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-2Abstract
.- Optical and electrical properties of anodically grown
poly-3-methylthiophene are reported as a function of redox potential in
CH3 CN/O.1 M [n-Bu 4N]C10.

Poly-3-methylthiophene can be grown by the

oxidation of 3-methylthiophene and deposited onto Au or Pt electrode surfaces.
The poly-3-methylthiophene can be used to "connect" two or more closely spaced.
(1.2 Pm) microelectrodes (2.4
*
*

Pm

wide x 50 Pm long x 0.1

Pm

thick) of a

microelectrode array fabricated using conventional microfabrication
techniques .- A pair of poly-3-methylthiophene-connected microelectrodes can
function as a transistor where one of the electrodes is regarded as Ysource.
and the other as Adrain
gate.

with the source being referenced to the solution as a

The poly-3-methylthiophene is the analogue of the channel of a solid
-

-state field effect transistor, since its conductivity changes by> f

depending on the potential. Large optical (300-800 nm) and electrical changes
for the poly-3-methylthiophene occur between-+_0.3 V and'S-+0.8 V vs. SCE.

The

reduced material has an absorption maximum at 490 nm and the oxidized material
has an absorption maximum at 750 nm.

The optical density changes parallel the

resistance changes that occur as the potential of the polymer changes between

.~

,'- leuj-r

*+0.3 and

-+0.8 V vs.

SCE.

The 6charingof a 1.5 Ofm thick film of

poly-3-methylthiophene involves ~l(4 times more charge per

unit of

projected area than a smooth Pt electrode, consistent with a large effective
internal surface area for the conducting polymer.

The resistance of

poly-3-methylthiophene falls by greater than eight orders of magnitude upon
oxidation, and the drain current, ID , vs. gate voltage, VG, at a fixed drain
potential, VD, of a poly-3-methylthiophene-based transistor gives a
transconductance, aID/aVG, of 120 mS/mm of channel width , competitive with
high quality Si MOSFET devices.

1i

Power amplification of a factor of about

-

*J.

-

-

t-

.

*~

-31000 is possible at frequencies of 10 Hz. In aqueous 0.1 M NaCl0 4 /0.05 M
Na~aPO4 (pH = 5.3) the poly-3-methylthiophene-based transistor is durable and
the resistance can be varied by >10 5 by variation in potential. A
poly-3-methylthiophene-based electrochemical transistor placed in the effluent
stream of a high pressure liquid chromatograph reproducibly turns on or off in
response to a chemical oxidant (IrC16 2 -) or reductant (Fe(CN) 6 4-),
respectively, introduced into the system via an automatic injector.

The

microelectrochemical transistor responds to <10 - 9 moles of oxidant injected.
Since only -8 x 10-5Lof the injected material passes by the transistor, the
amount of oxidant to which the device responds is <10-15 moles.
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We wish to report some new phenomena associated with the reversible
oxidation of poly-3-methylthiophene.

In particular, we report the change in

resistance and optical spectral changes in the 300-800 nm wavelength range as a
function of potential for an electrode-confined film of polymer derived from
the oxidation of 3-methylthiophene, equation (1).1 The poly-3-methylthiophene

np

n

0

- (2,~., x) e-7,"

-2 H*

(1)-.

CH3

CH3

can be deposited onto an array of closely spaced (1.2 um) microelectrodes (2.4
um wide x 50 um long x 0.1 um thick) in a controlled manner, as recently
described for polypyrrole, 2 ,3 polyaniline 4 , polyvinylferrocene, 5 and a
polyviologen. 5

Two or more of the eight microelectrodes of an array can be

connected by the poly-3-methylthiophene, allowing the demonstration of
microelectrochemical transistors, Scheme I. Compared to previously reported
molecular materials used to fabricate molecule-based transistors, 2 -4 the
poly-3-methylthiophene has the advantage of being durable in aqueous solution. 1
In addition, the transconductance of poly-3-methylthiophene-based devices is
superior to any molecule-based device 2 - 4 and is similar to that for
state-of-the-art Si MOSFET devices. 6

These favorable properties make the

poly-3-methylthiophene-based devices promising as chemical sensors and
experiments have been carried out to show that poly-3-methylthiophene-based
transistors can be reproducibly turned on or off by oxidants or reductants,
respectively. Thus, electrical, Scheme Ia, or chemical, Scheme Ib, signals can
be amplified by poly-3-methylthiophene-based transistors.
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Scheme I. Poly-3-methylthiophene-based microelectrochemical transistors for
the amplification of (a) electrical or (b) chemical signals.
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-6Experimental Section
Preparation of Microelectrode Arrays.

