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We studied the effect of structural and morphological changes on the conductivity of a stretched conducting
polymer film. To improve the poor processability of polyaniline, we used dodecylbenzenesulfonic acid as both
a surfactant and a dopant during emulsion polymerization, followed by blending with high-impact polystyrene.
UV-Vis/NIR spectra were obtained to observe conformational changes, and SEM and AFM were used to
investigate morphological changes. FT-IR dichroism was applied to determine the microscopic orientation, and
XRD patterns were obtained for quantitative crystallinity analysis. The electrical conductivity (5)/c.) was
measured as a function of draw ratio. We found a clear correlation between morphological changes and 6|/,
especially at the stretching limit. The conductivity of the films can be modified according to the desired
application by controlling their structure and morphology.

Key Words : Polyaniline, PANI-DBSA/HIPS, Stretch orientation, Morphology

Introduction

Conducting polymers have the electrical, magnetic, and
optical properties of metals, along with their plastic pro-
perties."* Among the conducting polymers, polyaniline
(PANI) has received considerable attention as a promising
material, especially for electrical device applications, because
of its tunable conductivity and simple doping/dedoping and
redox properties.” PANI in the salt form (PANI-ES) is a
conductor and is difficult to process because it is insoluble in
many common organic solvents and intractable,® whereas
PANI in the base form (PANI-EB) is nonconductive but can
be made conductive by protonic acid doping.

Various efforts to improve the processability and mechani-
cal properties of PANI-ES have been demonstrated. It is
interesting that its poor processability can be improved by
polymerization of aniline in the presence of a functionalized
protonic acid such as camphorsulfonic acid (CSA) or
dodecylbenzenesulfonic acid (DBSA).” In addition, the
processability and mechanical properties of PANI-DBSA
can be enhanced by blending with commodity polymers.
Unlike conventional filler materials, these conducting blends
have mechanical properties close to those of insulating
commodity polymers.®!2

Controlling the conductivity of conducting polymers is
very important and is one of the greatest challenges in terms
of their application. Both microscopic and macroscopic
factors may affect conductivity, and these factors may vary
according to the synthetic and processing conditions.'*"!®
Various attempts at conductivity control in conducting films
have been performed, for example, doping level control,'”-!®
thickness control,'*?° the use of additives such as carbon
black or carbon nanofibers,*'*? and secondary doping.'*1532
Among them, mechanical stretching of the conducting film
is one of the most interesting processes for conductivity

control. Because PANI-ES is intractable, most of the stretch
orientation studies of PANI films have been performed on
the more processable PANI-EB, which is subsequently
doped with protonic acids.”>>® However, Abell e al. opened
new possibilities for preparing stretchable PANI-ES film.
PANI-ES films were prepared by doping PANI-EB with
CSA, yielding PANI-CSA, and cast from solution.”

In this work, cast films were prepared by blending PANI-
ES (PANI-DBSA) with commodity polymers, such as styrene
polymers, to observe how the conductivity is affected by
uniaxial stretching. A PANI-DBSA solution was prepared
by emulsion polymerization of aniline. DBSA was used as
both a dopant and a surfactant. In PANI-DBSA, the long
alkyl chains of the dodecylbenzene group of DBSA give
rise to solubility in nonpolar or weakly polar organic
solvents, such as toluene, xylene, and chloroform, so that
PANI in its conducting form is compatible with commodity
polymers having similar molecular structure, such as
styrene polymers.”** Among styrene polymers, high-impact
polystyrene (HIPS) can resolve the brittleness problems of
polystyrene (PS) by copolymerizing styrene monomers
with rubbery butadiene monomers. Therefore, HIPS ex-
hibits good processability and higher elongation at break
than PS.

We studied the effect of structural and morphological
changes on the conductivity of the stretched conducting
polymer films. We found an interrelationship between poly-
mer chain conformation, orientation, crystallinity, morpho-
logy, and conductivity. To our knowledge, this is the first
study that compares the morphology and the electrical
conductivity (o|/c1) of PANI-DBSA/polystyrene polymer
blend films at its stretching limit. In addition, the conduc-
tivity level of the films can be modified according to the
desired application by controlling the microscopic and
macroscopic factors.
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Experimental

Materials. Aniline monomer (Duksan Pure Chemical,
99 %) was purified by distillation before use. DBSA, N-
methylpyrrolidone (NMP), ammonium persulfate (APS),
toluene, and ethylene glycol were used as received from
Duksan Pure Chemical, without further purification. HIPS
resin (Korea Kumho Petrochemical HI425E) was used as
received.

