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ABSTRACT: In this paper, the structures and properties of the neutral and doped blends

of poly(3-dodecylthiophene) (P3DDT) with low-density polyethylene (LDPE) were in-
vestigated. Wide-angle X-ray diffraction (WAXD), differential scanning calorimetry
(DSC), Fourier transform infrared spectra (FTIR), and scanning electron microscopy
(SEM) were used to characterize the structures and morphologies of the blends, and
conductivity was also measured. It was found that separate crystallizations occur
between P3DDT and LDPE. When the amount of P3DDT is small in the blend, it has
the effect of a nucleation reagent and has some influence on the crystal structure. After
doping, the interaction force between the molecular chains increases, and leads to a
more compact packing and a more uniform dispersion in morphology. Through blend-
ing, the thermal stability of pure component could be greatly improved, especially when
the P3DDT content is 5 wt %. The conductivity measurements indicate that the
conductivity increases with the increase of the P3SDDT composition and doping time.
© 2002 John Wiley & Sons, Inc. J Appl Polym Sci 84: 741-749, 2002; DOI 10.1002/app.10247

Key words: conductivity; structure; blends; poly(3-dodecylthiophene); low-density

polyethylene

INTRODUCTION

Polymers containing highly loosely held electrons
in their backbones are often referred to as conju-
gated polymers or conducting polymers. The in-
vestigation for conducting polymers began with
polyacetylene at the end of 1970s,! then followed
by polypyrrole,? polyaniline,®* polythiophene,””
and so on. It is the existence of delocalization of
electrons along the polymer backbone that makes
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these systems behave as an electrical conductor.
However, due to the intractability and insolubil-
ity, the application of conducting polymers has
been limited for some time. In this case, poly(3-
alkylthiophenes) (P3ATSs), as a kind of highly sol-
uble, fusible and processable conducting poly-
mers, 571! have attracted great attention and mo-
tivated intense research and development. It has
been widely accepted that P3AT's can form similar
layered structures with side chains acting as
spacers.

In order to extend the commercial utilization of
these promising conductive polymers, many re-
searchers have developed the investigation of the
blends of P3ATs and other conventional melt-
processable polymers.'?~'* By blending, that is to
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say, the decrease in the amount of the conducting
polymer, the improvement of the mechanical
properties and the lowering of the price could
then be obtained. In this study, poly(3-dodecyl-
thiophene) (P3DDT) was used to blend with low-
density polyethylene (LDPE), and the properties
of the resultant blends were also investigated un-
der their both neutral and doped states.

EXPERIMENTAL

Materials and Preparation

P3DDT was synthesized chemically via the poly-
merization of the monomers.® The preparation of
the monomers takes advantage of the Ni(DPP-
P)Cl,, catalyzed cross-coupling reaction between
3-bromothiophene and Grignard reagents derived
from alkyl bromide,'® while the polymerization
was done in chloroform solution at room temper-
ature under a nitrogen purge. The polymer, ob-
tained from the precipitation of the reactant in
methanol, was first washed with methanol until
the solution appeared colorless, and then was
dried in vacuum at 40°C. The weight-average mo-
lecular weight (M) and number-average molecu-
lar weight (M,,) of P3DDT were obtained as M,
= 6.9 X 10* and M,, = 2.0 X 10* with a polydis-
persity index of 3.5 by gel permeation chromatog-
raphy (GPC). Low-density polyethylene in this
study is an industrialization product from Beijing
Yanshan petrochemical plant (112A-1).

Blends of P3DDT and LDPE, with the wt %
ratios 0f 0.5, 1, 5, 10, and 20 of P3DDT, were made
by melt extrusion at 160°C. These blends were
then defined as 0.5/99.5, 1/99, 5/95, 10/90, and
20/80 blends, just as called in this paper. Films of
LDPE and the blends were made by the use of
compression molding at 160°C at 50 bar for 3min
and then cooled at room temperature. Film of
P3DDT was made by the evaporation of the 2 wt
% solution of CHCl; at room temperature. And
then the films of the blends and P3DDT were
doped by immersion in 0.1M nitromethane solu-
tions of anhydrous ferric chloride, and then
washed with dry nitromethane and dried in vac-
uum for measurements.

Measurements

Wide-angle X-ray diffraction (WAXD) experi-
ments were carried out by the use of Rigaku
D/Max-I1 B X-ray diffractometer with a Cu anode

(CuK,, = 1.5406 A). The measurements were op-
erated at 40 kV and 20 mA from 2°-40° at a 26
scan rate of 4°C/min.