The microelectrode arrays used in this

work are those previously described. 5

Each chip consists of eight Au

microelectrodes with contact leads and pads.
the contact pads on one side of the chip

5

The design is one which places

(rather than symmetrically disposed

about the chip) 2 - 4 so that the contact leads, pads, and external leads can be
easily insulated by hand with ordinary epoxy.

The microelectrode arrays are

fabricated on 2" diameter single crystal Si wafers on which is grown a 1 Um
Si0

2

layer which is then capped with a 0.43 Pm thick Si3 N4 layer. The Au

microelectrodes are deposited on top of the Si3tN4 and are thus insulated from
the Si.

The eight Au microelectrodes are 50 Pm long x 2.4

Pm

wide x 0.1 Pm

thick and are separated from each other by 1.2 um. After packaging into
electrode assemblies the arrays are typically "cleaned" by scanning the
potential of all eight electrodes to a value sufficiently negative to evolve
H2 from aqueous 0.1 M K2HPO 4 . The microelectrodes are then "tested" by
examining their electrochemical behavior in aqueous 0.1 14LiCl containing 5
mM Ru(NH 3 )6 3+.
microelectrodes:

A good array shows the same response for each of the eight
a well-developed current-voltage curve at 50 mV/s for

reduction of Ru(NH 3 )6 3 + characteristic of microelectrodes. 5 ,7
Chemicals.
sources.
to use.

The CH3 CN was HPLC grade and used as received from commercial
The 3-methylthiophene was obtained commercially and distilled prior

The electrolytes were [n-Bu 4 N]Cl0 4 (Southwestern) for CH3CN solvent

or LiClO 4 (Alfa) for H2 0 solvent.

Redox reagents Ru(NH3) 6 C13 , K4 Fe(CN) 6 , and

K2 1rCl 6 were used as received from commercial sources.
Equipment.

UV-VIS spectra were recorded using a Hewlett-Packard Model 8451-A

Diode Array spectrometer in the 300-800 nm region or a Cary 17 for near-IR
measurements. The SEM photographs were obtained using a Cambridge Mark 2A
stereoscanning electron microscope with resolution of 20 nm.
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-7equipment included a PAR Model 173/175 Potentiostat/Programmer for the
characterization of macroscopic electrodes and a Pine Instruments RDE-4
Bipotentiostat for the characterization of microelectrodes.

A Houston 2000

X-Y recorder or an oscilloscope was used to record data using the PAR
equipment and a Kipp and Zonen BD 91 X-Y-Y' recorder was used for recording
characteristics of the microelectrodes when the Pine Instruments equipment was
used.

A Hewlett Packard Model 1084-b high pressure liquid chromotograph was

used as the system to generate reproducible chemical signals to be detected by
a poly-3-methylthiophene-based transistor.
Electrochemical Growth of Poly-3-Methylthiophene.

Poly-3-methylthiophene can

be grown onto electrode surfaces by oxidizing 3-methylthiophene in CH3CN/0.I M
[n-Bu4N]CIO 4 solution.

The typical procedure involves cycling (200 mV/s) the

potential of an electrode to be derivatized between 0.0 V and +1.8 V vs. SCE
in the presence of 50 M 3-methylthiophene.

The deposited polymer exhibits a

cyclic voltammetry wave with a peak at -+0.7 V vs. SCE.

The cyclic

voltammetry wave at -+0.7 V vs. SCE can be used to gauge the amount of polymer
deposited.

In derivatizing a microelectrode array, only those electrodes to

be derivatized were cycled and those not to be derivatized were held at a
negative potential, -1.0 V vs. SCE, to preclude growth of the
poly-3-methyl thiophene.
Thickness Measurements.

Thickness measurements of poly-3-methylthiophene,

made by oxidizing 3-methylthiophene on Au films coated onto microscope slides,
were made using a Sloan Dektak Surface Profiling System.

The "step" from the

Au to the polymer was defined by using Apiezon M grease to insulate a section
of the Au electrode surface during deposition of the poly-3-methylthiophene.
After the anodic growth of polymer onto the grease-free region of the Au the
grease was removed with CH2C02 . The Au (0.5 um thick) was coated onto the
microscope slides by evaporation.
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Optical Spectral Measurements.

Poly-3-methylthiophene was deposited onto

partially optically transparent Au electrodes.

The Au electrodes were

prepared by evaporating Au onto microscope slides.