Preparation and zone-drawing of PANI-DBSA/HIPS
film. In a typical emulsion polymerization, 0.1 mol aniline
and 0.2 mol DBSA were combined with a mixture of 400
mL of distilled water and 200 mL of toluene in a 1 L flask.
The mixed solution was cooled in an ice bath and stirred for
30 min. To this solution, an aqueous solution of oxidant 0.08
mol APS in 50 mL of distilled water was added dropwise
with stirring for 15 min. The entire polymerization reaction
was conducted at 0 °C for 15 hr. During emulsion poly-
merization, the color of the solution changed to dark green.
After polymerization, the aqueous phase with PANI-DBSA
separated into PANI-DBSA in the toluene phase and a
colorless aqueous phase. The product cannot be isolated
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directly, since PANI-DBSA exists in the emulsion along
with other by-products. Ethylene glycol was then added to
the organic solution of PANI-DBSA in toluene to break the
emulsion, and PANI-DBSA was obtained by separation of
the supernatant.’’* PANI-DBSA/HIPS solution was pre-
pared by mixing HIPS into a 45 wt % solution of PANI-
DBSA in toluene.

PANI-DBSA/HIPS films were cast from the solution on a
glass substrate using approximately 5 wt % of NMP as a
plasticizer.® The films (50 mm long, 15 mm wide, and 0.5
mm thick; free-standing) were peeled from the glass sub-
strates and stretched up to a draw ratio of L/Ly=9 by the
zone-drawing method (Lo, L: length before and after
stretching, respectively, L/Lo: draw ratio) at 180 °C.>*

Instrumental Analysis. Diffuse reflectance ultraviolet-
visible/near-infrared (UV-Vis/NIR) spectra were obtained
using a Shimadzu UV-3101PC spectrometer. Scanning elec-
tron microscopy (SEM) images were taken with a Tescan
Korea VEGA 3 LMU instrument operated at 15 kV. The
SEM samples were gold-sputtered before observation. Atomic
force microscopy (AFM) images were made with a Shimadzu
SPM-9500J3 instrument in non-contact mode. Fourier trans-
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Figure 1. Experimental data on PANI-DBSA/HIPS films with different draw ratios. (a) UV-Vis/NIR spectra, (b) AFM images, (c) SEM

images, (d) FT-IR band at 1150 cm™, (e) XRD patterns.
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form infrared (FT-IR) spectra were registered on a Jasco FT-
IR 4100 spectrometer with a JASCO ATR PRO470-H
attenuated total reflection (ATR) single reflection accessory.
X-ray diffraction (XRD) patterns were recorded using an
XRD TW3040 X-pert MPD instrument with Ni-filtered Cu
radiation (A = 1.5418 A) by 0.05 °/sec scanning at 5° <20 <
35° The DC conductivity was measured at room temper-
ature by the four-probe method using a Keithley 237 source
measurement unit.

Results and Discussion

The total conductivity of a conducting polymer film
depends on both the ability to transport charge carriers
along the polymer backbone and the ability of carriers to hop
between polymer chains through interpolymer conduc-
tion.*>*® That is, the conductivity depends on intrinsic
factors such as the polymer chain conformation, orientation,
morphology, crystallinity, and molecular weight, and ex-
trinsic factors such as the dopants used.>!¢

Figure 1 displays the experimental data (UV-Vis/NIR,
AFM, SEM, FT-IR/ATR, XRD) for the films stretched at
various draw ratios to the limit of L/Lo =9. Figure 2 shows
the relationship between the conductivity (o|/c) and the
draw ratio of the film.

Diffuse reflectance UV-Vis/NIR spectroscopy is used to
study the polymer chain conformation when determining the
conductivity (Figure 1(a))."**’ The unstretched film shows a
localized polaron peak at 800 nm; however, this peak de-
creased and a free carrier tail beginning at ~1000 nm
increased gradually with stretching. The free carrier tail is
characteristic of a delocalized polaron band in conductive
materials.’” The intensity difference of the free carrier tail
can be attributed to a difference in the polymer chain con-
formation and indicates that the conformation changes from
a compact coil to an expanded coil. Consequently, the intra-
chain conductivity increases with increasing L/Lo.>?" The
free carrier tail grows beyond the point of film breakage.

Figure 1(b) and 1(c) show AFM and SEM images, respec-
tively. Double arrows indicate the stretching direction. In the
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Figure 2. Mean (+ 1 standard error) conductivity measurements at
three locations. Relationship between conductivity (o)/c1) and
draw ratio.
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images at L/L, = 3, two different regions can be distinguish-
ed: oriented fibrous structures and the remnants of entangled
chains. This indicates that a morphological change from 2-D
amorphous to 1-D fibrous structure has begun. With a
further increase in draw ratio (L/Lo = 5), the film exhibits an
increased tendency to fibrillation and appear considerably
more regular and highly oriented. At the stretching limit
(L/Loy=9), the film slips, and noticeable unidirectional
breakage begins to appear. Broken parts appear as dark
regions in the AFM image and show fibrous structure in the
interface between polymer chains in the SEM image. At this
moment, the conductivity in the direction parallel to the
stretching direction (o) decreases by about two orders of
magnitude (Figure 2), which is associated with partial loss of
connectivity along the conduction pathways and the film
breakage observed by AFM and SEM.!* To our knowledge,
this is the first observation showing a clear correlation bet-
ween morphological changes and conductivity in a conduct-
ing polymer film at its stretching limit.

