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This paper presents a study on the synthesis of polypyrrole thin films deposited on glass or metallic substrates by
radiofrequency plasma polymerization of pyrrole. The structure of the polymer was analyzed by FT-IR, UV, GPC and
its color, solubility and spectral characteristics suggest that the conjugation in the main chain is interrupted by saturated
linkages resulted from fragmentation and hydrogenation of aromatic rings during plasma discharge.

INTRODUCTION

Certain gases in a plasma may undergo
polymerization, usually via a free radical initiation
process. When a gas polymerizes and adheres to
dissimilar materials sharing its plasma environment,
the process is called plasma deposition. Plasma
polymerization creates new and unusual polymer
properties that have only begun to be explored in
semiconductor science, biomedical and space
technology applications.  Polymerization, or
deposition, processes may include reactions using
a wide variety of gases, including some of the
organic or organo-metallic compounds, which
deposit nonvolatile polymer films. In many
instances these reactant gases may be toxic,
corrosive, or otherwise hazardous and require
special handling such as heated gas transfer
plumbing and measurement instrumentation,
reactor exhaust scrubbing, and trapping of reaction
byproducts.

Polymers are widely used in a great number of
applications because of their many advantageous,
general properties such as low density and cost,
and processability. For applications requiring
electrical conductivity, the choice of a suitable
polymer is limited to polymers with a conjugated
chemical structure such as polyacetylene,
polypyrrole, and polythiophene.'® Along the
conjugated structures, charge (i.e., electricity) is
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transported by charge carriers. The obtained
conductivity ranges from the antistatic (107" —
10° S/cm) to the metallic (> 10* S/cm) regime.
However, the stability of the conductive properties
is rather low due to the high reactivity of the
conjugated structure. Furthermore, the conjugated
structure of conductive polymers inherently results
in a non-transparent, intractable polymer that has
lost some of the aforementioned advantages over
the alternative conductors.

A very attractive alternative would be the
plasma technique. With this method it is possible
to modify the surface properties of a substrate,
while retaining the transparency and bulk
properties of the substrate material or to deposit
thin transparent films. Furthermore, it is a solvent-
free, fast and versatile process. However, plasma
consists of a variety of reactive species (electrons,
1ons, radicals, etc.)7'11 and therefore many different
reactions may occur.'”"> As a consequence, the
exact chemical structure of the surface after
exposure to a plasma is not precisely predictable,
which requires detailed investigation."

The main reason for applying plasma
polymerization is that thin, stable and pinhole-free
films are obtained, which show good adherence to
many substrates.

Because heterocyclic  polymers such as
polypyrrole” '** and polythiophene® *2° are known
for their high and relatively stable conductivity,
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many studies are reported on the plasma
polymerization of these monomers. Lee et al
deposited polypyrrole (PPy) layers in a capacitively
coupled bell jar configuration at 13.56 MHz.?’
After deposition, the PPy layers were heat-treated
(300 °C) in a nitrogen atmosphere, which resulted
in an increase of the unsaturation in the PPy layers.
An increase in p-type conductivity from 107 to
10° S/cm was observed. Van Ooij et al. deposited
PPy layers in a DC type plasma reactor.”® FTIR
measurements showed that no pyrrole rings were
retained in the PPy layers, which indicates a total
destruction of the monomer by the plasma.
Without additional doping, still conductivities of
107 to 10 S/cm were determined by the Franklin
test. Zhang et al. were able to retain the pyrrole
ring (determined with FTIR and XPS) to a certain
extent during plasma polymerization in a capacitively
coupled coil (radio frequency) configuration, but the
conductivity was not determined.”

Recently, Cruz et al. deposited PPy layers from
plasmas of pyrrole and of pyrrole and iodine.”® In
both cases, absorption bands characteristic for
pyrrole rings were observed in the FTIR spectra of
the PPy layers. The conductivity of the PPy films
increased gradually from 10" to 10® S/cm with
increasing (30 — 90%) relative humidity of the
environment. This was explained by an increase in
the mobility of the PPy chains due to the
interaction with water. For the PPy/l, films,
conductivity increases from 10° S/cm at 107 to
10 S/cm at relative humidity > 90%. The authors
state that a second conductivity mechanism
dominates in this latter region, which is reinforced
by the presence of iodine. Another explanation
would be that the sharp increase is due to water
with dissolved iodine ions. At high values of the
relative humidity a continuous “path” of the water
phase through the layer might be obtained,
resulting in a sharp increase in the conductivity.