The typical Au thickness

was -0.5 Pm which is sufficiently transparent, yet sufficiently conducting,
for the UV-VIS spectroelectrochemistry of the deposited polymer films. The
optical spectra vs. potential were recorded using the Hewlett Packard Diode
-Array

spectrometer or the Cary 17.
J

Chemical Stimulation of Poly-3-methylthiophene-Based Transistors.
*:

Reproducible and repetitive chemical signals were delivered to
poly-3-methylthiophene-based transistors by placing the transistor in the
effluent stream of the Hewlett Packard HPLC.

The automatic injector was used

to inject samples of oxidant, K2 [IrCl 6 ], or reductant, K4[Fe(CN)6], into a
stream of aqueous electrolyte.

A macroscopic Pt electrode was used as an

indicator electrode to determine the solution- potentials vs. time.

To

determine the amount of IrCl 6 2 - actually reaching the surface of the
microelectrode array two of the "naked" (non-derivatized) microelectrodes were
used as an indicator electrode. The naked electrodes were held at a potential
where IrCl 6 2 - would be reduced to IrCl 6 3 -, 0.0 V vs. SCE and the integral of
the current-time plot following an injection of IrCl 62

was used to determine

the number of oxidizing equivalents that comprise a given chemical signal. The
poly-3-methylthiophene-based transistor was typically operated at a drain
potential, VD , Scheme Ib,

of 0.1 V.

-9"
Results and Discussion
Derivatization of Macroscopic Electrodes with Anodically Grown Films of
Poly-3-Methylthiophene:

Charging and Optical Spectra vs. Potential.

The

capacity" and optical properties of poly-3-methylthiophene deposited onto
macroscopic Au electrodes have been determined in CH3CN/O.1 M

n-Bu 4 N]C104, in

order to fully understand the operations of the poly-3-methylthiophene-based
microelectrochemical transistors described below.

The optical spectral

changes in the near-UV/VIS (300-300) are substantial when the potential is
varied between -+0.3 and +1.0 V vs SCE, Figure 1. For the range of potentials
and wavelengths shown it would appear that there are no spectral changes for
potentials beyond -+0.8 V vs. SCE.

However, examination of the near-IR

region, 800-1500 nm, shows that additional spectral changes do occur as the
electrode potential is moved positive of +0.8 V vs SCE.
changes do not reveal well-defined absorption bands.

The near-IR spectral

Rather, more

positive potentials yield increased absorption in the near-IR over a broad
wavelength region.
That optical spectral changes occur in the near IR with additional
movement in potential beyond -0.8 V vs. SCE is in accord with the finding that
charge can be withdrawn from the poly-3-methylthiophene beyond +0.8 V vs. SCE.
In fact, as the data in Figure 2 show, the total charge withdrawn from the
polymer as a function of potential appears to be linear with potential in a
potential regime where the visible region of the optical spectrum is nearly
*constant,
• "-

Figure 1. Other workers have reported 8 that polythiophene undergoes

near-IR spectral changes at positive potentials, as found here for the
poly-3-methylthiophene.
The data in Figure 2 show that the poly-3-methylthiophene has a
remarkable capacitance:

Ui

1.9 x 102 F/cm 3 . The inset in Figure 2 shows a

-10linear plot of mF/cm 2 vs. polymer thickness; the slope of the straight line
gives the capacitance of the film.

The individual data points for the various

thicknesses shown in the inset of Figure 2 are from the slopes of the plots of
charge vs. potential for potentials more positive than +0.5 V vs.
the charge vs.

potential appears to be quite linear.

SCE where

For comparison, the

charge vs. potential for a smooth Pt electrode is included in Figure 2. This
charge is the double layer charging associated with the metallic electrode and
the capacitance is -10 PF.

Obviously, the poly-3-methylthiophene-coated

electrodes have a large capacitance, and in the potential regime more positive
than +0.5 V vs. SCE the poly-3-methylthiophene appears to behave as a
"metallic" electrode of very high internal surface area.

Note that the 1.5 im

thick poly-3-methylthiophene films give a capacity some 104 times greater than
a smooth Pt electrode.

Such a high capacity has been noted prev:.isly for

polypyrrole.9, 10
The large capacitance of the poly-3-methylthiophene or polypyrrole is not
unique:

any redox polymer will have a fairly large capacitance, since the

redox polymers such as polyvinylferrocene or polyviologen have of the order of
1-3 rrnoles of monomer units per cubic centimeter of polymer. 1 1 ,1 2

This means

*.tat for a one-electron change per monomer the capacity is -1-3 x 102 F/cm 3 .
What is different about the poly-3-methylthiophene (and presumably other
"conducting" polymers) is that there is a more or less well-defined and wide
potential regime where the charge vs. potential is linear.

