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The most significant aspect of the fragmentation process
discussed here is the possibility of distinguishing leucine from
isoleucine in peptides that give rise to C-terminal ions. This
complements the similar significance of the a,, ion types, a,-42
for Leu and a,-28 for Ile, observed for peptides that favor
retention of the charge on N-terminal fragments (6). Earlier
efforts to differentiate leucine from isoleucine by mass
spectrometry had met with only limited success (3). Of sec-
ondary importance is the confirmatory aspect of the presence
or absence of a w, ion corresponding to amino acids at the
N-terminal positions of these ions, indicating the presence or
absence of amino acids that possess a readily cleaved 8,y bond.
Finally the m/z value of w, ions allow the confirmation of the
position of amino acids substituted at the 8 carbon, such as
threonine or valine. A note of caution should be added,
however, because the fragmentation of a 8,y bond of a side
chain of an amino acid next to that representing the N-ter-
minus of the fragment may occur.
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Preparation and Electrochemical Characterization of

Ultramicroelectrode Ensembles

Reginald M. Penner! and Charles R. Martin*
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A new procedure for preparing ultramicrodisk electrode en-
sembles Is described. This procedure is based on electro-
chemical deposition of platinum into the pores of a micropo-
rous polycarbonate host membrane. This procedure is simple
and fast and requires only conventional, inexpensive electro-
chemical instrumentation. Futhermore, this new procedure
can be used to prepare ensembles with very small and uni-
form element radil. We have used this procedure to prepare
ultramicrodisk ensembles with elements having radii as small
as 1000 A. These are the smallest element radil reported in
the literature to date. Electrochemical methods were used
to characterize the ensembles prepared using this new pro-
cedure. These studies show that the new ensembles yleld
electrochemical responses that are consistent with estab-
lished theory.

Theoretical analyses suggest that ultramicroelectrode arrays
(UMA'’s) may have a number of important advantages over
conventional, macro-sized electrodes (I-4). For example,
digital simulations suggest that cyclic voltammetric experi-
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ments at UMA'’s containing disk-shaped elements can be used
to measure heterogeneous rate constants that are too large
for measurement via cyclic voltammetry at macro-sized
electrodes (I). As the size of the microdisks in the UMA
decreases, the magnitude of the rate constant which can be
reliably measured increases (1).

UMA's can also show higher signal-to-noise ratios (and thus
lower detection limits in electroanalytical experiments) than
conventional, macro-sized electrodes (, 2). This improvement
in signal-to-noise ratio results because, under optimal con-
ditions, the faradaic signal associated with electrolysis of the
analyte is proportional to the total geometric area of the UMA
(i.e., active plus inactive area) whereas the noise is proportional
to only the active element area (see below) (I-3). Equations
developed by Pons et al. show that for chronoamperometric
experiments at UMA’s with disk-shaped elements, the en-
hancement in sensitivity, relative to the macro-sized electrode,
increases as the diameter of the elements decreases (2).

The above discussion suggests that if electrochemists are
to reap maximal benefits from UMA’s with disk-shaped ele-
ments, the microdisks should be made as small as possible.
Osteryoung et al. have recently used microlithographic tech-
niques to prepare UMA’s composed of 0.375-um-radii disks
(4). The microdisks in these arrays are the smallest to be
reported in the literature to date. Although electron beam
and X-ray microlithography possess sufficient resolution to

© 1987 American Chemical Society
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Table I. Nuclepore Membrane Specifications

average
pore pore fractional distance
radius,? density,* pore? thick- between
um pores cm™2 area ness,® um  pores,S’ um
0.5 2 x 107 0.157 10 5
0.1 3x 108 0.094 10 1

¢From Nuclepore, Inc., product literature. Nominal precision of
pore diameter is +0% to —20%. Nominal precision of pore density
is £15% (8). ®Surface area of pores divided by total surface area
of membrane. Since the pores become the UME elements, this
fraction is the active electrode area divided by the total geometric
area. °Average distances are estimated from scanning electron
micrographs of as-received Nuclepore membranes.

allow microdisk arrays of smaller elements to be prepared (4),
these methods require instrumentation and expertise not
usually found in the electrochemical or analytical laboratory
(5-7).

