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1. Introduction

Polyaniline (PANI) has been recognized recently as
an interesting and unusual member of the x-conjugated
conducting polymers. Nitrogen atoms are incorporaled
between phenyl (C H,) rings of the PANI backbone.
which is quite different from many other conducting
polymers such as polyacetylene. polvdiacetylene and
polvthiophene whose electronic properties are well un-
derstood by simply considering the properties of conju-
gated backbones [1]. Thus the chemical flexibility pro-
vided by the nitrogen atoms allows access to several
insulating ground states that are distinguished by their
oxidation states; reduced leucoemeraldine base (LB).
partially oxidized emeraldine base (EB) and fully oxi-
dized pernigraniline base (PNB). Most studies of the
PANI system have been focused on the relatively stuble
emeraldine oxidized state (EB) since it was found that
EB could be doped to the emeraldine salt (ES) form by
treatment with protonic acids such as HCL This results
in an increase in the conductivity at room temperature
by Il orders of magnitude to about 10 Sem~' [2] and
the induction of metallic-like Pauli paramagnetic sus-
ceptibility [3]. Chiang and MacDiarmid [4] hypothe-
sized that all nitrogen atoms, all C-N bonds and all
C,H, rings are equivalent in the polyemeraldine salt. In
their proposed structure all rings are intermediate be-
tween quinoid and benzoid and all C-N bonds are
intermediate between single and double bonds, How-
ever, experimental data suggest that the major charged
defects in the polyemeraldine salt are polarons [3. 5-8].
It has also been suggested that these polarons are
largely localized on 50% of the nitrogen atoms so that
the six-membered rings are largely aromatic [6-9]. In
contrast. Hagiwara et af. [10] confirmed by analysis of
the "C nuclear magnetic resonance spectra that the
chemical structure of the base form of PANI is consis-
tent with that proposed by Chiang and MacDiarmid.
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One of us has modified MucDiarnud’s proposed molec-
ular structure of polyemeraldine on- the basis of the
variation in the absorption spectra with the protonation
state [11]. Baughman er af. [12] concluded that the
structure of the highly conducting acceptor-doped
polyemeraldine salt is highly delocalized. The rings are
of high fractional quinoid character (about 0.3) and the
C-N bonds are of high n bond order. As a con-
sequence of the high n bond orders of the C-N
bonds, the dihedral angle between neighbouring rings
is small, so that conjugation is not interrupted. It can
be seen that the detailed molecular structure of the
PANI system remains unknown. We believe that scan-
ning tunnelling microscopy (STM), a relatively new
technique. could be used to investigate the topography
of conducting polymers by measuring the very small
force between the STM probe and the sample. Yang ¢
al. [13] have reported STM images of polypyrrole tosy-
lute. polypyrrole tetrafluoroborate and polythiophene
tetrafluoroborate.

In this letter STM imuages of polvemeraldie salt
films synthesized electrochemically from agucous HCI
are presented and the chain structure of PANI 1s dis-
cussed.

2. Experimental details

A very thin sample of the polyemeraldine salt with
chloride counter-ions was prepared by electrochemical
deposition on 2.0 x 3.0 mm* pieces of freshly cleaved.
highly ordered pyrolytic graphite (HOPG) substrates
from an aqueous solution of HCl with aniline monomer
(about 1.0 x 10~ mol 17"). The oxidation and polymer-
ization reaction was carried out at constant current
densities of 2.0-0.5 pA cm~*. The amount of polymer
deposited on the HOPG substrate was controlled by the
current passed during the deposition. The charge passed
was between 6 x 107* and 1 x 107° mC depending on
the current and. time of deposition. All samples were
dried in air. after film formation. The STM experiments
were performed in air with a home-made STM appara-

tus [14] using mechanically prepared 80%Pt-20"0Ir tips

and electrochernically prepared tungsten tips. The scan-
ning tunnelling microscope was run in the constant-cur-
rent mode with a bias voltage of 98 mV and a
tunnelling current of 1.21 nA. All images obtained for
this letter are real time photographs taken directly from
the computer screen,

¢ 1992 — Elsevier Sequoia. All rights reserved
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Fig 2 STM image of pulsemeraldine salt with chloride counter-ions

3. Results and discussion

A typical STM image of the HOPG substrate, consis-
ting of 180 x 180 points. is shown in Fig. 1. The STM
resolution is about 1.0 A. A typical STM image of a
polyemeraldine salt film with chloride counter-ions is
shown in Fig. 2. A periodic structure of the STM image
of the polvemeraldine salt with chloride counter-ions
was observed along the diagonal line. The neighbouring
bright dots along the @ and b directions are separated
by distances of 5.02 and 10.76 A respectively. Accord-
ing to the results obtained by Baugman er «f. [12]. the
N-N distance is about 5.03 A, which is reasonably
consistent with the value of 4.9 A reported by Ginder
and Epstein [15]. Therefore the distance between C,H,
rings was calculated to be 5.28 and 5.22 A according to
Baughman ¢t af. [12] and Ginder and Epstein [13]
respectively. Comparison of the above calculation with
our STM observation suggests that the bright dots are
C,H, rings since the distance between bright dots along
the a direction is 5.02 A. which is in good agreement

with the results obtained by Baughman ¢ «f. [12] and
Ginder und Epstein [13]. Furthermore. if Buughman e
al.’s [12] X-ray diffruction results were used und tight
interchain contact was assumed. the interchain distance
would be about 10.72 A, which is also in good agree-
ment with the distance between brivht dots along the b
dircetion (10.76 A). Thus it is reasonable 1o expeet that
the periodic arrungement of bright dots along the a
direction cun be considered as the polvemeraldine
chain. If the polyemeraldine salt 1s assumed 1o he a
right chain, ie. the C-N-C angle 15 zero. the N-N
distance along the polymer chain will be about 5.53 A,

‘On the other hand, Baughman ¢r ¢f. [12] have reported

that the polyemeraldine salt chain is not a right chain
and that the C-N-C angle is about 131, Ginder and
Epstein [13] suggested that euch nitrogen atom pos-
sesses two electrons ina P. orbital perpendicular to the
C-N -C plane. while ecach €, H, ring contributes six P.
electrons, Therefore the caleulated C-N-C angle i1s
152.3 on the basis of the STM observations. According
to the above analysis. we propose that the structure of
a single chain of palyemeraldine salt is as shown in Fig.
3. It 1s noted that the bright dots actually consist of
three small bright dots of different brighiness and that
two polyemeraldine chains along the a direction are
ripped together. This may be due to two single chains
overlupping as shown in Fig. 4 According to the
structure of a single chain of polyemeraldine salt pro-
posed by us in Fig. 3. the single chain drawn with a
dashed Time in Fig. 4 1s locuted below the other single
chain drawn with a solid line. Thus the brightest dots
correspond to C,H, rings while the two dots with lower
brightness are related to nitrogen atoms and dopants
respectively.

4. Conclusions
A periodic structure of the STM image of a poly-

emeraldine salt film on an HOPG substrate synthesized
electrochemically was observed. The distances between
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Fig. 3. Single chain of polyemeraldine.
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Fig. 4. Two overlapping chains of polyemeraldine.
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bright dots along the @ and 4 directions of STM images
are in good agreement with the results obtained by
Baughman er a/ [12] and Ginder and Epstein [15].
A structure for a single chain of polyemeraldine was
proposed on the basis of the observations of STM
images.
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