For

polyvinylferrocene and and polyviologen the charge vs. potential would not be
linear over a wide potential regime, because the redox subunits comprising the
polymer do not interact strongly and charge is added or extracted from the
polymer at potentials within -100 mV of the formal potential.

For

poly-3-methylthiophene the potential region between -+0.1 and +0.5 V vs. SCE
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is a regime that can be rega.r-ed as analogous to the polyviologen or
polyvinylferrocene behavior, but as the potential is moved more positive the
13
poly-3-methylthiophene becomes "me:_llic" in behavior.

The conclusion that the poly-3-methylthiophene becomes metallic for
potentials positive of +0.5 V vs. SCE is supported by the dramatic changes in
conductivity upon electrochemical oxidation, vide infra.

In the sense that a

linear plot of charge vs. potential could be obtained, a polymer having a
variety of redox subunits with closely spaced redox potentials could be
regarded as "metallic".

For example, a polymer derived from ring-substituted

derivatives of vinylferrocene could have a linear charge vs. potential plot
for a wide potential range.

However, unlike the poly-3-methylthiophene such a

polymer would not be expected to have high conductivity because the individual
redox subunits do not interact strongly:

the polyvinylferrocene5 ,1I has a

"conductivity" some 106 times lower than poly-3-methylthiophene. 1

The point

is that polyvinylferrocene, and other conventional redox polymers, do have
some features in common with conducting polymers, but there are important
differences as well.
The potential of poly-3-methylthiophene cannot be moved positive without
limit. Extraction of charge makes the polymer more and more positively
charged and more and more reactive in electrolyte solutions.
films remain durable to at least +1.4 V vs. SCE.
of -+0.8 V vs SCE lead to decomposition.

In dry CH3CN the

In H20, potentials positive

Thus.extracting charge from

"metallic" poly-3-methylthiophene brings about chemical changes, as well as
the near-IR spectral changes noted above.

In another vein, the amount of

charge that can be withdrawn from a conducting polymer without adversely
affecting the conductivity will be a function of the polymer:

polyaniline 4

shows a relatively small potential region of high conductivity compared to

I --...... -- .' '
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-12polypyrrole. 2 ,3,14

Further, the change in conductivity with "doping" level

can be a function of the polymer. 15

With respect to microelectrochemical

devices, such as the transistors, it is these variations in properties that
can be exploited to demonstrate unique device characteristics.
Derivatization of Microelectrodes With Poly-3-methylthiophene. Electrochemical
oxidation of 3-methylthiophene at Au microelectrodes results in the deposition
of electroactive poly-3-methylthiophene that behaves as it does when deposited
onto macroscopic Au or Pt electrodes.

As for other polymers deposited onto

microelectrode arrays, 2 -5,7 the poly-3-methylthiophene can be deposited onto
the array in a controlled fashion.

In particular, the amount of polymer

deposited and the electrode derivatized can be controlled.

The amount of

polymer deposited can be controlled by control of the charge passed to form
the deposited polymer.

Derivatization of a particular microelectrode of a set

of closely-spaced (1.2 um separation) microelectrodes is possible by holding
electrodes not to be derivatized at -1.0 V vs. SCE while oxidizing
3-methylthiophene at the electrode(s) to be derivatized.

Holding an electrode

at a negative potential actively "discourages" growth of the
poly-3-methylthiophene.

Figure 3 illustrates an eight electrode array with

three adjacent microelectrodes purposely derivatized with
poly-3-methylthiophene with the remaining five electrodes kept free of
polymer.
The poly-3-methylthiophene derivatized microelectrode arrays have been
fully characterized by electrochemical methods in CH3CN/O.1 M [n-Bu4N]C104 and
to a lesser extent in various aqueous media.

Figure 4 shows cyclic

voltammograms as a function of sweep rate for a pair of adjacent, derivatized
microelectrodes in CH3 CN/0.1 M [n-Bu 4 N]C10 4 .

Note that the essential features

of the cyclic voltammetry waves for the derivatized microelectrodes are the

-13-
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.o...

same as for macroscopic electrodes derivatized with poly-3-methylthiophene.

It

is also important to note that a microelectrode not purposely derivatized, but
adjacent to the ones derivatized, shows little or no electrochemical response
characteristic of the immobilized poly-3-methylthiophene.