In view of the objective to obtain conductive
polymeric systems, the plasma technique can be
used to obtain thin conductive polymer layers on
transparent polymeric substrates or on inert
surfaces (glass, platinum, etc.). The aim of this
paper is to present some results on radiofrequency
plasma — induced polymerization of pyrrole.

EXPERIMENTAL

Materials

Pyrrole (Merck, for synthesis grade) was freshly distilled
before use. Hexane and chloroform (Merck, spectroscopy

grade) were used for UV determination and molecular weight
measurements.

Plasma polymerization

Polypyrrole was prepared in a plasma glass reactor (Figure 1),
specially designed to carry out R.F. plasma polymerizations.

In a typical experiment, after several washing cycles with
inert gas (nitrogen) and with the selected gaseous — phase
monomer (monomer introducing and evacuating cycles),
pyrrole was continuously distilled, from the monomer flask
(6), into the cylindrical shaped vacuum plasma reactor (1); the
working pressure of the monomer was established (0.3 mm
Hg) and then the R.F. power was transferred to the reactor
through the semi cylindrical, external, silver-coated electrodes
(8). The R.F. power was dissipated to the electrodes from a
R.F. generator (11) with the possibility of generating 250 W. The
polymer was deposited on glass plates (9) (15 X 100 mm).

Characterization

UV spectrum of the polymer was obtained on a Varian
Carry 50 UV spectrometer in hexane, and the FT-Infrared
spectra were registered on a DIGILAB-FTS 2000
spectrometer (KBr pellets). SEM images were obtained on a
TESLA SP 500 apparatus. Molecular weight measurements
were carried out on a Beckman Instruments, with detection in
UV at 254 nm, using mobile phase chloroform, flow rate
2 ml/min, column SUPELCO TSK - GEL H GI1000,
L=300 mm, ID=7.8 mm, particle size 5 pum, injection —
polystyrene standards.

RESULTS AND DISCUSSION

Thin, well adherent yellow-brown colored
polypyrrole films deposited on the internal surface of
the reactor and on the glass plates were obtained
during the plasma polymerization in gaseous phase of
pyrrole using a cylindrical glass reactor (Figure 1).

The film thickness can be controlled using
different times of glow discharge in the reactor and
for short discharge times adherent films at metallic
or glass support were obtained. Most of the
polymer is insoluble in organic solvents, however
about 20% weight from the total polymer was
obtained as a soluble fraction in acetonitrile or
chloroform and molecular weight measurements
showed a value of 1200 daltons which corresponds
to a polymerization degree of 20 (Figure 2). The
insolubility of the major fraction can be associated
with a higher molecular weight, and/or a cross
linked structure resulted in the plasma
polymerization.

The morphology of PPy films is controlled by
the duration of plasma discharge and thin and
compact films are constructed in the first stadies of
plasma discharge and than a cauliflower
morphology of 0.5 um or less diameters particles is
observed (Figure 3).
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Fig. 1 — Cold plasma installation for the pyrrole polymerization: 1 - the cylindrical shaped vacuum
plasma reactor (neutral Pyrex glass, L = 30 cm, & = 4 cm); 2 — close glass vacuum system;
3 — vacuum gauge Penning Pirani; 4 — vacuum pump; 5 and 7 — glass valves; 6 — monomer flask;
8 — semicylindrical external silver coated electrodes; 9 — glass plate (15 X 100 mm); 10 — central
monomer’s admission glass tube; 11 — R. F. generator (250 W, 13.6 Mhz).
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Fig. 2 — Gel permeation chromatogram of soluble product obtained in plasma.
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X 620 — 30 um

X4000 — 2.5 pm

X5600 — 2.0 pm
Fig. 3 — SEM micrographs plasma deposited films.

The chemical composition of the polymer,
determined by elemental analysis, shows a lower
content in carbon and nitrogen and higher content
in hydrogen, compared with theoretical values:
anal. Calcd for (-C4H3N-), : C, 73.85; H, 4.61 and
N, 21.54 Found: C, 78.30, H, 7.23 and N, 14.47.

FT-IR spectrum of a thin film deposed on glass
plate directly in plasma reactor (Figure 4) shows
absorptions compatible with the structure of PPy
synthesized by chemical or electrochemical
methods; strong absorptions between 3400-3500
cm™ and 1637 cm™ associated with N-H stretching
and deformation bands and moderate absorptions
at 1400 and 1618 cm™ (ring vibrations), 1100 cm™

(the aromatic C-H in plane bending) and 800 cm™
(the C-H out of plane bending mode). Therefore,
the pyrrole rings remain as an important part of the
plasma-synthesized polymer. However, the
existence of aliphatic C-H stretching absorptions
(2800-3000 cm™), -C=N (2216 cm™") indicates that
some of the pyrrole rings in the polymer are
fragmentized.