We have developed a new procedure for constructing en-
sembles of ultramicrodisk electrodes. The term ensemble
rather than array is used because the elements in these devices
are not evenly spaced. This procedure is simple and quick
and requires only routine, inexpensive electrochemical in-
strumentation. Furthermore, this procedure can be used to
prepare ensembles with very small and uniform element radii.
In principle, element radii as small as 50 A are possible using
this approach; the ensembles described in this paper have
elements with radii of 1000 and 5000 A.

We describe this new procedure and present results of
voltammetric investigations of the resulting ultramicroelec-
trode ensembles (UME’s) in this publication. Two types of
voltammetric experiments were conducted. The first involved
measurement of capacitive currents at the UME’s so0 as to
obtain information about the exposed element surface area.
The second set of experiments involved measurement of
faradaic currents and were conducted to determine whether
the UME'’s function according to established electrochemical
theory (1-4).

EXPERIMENTAL SECTION

Chemicals and Equipment. Chloroplatinic acid (99.995%,
Aldrich), Fischer reagent grade H,SO,, and Southwestern Ana-
lytical Chemicals electrometric grade Bu,NClO, were used as
received. Milli Q 18-MQ water was used for rinsing and for all
aqueous solutions. Solutions with acetonitrile were prepared from
Burdick and Jackson Spectrograde acetonitrile. Nuclepore 1.0
and 0.2 um pore diameter polycarbonate membranes were gen-
erously donated by Nuclepore Corp. The specifications of these
membranes are listed in Table I (8).

A hot polyethylene solution was used in the preparation of the
ultramicroelectrode ensembles (see next section). This solution
was prepared by melting 1000 molecular weight polyethylene
(Polysciences Inc., no. 7662) at 120 °C and then dissolving into
this melt a low density, high molecular weight, polyethylene
(Polysciences Inc., no. 3123). A 5% solution was prepared.

Platinum deposition was accomplished with a Bioanalytical
Systems Model CV-27 potentiostat. Electrochemical measure-
ments were made with a PAR Model 173 potentiostat in con-
junction with a PAR Model 175 programmer and a Houston
Instruments Model 2000 XY recorder or a Nicolet Model 206
digital storage oscilloscope. Ninety percent iR compensation was
employed for all measurements (9). All solutions were purged
with nitrogen prior to use. Scanning electron micrographs were
obtained on a JEOL JSM-258II scanning electron microscope at
an accelerating voltage of 25 kV.

Procedure for Preparing Ultramicroelectrode Ensembles.
The procedure developed stems from our work with electronically
conductive composite polymer membranes (10, 11). This pro-
cedure is summarized schematically in Figure 1 and discussed
in detail in the following paragraphs. A porous host membrane

Nuclepore Pt/Nuciepore Ultramicroelectrode
membrane composite rray (UMA)
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Figure 1. Schematic diagram of the procedure used to prepare ul-
tramicrodisk electrode ensembles.

is immobilized onto the surface of a Pt-disk electrode (Figure 1a).
This membrane-modified electrode is then immersed in a solution
of chloroplatinic acid and Pt is deposited electrochemically in the
pores of the host membrane. Electrochemical deposition is
continued until the Pt layer begins to overgrow the surface of the
host membrane (Figure 1b). The surface of the Pt/Nuclepore
composite membrane is then impregnated with polyethylene (PE)
by immersion in molten PE solution (see Figure 1¢ and discussion
below). Finally, the PE and excess Pt are removed by polishing,
revealing the UME (Figure 1d).

The key point in Figure 1 is that the pores of the host act as
templates for the elements of the UME. The geometries and
dimensions of the pores define the geometries and dimensions
of the UME elements. Furthermore, the pore density defines the
UME element density.