Thus,

electrochemical characterization, which can be useful to detect very small
amounts (-monolayer) of redox active material, substantiates SEM
characterization, Figure 3, of the derivatized microelectrode arrays that shows
r"

that the electrodes can be modified in a controlled fashion.

Cyclic voltammetry can be used to establish that two (or more)
microelectrodes can be connected with poly-3-methylthiophene.
illustrates data for two adjacent microelectrodes.

Figure 4

The key fact is that the

cyclic voltammograms (at any sweep rate shown) have the same area when
electrode A alone is driven, when electrode B alone is driven, and when
electrodes A and B are driven together.

These facts are consistent with the

conclusion that electrodes A and B are connected by polymer and that all of the
polymer is accessible by addressing A or by addressing B or by addressing A and
B together.

The fact that A alone and B alone give the same cyclic

voltammogram could be consistent with the conclusion that electrodes A and B
are derivatized with the same amount of polymer but are not connected with
polymer.

However, if this conclusion were true the cyclic voltammogram from

driving A and B together would have an area equal to the area from A alone plus
the area from B alone.

The data show that when A and B are driven together as

one electrode the area of the cyclic voltammogram is the same as for A alone or
B alone.

Thus, for the range of sweep rates illustrated in Figure 4 the pair

of microelectrodes are connected by the immobilized poly-3-methylthiophene.
find that the minimum amount of poly-3-methylthlophene that can be used to
connect two of the microelectrodes is associated with a cyclic voltamogram

S

We

I-

-14that has an area corresponding to 10-8 C in a cyclic sweep between 0.0 and +0.8 V
Kvs.

SCE.
Resistance of Poly-3-methylthiophene As Function of Potential.

The fact that

cyclic voltammetry shows that poly-3-methylthiophene connects two microelectrodes
at sweep rates up to 500 mV/s is consistent with the relatively high conductivity
of poly-3-methylthiophene.

At such a sweep rate an ordinary (low conductivity)

redox polymer, such as polyvinylferrocene, 1 1 that connects the microelectrodes at
slow sweep rates (5 mV/s) would behave as if the two microelectrodes are not
connected:

the area of the cyclic voltammogram for A and B driven together would

be the sum of the areas for A and B alone. 5 ,7

Steady state current-voltage data

can be used to show directly that charge can be passed from one microelectrode to
a second, polymer-connected, microelectrode to assess the resistance of the
polymer as a function of the potential of the polymer.

Figure 5 gives

representative data from studies of a pair of microelectrodes connected by
poly-3-methylthiophene:

the resistance between the two connected microelectrodes

declines by greater than eight orders of magnitude upon a change in potential
from 0.0 V to +0.8 V vs. SCE.
The experimental data summarized by Figure 5 have been obtained as

-

reported previously for polypyrrole- and polyaniline-connected
microelectrodes: 2 - 4

one of the two microelctrodes is held at a potential, VG,

and the potential of the other microelectrode is moved linearly in time ±-20
mV (VD) around the fixed potential of the first, while monitoring the current,
ID, that passes between the two microelectrodes.

The current that passes

through one electrode/polymer interface is equal in magnitude, but opposite in
sign, to the current that passes through the other electrode/polymer
interface.
VD

The resistance is taken to be the slope of the ID vs. VD plot at

0. Control experiments have been done with adjacent, non-derivatized
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-15microelectrodes and the "resistance" between them in CH3CN/0.1 M En-Bu 4 N)Cl0 4
is observed to be >1010 Q. The data in Figure 5 are for CH3 CN/0.1 M
[n-Bu4NIC10 4.

Similar resistance vs. potential plots are found in

H 20/electrolyte (pH

1 to 9; 0.1 M LiClO 4 or 0.1 M NaClO 4 or 0.1 M HCI0

4 ),

except the maximum resistance at -0.2 V vs. SCE only goes to -8 x 107 a. The
mimimum nesistance "s nearly the same as in CH3 CN,

-102 S. The potential

"window" for non-Faradaic processes in H2 0 is significantly less than in
CH3CN, owing to the small decomposition potential for H2 0.

It is

important to note that the resistance changes in the poly-3-methylthiophene
with variation in potential are reversible, provided the positive limit is
less than +1.4 V vs. SCE in CH3 CN and less than +0.8 V vs. SCE in H2 0. More
positive potentials give irreversible oxidative degradation of the polymer.
The poly-3-methylthiophene has a maximum conductivity that is superior
(by about one order of magnitude) to that found for polypyrrole 2 ,3 in
CH3CN/[n-Bu4N]C10 4 and the total change in conductivity is larger for a given
potential change.

