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Poly (3-methylthiophene), I, on PE microelectrodes shows
reversible éxidation in liquid SOzlelectrolyte, and ‘
accompanying oxidation of I are large changes in its
conductivity. By using liquid Sog/o.l M [(g—Bu);N]PFG as
the solvent/electrolyte system it is possible to study the

conductivity vs. potential for very positive potentials, to

“/~+2.5 V vs. Ag. Over the large potential range explored, 1

has a broad maximum in conductivity at ~+0.9 V vs. Ag, and a
more positive excursion results in substantially lower
conductivity. The width of the region of high conductivity
is ~1.3 V, substantially wider than that for polyaniline.
Results for polythiophene, II, in 502/0.1 M [(g-Bu)éN]PF;
are similar to those for I. Results for I and II show that
it is possible to sufficiently depopulate the highest

occupied electronic bands of I and II to render them non-

conducting, as suggested by theory. j//Q-C/’/\Q B s,
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Abstrac

Poly{(3-methylthiophene), 1, on Pt microelectrodes shows
reversible oxidation in liquid SOj;/electrolyte, and -
accompanying oxidation of 1 are large changes in its
conductivity. By using liquid S0,/0.1 M {(n-Bu)4N]PFg as
the solvent/electrolyte system it is possible to study the
conductivity vs. potential for very positive potentials, to
~+2.5 V vs. Ag. Over the large potential range explored, 1
has a broad maximum in conductivity at ~+0.9 V vs. Ag, and a
more positive excursion results in substantially lower
conductivity. The width of the region of high conductivity
is ~1.3 V, substantially wider than that for polyaniline.
Results for polythiophene, 1], in S503/0.1 M [(n-Bu)4N]PFg
are similar to those for I. Results for I and 1II show that
it is possible to sufficiently depopulate the highest

occupied electronic bands ¢of I and II to render them non-

conducting, as suggested by theory.
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We wish to communicate the potential dependence of the

conductivity of thiophene-derived polymers I and 1II cqnfined

S xe’ s x*
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R R
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to Pt microelectrodes. The data show a broad maximum in
conductivity as suggested by theory which shows a finite
width for the highest occupied electronic bands.l The width
of the region of high conductivity and the maximum
conductivity are related, because the bandwidth of the
highest occupied band is a measure of the degree of
delocalization in the system and can be roughly correlated
with carrier mobility in the band.! It is known that
oxidation of I or 1I, equation (1), leads to a dramatic
increase in conductivity.2 However, electrochemical studies
of I and 112'3 failed to reveal maxima in conductivity,
possibly because chemical degradation of I anq II occurs at
positive potentials in the media used. The medium used for
our new studies is liquid S0,/0.1 M [(n-Bu)4N]PFg at -40°C.
It has been demonstrated that liquid SOj/electrolyte is a
medium that allows observation of highly oxidized species.4
Previous work in this laboratory has shown that

polyaniline does have a potential dependent conductivity in
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agueous H28045 or in the solid electrolyte
polyvinylalchohol/H3PO4,6 showing a well-defined maximum in
conductiviﬁy at ~+0.3 V vs. SCE and a region of high

7 and

conductivity ~0.6 V wide. Bandwidths of polyaniline,
poJ.ythiophenel'8 have been calculated, but the results
depend strongly on the structures assumed for the pol.ymers.
Such theoretical calculations should give reliable trends in
bandwidth for structurally similar polymers. The
calculationsl/7/8 suggest that a large fraction of the
electrons in the highest occupied band might be
eleétrochemically accessible in a number of polymers.

Arrays of eight individually addressable Pt
microelectrodes (~2 um wide, ~50 um long, and ~0.1 um high),
separated from each other by ~1.2 um,3'5r9 can be coated and
"connected” with I or 1l by anodic polymerization of the
thiophene monomer in CH3CN/0.1 M [(n-Bu)4N]PFg as described
by us3 and earlier by others.l0 Two microelectrodes
connected with a redox-active polymer can be used to
determine the potential dependence of the conductivity of
the polymer. At a fixed potential difference (drain
voltage, VD)'between the two microelectrodes, the magnitude
0of the drain current, In, between the electrodes changes as
the potential of the polymer, Vg, 1is changed.3'5'9 Thus,
Ip-Vg curves reveal the potential dependence of the
conductivity, as reflected by Ip, of the polymer.

Figure 1 shows the scan rate dependence for cyclic

voltammetry of I on a Pt microelectrode array in liquid




S05/0.1 M [(n-Bu)y4N]PFg at -40°C. Integration of the
voltammogram indicates reversible removal of 9 x 1078 moles
of e7’s per cm? of area covered by polymer. We estiméte
that the oxidation process shown corresponds to removing one
to two electrons per four repeat units of the polymer. At
potentials negative of 0.6 V vs. Ag, the features of the
voltammogram correspond to those previously reported in
other solvent/electrolyte syst:ems.2'3'10 In the region of
more positive potential, new features, anodic and cathodic
peaks at ~1.2 V and ~1.0 V vs. Ag, respectively, are
observed. The cyclic voltammetry over the entire region
shown is qualitatively different than previously reported.
Further work 1is required to establish the nature of the
chemical changes accompanying the reversible removal of
charge.