Perking-Elmer DSC-7 calibrated with indium
standard was used for the measurements of dif-
ferential scanning calorimetry (DSC). The mea-
surements were performed at the atmosphere of
nitrogen. The samples, typically 6 mg, were
heated from 0 to 180°C at 10°C/min. A Perkin-
Elmer thermal gravity analysis (TGA) was also
used to investigate the thermal stability of these
samples in the air. The measurements were car-
ried out in a temperature range from 20 to 800°C
with a scanning rate of 10°C/min.

Bio-Rad FTS-60 Fourier transform infrared
spectrometer was used to record the Fourier in-
frared spectra ranging between the wavenumber
of 400 and 4000 cm ™! at room temperature.

The morphology of the blends was studied with
a Jeol JEX-840 Scanning Electron Microscope op-
erated at 20 kV. The cryofractured samples from
melt extrusion were coated with a thin gold layer
prior to measurements.

Conductivity measurements were done for the
doped samples by the use of a four probe method.

All the measurements mentioned above were
done at ambient temperature in laboratory atmo-
sphere.

RESULTS AND DISCUSSION

Wide Angle X-ray Diffraction

The X-ray diffraction patterns of the neutral and
doped PSDDT/LDPE blends are given in Figure 1.
For the neutral P3DDT/LDPE blends, it can be
observed in Figure 1(a) that there are obvious
(110) and (200) reflections of LDPE at wide angle
for all the blends. For the 0.5/99.5, 1/99, and 5/95
blends, a peak centered at around 25.7° becomes
more evident. Its being more intensive can be
attributed to the effect of minor P3DDT as a nu-
cleation reagent. When the amount of P3DDT is
no less than 5%, the (100) reflection of P3DDT at
small angle becomes obvious and turns intensive
with the increase of P3DDT content.

The characteristic reflection peaks of LDPE
keep almost the same position when the compo-
sition varies, but the d-spacing value of (100)
diffraction peak of P3DDT turns greater after
blending. The X-ray diffraction patterns of the
blends show the separate characteristic diffrac-
tion of the composition, thus suggesting the sep-
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Figure 1 X-ray diffraction patterns of the neutral
and doped P3DDT/LDPE blends: (a) the neutral blends;
(b) the doped blends.

arate crystallization of the composition. During
the rapid cooling process at room temperature,
LDPE can crystallize before P3DDT can; the seg-
ments of LDPE having been rearranged regularly
will have some limits to the packing of the molec-
ular chains of P3DDT. The left shifts of the (100)
planes of the blends, compared with the pure
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P3DDT, can be thought of as resulting from the
limits of the crystallized segments of LDPE.

It is clear in Figure 1(b) that after doping,
almost no change takes place as to the shape of
the diffraction peaks except that the (100) reflec-
tion of P3DDT has some decrease in intensity and
even negligible. In addition, after doping, the d-
spacing values of the diffraction peaks of LDPE
have almost no change, and the d spacing of (100)
plane of P3DDT have some decrement. In the
doping process, negative FeCl*~ ions are formed
as the counterions for the positively charged poly-
mer chains.’® Doping reaction takes place be-
tween the counterions and P3DDT, thus making
the d-spacing value of (100) plane in P3DDT have
the greatest changes. Once polarons and bipol-
arons are generated on the conjugation system
upon the doping, the interaction between neigh-
boring main chains will become stronger, thus
resulting in the decrease in the d-spacing be-
tween the adjacent crystalline planes. It has been
demonstrated that the dopant ions within the
doped crystal structure lie to between the alkyl
chain and the neighboring thiophene ring.!”
Meanwhile, it can be assumed that the weakness
and even disappearance of the (100) reflection
should be related to the structural repositioning
of the molecular chains in P3DDT due to the
intervention of dopant.

Thermal Analysis

Melting curves obtained by DSC for the neutral
and doped P3DDT/LDPE blends are shown in
Figure 2. As for the neutral PSDDT/LDPE blends,
in the first heating run, there are one weak peak
located at around 39°C and one strong peak at
around 105°C for each blend and the pure LDPE.
In addition, there is also a shoulder peak addi-
tional to the high-temperature peak for each
blend, except the blend containing 20% of P3SDDT.
It can be observed that with the increase of the
amount of P3DDT in the blend, the high temper-
ature peak becomes sharper and shifts a little to
higher temperature. Meanwhile, the shoulder
peak becomes weaker and finally disappears for
the 20/80 blend, but its position keeps almost the
same as the composition varies. The low temper-
ature peaks for the pure LDPE and the blend can
be attributed to the thermal history due to rapid
cooling process, which can be demonstrated by
the disappearance of these peaks in the second
heating scan. As for the shoulder peaks, it ap-
pears that they are probably due to the melting
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Figure 2 Melting DSC curves for the neutral and
doped PSDDT/LDPE blends: (a) the neutral blends; (b)
the doped blends.

endotherms of the recrystallized LDPE that are
nucleated by the minor amount of P3DDT. How-
ever, during the melting of P3DDT/LDPE blends,
there are no obvious melting endotherms of
P3DDT, which can be easily understood out of the
considerations of the weak melting endothermic
peaks of P3DDT.

