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ééﬁ 4. Body of Report

:3$: A. Statement of the problem studied

. The research proposal entitled "Microvoltammetric Electrodes" which was

S jointly funded by the U.S. Army Research Office and the National Science

= Foundation was directed at exploring the wide new possibilities in electro-
ey chemistry offered with microvoltammetric electrodes. The specific research
L plan was to simplify the method of construction of microvoltammetric elec-
!l. trodes, to explore the use of these electrodes under steady-state condi-

- tions, especially in resistive solutions and under hydrodynamic conditions,
to develop fast scan voltammetry, and to investigate the properties of car-
bon electrodes. Progress has been made in each of these areas and will be
summarized in the following section. The majority of these results have
been published in the scientific literature. This summary follows the out-
line used in the original research plan.

B. Summary of the most important results

1. Construction of Electrodes.

At the time the original research proposal was written, most of our
experience in the construction of microvoltammetric electrodes was with the
use of carbon fibers inserted in a glass pipette. These electrodes have
been shown to be ideal for in vivo use, but they are fragile, and thus are
not suitable for routine electrochemical investigations. Therefore, in the
original research plan we proposed to build electrodes with a large insula-
ting area surrounding a small disk-shaped electrode. The rationale was that
this type of electrode would be easy to resurface, and could be used in a
fashion similar to electrodes of conventional size. In fact, we have demon-
strated that it is very easy to seal gold or platinum wires in soft glass
simply using a bunsen burner flame (1). Electron microscopy shows that
there is a good seal betwec:n the glass and the electrode material, and these
have been used routinely in our lab for the last two years. Construction of
carbon microvoltammetric electrodes by this technique proved to be more
troublesome -- the carbon fiber tends to evolve CO, when heated, and thus a
good seal cannot be obtained. However, we have successfully made carbon
microvoltammetric electrodes in a large insulating material using epoxy (1).
More recently, we have found that carbon fibers can be sealed in glass when
this is done in a nitrogen atmosphere.

In the original proposal we suggested several ways in which electrodes
could be constructed which would exhibit the steady-state electrochemical
properties of microdisk electrodes, but would yield large and more easily
measured currents. An array of carbon fiber disk electrodes has been demon-
strated as a means to achieve the advantages of microvoltammetric electrodes
while maintaining easily measured currents (2). Recently we have examined
the properties of microcylinder and line electrodes (3). We have found that
the current-time relationships of faradaic processes at microcylinder elec-
trodes can be predicted by the equations derived for heat flux to a cylin-
der. An estimation of the magnitude and temporal properties of the measured
current at a band electrode can be obtained with equations derived for a
hemicylinder geometry. In addition, mercury microelectrodes have been
constructed (4).
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2. Steady-State Voltammetry.

When microvoltammetric electrodes were first developed, it was recog-
nized that one of their most unusual features was that, at conventional scan
rates (< 100 mVs™ "), voltammograms were totally time independent. This
observation led to the proposal that this unique feature could be used to
investigate several different aspects of electrochemistry.

a. Voltammetry in resistive solutions.

Because of the very low currents measured with disk-shaped microvoltam-
metric electrodes, we proposed that electrochemistry would be viable in
solutions containing very small amounts of supporting electrolyte. We also
proposed that this would be most easily done under conditions where steady-
state voltammograms are obtained. This has been experimentally confirmed
(1). We have found voltammograms of the oxidation of ferrocence in acetoni-
trile are virtually undistorted, even when the supporting electrolyte is
one-tenth the concentration of the depolarizer. We have also investigated
voltammetry in a number of solvents not normally used in electrochemical
studies (5). These included benzene, chlorobenzene, tetrahydrofuran, and
dimethoxyethane. In fact, we were able to show that with the exception of
benzene, very fast voltammetry also could be performed with minimal distor-
tion in these solvents.

b. Microelectrodes with convection.

Since microvoltammetric electrodes show time-independent behavior at
relatively long times, we proposed to investigate the sensitivity of the
current at these electrodes to solution convection. This was accomplished
with an array of carbon fiber disks arranged in a channel detector suitable
as a liquid chromatographic detector (2). This type of detector was shown
to be advantageous over a glassy carbon electrode of conventional design.
The improvement in signal-:o-noise ratio was ascribed to the in sensitivity
of the array electrode to faradaic currents arising from impurities in solu-
tion, and which are modulated by fluctuations in the flow rate. This ena-
bled the determination of compounds, while maintaining favorable signal-to-
noise ratios at potentials near the positive potential limit for carbon
electrodes.

