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INTRODUCTION 3
13

Oxidized polypyrrole has exhibited exceptionally good environmental sta-
bility compared to other electrically conductive polymers. Minimal conduc-
tivity changes occur upon exposure to ambient environments [l1]. Low density,

controllable conductivity, and excellent chemical resistance make this conduc~- ’.
tive polymer an interesting material choice for photoelectrede protection, b
chemical sensors and conductive coatings. Changes in the composition and mor- ,

phology have been found to vary with the synthesis conditions and type of
counterion [2]. A more extensive understanding of the molecular structure may N
allow finer control of the physical behavior. ™,

The electrochemical synthesis of conductive polypyrrole was first demon-
strated by Dall'Olio in 1968 [3]. 1In this experiment thin films approximately
lum thick were prepared by the electrochemical oxidation of pyrrole and were
found to have a room temperature conductivity of 8 (ohu-cm) !. A unique fea-

{

ture of this particular conductive polymer was its environmental stability in ™
the oxidized (conductive) state. This was the first conductive polymer to e
exhibit minimal loss in electrical conductivity upon exposure to the atmos-— .
phere. One of the causes for the stability is the sharing of the positive h
charge of the backbone by the heteroatom leaving all atoms in the polymer B
with complete octets. This decreases the reactivity of the molecule to oxygen \}
or moisture. t;
].

In 1979 Diaz and co-workers prepared free-standing polypyrrole films ap- :

proximately 50um thick [4]. These films were reported to have a room temper-
ature conductivity of 100 (oh -cm)—l. On the basis of electrochemical and
spectroscopic data the pyrrole polymerization is believed to involve oxidative
coupling at the alpha-carbons with simultaneocus oxidation resulting in the
incorporation of a counterion from the electrolyte.
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The mechanism of polypyrrole polymerization has been suggested by Street
et al., and begins with the generation of radical cations at the anode [5].

i 1%
| | -
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Propagation may then proceed by reaction of two radical cations, pairing the
spins and eliminating two protons to produce the neutral dimer.
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The dimer and higher oligomers can also be oxidized to form radical cations.
Chain propagation continues by reaction of the oligomer radical cation pri-
marily with the radical cation of the monomer, which is present in high con-
centration in the region of the anode. As the chain grows, the polypyrrole
oligomer becomes insoluble and eventually precipitates out on the electrode,
where the chain can continue to grow until the oligomer radical cation becomes
too unreactive or until it is sterically prevented from reacting. Additional
oxidation of the polypyrrole chain leads to the formation of cationic sites
with incorporation of the counterion from the electrolyte to maintain charge
neutrality. Conductive (oxidized) polypyrrole has the following chemical
structure.
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EXPERIMENTAL

An electrolytic cell was used in the synthesis of the polypyrrole/anion
films (See Fig. 1). This cell consisted of a 2 liter capacity battery jar
with a vitreous carbon anode and a platinum mesh cathode that produced a film
cf approximately 75 cm?. The carbon anode size was 10.2 em x 10.2 cm. The
cathode ccoasisted of 2 pieces of platinum mesh (each 5.1 cm x 10.2 cm). The
platinum was supported by means of a 10.2 ecm x 10.2 cm glass plate. A spacing
of 3.5 cm between the anode and cathode was used. An Ag/Ag (Ag in 0.1 M
AgNO, and acetonitrile) reference electrode was used to determine the po-
tentilal.

All of the syntheses were performed under constant potential. The current
density was monitored throughout each syntheses (See Table I). In addition
the syntheses were performed with the battery jar covered to minimize evapo-
ration and at 23°C and approximately 507 relative humidity.

The polypyrrole films were prepared according to the method developed by
Wynne and Street for the synthesis of Polypyrrole/Tosylate films without
special precautions to exclude air [6]. The cell solution consisted of pvrrole
(0.3M), the dopant species (0.15M) and 1050 ml of acetonitrile. The pvrrole
was passed through activated alumina prior to use. Chromatography grade
acetonitrile was used without further purification. A small amount of de-
mineralized water (0.5%) was added to the solution to enhance the cathode
reaction (reduction of protons.) During the syntheses, the amount of solution
covered approximately 10.2 cm x 7.2 cm of the carbon anode. Film thickness
ranged from 0.127 mm to 0.254 mm.

Benzene sulfonates and substituted benzene sulfonates were synthesized for
use as the dopant counterions. All were synthesized with the exception of the
tetraethylammonium-p-toluene sulfonate which was obtained from Alfa Products.
Each of the electrolyte salts was prepared in the following manner:

The respective sulfonic acid and base (tetraethylammonium hydroxide, 40%)
were mixed on a l:1 molar basis. The reaction mixture was then stirred for 1
hour at ambient temperature using a magnetic stirrer. Aliquots were then di-
luted 50/50 with methanol and stripped under vacvum using a Buchi roto-vap.
When completed, the remaining salt solution was again diluted with methanol,
heated and then filtered. The filtrate was then evaporated in an open beaker
while being stirred. The remaining salt was then refrigerated overnight. The
salt was then dried in a vacuum oven overnight. Proton Nuclear Magnetic
Resonance was then run on the resultant products.

