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ABSTRACT: The dielectric behavior of some polar aromatics dissolved in nonpolar
unoriented and stretched linear low-density polyethylene was investigated within the
temperature region between 150 and 350 K. The measurements were carried out in the
frequency range 1 kHz to 10 MHz. The maximum temperatures and the half widths of
the loss tangent peaks depend upon the shape and the polar structure of guest mole-
cules. Stretching the samples induced a shift of the loss tangent to higher temperatures,
decreased the height, and increased the width of tan & peak. The activation energy is
also influenced by the type of guest molecules and orientation of polymer matrix. © 2000

John Wiley & Sons, Inc. J Appl Polym Sci 79: 1278-1282, 2001
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INTRODUCTION

Although polyethylene (PE) itself is a nonpolar
molecule, one can get a dielectric response either
by a slight oxidation of the chains or by doping the
polymer matrix with polar molecules as probes.*?
The lower limit of the probe concentration is given
by the detection efficiency. Upper limits are set by
the probe solubility in the polymer matrix or the
deterioration of the mechanical properties. Be-
cause dopants of the condensed aromatic type are
used, it is not necessary to take care of any effects
of electrical conductivity. Debye’s equations® can
be applied, describing the dependence of the com-
plex permittivity on the frequency of the driving
alternating current (AC) field. The results are
presented by using the dielectric loss tangent tan
8, because the maximum of the tan 8 curve shows
a clear dependence on frequency and tempera-
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ture. The main subject of this work is to investi-
gate if and in which way the changes of the tan &
curves can be attributed to the structure of the
guest molecules and the orientation of the poly-
mer matrix.

EXPERIMENTAL

As host material, a linear low-density polyethyl-
ene (LLDPE; Dowlex 2045, Dow Chemical, Dow
Europe S.A., 8810 Horgen, Switzerland)*® was
taken. This LLDPE exhibits a density of 0.92
g/cm? and is a copolymer of ethylene and 1-octene.

The following polar molecules were used (ab-
breviations in parentheses):

2-bromofluorene (2BFL)
9-bromofluorene (9BFL)

1,2-dibromo-4,5-methylenedioxybenzene
(1D4M)
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2-Bromofluorene
M=245.1 g/mol

9-Bromofluorene
M=245.1 g/mol

Br

1,2-Dibromo 4,5-methylene
dioxybenzene
M=279.,9 g/mol

Figure 1 Structure, dimension, and molar mass of
2BFL, 9BFL, and 1D4M.

The structure of the molecules has been out-
lined in Figure 1.

PE and doping material are weighed in an ap-
propriate ratio and dissolved simultaneously in
hot xylene. After evaporation of the solvent, a foil
is pressed at 410 K, subsequently quenched in
cold water, and kept at a low temperature of
about 240 K to prevent the dopant molecules from
diffusing out of the PE matrix before measure-
ment.

The undoped LLDPE as well as the pure do-
pant materials do not show any dielectric loss
signal in the frequency and temperature range
investigated. Thus the measured losses must
originate from isolated dopant molecules, dis-
solved in the polymer matrix. The concentration
of the dopant was varied from 3 to 10 wt % of
LLDPE. At the upper limit, scanning electron
micrographs show a rough surface of the doped
material, indicating partial exclusion of the do-
pant from the polymer matrix. In the following,
the dopant concentration will be expressed by
using the number of guest molecules per 1000
host structural units of the form —C,H,—.

In Figure 2, the maximum value of tan 6 is
plotted against the concentration of the guest
molecules. The flattening of the curves at higher
concentrations originates from mutual dipole
compensation by agglomeration of the dopant
molecules. For molecular dispersion of probe mol-
ecules and for most effective measurement, the
optimum concentration turned out to be 6 X 1072
probe molecules per structural unit. Moreover, at
this concentration partial exclusion of the aro-
matic compounds is not observed. The reported
concentration values refer to the entire specimen,
but the guest molecules are not present in the
crystalline phase.>® Because the crystallinities
exhibit values of about 50%, the real dopant con-
centration in the amorphous phase will be ap-
proximately twice the quoted value.