We have also shown that the low value of the capacitance of the carbon
fiber array facilitates the use of rapid scan voltammetry during its use as
a liquid chromatographic detector. This enables the identification of a
compound eluting from a chromatographic column by voltammetric properties as
well as its characteristic retention time (6). In related research, we
established that liquid chromatography with electrochemical detection is
suitable for the detection of polyaromatic hydrocarbons and polyaromatic
amines, substances of environmental importance (7).

3. Very Rapid Electrochemistry.

A particularly unique feature of microvoltammetric electrodes, that we
have demonstrated under the existing grant, is their capability for use in
fast scan voltammetry. At scan rates above 200 V s~ °, voltammograms at
microvoltammetric electrodes exhibit the characteristics of linear diffu-
sion. The reduced double layer capacitance and iR drop permits scan rates
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up to 20,000 Vv s”! to be obtained with minimal distortion (1). We have
exploited these features to investigate electron transfer rates for a number
of aromatic compounds in nonaqueous solution using cyclic voltammetry.
Alth0fgh this technique has the capability of measuring rates exceeding 20
cm s~ 7, compounds which exhibit such fast rates have not yet been found. We
have also demonstrated the use of ultrafast voltammetry in the determination
of rapid chemical reactions which follow electron transfer (5). Under con-
ditions where the scan rate is sufficiently fast to outrun chemical reac-
tions, chemically reversible voltammograms are obtained, and values of the
formal potential can be observed. In conjunction with Professors Christian
Amatore and Jay Kochi, we have measured the redox potentials for the forma-
tion of the radical cation of a number of different aromatic hydrocarbons
(8). In addition, we have used this technique to determine the dispropor-
tionation equilibria for the radical cation of diphenylanthracene in a
variety of solutions (5).
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4. Carbon Electrodes.

The rationale for an investigation of the properties which affect elec
tron transfer at carbon electrodes was based on the fact that carbon had
been our most successful substrate for making microvoltammetric electrodes.
However, electron transfer reactions are generally slow at carbon elec-
trodes, and thus we needed methods to accelerate these rates so that we
could employ the fast voltammetric techniques. One method which we found
particularly useful was the heat treatment of glassy carbon (9). However,
the most useful method that we have found is to employ an electrochemical
pretreatment (10). Our research does suggest that for highly-charged mole-
cules, the carboxyl groups on the surface of carbon can affect the electron
transfer rates (11). For these types of molecules, various pretreatments
are proposed to eliminate this effect.

Conclugions

Thus, it can be seen that the research of the last three years has
resulted in significant advances in microvoltammetric electrode construc-
tion, and their use in electrochemical experiments. Their unique properties
have allowed us to make measurements in domains that are normally inaccessi-
ble to electrochemical techniques. In addition, the methodology we have
developed is sufficiently simple that it can be used in a wide number of
other laboratories.

1. Ultra-Fast Voltammetry and Voltammetry in Highly Resistive Solutions
With Microvoltammetric Electrodes, J. O. Howell, R. M. Wightman, Anal.
Chem., 56, 524-529 (1984).

2, Flow Rate Independent Amperometric Cell, W. L. Caudill, J. O. Howell,
R- M- Wightman, Anal- Chem-’ a, 2532“2535 (1982).

3. Faradaic Electrochemistry at Microcylinder, Band and Tubular Band
Electrodes, P. M. Kovach, W. L. Caudill, D. G. Peters, R. M. Wightman,
J. Electroanal. Chem., 185, 285-295 (1985).

4. Cyclic Voltammetry and Anodic Stripping Voltammetry with Mercury Ultra-
microelectrodes, K. R. Wehmeyer, R. M. Wightman, Anal. Chem., 57, 1989-
1993 (1985).

AT JR DT SN S P
PRGNy R SR ER A




'''''''''''

.................

5. Ultrafast Voltammetry of Anthracene and 9,10-diphenylanthracene, J. O.
Howell, R. M. Wightman, J. Phys. Chem., 88, 3915-3918 (1984).

6. Liquid Chromatography with Rapid Scanning Electrochemical Detection at
Carbon Electrodes, W. L. Caudill, A. G. Ewing, S. Jones, R. M. Wightman,

7. Determination of Some Polyaromatic Compounds by Reversed Phase Liquid
Chromatography with Electrochemical Detection, W. L. Caudill, M. V.
Novotny, R. M. Wightman, J. Chromatog., 261, 415-418 (1983).

8. Electron Transfer from Aromatic Hydrocarbons and their m-Complexes with
Metals, J. O. Howell, J. Goncalves, C. Amatore, L. Klasinc, R. M.
Wightman, J. K. Kochi, J. Am. Chem. Soc., 106, 3968-3976 (1984).

