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Time and Spatial Dependence of the Concentration of
Less Than 10° Microelectrode-Generated Molecules

STUART LicHT, VINCE CAMMARATA, MARK S. WRIGHTON*

The time and spatial dependence of the concentration of as few as 40,000 electrogener-
ated, redox-active molecules has been determined. The distance between generator and
detector microelectrodes in an array used in the study could be varied from 0.8 to 28
micrometers. Measurements of a sufficiently small ensemble of molecules allowed the
experimental results to be compared with a quantitative simulation of the random
movement of each member of the ensemble. The transit time of an electrogenerated
species from the generator to a collector microelectrode was measured as a function of

viscosity, diffusivity, and distance.

ICROELECTROCHEMICAL DEVICES
can be used in the study of cataly-
sis, energy conversion, sensors, dis-
plays, and molecule-based electronics (1-4).
In 1984 Kittlesen and Wrighton introduced
the microfabrication of arrays of closely
spaced, individually addressable micrometer-
dimensioned electrodes (5) and their subse-
quent modification to fabricate molecule-
based transistors, diodes, and sensors (6). In
biological systems in which electrochemical
stimulation or monitoring is useful, such as in
the release of drugs and neurotransmitters (7),
the use of microelectrodes may prove useful
for creating and monitoring chemical signals.
Another goal of such research is to reduce the
size of the ensemble of electrogenerated spe-
cies so that discrete electrochemical events can
be measured.
We have used an array of closely spaced
(~1 pm), individually addressable micro-
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electrodes (<1077 cm? in area) to monitor

the time and spatial dependence of <10°
electrogenerated species. We have directly
measured the dynamics associated with dif-
fusing species on a sufficiently small scale
(<30 pm) and of sufficiently few species
(<10°) that the measurements can be com-
pared with a quantitative simulation of the
random movement of each species. Studies
of the dynamics of electrogenerated species
in the solid state and other media not acces-
sible by traditional electrochemical methods,
such as rotating ring-disk electrodes, should
now be possible (8).

Electrochemical methods have been used
to monitor the diffusion of electrogenerated
species. The concentration profile within the
diffusion layer near a macroelectrode can be
mapped to within ~5 pm with a movable
light source (9) or a movable microelectrode
(10). Microelectrodes have been used to
monitor the time of flight of a pulse of 107°
C through a variety of thin films overcoating
the microelectrodes (11). Our smaller micro-
electrodes allow these diffusion studies to be
extended to a qualitatively smaller amount
of electrogenerated material.

Recently, Bard et al. demonstrated that in
steddy-state experiments a large fraction of
redox-active material generated at one mi-
croelectrode can be detected or “collected”
at nearby microelectrodes (12). We show
here that the transit time for movement of
the electrogenerated species from generator
to collector is a measure of the diffusion
characteristics of the electrogenerated solu-
tion species. A redox-active species is gener-
ated at one electrode, diffuses, and is collect-
ed at a second electrode (Scheme 1). Proce-
dures used in the microfabrication and pre-
treatment of the gold microelectrode arrays
are similar to those described in (13, 14).

The experimental in situ spatial and tem-

e ~30 pm —

@ Ced—Ced> @)

Electrode 1 2 3 4

5 6 7 8

Scheme 1

Scheme 1. Representation of generation-collection experiments at a microelectrode array where
“generation” can be effected at any one of the microelectrodes and “collection” can be done at any other
microelectrode. The potential at electrode 3 is pulsed to “generate” an ensembile of reduced species. The
potential at electrode 7 is fixed to “collect” a fraction of the reduced species by oxidation.
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Flg- 1. (A) Plot of Ical

1.2x10°

versus time for electrogen-
erated Ru(NH;)6** from
pulses of 4 X 107210 1.6
% 107 C at a gencrator
microelectrode 1.3 pum
wide by 6 um long. Icq
corresponds to oxidation
at a parallel collector mi-
croelectrode (of the same
size as the generator) sepa-
rated by a gap of 0.8 pm.
The collector  electrode
was maintained ar 0.0 V
versus the standard calo-
mel electrode (SCE). Ex-
periments were conducted 0

R 3:
10 pA 4
o :

Collector current, Ic,al

Generation
pulse

1: 500 ps -
2: 200 ps

ty=26ms

T T B
Generation
pulse
5:5us
6:2us
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5 —8x10*

Integral of —»

50 ps collected species
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- 4x10*

in 10 mM Ru(NH;)eCly |

Integrated collector current (number of species)

in 0.1M aqueous KCL 0 20
The generator electrode
was pulsed from 0.0 to

Time (ms)