Figure 1 also shows the Ip-Vg characteristic in liquid
S0,/0.1 M [(n-Bu)4N]PFg at -40°C for an adjacent pair of Pt
microelectrodes connected with I. Negative of 0.6 V vs. Ag,
the Ip-Vg characteristic corresponds to that previously
observed in both liquid and solid electrolyte systems.3'll
The new finding is that the conductivity of I significantly
declines as the polymer is further oxidized, as reflected in
the small values of Ip at very positive values of Vg. The
polymer resistances at -0.2, +0.9, and +2.0 V vs. Ag are
>1010 Q, <100 Q, and ~104 Q, respectively. The region of
high conductivity is ~1.3 V, much wider than for

polyaniline.5/® The hysteresis evident in the Ip-Vg curve

NEREC R b




is scan rate independent in the range 101-103 mV/sec, and
correlates with hysteresis in the cyclic voltammetry.
Hysteresis in the properties of conducting polymers uéon
redox cycling has been explained as resulting from changes
in polymer structure.l? The behavior of II made by anodic
polymerization of 2,2’-bithiophene on Pt microelectrodes is
very similar to that of I, except that the region of high
conductivity is more narrow (~1.0 V width) and the maximum
conductivity is somewhat less.

The observation of lowered conductivity in highly
oxidized polythiophenes is consistent with theoretical
expectationslf8 and is similar to observations made for
polyaniline.Sl6 Considering the data for polyaniline,sr6 1,
and II, it does appear that the polymer with the greatest
conductivity, I, also has the widest region of conductivity.
Earlier, studies of the potential dependence of the
conductivity of polypyrrole have been reported for a limited
potential range.9'13 We are currently investigating
polypyrrole and its derivatives over a wider potential range
to determine the width of the region of conductivity in
these cases. Our findings have important practical
implications relating to the use of conducting polymers I
and II as electronic materials in batteries and
microelectronic devices, since the polymers are shown to
have a finite potential window where high conductivity

occurs.
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Figure Caption

Figure 1. Top: Sweep rate dependence for cyclic voltammetry
of I on three adjacent Pt microelectrodes in S05/0.1 M

[ (n-Bu) 4yN]PFg. Bottom: Ip-Vg characteristic for an adjacent
pair of the microelectrodes coated with I for which cyclic
voltammetry is shown. In the region of maximum Ip, the
current is partially limited by the significant resistance
of the micrcelectrode leads (~200 Q). All data are for

solutions at -40°C.




PraPN Ao

»

pw

gt o gaaaan

Ao

Drain Current, u A

o

1 l Lan

A

I T T T Ll

SO~ Pt/poly (3-methyithiophene)

- SO, /0.1MI(n-Bu)gN] PFg

|

1,000mV/sec

40— 8 —
- ~
30~ —~
500
- T
20 —
i 200 1
(o —
| 100
or — -
- g .
- 10 ~
20l i
30 .
- 40 -
P -
T SR A TR BT B DI |
) ' T li L3 t‘r r LN l’ v ' v I
poly (3-methylthiophene) tronsistor ot
500mV/sec
$0,/0.1MI{(n-Bu)g NIPFg Vg =25mV
Relo] == —
80 —
- e
GOI— —J
- 1
40— -
20 -
r -
of- ~
[ T YU U (N N A R T T |
-04 0 04 08 .2 .6 20

Gate Potential, V vs. Ag wire




L/1113/87/2

TECHNICAL REPORT DISTRIBUTION LIST, GEN

No.
Copies

0ffice of Naval Research 2
Attn: Code 1113
800 N. Quincy Street
Arlington, Virginia 22217-5000
Dr. Bernard Dada 1
Naval Weapons Support Center
Code 50C
Crane, Indiana 47522~5050
Naval Civil Engineering Laboratory 1

Dr. R. W, Drisko, Code LR
93401

Attn:
Port Hueneme, California

Defense Technical Information Center 12
Building 5, Cameron Station high

Alexandria, Virginia 22314 quality
DTNSRDC 1
Attn: Dr. H, Singerman

Applied Chemistry Division

Annapolis, Maryland 21401

Or. William Tolles 1

Superintendent

Chemistry Division, Code 6100
Naval Research Laboratory
Wwashington, D.C.  20375-5000

Dr. David Young
Code 334

NORDA

NSTL, Mississippi 39529
Naval Weapons Center
Attn: DOr. Ron Atkins
Chemistry Division

China Lake, California 93555
Scientific Advisor

Commandant of the Marine Corps
Code RD-1
Washington, D.C. 20380

U.S. Army Research Office
Attn: CRD-AA-IP
P.0. Box 12211

Research Triangle Park, NC 27709

Mr. John Boyle

Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsylvania

Naval Ocean Systems Center
Attn: Dr. S. Yamamoto
Marine Sciences Division

San Diego, California 91232

19112