Compared with Figure 2(a), the shapes of the
DSC curves in Figure 2(b) are almost the same as
those in Figure 2(a). This phenomenon suggests
that the doping process should have no great ef-

fect on the structures of the crystalline phases of the
blends. Nevertheless, after doping, the melting and
crystallization temperatures turn greater. The ad-
dition of the dopant can increase the polarity of
molecular chains, then increase the interaction
force between the molecular chains, and then in-
crease the energy needed for melting and de-
crease the energy needed for crystallization.

In general, thermal gravity analysis plays a
very important role in the investigation of the
thermal stability of functional materials. The re-
sults of thermogravimetric analysis of the neutral
P3DDT/LDPE blends are shown in Figure 3. It
can be observed that the first onset decomposition
temperatures are 235.5°C for LDPE, 246.9°C for
0.5/99.5 blend, 263.5°C for 1/99 blend, 287.8°C for
5/95 blend, 287.0°C for 10/90 blend, 245.4°C for
20/80 blend, and 263.0°C for P3DDT, respec-
tively. While the second onset decomposition tem-
peratures are 419.2°C for 0.5/99.5 blend, 421.7°C
for 1/99 blend, 422.1°C for 5/95 blend, 407.0°C for
10/90 blend, and 392.6°C for 20/80 blend, respec-
tively. During the first decomposition process, for
the pure LDPE, the maximum decomposition is
50.23 wt % at 365.9°C; for the pure P3DDT, the
maximum decomposition is 11.10 wt % at
309.9°C; for the 20/80 blend, the maximum de-
composition is 11.46 wt % at 291.7°C. However,
for the other PBDDT/LDPE blends, the maximum
decomposition is less than 3.5 wt % before the
beginning of the second decomposition process. It
is obvious that through the blending process, the
thermal stability could be greatly improved ex-
cept the 20/80 blend.
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Figure 3 The results of thermogravimetric analysis
of the neutral P3SDDT/LDPE blends.
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Figure 4 FTIR spectra of the neutral and doped
P3DDT/LDPE blends: (a) the neutral blends; (b) the
doped blends.

Fourier Transform Infrared Spectra

Figure 4 shows the FTIR spectra of the neutral
and doped LDPE/P3DDT blends with different
compositions. In common, the results of FTIR ex-
periments can help to obtain important informa-
tion on the detailed structure of polymers. In (a)
of Figure 4, it can be observed that the FTIR
spectra of these samples are very similar to one
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another, except that the absorption bands at 825
and 1508 cm ™! become obvious when the P3SDDT
composition is no less than 5%. The bands at 825
and 1508 cm ™!, which are the characteristic ab-
sorption bands of P3ATs,'® correspond to the
=CH out-of-plane deformation of thiophene and
the thiophene ring stretching mode, respectively.
It could be also observed that with the increase of
the composition of P3DDT, the intensities of its
characteristic FTIR absorption bands become
greater correspondingly. Thus it can be seen that
P3DDT and LDPE represent their separate FTIR
properties, and there is no obvious interaction
between the molecular chains of P3DDT and
LDPE.

In (b) of Figure 4, it can be noted that great
changes take place merely for the 20/80 blend.
After doping, for the bands characteristic of the
vibrations of alkyl chain group, the peaks at 2922
and 2852 cm ™! decrease greatly in intensity, and
the peak at 1376 cm ™! almost disappears. Mean-
while, the absorption bands in the regions of
1200—1300 and 900—1200 cm !, which belong to
the CH, wagging mode and the C—C stretch
mode, respectively, increase in intensity. During
doping oxidation, the intervention of the dopant
ion requires that both the alkyl side chains and
the thiophene main chains undergo cooperative
rotations to form a guest—host complex, and the
resultant reorganization of polymer chains leads
to infrared spectroscopy changes. It is worth men-
tioning that great increase in the intensities
of the absorption bands at 1200-1300 and 900—
1200 cm ! should be attributed to the orienta-
tions of the side chain group. In addition, the
change of the bands at 825 cm ™! should be attrib-
uted to the coupling of the skeletal backbone vi-
brations with the m-electron charge oscillations
along the chains. During the doping oxidation,
the dopant ion should have influence merely on
P3DDT. However, for the blends containing
smaller amount of P3DDT (less than 20%),
changes in infrared spectroscopy have not ap-
peared evident.