Dielectric measurements were performed by
using a measuring cell from Polymer Laborato-
ries and an impedance analyzer (type 4192 LF)
from Hewlett—Packard. A circular piece of foil was
mounted between the capacitor plates and cooled
down to 160 K by liquid nitrogen. After reaching
this start temperature, a computer takes control
of the subsequent heating (3 K/min) and records
the data. At intervals of 5 K, a sequence of dielec-
tric values is measured by scanning the frequency
region from 1 kHz to 10 MHz in eight logarithmi-
cally equidistant steps.

The density of doped material shows slightly
higher values than that of undoped polymer. This
may be explained by the higher densities of the
dopants.

At room temperature, a set of samples was
stretched up to 500% elongation by using a tensile
testing machine (Instron 1121). The birefringence
of the doped samples is equal to that of undoped
PE (Fig. 3), demonstrating the minimal alteration
of host material by the dopant, when using the
chosen concentration of guest molecules.

Dowlex 2045 with:

@ 1D4M
E2BFL
A9BFL

Probe molecules per 1000 C,H,-units

Figure 2 Maximum value of tan 6 peak in depen-
dence on concentration of probe molecules.
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Figure 3 Birefringence An as a function of draw ratio
A of undoped and doped (6%0) LLDPE samples.

RESULTS AND DISCUSSION

Unstretched PE Samples

In the undeformed state, the polymer matrix pos-
sesses random segmental orientation and the PE
crystals are arranged in spherulites. The sites of
guest molecules are within the amorphous phase
between the crystal lamellae.” The probe mole-
cules 2BFL and 9BFL exhibit rodlike shapes, but
differ in the direction of their dipole moment,
being nearly parallel or perpendicular to the long
axis of the molecules, respectively. The rather
spherical guest (1D4M) is likely to widen the
host’s molecular structure and may cause a plas-
ticizing effect.® Measurements for the rodlike
probe with the dipole moment m along the rod
direction yields tan 8(T) peaks of smaller line
width than for that with m perpendicular to the
rod axis, whereas the peak temperatures are
scarcely shifted (confer Figs. 4 and 5). The tan

LLDPE + 6%o 2BFL

tan § - 10°

160 210 260 310 360
Temperature [K]

Figure 4 Dielectric loss tangent of unoriented LL-
DPE doped with 6%. of 2BFL in dependence on temper-
ature. The experimental data are fitted by a Pearson
VII function in addition to a slightly ascending base-
line.

tan § - 10°

160 200 240 280 320
Temperature [K]

Figure 5 Dielectric loss tangent of unoriented LL-
DPE doped with 6%. of 9BFL in dependence on temper-
ature.

&(T) curves of the 1D4M spherical probe mole-
cules show, in addition to line broadening, a
marked shift toward lower temperatures (Fig. 6).

For analysis of these two effects (line broaden-
ing and temperature shift), the directions of the
dipole moments and the mobility of the different
guests within the host matrix have to be consid-
ered. In the case of 2BFL, the dipole moment m is
aligned parallel to the rod axis [Fig. 7(b)]. Any
change in the direction of m relative to the RF
field vector E is accompanied by rotations about
the axis of largest moment of inertia. This is less
probable than any orientation change of 2 when
fixed perpendicular to the rod axis [Fig. 7(a)]. In
other words, in the latter case, the same electric
frequency couples to a larger spectrum of oscilla-
tions of the host matrix, thus resulting in a
broader temperature range, centered, however,
around the same peak temperature. If the probe
dipole moment is fixed on a more spherical guest

LLDPE + 6%0 1D4M

tan § - 10°

160 200 240 280 320
Temperature [K]

Figure 6 Dielectric loss tangent of unoriented LL-
DPE doped with 6% of 1D4M in dependence on tem-
perature.
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Figure 7 Arrangement of polar probe molecules in-
side the LLDPE chain molecules: (a) 2BFL; (b) 9BFL;
(c) 1D4M.

molecule [Fig. 7(c)], its mobility is enhanced. Ad-
ditionally, a widening of the host chain structure
should result in an increasing decoupling of the
chain gliding movements against each other. As
depicted in Figure 6, these effects are reflected by
peak broadening and a marked shift of peak tem-
peratures toward lower values.