UV spectrum of soluble polymer is shown in
Figure 5 and shows an absorption in UV region
(250 nm) characteristic to m- w* transition in
pyrrole ring while slight absorptionsin 350-400 nm
can be assigned to m- 7w* in short conjugated
polymer chains.
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Fig. 4 — FTIR spectrum (KBr pellets) of product obtained in plasma.
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Fig. 5 — UV spectrum of product obtained in plasma (solvent - hexane, 1 cm quartz cell).
Now, the well accepted structure of polypyrrole, of pyrrole, consists of 2,5-disubstituted pyrrole
synthesized by chemical or electrochemical oxidation rings (Scheme 1):
@ chemical or 7\
- _[ ] -
H electrochemical polymerization [Tl "
H
lasma
@ P {—[@—]—[-CHZ-CHZ] [-CH=CHI},
N polymerization ITI
H H
Scheme 1 — Structure of polypyrrole.
Due its conjugated and rigid structure of the powder. In the case of plasma —synthesized
main chain, chemically and electrochemically- polypyrrole, its color, solubility and spectral
synthesized polypyrrole is obtained as a black characteristics suggests that the conjugation in the

colored and insoluble in most organic solvents main chain is interrupted by saturated linkages
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resulted from fragmentation and hydrogenation of
aromatic rings.

The electrical conductivity of undoped plasma-
PPy disc-shaped pellets performed by the four-
probe method at room temperature is 5.10® S/cm, a
lower value that the usual electrical conductivity of
chemical or electrochemical undoped PPy (~ 10~ —
107 S/cm) and it brings proofs for presence of
unsaturations in the main polymer chain.

Although plasma polymerizations have been
observed and studied for a long time, the
mechanism of deposition is not clear at all.* 3=
Obviously, the mechanism depends on the species
present during deposition, of which the type (e.g.,
radicals, ions) and amount are influenced by the
process parameters. Mechanisms involving ions™*
%> and radicals have been described to explain the
experimental data.’’ At the present time, many
investigators believe that the polymerization
mechanism as proposed by Yasuda et al. > is
the most reasonable concept. In this stepwise
initiation — recombination sequence, radicals are
formed upon generation of the discharge (most
probably by electron impact). These primary
radicals recombine to a species that again is radical
initiated and so on. Polymer formation may occur
at the surface and/or in the plasma phase,” both of
which can be explained by this mechanism.
Because of the multiple species present in a
plasma, many reactions may result in the formation
of radicals. For instance, in the DC plasma
polymerization of pyrrole no effect of the sign of
the charge on the electrode was found, showing
that a radical growth mechanism should apply.* It
has postulated that the growth is initiated by
radicals present in the film surface, which are
generated by impinging H' ions on the cathode and
by electrons on the anode.

In summary, thin films of polyrrole can be
deposited on glass or metallic substrates by plasma
polymerization process but structure of the
synthesized polymer is complex and results from
linking of pyrrole rings by 2,5 positions accompanied
by fragmentation of heterocycle and hydrogenation.

REFERENCES

1. R. G. Lindford, In “Applications of Electroactive
Polymers”, B. Scrosati, Ed., Chapman and Hall, London,
1993.

2. AF.Diaz, K. K. Kanazawa and G. P. Gardini, J. Chem.
Soc., Chem. Comm., 1979, 1, 635.

3. K. Kaneto, Y. Kohno, K. Yoshino and Y. Inuishi,
J. Chem. Soc.,Chem. Comm. 1983, 1, 382.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

P. Zhou, L. Samuelson, K.S. Alva, C.C. Chen, R.B.
Blumstein and A. Blumstein, Macromolecules 1997, 30,
1577.

T. A. Skotheim, “Handbook of Conducting Polymers”,
Vol. 1 and 2, Ed., Marcel Dekker, New York, 1986.

R. S. Sethi and M. T. Goosey, In “Special Polymers for
Electronics and Optoelectronics”, J. A. Chilton and
M. T.Goosey, Eds., Chapman and Hall, London, 1995.
H. V. Boenig, In “Encyclopedia of Polymer Science
Engineering”, Vol. 11, H. F. Mark and J. I Kroschwitz,
Eds., 1986.

H. Yasuda, “Plasma Polymerization”, Academic Press,
Orlando, 1985.

R. d’Agostino, “Plasma Deposition, Treatment, and
Etching of Polymers”, Academic Press, Boston, 1990.
“Techniques and Applications of Plasma Chemistry”,
J. R. Hollahan and A. T. Bell, Eds., John Wiley & Sons,
New York, 1974.