Scanning Electron Microscopy

Cryofractured surfaces of the neutral P3DDT/
LDPE blends are shown in Figure 5. The mor-
phology of these blends shows a uniform disper-
sion, and the degree of uniform dispersion in-
creases with the increase of P3DDT content.
When the P3DDT composition is increased, the
strip morphology of P3DDT become obvious, and
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Figure 5 The SEM morphology of the neutral PSDDT/LDPE blends: (a) 0/100; (b)

0.5/99.5; (c) 1/99; (d) 5/95; (e) 10/90; (f) 20/80.

partially continuous phase of P3DDT begins to
appear in the continuous phase of LDPE, which
would indicate that the conductive paths of
P3DDT have formed in the partial region of LDPE
phase. In Figure 6, the SEM morphology of the
doped P3DDT/LDPE blends is also shown. As in-
dicated in Figure 6, after doping, a more uniform
dispersion can be obtained, and the conductive
paths are more obvious. Thus it can be seen that
higher conductivity of the PSDDT/LDPE blends
can be achieved after doping process.

Conductivity Measurements

As for the postdoped polymer blends, the conduc-
tivity would be controlled by the choice of the
matrix polymer, the doping technique, the doping
time, and the P3ATSs content in the blends. For
the blends in this paper, it is found that when the

P3DDT content is no more than 5% in the blend,
the conductivity has no favorite increase after a
long-time solution doping. Although these blends
have been immersed in nitromethane solution of
anhydrous ferric chloride for a week, the conduc-
tivities of the doped blends are still very low. As is
measured, the conductivities are 1.90 x 10 1°
s/cm for the 0.5/99.5 blend, 2.31 X 10! s/cm for
the 1/99 blend, and 2.62 X 10~ ! s/cm for the 5/95
blend. While for the 10/90 and 20/80 blends, after
doping for 3 days, values of conductivity can be up
to 5.82 X 10~ 3 s/cm and 0.19 s/cm, respectively,
as indicated in Figure 7. In Figure 7, values of
conductivity of the pure P3DDT film with differ-
ent doping time are also represented. The conduc-
tivity of doped P3DDT film amounts to 36.60 s/cm
after 3 days doping. It can be found that within
the same doping time, the conductivity of the
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Figure 6 The SEM morphology of the doped P3SDDT/LDPE blends: (a) 0.5/99.5; (b)

1/99; (c) 5/95; (d) 10/90; (e) 20/80.

blends increases with the increase of PSDDT com-
position, and for each sample the conductivity
increases with the increase of doping time. It can
also be observed that the curves in Figure 7 are
steep before 10 h doping time and then become
gentle later. From this it can be inferred that the
doping process would tend to saturation when the
samples have been doped for a certain period of
time. For further study on the stability of these
doped samples, the changes of the conductivity
with the time at room temperature were also in-
vestigated for the doped 20/80 blend and pure
P3DDT with different doping time, just as illus-
trated in Figure 8. Similar to the curves in Figure
7, the curves in Figure 8 are steep before 5 days
first and then become gentle finally. Thus it can
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Figure 7 Conductivity of the doped P3SDDT/LDPE
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Figure 8 The conductivity stability of the doped sam-
ples with the time: 20/80 blend; (b) pure PSDDT.

be seen that the conductivity of these doped sam-
ples will turn to stabilization with the lengthen-
ing of time.

CONCLUSION

It has been demonstrated that separate crystal-
lization occurs between P3DDT and LDPE dur-

ing crystallization process, and it seems that
there is almost no interaction between the mo-
lecular chains of P3DDT and LDPE. During the
investigation of the thermal stability, it is found
that the thermal stability of the blend becomes
much better than that of the pure component,
especially that of the 5/95 blend. In addition,
there is some difference among the X-ray dif-
fraction results of the blends, due to the nucle-
ation reagent effect of small amount of PSDDT.
It should be noted that P3DDT and LDPE show
a uniform dispersion in SEM morphology. After
doping, due to the increase of interaction force
of molecular chains of P3DDT, more compact
packing of molecular chains and more uniform
dispersion in morphology can be obtained.

During the measurements of the conductivity,
despite a long-time solution doping, only when
the P3DDT content is more than 5% in the blend
can the conductivity achieve a favorite increase.
The conductivity increases with the increase of
P3DDT content and the doping time. The study of
the conductivity stability indicates that the con-
ductivity decreases with the time, but will tend to
stabilization gradually.

This investigation is subsidized by the Special Funds
for Major State Basic Research Projects and the Chi-
nese “863-2” high technology funds.
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