9. Enhanced Electrochemical Reversibility at Heat-Treated Glassy Carbon
Electrodes, K. J. Stutts, P. M. Kovach, W. G. Kuhr, R. M, Wightman,
Anal. Chem., 55, 1632-1634 (1983).

10. Methods to Improve Electrochemical Reversibility at Carbon Electrodes,
R. M. Wightman, M. R. Deakin, P. M. Kovach, W. G. Kuhr, K. J. Stutts, J.
Electrochem. Soc., 131, 1578-1583 (1984).

11. The Effect of pH on Some Outer-sphere Electrode Reactions at Carbon
Electrodes, M. R. Deakin, K. J. Stutts, R. M. Wightman, J. Electroanal.
Chem., 182, 113-122 (1985).

C. List of all publications

l. Flow Rate Independent Amperometric Cell, W. L. Caudill, J. O. Howell,
R. M. Wightman, Anal. Chem., 54, 2532-2535 (1982).

2. Electrocatalysis of Ascorbate Oxidation with Electrosynthesized,
Surface Bound Mediators, K. J. Stutts, R. M. Wightman, Anal. Chem., 55,
1576-1579 (1983).

3. Determination of Some Polyaromatic Compounds by Reversed Phase Liquid
Chromatography with Electrochemical Detection, W. L. Caudill, M. V. Novotny,
R. M. Wightman, J. Chromatog., 261, 415-418 (1983).

4, Enhanced Electrochemical Reversibility at Heat-Treated Glassy Carbon
Electrodes, K. J. Stutts, P. M. Kovach, W. G. Kuhr, R. M. Wightman, Anal.
Chem., 55, 1632-1634 (1983).

5. Liquid Chromatography with Rapid Scanning Electrochemical Detection at
Carbon Electrodes, W. L. Caudill, A. G. Ewing, S. Jones, R. M. Wightman,
Anal. Chem., 55, 1877-1881 (1983).

6. Ultra-Fast Voltammetry and Voltammetry in Highly Resistive Solutions
With Microvoltammetric Electrodes, J. O. Howell, R. M. Wightman, Anal.
Chem., 56, 524-529 (1984).

7. Methods to Improve Electrochemical Reversibility at Carbon Electrodes,
R. M. Wightman, M. R. Deakin, P. M. Kovach, W. G. Kuhr, K. J. Stutts, J.

...... St o
cp el

AN .A{:‘:’ VIR e

T




v
.

~

"y

. Electrochem. Soc., 131, 1578-1583 (1984).

[ 8. Electron Transfer from Aromatic Hydrocarbons and their T-Complexes with
{ Metals, J. O. Howell, J. Goncalves, C. Amatore, L. Klasinc, R. M. Wightman,

J. K. Kochi, J. Am. Chem. Soc., 106, 3968-3976 (1984).

G
AT et e

9., Ultrafast Voltammetry of Anthracene and 9,10-diphenylanthracene, J. O.
Howell, R. M. Wightman, J. Phys. Chem., 88, 3915-3918 (1984).

10. The Effect of pH on Some Outer-sphere Electrode Reactions at Carbon
Electrodes, M. R. Deakin, K. J. Stutts, R. M. Wightman, J. Electroanal.
Chem., 182, 113-122 (1985).

11. Faradaic Electrochemistry at Microcylinder, Band and Tubular Band
Electrodes, P. M. Kovach, W. L. Caudill, D. G. Peters, R. M. Wightman,
J. Electroanal. Chem., 185, 285-295 (1985).

WO Y e

12. Electroanalytical Propecties of Band Electrodes of Submicrometer Width,
K. R. Wehmeyer, M. R. Deakin, R. M. Wightman, Anal. Chem., 57, 1913-1916
(1985).

13, Cyclic Voltammetry and Anodic Stripping Voltammetry with Mercury Ultra-
microelectrodes, K. R. Wehmeyer, R. M. Wightman, Anal. Chem., 57, 1989-1993
(1985).

. l4. Scan Rate Dependence of the Apparent Capacitance at Microvoltammetric
\ Electrodes, K. R. Wehmeyer and R. M. Wightman, J. Electroanal. Chem., in
N press.

D. List of all participating scientific personnel showing any advanced
degrees earned by them while employed on the project

Research Assistants: . Lowry Caudill (Ph.D. 12/83)
Paul M. Kovach
t Jonathon 0. Howell
Mark R. Deakin

o Postdoctoral Associate: Kenneth R. Wehmeyer

Professor R. Mark Wightman

1% 2vm hva AW N e - ; . - . o . " BT e g e rem—"—

T ‘-"J“




—— e MR arii it Jiatt s A s i ¥ P S e s |

P 8 IR A S A B A A S A A LA A S S S DL S e