L. S. Polak and Y. A. Lebedev, “Plasma Chemistry”,
Cambridge International Sci. Publ., Cambridge, 1998.

J. G. A Terlingen, “Introduction of Functional Groups at
Polymer Surfaces by Glow Discharge Techniques”,
University of Twente, Enschede, 1993.

H. Suhr, In “Techniques and Applications of Plasma
Chemistry”, J. Hollahan and A. T Bell, Eds., John Wiley
& Sons, New York, 1974.

J. W. Coburn and M. Chen, J. Appl. Phys. 1980, 51, 3134.
M. Gazicki and H. Yasuda, J. Appl. Pol. Sci., Appl. Pol.
Symp. 1984, 38, 35.

X. Chen, J. Devaux, J. P. Issi and D. Billaud, Polym.
Eng. Sci. 1995, 35, 642.

S. Jasne, In “Encyclopedia of Polymer Science
Engineering”, Vol. 13, H. F. Mark and J. I. Kroschwitz,
Eds., 1986.

K. K. Kanazawa, A. F. Diaz, R. H. Geiss, W. D. Gill,
J. F. Kwak, J. A. Logan, J. F. Rabolt and G. B. Street,
J. Chem. Soc., Chem. Comm. 1979, 1, 85.

T. Kunugi and H. Okuzaki, J. Polym. Sci. Part B: Polym.
Phys. 1996, 34, 1269.

A. G. MacDiarmid, Synth. Met. 1997, 84, 27.

J. C. Thieblemont, M. F Planche, C. Petrescu, J. M. Bouvier
and G. Bidan, Synth. Met. 1993, 59, 81.

M. Satoh, H. Ishikawa, K. Amano, E. Hasegawa and
K. Yoshino, Synth. Met. 1994, 65, 39.

G. Tourillon, In “Handbook of Conducting Polymers”,
Vol. 1, T. A. Skotheim, Ed., Marcel Dekker: New York,
1986.

G. Schopf and G. Kossmehl, Adv. Polym. Sci. 1997, 12, 1.
R. D. McCullough, Adv. Mater. 1998, 10, 93.

T. Bjornholm, T. Hassenkam, D. R. Greve,
R. D. McCullough, M. Jayaraman, S. M. Savoy, C. E.
Jones and J. T. McDevitt, Adv. Mater. 1999, 11, 1218.

K. P Lee, S. Y. Park, N. Kim and S. K. Song, Mol. Cryst.
Lig. Cryst. 1993, 224, 53.

W. J. Y. Ooij, S. Eufinger and T. H. Ridgway, Plasmas
and Polym. 1996, 1, 229.

J. Zhang, M. Z. Wu, T. S. Pu, Z. Y. Zhang, R. P. Jin,
Z. S. Tong, D. Z. Zhu, D. X Cao, F. Y. Zhu and J. Q.
Cao, Thin Solid Films 1997, 307, 14.

G. J. Cruz, J. Morales and R. Olayo, Thin Solid Films
1999, 342, 119.

N. Inagaki, “Plasma Surface Modification and Plasma
Polymerization”, Technomic Publishing, Lancaster, 1996.
B. A. Suleimanov, M. M Akhmedov, Y. I. Suleimanova
and M. K. Kerimov, Thin Solid Films 1991, 197, 319.



Pyrrole polymerization

1005

33.

34.

35.

36.

H. Griinwald, H. S. Munro and T. Wilhelm, Mater. Sci.
Eng. 1991, 4 139, 356.

L. O’Toole, A. J. Beck, A. P. Ameen, F. R Jones and
R. D. Short, J. Chem. Soc. Faraday Trans. 1995, 91,
3907.

L. O’Toole and R. D. Short, J. Chem. Soc. Faraday
Trans. 1997, 93, 1141.

H. Yasuda, J. Macromol. Sci., 1976, A10, 383.

37.

38.

39.

40.

M. Gazicki and H. Yasuda, J. Appl. Pol. Sci., Appl. Pol.
Symp., 1984, 38, 35.

H. Yasuda and T. Yasuda, J. Polym. Sci. Part A, Polym.
Chem. 2000, 38, 943.

J. Bartnik and J. Zurakowska-Orszagh, Int. Polym. Sci.
Technol., 1993, 21, T67.

S. Eufinger, W. J. Y Ooij and T. H. Ridgway, J. 4Appl.
Polym. Sci. 1996, 61, 1503.