The temperature range of 210-270 K, at which
dopant motions lead to maximum loss corre-
sponds to the B-relaxation range of LLDPE, found
by dynamic mechanical measurements.?~*! This
relaxation process can be related to segmental
movements in the amorphous parts of semicrys-
talline LLDPE. In these regions also the dopant
molecules are situated. Thus their mobility is cou-
pled to that of the chain segments of the amor-
phous phase.

Stretched PE Samples

The temperature dependence of the loss tangent
at constant frequency (1 MHz) was measured for

Bt 2BFL in LLDPE
41 (10° Hz)
©A=2
ne 3l O A=3
o A3=39
8 2 1 Xa=52
1 |
0 ; t 1 +
160 200 240 280 320

Temperature [K]

Figure 8 Dielectric loss tangent of oriented LLDPE
doped with 6%o0 of 2BFL in dependence on temperature.
Parameter: draw ratio A.

9BFL in LLDPE
(10° Hz)

tan - 10°
N

160 200 240 280 320

Temperature [K]

Figure 9 Dielectric loss tangent of oriented LLDPE
doped with 6%0 of 9BFL in dependence on temperature.
Parameter: draw ratio A.

samples stretched to different draw ratios A and
is shown in Figures 8, 9, and 10. The tan &(T)
curves of all guest molecules have three features
in common: a decrease of peak height, an increase
of peak half width, and a slight upward shift of
peak temperature with increasing draw ratio.

For the rodlike probes, the activation energies
evaluated from Arrhenius plots show a drastic
lowering in the oriented samples (Table I).

Without attempting to present a complete de-
scription, the following model is proposed to ex-
plain the changes of height, half width, and posi-
tion of tan & peak, as well as the change in acti-
vation energy with draw ratio.

When stretching semicrystalline polymers uni-
axially, the spherulites are completely destroyed
and the crystalline lamellae are reorganized into
microfibrils.'®*!3 Polymer molecules that partici-
pate in two or more crystallites tend to be ori-
ented along with the microfibrils. During stretch-
ing, the polymer chains in the surroundings of the

1D4M in LLDPE
(10° Hz)

B2=1

tan§ " 10°
N

160 200 240 280 320
Temperature [K]

Figure 10 Dielectric loss tangent of oriented LLDPE
doped with 6%. of 1D4M in dependence on temperature.
Parameter: draw ratio A.
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Table I Activation Energies for Oriented and
Unoriented Samples

Probe 2BFL 9BFL 1D4M

Draw Ratio A 1 5.2 1 4.9 1 4.9

Activation energy 129 25 29 17 50 47
(kJ/mol)

host molecules are oriented, and thus oscillations
or rotations of probe dipole moments are more
and more restricted. The restrictions of polymer
chain movement, imposed by orientation, shift
the onset of interchange of probe molecule sites to
higher temperature. The long axes of probe mol-
ecules and polymer segments become more paral-
lel, suppressing numerous translational and rota-
tional motions of the probe molecules, while fa-
voring rotations about their long axes. This will
lower the activation energy corresponding to the
observed relaxation process and will also flatten
and broaden the tan 6 peak. This mainly phenom-
enological model has to be verified on the basis of
more detailed investigations, taking into consid-
eration for example the exact variation of height
and half width of the tan 6 peak and the temper-
ature shift of the peak in dependence on draw
ratio.

CONCLUSION

Doping PE films with polar probe molecules of the
condensed aromatic class, differing in shape and
direction of dipole moment, allowed dielectric in-
vestigation of relaxation processes in PE. Mea-
surements could also be performed on samples
stretched to various draw ratios. For the interpre-
tation of the relaxation process, two features have
to be taken into account: first, the interaction
between motions of polymer segments and probe
molecules (depending on sample orientation and

probe molecule shape), and second, the influence
of the dipole moment direction within the probe
molecule. Qualitatively, the following experimen-
tal observations could be explained:

in unoriented samples, a more globular probe
molecule causes a larger half width of tan &
peak and a shift of peak maximum temper-
ature to lower values than a rodlike probe.

in stretched samples, with increasing draw ra-
tio, the tan & peak shifts to higher tempera-
tures and its height decreases, whereas its
half width grows.

the activation energy of rodlike probes in
stretched samples decreases with increasing
draw ratio.
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