The polypyrrole is more difficult to drive to as low a

conductivity as found for the poly-3-methylthiophene.

Since the geometry of

the microelectrode/polymer assemblies is not well-defined, it is somewhat
difficult to assess the conductivity of the oxidized polymer.

However, we

estimate the conductivity of the poly-3-methylthiophene to be 102 Q-1 cm- 1 , in
rough accord with literature reports' of the conductivity of this polymer
measured by other methods.

There is an obvious correlation of the potential

dependence of optical (Figure 1), charging (Figure 2), and resistance (Figure
5) properties of poly-3-methylthiophene.
Characteristics of poly-3-methylthiophene-Based Microelectrochemical
Transistors.

Removal of a small amount of electrical charge from the

poly-3-methylthiophene coating two microelectrodes increases the conductivity

lip
T

-]

-17"channel" region beneath the gate oxide. 16

Two importan't differences limit the

utility of the microelectrochemical device in traditional applications of
transistors.

The first difference is that the channel thickness of a

state-of-the-art MOSFET is much smaller than the thickness of the polymer.

This

results in the need for a relatively large amount of charge to turn on the
microlectrochemical devices.

We typically work with poly-3-methylthiophene-

based devices where a fraction of i0- 7 moles of e-/cm 2 must be withdrawn from
the polymer to turn on the device.

In absolute terms -I0-13 moles of e-'s must

be withdrawn to substantially turn on the devices.
-i0-12 moles of e-'s/cm 2 of gate area.

*with

A Si MOSFET can be turned on

Thus, while the turn on/turn off

VG changes for a microelectrochemical transistor and a solid state device are
similar, the charge required in the microelectrochemical device is significantly
larger.

This means that the amplification of power will be less with the

microelectrochemical device.

The point is that the gate current for the

microelectrochemical devices is substantially larger than for a solid state
amplifier.
In principle, the minimum amount of the polymer necessary to connect two
microelectrodes can be lowered considerably, and work toward this aim is
underway in this laboratory.

The second difference of consequence in using a

redox polymer, albeit a conducting polymer, as the "channel" material is that
the charge needed to turn on the device is associated with the movement of
ionic species into polymer.

The electrochemical conversion of

poly-3-methylthiophene from insulating to conducting involves chemical changes,
"

whereas the changes in current flow between source and drain in a solid state
FET are a consequence of the movement of capacitive charge and there is no
ion movement.

Though the conducting polymer can, in principle, be much

thinner than employed here ion movement is still required and the turn on/
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turn off rate will be slower than for solid state devices.

The point is that

the frequency of operation of the microelectrochemical device is limited by
oxidation/reduction times.

Redox polymers (at thicknesses of several tenths

of a micron) have been electrochemically driven between oxidized and reduced
states at frequencies of the order of 10 Hz. 1 7

Figure 7 shows data

demonstrating that the poly-3-methylthiophene-based microelectrochemical
transistor can be turned on and off rapidly on the one second timescale.

By

monitoring the turn on and turn off using an oscilloscope we find that the
device can be turned on (VG stepped from 0.0 V to +0.9 V vs. SCE) within 20.-*

50 ms and turned off (VG stepped from +0.9 V to 0.0 V vs. SCE) within 20 ms.
These are the best characteristics of any molecule-based transistor reported
so far.2-4
Applying a sinusoidal change of VG, negative limit - 0.0 V and positive
limit = +0.9 V vs. SCE, at 10 Hz shows that substantial power gain can be
realized with a poly-3-methylthiophene-based transistor.

Under such

conditions the maximum gate current is -1 PA while the maximum ID at VD = 0.2
V is -1 mA.

Substantial loss in power amplification occurs Letween 10 and 100

Hz under these conditions. When the device is driven with a sinusoidal VG
between +0.4 V and +0.9 V vs. SCE the response can be better, because the
device is partially "on" at +0.4 V. A detailed study of the power
amplification properties will be reported elsewhere, but for now it is worth
noting that power amplication of about 1000 can be obtained at 10 Hz with the
power in the gate circuit associated with the charge passed in the potential
sweep between 0.0 V (fully off) and +0.9 V vs. SCE (fully on).
Response of Poly-3-methylthiophene-Based Microelectrochemical Device to a
Repetitive, Reproducible Chemical Signal.

An interesting finding is that the

poly-3-methylthiophene-based microelectrochemical transistor is durable in

..

i..