Nuclepore polycarbonate membranes were used as the host
materials (8). These membranes are prepared by a patented
irradiation/chemical etch technique and contain linear, cylindrical
pores of nearly uniform pore diameter. This ensures that the
elements of the UME are all circular and of approximately the
same diameter. Furthermore, because membranes with pore radii
ranging from 6 um to 50 A are available comercially, UME’s with
a broad range of element radii can, in principle, be prepared. In
addition, these membranes have very high pore densities, ranging
from approximately 1 X 10° pores em™ for the 6.0 um pore
membranes to approximately 6 X 108 pores cm™ for the 50 A pore
membranes (7). Finally, polycarbonate has good chemical and
thermal stability. For all of these reasons, Nuclepore is the ideal
host material for preparing UME’s.

Pt disks (r = 4 mm) were used as the substrate electrodes.
Because prior studies showed that better substrate surface/
membrane contact is achieved with convex substrate electrodes
than with conventional planar electrodes (12), convex electrodes
were used here. Convexity was introduced by polishing the
circumference of the electrodes more than the center. Substrate
electrodes were prepared and polished as described previously
(10).

Nuclepore membrane of the desired pore diameter was wetted
with acetonitrile, stretched over the convex electrode, and held
in place with a sleeve of heat-shrinkable Teflon tubing (Figure
2). A conventional two-compartment electrochemical cell con-
sisting of the membrane-modified working electrode, an aqueous
saturated calomel electrode (SCE), and a Pt-flag counter electrode
was used for Pt deposition. Aqueous 1072 M chloroplatinic acid,
which was 0.5 M in H,SO,, served as the electrolysis solution.

Pt deposition was accomplished by repeatedly scanning the
potential of the working electrode between 0.4 and -0.3 V (vs.
SCE, scan rate 30 mV s™). A typical cyclic voltammogram ob-
tained during the deposition process is shown in Figure 3. De-
position was continued unti! the Nuclepore surface was overgrown
with Pt. This proved necessary because electron micrographs
showed that membranes that were not overgrown contained a
fraction of pores that were either devoid of or only partially filled
with Pt.

It is important to point out that prior to emergence of the Pt
fibers from the pores of the Nuclepore membrane, the membrane
surface is reflective and black. After emergence, this surface is
no longer reflective and is dull gray in appearance. This change
in the appearance of the surface of the Pt/Nuclepore composite
membrane can be used to determine when sufficient Pt has been
deposited. Deposition times of ca. 4 h were required for the UME’s
described here. After Pt impregnation, the composite membranes
were extracted in Milli Q water for an hour to remove residual
plating solution. Electrodes were than dried in vacuo for 4 h at
80 °C.
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Figure 2. Schematic diagram of the Nuclepore membrane modified
electrode used to prepare the ultramicroelectrode ensembles: 1, 6-mm
glass tube; 2, Cu wire; 3, heat shrinkable Teflon tube; 4, 9-mm glass
tube; 5, electron microscopy grade epoxy; 6, heat shrinkable Teflon
tube; 7, solder contact; 8, convex Pt substrate; 9, Nuclepore/Pt com-

posite UME.

0.5mA

CURRENT

POTENTIAL, V vs. SCE

Figure 3. Initial cyclic voltammogram for Pt deposition at a 1.0 um
pore diameter Nuclepore membrane modified electrode: scan rate 50
mV/s; 10 mM H,PtCls, 0.2 M H,SO,.

In our initial attempts to prepare UME's using this approach,
the electrodes were, at this point, polished to remove the excess
Pt and examined electrochemically. These UME'’s showed ca-
pacitive currents, that were much higher than expected, suggesting
that solution was creeping between the Pt and the host membrane.
To circumvent this problem, the Pt-Nuclepore composite mem-
brane electrodes were impregnated with low molecular weight PE
before polishing. This drastically lowered the capacitive currents
observed at the UME (see capacitance section below).