All dopant preparations were routine with the exception of the dodecyl
salt. Upon mixing of the dodecylbenzenesulfonic acid and base, the resultant
product was a viscous fluid. This problem was alleviated by adding methanol
to the mixture before stirring.
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The chemicals and materials used for the syntheses were the following:

CHEMICAL

Benzene Sulfonic Acid

2.5 Nimethylbenzene Sulfenic Acid
Ethylbenzene Sulfonic Acid
Dodecylbenzene Sulfonic Acid
Biphenv'*enzene Sulfonic
Aluminum Oxide

Tetraethylammonium Hydroxide

Acetonitrile, HPLC Grade

Pyrrole

SUPPLIER

Kodak Laboratory Chemicals
Kodak Laboratory Chemicals
Alfa Chemicals

Alfa Chemicals

Alfa Chemicals

Camag

Alfa

Fisher Scientific

Burdick & Jackson

Alfa Chemicals

Aldrich Chemicals

Tetraethylammonium-p-Toluene Sulfonate
Carbon Electrode

Alfa Chemicals
Atomeric Chemetals

_ Electrical conductivity was determined by a four point probe technique as
described by Wieder [7]. The mechanical behavior was assessed by determining
the ultimate tensile strength, strain to failure, and tensile modulus using an
Instron Test Machine. A strain rate of 0.05 inch/min. was used. Samples were
cut to 0.5 inch width strips approximately 3.5 inches in length. Testing was
done under ambient conditions (23°C and 50% RH). Scanning electron microscopy
(SEM was performed with an Amray-1000 instrument.

X-ray diffraction studies were performed using a Rigaku D/MAX~11TB system
with a Theta/Theta Goniometer. The power level was 50 kV and 20 mA. The
geometry of the X-ray set-up is shown in Fig. 2. The sample was kept station-
ary while scattering angles from 0° to 40° were scanned in the Reflection Mode
[See Fig. 3]. The scanning rate- was 5°/min and the data was summed over 10
scans., This process provided greater intensity than is normally seen for a

single scan which is needed due to the weak scattering of the thin film polymers.
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Figure 5. Scanning Electron Microscopy Photographs of Polypyrrole/Tosylate
Fracture Surfaces Showing the As-Grown Solution Side Morphology.
[Top-500X; Middle-1000X; Bottom-2000X]
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Figure 6. Scanning Electron Microscopy Photographs of Polypyrrole/Ethyl
Benzenesulfonate Fracture Surfaces Showing the As-Grown Solution
Side Morphology. [Top-500X; Middle-1000X; Bottom-2000X].
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X-ray diffraction studies were done to investigate the extent of order
within the conductive polymer structures. D-spacings from the reflection mode
peaks are given in Table IV. The low-angle peaks zorrespond to the anions
while the wide-angle peaks correspond to the polypyrrole chains. The breacth of

the wide-angle peaks is beingz studied as an indication of the extent of molec- )
ular order. The integral bSrezadth is defined as the following Ei:]: i
B, = 1 s28 X
i == Y-
MAX N
Fig. 7 shows the diffraction peaks for each of the materials (reflection ?
mode). Tosylate, benzene sulfonate, and dodecylbenzene sulfonate materials -;
exhibit structured peaks that are much less broad than the other anions. -~
These materials exhibited the best physical properties which may be due to the »
increased molecular order or a more well-defined structure. Additional work
is being done to understand this technique and how it may be used to investigate "
the structure of glassy polymeric solids. .
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strongly influenced bv the type of anion used in the synthesis. Future work
will consist of investigating addiszicnal denant aniens that heve not been

previously studied., These anions will inciude sulfonated ferrocenes prepared

as s0dium aundsor ammonium salits. In these materials the cyclopentadienyl
rings are freely rotating which may allow for an easier fit into the polymer
structure. X-ray diffraction studies will be continued in the transmission
mode as well as in the reflection mode. Interrelationships between molecular
structure, electrical conductivity, and mechanical behavior will be investi-
gated. The study of diffraction peak broadening for the determination of the
extent of molecular order will be continued. The validity of this approach
will be examined by investigating the broadening effects due to residual strain
and orientation.

e

The surface properties will also be investigated including the surface
tension and morphology. The surface tension shall be determined with a con-
tact angle goniometer and the surface morphology using scanning electron
microscopy (SEM). -
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