4

i.r.

. . . . ..

-19aqueous electrolyte over a wide pH (1 to 9) range.

Figure C shows a typical

test of durability at pH m 7. At a VD of 0.1 V and VG = +0.5 V vs. SCE a
nearly constant (and large) ID is found for a period of 6 h. During the 6 h
-15C of charge pass through each electrode/polymer interface, corresponding to
-15 x 106 C/cm 2. A cyclic voltammogram before-and after the durability test
shows some loss of material, but the device characteristics (ID vs. VD at
fixed VG and ID vs. VG at fixed VD ) were essentially unchanged.
*

The fa.ct that

loss of polymer material does not affect the device performance suggests that
excess polymer was present initially, and the electrodes remain effectively
connected with polymer even though some loss occurs with time.

Experiments to

demonstrate -10 Hz operation (Figure 6 and vide supra) of the
microelectrochemical transistor also establishes substantial durability, since
in such experimehts the devices have been demonstrated to undergo thousands of
on-off cycles with no change in device performance.
The electrochemical characterization of the poly-3-methylthiophene-based
device, Scheme Ia. shows that useful microsensors could be made if the
chemical signal could equilibrate with the polymer to oxioize or reduce it to
turn on or off, respectively, the device, Scheme Ib. To demonstrate the
performance of the poly-3-methylthiophene-based device in such a situation we
have placed the device in the effluent stream of an HPLC and made repetitive
injections of a chemical oxidant into the system.

Figure 9 shows the response

to six injections of K2 1rC1 6 in aqueous electrolyte.

The experiment was

continued for 30 h and the reproducibility was invariant.

In the

experiment summarized by Figure 9 the device is "turned on" by the oxidant
IrC 62 -, E' (IrCl 62 -/3 -) = +0.68 V vs. SCE, 18 but it is not clear what it is
that turns off the device.
IrCl 6 2

-r,.A

Oxidation of the poly-3-methylthiophene by the

should not, in principle, be reversed by the flowing H20/electrolyte.
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-20However, the background inpurity level of some reducing agent(s) is clearly
sufficient to switch the device off.

Accordingly, the time to switch off the

device depends on the solvent/electrolyte purity.

In some experiments the

device could only be switched off by the purposeful injection of a reductant,
e.g. Fe(CN) 6 4 -, to reduce the oxidized poly-3-methylthiophene.

In such cases

repetitive alternate injection of IrC1 6 2 - and Fe(CN) 6 4- demonstrates rapid
turn on/turn off cycles with no loss in reproducibility over many injections.
The ability to reproducibly activate a device like that in Scheme Ib with
chemical redox reagents is demonstrated by the experiments described above.
Further details establish that "amplification" of the chemical signal is
In the IrC1 6 2 - experiment, the number of oxidizing equivalents

possible.

injected is 4 x I0 7 moles and the integral of the ID vs. time plot for each
-shows that only 7.5 x i0 -

*--injection

moles of electrons pass.

However, the

amount of IrC1 6 2 - that actually reaches the surface of the polymer is only a
small fraction of the total IrCl 6 2 - injected, owing to the geometry used in
the experiments.

The eight-electrode array used for the experiment in Figure

9 is one like that depicted in Figure 3 with several of the electrodes as
-.-

"naked" electrodes.

A pair of the naked electrodes can be used to determine

the amount of IrCl 6 2 " that is available at the surface of the polymer-based

"'[;
--

..

transistor.

A pair of electrodes is used to simulate the area of the

transistor.

The measurement involves injecting the IrCl 6 2

(4 x 10 7 moles)

and measuring the current corresponding to the reduction of IrCl6 2 - to
IrC1 6 3 -at the naked electrodes held at 0.0 V vs. SCE.

The integral of the

reduction current vs. time plot (3.2 x 10-8 C) shows that 3.2 x 10moles of IrCl 6 2 - are reduced on each injection.
x 10-

5

13

20%

This means that only about 8

%of the injected IrCl 6 2 - actually reaches the transistor.

Thus, the

amplification of the chemical signal can be regarded to exceed 2 x 104 using

."

-21the poly-3-methylthiophene-based device.

Further work is needed to improve

the effluent/device geometry, but the essential result is clear:

the

poly-3-methylthiophene-based device responds reproducibly to amplify chemical
signals.
Increase in ID of the poly-3-methylthiophene sensor occurs in response to
-1 x 10- 9 mole of IrC1 6 2 - injected.