PE was incorporated by immersing the Pt/Nuclepore composite
membrane electrodes in molten (120 °C) PE solution in a vacuum
oven; the membranes were exposed to the PE solution for 15 min.
The electrodes were then allowed to stand at room temperature
for ca. 2 h to allow the PE to harden. This treatment leaves a
thick PE coating over the Pt-impregnated Nuclepore surface
(Figure 1c). Immediately before use, the PE-covered surface was
hand-polished with 0.05-um alumina. Complete removal of excess
PE and Pt is signaled by a change in color of the electrode surface
from light gray to black.

RESULTS AND DISCUSSION
Electron Microscopy. A scanning electron micrograph
of a typical UME is shown in Figure 4a. Clearly, Pt is de-

from Nuclepore membrane with 1.0-um-diameter pores and of (B) Pt
fibrils obtained after polycarbonate host membrane is dissolved away
from the UME shown in part A.

posited only within the pores of the host. Furthermore the
exposed Pt microdisks retain the size and near circular shape
of the pores in the host membrane. Prior studies have shown
that the Nuclepore host membrane is quite soluble in CH,Cl,
(11). Dissolving away the host membrane affords an oppor-
tunity for observing the Pt fibers which extend through the
Nuclepore. Figure 4b shows, as expected, that these fibers
assume the shape and dimensions of the host’s pores. Fur-
thermore, there are apparently no macroscopic defects in the
Pt fibers.

Evaluation of Capacitance. As noted in the introduction,
it is in principle possible to obtain lower detection limits at
UME's than at macro-sized electrodes (1, 2). This detection
limit enhancement arises from an improved faradaic current
to capacitive current ratio (1, 2). Because of the importance
of the capacitive current to the analytical applications of
UME's, the double layer capacitances of the UME’s were
estimated. Cyclic voltammograms were obtained for solutions
containing only supporting electrolyte (0.4 M Bu,ClO, in
MeCN). Typical voltammograms are shown in Figure 5. At
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Figure 5. Cyclic votammetry in 0.4 M Bu,NCIO,, MeCN supporting
electrolyte solution: (A) Pt substrate macro-sized electrode, A = 0.5
cm? (B) r = 0.5 um UME; (C) r = 0.1 um UME. Scan rate = 100
mV/s.

Table II. Comparison of Experimental and Calculated
Capacitance Values for UME’s

Cdv uF
electrode description exptl® caled?
macro, A = 0.5 cm? 12
r=0.5 um UME 2.75 1.9
r=20.1 um UME 5.65 1.2

e Experimental C4 = slope of plot of i, vs. v. Numbers reflect the
average result obtained for three electrodes of each type.
®Calculated C; values are obtained from the membrane specifica-
tions (pore diameter and number density, Table I) by assuming
100% of membrane pores are active elements with a specific ca-
paciztance equal to that of the Pt substrate electrode (i.e. 23.2 uF
cm™).

potentials far removed from the switching potential the ca-
pacitive current (i) contribution to the anodic currents shown
in Figure 5 are given by (13)

i, = —vAC, )

where v is the scan rate (V s7!), A is the electrode area (cm?),
and Cy is the double-layer capacitance (F cm™). According
to eq 1, C4 can be obtained from a plot of i, vs. ».

Experimental plots of i, (at +0.2 V) vs. v are linear for all
three electrodes investigated here (correlation coefficients
greater than 0.99). Table IT compares experimental Cy’s ob-
tained from these plots with values calculated from the known
pore radii and pore densities of the host membranes (see Table
I). The calculated values assume that 100% of the pores in
the host yield active UME elements with capacitances equal
to the capacitance of the bare substrate electrode (23.2 uF
cm™2),

For both UME’s, the experimental Cy’s are larger than the
calculated values. Wightman et al. noticed a similar disparity
between calculated and experimental Cy’s and attributed this
to defects in the seals between the elements and the host
material (14, 15). Because the circumference to area ratio is
greater for elements with small radii, problems associated with
such defects will be more acute as the radius is decreased (14,
15); this conclusion is in agreement with our data in that the
disparity between the calculated and experimental values is
greater for the smaller element radius ensembles (Table II).

