on the basis of the coupling scheme by
Ngai.18.19.21

C. Characteristic Length Scale for the Glass
Transition. The understanding of the « relaxation is
one of the central problems of condensed matter physics.
Adam and Gibbs3! treated the a relaxation as a cooperative
process by introducing a cooperatively rearranging region
(CCR) defined as the smallest volume element that can
relax to a new configuration independently of neighboring
regions. For this reason the CCR can be regarded as the
correlation volume (correlation length &%) for the «
relaxation. These ideas were used and further developed
in the fluctuation approach2%23:32 to the glass transition.
Within the framework of this model the correlation length
£ can be estimated from DSC measurements.2?

To discuss the relationship between « relaxation and
normal mode process from a more microscopic point of
view, we use this concept where the strong decrease of f;
with decreasing temperature is explained by a strong
temperature dependence of the correlation length £(T)
which diverges?!?222 as T'approaches T, .. The fluctuation
approach to the glass transition?22332 gives ¢ ~ 1/(T -
To,.)?/® with £(Tg) ~ 2-3 nm for polymers. On the other
hand, the normal process is related to the fluctuation of
the end-to-end vector,*5929 which increases with molecular
weight but scarcely changes with temperature.® Because
the temperature dependences of the two length scales are
different, the merging of these processes should take place
when, by lowering the temperature, the correlation length
for the a relaxation is increased to the order of magnitude
of the end-to-end distance

&T) ~ (RH? )

Since {R?) increases with M, the merging of both processes
should shift to a lower temperature for a higher molecular
weight as can be seen in Figure 5§ (or Table II). For a
quantitative determination of (R?) the relationship found



1312 Schénhals

by Hadjichristidis and co-workers3¢ for dilute polyisoprene
solutions

(R /nm = 0.08M,'/* (8)

is used. To apply this formula to the studied undiluted
oligomeric melts, it has to be assumed, first, that the chain
dimensions for dilute solutions and melts are similar, as
was predicted by Flory and found for polystyrene melts
using neutron scattering®® and, second, that the charac-
teristic ratio is independent of molecular weight. From
calculations for poly(ethylene terephthalate) using the
isomeric rotational state model, it turns out® that the
second assumption is fulfilled for a degree of polymeri-
zation greater than approximately 10.

For the polyisoprene sample with the lowest molecular
weight, PI-1, having a degree of polymerization of 15, eq
8 gives for (R2)1/2 2.9 nm. This value corresponds very
well to the length scale for « relaxation obtained from the
fluctuation approach to the glass transition.20-2231 This
quantitative agreement gives more evidence that there
exists a characteristic length scale for the « relaxation
which is in the order of magnitude of 2-3 nm at the glass
transition temperature T,

IV. Conclusions

The shape of the normal mode process shows a clear
dependence on molecular weight where the extrapolation
to the molecular weight of the repeating unit gives nearly
the Debye limit. These experimental results support the
model of cooperative rearrangement developed by Pakula
and Geiler? for the normal mode process.

As with the poly(propyleneoxide) system,20?! it was
found that also for polyisoprene the characteristic relax-
ation frequency fp . for the o relaxation shows a much
stronger temperature dependence than that of £, the
characteristic frequency of the normal mode process, as
the temperature approaches the glass transition temper-
ature. This meansthat the application of the Rouse model
to the normal modes breaks down in the vicinity of the
glass transition.

From a microscopic point of view this experimental
result is discussed by assuming different temperature
dependences of the two relevant length scales, the cor-
relation length £ for the o relaxation and the end-to-end
vector of the polymer chain. A quantitative analysis gives
more experimental evidence that the length scale for the
a relaxation is in the order of magnitude of 2-3 nm
predicted by the fluctuation approach to the glass
transition,22-24.32
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