Assuming that the fraction coming to the

surface of the transistor is 8 x 10-5%, this means that the device responds to
8 x 10- 16 moles of the oxidant.
IrC1 6 2 - to IrCl

6

3-

With such an injection reduction of the

at the two naked electrodes could not be detected with the

equipment available.

The point is that while the deposited

poly-3-methylthiophene is typically used in an amount that requires -10- 12
moles of oxidizing equivalents to turn it completely on, some small fraction
(<10 - 3 ) can give an easily measured change in Io . Effort in this laboratory
is now directed towards functionalizing the poly-3-methylthiophene to bring
about response to specific oxidants and reductants.
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-24Figure Captions
Figure 1. Optical spectral changes accompanying the change of potential of a
partially optically transparent Au electrode c3a ed with a film of
poly-3-methylthiophene.

The data are for CH3CN/O.1 _ [n-Bu 4 N]C10 4 electrolyte

solution.

Figure 2. Charge passed (mC/cm 2 ) following a potential step of Pt electrodes
from a given potential to 0.0 V vs. SCE as a function of the thickness of film
of poly-3-methylthiophene anodically grown ontD t,,e Pt electrode.
shows the capacitance per cm2 vs. thickness of the polymer.

The inset

The capacitances

are from the straight line portion of the mC/cm 2 vs. potential plots, i.e.
positive of +0.5 V vs. SCE.

Figure 3. Scanning electron micrographs of naked microelectrode array (top)
and a poly-3-methylthiophene derivatized array (bottom).

The derivatized

array at the bottom was functionalized by oxidizing 3-methylthiophene at the
three microelectrodes on the right while holding the five microelectrodes on
the left at a potential of -1.0 V vs. SCE.

Figure 4. Cyclic voltammetry (CH3CN/O.1 M Cn-Bu 4 N]C10 4 ) response of two
adjacent and connected poly-3-methylthiophene-coated microelectrodes as a
function of sweep rate.

The crucial result is that the area under each

current-potential scan (at a given linear sweep rate) is the same for wire A,
wire B, and wires A + B driven as one electrode.

These results show that for

the sweep rates shown that all of the polymer accessible to A is equally
accessible to B, allowing the conclusion that the microelectrodes A and B are
connected with poly-3-methylthiophene.

I!

-25Figure 5. Current-potential curves (CH3 CN/O.1 M [n-Bu 4 N]C10 4 ) as a function
of the gate potential (top) for a pair of poly-3-methylthiophene connected
microelectrodes.

The potential of one of the microelectrodes is varied a

small amount (~-±20 mV) around the gate potential.

The bottom portion of the

figure shows the resistance between the two microelectrodes as a function of
gate potential.

Figure 6. Transistor characteristics, ID, vs. VD at fixed VG (left) and ID
*vs.

VG at fixed VD (right), for a poly-3-methylthiophene-coated microelectrode
array.

ID vs. VG data are steady state data and the ID vs. VG curves are at

5 mV/s.

Figure 7. Turn on/turn off characteristics of a poly-3-methylthiophene-based
transi-stor in CH3CN/0.1 M En-Bu4R]ClO

4

. The turn on is effected by a step of

VG from 0.0 to +0.9 V vs. SCE and turn off is effected by step of VG from +0.9
V to 0.0 V vs. SCE at VD = 0.1 V. The experiment was carried out for -4 hours
without change in the turn on/turn off characteristics.
falltime is <50 ms as recorded with an oscilloscope.

The risetime and

The value of ID in the

on state is >95% of the steady state value.

Figure 8. Cyclic voltammetry (H20/1.0 M LiClO 4 ) (inset) of
poly-3-methylthiophene on connected microelectrodes before and after stability
test of 6 h. The stability test consisted of holding the transistor in the on
state, VG = 0.5 V vs. SCE at a VD = 0.1 V in an aqueous 1.0 M LiClO4 solution.
The principal plot shows ID vs. time for the transistor.
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Figure 9. Change in ID with time of a poly-3-methylthiophene-based transistor
placed in the effluent stream (0.1 M NaCl0 4 /0.05 M NaH 2 PO4 ) of high pressure
liquiJ chromatograph.

An aqueous solution of K2 1rCl 6 was injected

automatically every eight minutes into the electrolyte solution to provide a
repetitive exposure to an oxidant, IrC1 6 2 -, capable of turning on the
transistor.

Background (reductant) impurity in the solvent/electrolyte turns
The value of VD = 0.1 V, and the device is simply exposed to

the device off.

the flowing effluent stream as represented in Scheme lb.
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