Capacitance values before incorporation of PE were found
to be extremely high, indicating that voids do exist between
the Pt elements and the host material. While the molten PE

probably totally fills these voids, PE contracts. upon solidi-
fication; this contraction undoubtedly opens submicroscopic
cracks between the membrane and the elements resulting in
increased exposed surface area and higher capacitance values.
An insulating material that does not contract upon solidifi-
cation is required. It is worth noting that we initially used
paraffin as an impregnating material but capacitance values
were even higher than for the PE-incorporated ensembles.
Thus, while PE is a better material, we have obviously not
vet found the ideal material.

Obtaining a better sealing material is essential to the
analytical applications of these ensembles. Note that if the
calculated capacitance could be achieved from the 0.1-um
UME, an order of magnitude or better decrease in the capa-
citive current (relative to a macro-sized electrode) would be
obtained. This could in principle result in an order of mag-
nitude decrease in detection limits at the UME. Ensembles
with even smaller element radii would yield even lower de-
tection limits. However, because of leakage problems for our
(and other (14, 15)) UME'’s, it is pointless to pursue these
analytical advantages until a better sealing material is iden-
tified. We are currently looking for such a material.

Evaluation of Faradaic Electrochemical Responses of
the UME’s. In addition to providing information about
surface area, voltammetric experiments can be used to de-
termine whether the UME’s are functioning according to
established electrochemical theory (I1-3). The shape of the
voltammogram obtained at an UME is dependent on the
radius of the elements, the distance between adjacent ele-
ments, and the time scale (i.e., scan rate) of the experiment
(I-3). A qualitative understanding of how these variables
effect the voltammogram can be achieved through a consid-
eration of the diffusion layer.

Saveant has suggested that the diffusion layer developed
at an UME during a voltammetric experiment can be divided
into nonlinear (i.e. radial) and linear diffusion zones (3). If
the direction perpendicular to the UME surface is assigned
the coordinate x, the nonlinear diffusion zone extends from
x = 0 (i.e., at the UME surface) to a distance x = L, where
L is approximately equivalent to the distance between the
centers of the active sites on the UME surface (3). The linear
diffusion zone extends from x = L to some value x = Z, where
Z > L. The exact value of Z depends on the time scale of the
experiment; high scan rates yield thin linear diffusion layers
(small Z) and low scan rates yield thick linear diffusion layers
(large Z) (3).

The shape of the voltammogram will depend on the relative
thicknessess of the nonlinear and linear diffusion zones.
Consider the simplest limiting case (2, 3). If the scan rate is
very low, the linear diffusion layer will be much thicker than
the nonlinear zone and diffusion will be dominated by
transport in the thick linear zone. In this case, the voltam-
mogram will look like a conventional semiinfinite linear dif-
fusion voltammogram; indeed, the currents observed will be
identical to currents obtained for the same solution at a
macro-sized electrode of equivalent geometric area (3). Be-
cause capacitive currents are proportional to the small active
element area and faradaic currents are proportional to the
total geometric area, this limiting case will yield a signal to
background advantage and is, therefore, of interest from an
analytical point of view (1-3).

As scan rate is increased, the linear diffusion zone becomes
thinner. When the scan rate is so high that the linear diffusion
layer is much thinner than the nonlinear zone, a second lim-
iting case is reached. In this case, current is dominated by
radial diffusion in the nonlinear diffusion zone and the
voltammogram assumes a sigmoidal shape (3). As is the case
at an ultramicroelectrode (16), current is independent of scan
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Figure 6. Cyclic voltammograms at 5§ mV/s in 1 mM ferrocene, 0.4
M Bu,NCIO,, and acetonitrile for typical r = 0.1 and 0.5 um UME’s and
for a macro-sized Pt electrode (A = 0.5 cm?).
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Figure 7. Cyclic voltammograms at various scan rates for a typical
r = 0.5 um UME in 1 mM ferrocene, 0.4 M Bu,NCLO,, and MeCN.
Scan rates are shown.

rate when this limiting case is operative (3). As noted by
Wightman, this limiting case can also yield a signal to back-
ground advantage (14). Thus, this limiting case is also of
interest from an analytical viewpoint.