—~0.4 V versus SCE, for durations varying from 2 to 500 s, which resulted in a 8-nA cathodic current pulse at
the generator. (B) Time dependence of the integrated collector current and Ic; versus time for the 2- and 5-ps
generation pulses. Current spikes caused by capacitive coupling from the pulsed generator electrode are omitted

for clarity.

poral distribution of electrogenerated redox-
active species is illustrated with measure-
ments of the generation (Eq. 1) and collec-
tion (Eq. 2) of Ru(NH3)¢**:

Ru(NH;)¢* = Ru(NHi)e** (1)
Ru(NH3)¢* == Ru(NHa)**  (2)

The microelectrode array is immersed in an
electrolyte solution containing Ru(NHs)¢**
as the only active species. Initially, micro-
clectrodes termed “generator” and “collec-
tor” are maintained at E,y, a potential posi-
tive of E [Ru(NHj;)s>*2*]. The generator
is then pulsed to a reducing potential, Eeq,
which creates Ru(NH;)>" in a process that
is monitored by a cathodic current Igen. Of
the generated Ru(NHj)¢>", 71% escapes
from the generator in a pulse from Eo
to Erq and back to Eox (8). As the
Ru(NH;)>* diffuses away from the genera-
tor, the time variation of the current at the
collector, Icq, signals the arrival, collection,
and regeneration of Ru(NH;)s**. Alterna-
tively, movement of Ru(NHs)e** may be
studied through the application of an oxi-
dizing potential in an electrolyte that initial-
ly contains only Ru(NHj)e?*. Our results
demonstrate that Ic is proportional to the
concentration of the relevant redox species,
so that the time dependence of I¢q at a
given collector yields time-dependent con-
centration data for the electrogenerated spe-
cies. Independent measures of I versus
time at different collectors allow mapping of
the spatial dependence of the concentration
at a given time.

Typical measurements of I¢o versus time
are presented in Fig. 1 for Ru(NH;)¢>"
generated with square-wave pulses and col-
lected at two microelectrodes separated by
0.8 wm. The collection efficiency ®g,, which
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is the ratio of collected species to generated
species (12), is ~0.40 (independent of gen-
eration pulse time) from the integrated I¢q.
The time dependence of the collection of
as little as 7 X 1072 mol, or 40,000
Ru(NH;)¢** ions, is shown. The relevant
dynamic parameter is the transit time, ty,
which is taken to be the time at which one
observes the maximum value of I We can
routinely measure Icq as lowas 107 Ato a
time resolution of 1 ms, which gives an
integrated resolution of 107'¢ C (107!
mol, or less than 1000 ions). By taking ¢t = 0
to be the midpoint of the generation pulse,
we find that ty is 2.6 = 0.3 ms (range from
sets of 10 independent trials) for the 0.8-um
gap between generator and collector elec-
trodes and is independent of the generator
pulse time. We used typical generator pulse
times that were less than one-third of the
expected value of ¢y to reduce complica-
tions from “feedback” (12).

Data in Fig. 1 illustrate the concept of
pulsed generation-collection experiments,
but complications in relating tm to the
diffusivity occur in that the width of the
generator microelectrode (1.3 wm) is great-
er than the gap (0.8 wm) separating it from
the collector. We related ¢ to diffusivity by
measuring tm for transit across an array of
seven collector microelectrodes (Fig. 2).
Each one of the eight microelectrodes is 2.7
pm wide, and they are separated from each
other by 1.4 pm. We adjusted the distance d,
the separation from the center of the genera-
tor to the nearest edge of the activated
collector, by collecting at one of the seven
collector electrodes. For the Ru(NH;)e> /2"
experiments, the plot of ty versus d* was
essentially linear, as expected for diffusion.
For a diffusional process, fy: should be
proportional to 1/D, where D is the diffu-

sion coefficient. By varying the sucrose con-
tent of the aqueous Ru(NH;)e* ™" solu-
tion, we varied D in a systematic fashion
(15). Results of measurements of ty, for
several sucrose solutions (Fig. 2) show that
tmt © 1/D. An absolute value of D for
RU(NH3)62+ in 0.1M NaClO, was determined
from limiting currents at a 25-wm microdisk
clectrode. Thus the Ru(NH,)¢**?* experi-
ments are consistent with Eq. 3:

tme = 0.22 d*/D 3)
The constant of proportionality for an ar-
ray of parallel “band” microelectrodes is
0.22 £ 0.02. Thus, for this geometry, fm,
can be used with Eq. 3 to determine D. The
concentration of the diffusing species need
not be accurately known with this method.