We measured changes in polymer chain orientation by FT-
IR spectroscopy (Figure 1(d)). In principle, certain infrared
bands can be used to determine the overall orientation. A
strong characteristic band at ~1150 ¢m™ is associated with
electrical conductivity and acts as a measure of the degree of
electron delocalization in PANI.*** Figure 3 shows changes
in the dichroic ratio of the FT-IR band at ~1150 cm™ as a
function of the film's draw ratio. As the polymer chains
became uniaxially oriented, the band intensity parallel to the
stretching direction (/|) increased, but that perpendicular to
the stretching direction (/1) did not. The dichroic ratio, R =
Iy/1,, may be considered a measure of the directional
orientation of the polymer chains.**** The distinct increase
in R confirms that the chains became oriented along the
stretching direction with increasing L/Lo.*

The effect of the draw ratio on the development of crystal-
linity was investigated by XRD (Figure 1(e)). The films
were initially strongly disordered, as indicated by the XRD
patterns at L/Ly = 1. Three prominent peaks at 26 of ~13°,
~17°, and ~25° began to appear at L/Ly = 3. The intensities
of these peaks increased with increasing L/Lo. The crystal-
linity was maintained even after breakage of the film
occurred.

Dichroic ratio (1,/1,)

Figure 3. Changes in dichroic ratio of the FT-IR band at ~1150 cm ™.
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Table 1. Relationship between degree of crystallinity and draw
ratio

L/L 1 3 5 8 9
X, (%) 0.1 47 9.6 12.6 12.7

The degree of crystallinity, presented in Table 1, is quan-
titatively estimated using the method of Nara & Komiya,*

X.= Ac/(Ac + Aa),

where X; is the degree of crystallinity, A. is the crystallized
area, and 4, is the amorphous area on the X-ray diffracto-
gram.

A draw ratio of L/Lo =1 corresponds to 0.1 % crystallinity,
whereas L/Lo=9 produces a crystallinity of 12.7 %. As
shown in Figure 1(e) and Table 1, crystallization began
immediately when these initially amorphous films were
stretched. The UV-Vis/NIR, FT-IR, XRD, and conductivity
results together indicate that the increased crystallinity is due
to the change from the compact coil conformation to the
expanded coil conformation, and, in turn, the greater orien-
tation and increased regularity with alignment along the
stretching direction. The higher crystallinity resulted in higher
inter-chain conductivity, since the inter-chain distance was
shortest just before breakage of the film, which indicates that
electrons can move easily from one chain to the nearest-
neighbor chains.*”#

To investigate the correlation between the conductivity
anisotropy and the draw ratio, we measured the conductivity
of the films, both ¢| and o, (Figure 2). We found that |
increased with draw ratio up to L/Ly = 8. With further
increases up to a maximum draw ratio of L/Ly = 9, o]
decreased significantly. This result agrees well with the
morphological changes observed by AFM and SEM. The
conductivity of the unstretched film was 3.64 x 10~ S/cm.
The conductivity increased dramatically up to | = 2.86 x
107" S/cm, whereas 6. ~ 7.09 x 10 S/cm at L/Ly = 8. The
maximum anisotropy (c|/c1) was about 40 just before the
breakage of the film occurred. This would imply that the
films were considerably stretch-oriented.”® We propose that
the increase in o is due to the improvement in intra-chain
charge carrier mobility along the PANI backbone. However,
o, remained almost the same as in the initial state, even
though the inter-chain distance closed, since the charge
carrier mobility in the parallel direction in the polymer
chains plays a dominant role in the conductivity increase.”
The results of this work are in good agreement with previous
reports regarding the changes in microscopic and macro-
scopic factors that affect conductivity as a function of draw
ratio in PANI film, 4152728

Conclusion

The maximum draw ratio of a PANI film was significantly
improved by using DBSA followed by blending with HIPS;
draw ratios of up to 9 were achieved in the resulting PANI-
DBSA/HIPS blend films. Our examination of the films
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demonstrated the effects of structure and morphology on
their conductivity. We also observed an interrelationship
between polymer chain conformation, degree of orientation
and crystallinity, morphology, and electrical conductivity. In
addition, comparisons between the morphology and the
conductivity of the conducting polymer-blend films revealed
that the loss of conducting pathways dramatically decreased
o| at the limiting draw ratio (L/Ly = 9). This work can
facilitate conductivity control for a given application by
controlling the structure and morphology of a conducting
polymer blend.
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