At even higher scan rates, the nonlinear diffusion zone
shrinks, yielding isolated linear diffusion layers at the indi-
vidual elements of the ensemble (2, 3). The voltammogram
again assumes the appearance of a diffusional wave, but the
currents are now proportional to only the active area. As we
shall see, this limiting case cannot be achieved with the en-
sembles prepared here. This case does not yield a signal to
background enhancement.

Cyclic voltammetric experiments show that the UME’s
prepared here conform to the theoretical considerations
outlined above. Slow scan (5 mV s71) voltammograms for
ferrocene (Fc) are shown in Figure 6. Note that the voltam-
mograms obtained at the UME’s are essentially identical to
the voltammogram obtained at a macro-sized electrode of the
same geometric area. Thus, at this low scan rate, current is
dominated by transport in the very thick linear diffusion zone,
and the linear diffusion to the total geometric area limiting
case, discussed above, is operative. As far as we know, this
is the first time that this analytically useful limiting case has
been demonstrated experimentally.

Figure 7 demonstrates the effect of scan rate on the shape
of the voltammogram at the 0.5-um UME. As predicted above,

as scan rate increases, the voltammograms begin to acquire .

a sigmoidal shape. Note, however, that even at the highest
scan rate investigated (100 V s7!), the wave still shows a
cathodic peak. At higher scan rates, the voltammograms
become distorted by uncompensated resistance effects. Thus,
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Figure 8. Cyclic voltammograms at 20 V/s in 1 mM ferrocene, 0.4
M Bu,NCIO,, and acetonitrile for typical r = 0.1 and 0.5 um UME’s and
a macro-sized Pt electrode (A = 0.5 cm?).
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Figure 8. log /, vs. log v for cyclic voltammograms at various elec-

trodes: 0O, macroelectrode; A, r = 0.1 um UME, O, r = 0.5 um UME.
See Figures 6-8 for details.

pure sigmoidal behavior (the second limiting case) could not
be achieved with these arrays. The third limiting case, linear
diffusion at the individual elements (2, 3), is clearly not
possible since this limiting case would require even higher scan
rates.

A simple analysis of the relative thicknesses of the linear
and nonlinear diffusion zones shows that purely sigmoidal
waves would not be expected at the 0.5-um UME. As shown
in Table I, the average distance between elements in this
ensemble is approximately 5 um. However, electron micro-
graphs indicate that there are many elements which are closer
together than this 5 um average. Thus, the nonlinear diffusion
layer will be less than 5 um in thickness. At 20 V 57!, the linear
diffusion layer is on the order of 2 um in thickness (3). Be-
cause the linear diffusion layer is still significant compared
to the nonlinear layer, a purely sigmoidal wave should not be
obtained. The voltammograms in Figure 7 bear out this
prediction,

The elements in the 0.1-um UME are approximately 1 um
apart (Table I). If the analysis presented above is correct,
waves obtained at the 0.1-um UME should be even less sig-
moidal than voltammograms obtained at the 0.5-um UME.
Figure 8 compares voltammograms at 20 V s™! obtained at the
two UME’s. Note that as predicted, the 0.1-um UME has
more pronounced peaks than the 0.5-um UME.

Voltammograms such as those shown in Figure 7 may be
used to investigate the effect of scan rate (v) on anodic peak
current (i;). Plots of log i, vs. log v are shown in Figure 9.
As would be expected (13), the macroelectrode plot is linear
with a slope of 0.5. (Note that peak current begins to fall off
at higher scan rates; as indicated above, this is probably caused
by uncompensated resistance effects (13).) At very low scan
rates, currents for both of the UME’s are identical to the
current obtained at the macro-sized electrode. This shows
that the analytically useful linear diffusion to the total geo-
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metric area limiting case can be achieved for both of these
ensembles.

As scan rate increases, peak currents at the UME’s become
significantly less than the macroelectrode values. This di-
muinution in i; reflects the transition from the mixed (linear
plus radial) diffusion case to the purely radial diffusion case.
Note that as would be expected for the purely radial case, the
slopes of the plots for the UMA’s approach zero at very high
scan rates.

If diffusion to the ensemble elements was linear, current
would be proportional to the total element area (fractional
pore area in Table I), and currents at the 0.5-um UME would
be greater than currents at the 0.1-um UME. Figure 9 shows
that at high scan rates currents at the 0.5-um UME are, in
fact, smaller. This is a manifestation of the transition to the
purely radial diffusion limiting case. When this case is op-
erative, the limiting current for the voltammogram is pro-
portional to electrode radius (r) rather than electrode area (r%)
(16). Thus, the current at each UME will be proportional to
the product of the number of elements times the radius of the
elements. Because there are many more elements per unit
area in the 0.1-um UME (Table I), the currents at this UME
are larger. The data in Figure 9 corroborate the conclusion
that, while the purely radial diffusion case cannot be achieved,
it can be approximated.

The experiments discussed above show that the electro-
chemical responses of the UME’s prepared here are in
qualitative agreement with established theory (I-3). A
quantitative evaluation of these UMA'’s, using a theoretical
analysis developed by Pons et al. (17), will be conducted.

CONCLUSIONS

Because the active electrode area of the 0.1-um element-
radius UME prepared here is 9.4% of the total geometric area
(Table I), the total diffusion to the geometric area limiting
case should, in principle, yield a signal-to-background ratio
enhancement of 9.4, relative to a macro-sized electrode of
equivalent geometric area. If this ratio is to be further eh-
hanced, the active area must be decreased. This can be done
by incorporating fewer active elements (i.e., by increasing the
distance between the elements). This will, however, make it
more difficult to achieve the linear diffusion to the total
geometric area limiting case.

This problem can be circumvented by making the elements
smaller and, thereby, increasing the radial contributions to
diffusion at each element. Thus, if the electroanalytical ad-
vantages of UMA's are to be realized, devices with smaller and
fewer elements must be prepared. We are currently working
toward this goal.

In the most general sense, we describe in this paper a
procedure for preparing uniformly sized and shaped metallic
(or other material) microstructures. Such microstructures
might be useful in a variety of chemical applications. For
example, we have recently shown that electronically conductive
polymer membranes having microfiberous morphologies can
be prepared using the methods described in this paper (11).
These microfiberous membranes support higher rates of ion
transport than conventional, amorphous electronically con-
ductive polymer membranes (18). This has important im-

plications for battery and other electronic applications of these
polymers (11, 18).

Furthermore, note that Figure 4b suggests that the pro-
cedures developed here might be useful for dispersing very
small, uniformly sized and shaped metallic particles onto
conductive surfaces. It seems possible that unique catalyst
structures could be prepared by using this approach. For
example, the semiconductor electrode surface in a photoe-
lectrochemical cell is often coated with small metal catalyst
particles (19-21). Since the method described here offers the
possibility of precisely controlling the size, shape, and density
of the metal microparticles produced, this procedure could
prove useful in such photoelectrochemical experiments. Fuel
cell and other catalyst particles might also be prepared by
using this approach.

We are currently investigating a number of these possi-
bilities. For example, we have recently shown that Pt mi-
crocylinders like those shown in Figure 4b can be photoe-
lectrochemically grown on silicon surfaces (22). We will report
the results of these and related studies in future papers.
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