Cytochrome ¢ illustrates how our tech-
nique can be used to measure D. This
molecule has been characterized by the
spreading of the sedimentation boundary of
an ultracentrifuged sample (16), cyclic vol-
tammetry (17), and rotating disk voltam-
metry (18). Although the generally accepted
value of D for cytochrome ¢ is 1.1 X 1076
cm?/s, values from various modified elec-
trode methods span the range from 1.8 x
1077 to 11 x 1077 cm¥s (17-20). Our tech-
nique is a direct measurement and should be
independent of the electrode material used.
Our ty values for ferrocytochrome ¢ yielded
D = 1.1 X 107® cm?s, consistent with the
accepted values obtained with rotating disk

d? (um?
0 200 400 600 800
T T T
@ 200}
E
o
g «
Z 100 - t, versus d?
[7]
=
o
= L versus 1/D
0 M
0 4.0x10° 8.0x 10° 1.2x10°
1/D (s/cm?)

Fig. 2. Plots of ., versus 4> (upper scale, (1) and
tme versus 1/D (lower scale, A) for Ru(NH;)>*
generated at 20°C in 2.5 mM Ru(NH,)**, 0.1M
NaClO,, pH 6.5, buffer by a generation sequence
from 0.0 to —0.4 V and back to 0.0 V versus SCE.
The collector microelectrode was held at 0.0 V
versus SCE. We achieved variation in 4 by using
collector electrodes situated at different distances
from the generator (Scheme 1), in an array of eight,
parallel microelectrodes 70 wm long by 2.7 pm
wide separated from each other by 1.4 pm. We
achieved a variation in d from 7.8 X 1076 to
1.26 x 1077 cm%s by adding sucrose (15); fme
versus 1/D was measured for adjacent microelec-
trodes as generator and collector. Data for ferri- and
ferrocytochrome ¢ (X) at 24°C in 0.1M NaClO,,
pH 6.5, with 1,2-bis(4-pyridyl)ethylene (19) are
included in the plot of fy, versus 1/D.
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voltammetry (18) and chronoabsorptometry
(20) (Fig. 2). We also found D= 1.0
x 107® cm?s for ferricytochrome c. Be-
cause the relative errors in our measure-
ments are sufficiently small, we conclude
that there is an experimentally significant
difference for D between the reduced and
the oxidized forms of cytochrome c.

We were interested in quantitatively sim-
ulating generation-collection experiments in
order to better understand the concentra-
tion evolution with time. However, in the
analysis of mass transport to and from small
electrodes, discontinuities occur at the mi-
croelectrode edges where the diffusion-lim-
ited flux for a reversible system is infinite
(21). Thus, we chose to describe the diffu-
sion numerically with the simpler Einstein-
Smoluchowski random walk rather than
analytically with Fick’s laws. A two-di-
mensional digital simulation (in the plane
normal to the array) was used. Simulated
concentration profiles of the generated spe-
cies are shown in Fig. 3 for a generation-
collection experiment similar to that sum-
marized by data in Fig. 2. The simulation
accurately describes the variation in ®s
values upon changes in (i) collector sym-
metry, (i) collector width, (iii) distance

Fig. 3. A two-dimensional random
walk simulation of ion movement
and collection efficiencies in gener-
ator-collector microelectrode  ex-
periments where the geometry is as
in Fig. 2."A cross-sectional plane
perpendicular to the length of the
eight parallel microelectrodes is de-
picted in which a pulse of 10,000

from the generator electrode, and (iv) diffu-
sion coeflicient. Subsequent to a generation
pulse, the peak of I, (the maximum collec-
tion rate) occurs at a time fy, according to
Eq. 4 for band microelectrodes:

tme (simulation) = (0.20)d/D  (4)

The simulation size, 10* random particles,
closely approximates the actual number of
species generated in our experiments. The
simulation accurately predicts our experi-
menta] determination of the D and d depen-
dence of ty (Eq. 3) (14). ‘
Our studies demonstrate an experimental
and theoretical methodology suitable for
investigating the diffusion of redox-active
molecules in solution. If the interelectrode
separation is reduced to <0.1 wm by shad-
ow deposition techniques (22), the values of
tmt should decrease by a factor of ~100,
whereas the peak value of Ico should in-
crease by the same factor for a given number
of generated species. In principle, our mea-
surements of ~40,000 species (Fig. 1B)
could be extended to as few as several hun-
dred. Smaller interelectrode spacings would
also allow more convenient measure of D
for situations where D is small, as in solid-
state electrolytes (23). Because D and solu-

Isotherm _[Rl

initial

0.

diffusing ‘species, Qgen, is intro-
duced at the indicated generator
site. The concentration profile of
the 10,000 species is shown at
t=0, 6, 36, and 113 ms after
initiation of a random walk by each
species. R/Rjpitia is a measure of the
concentration profile. Only the cen-
tral 20% of the numerically mod-

eled active grid area is indicated.
The species can make discrete ran-
dom movements among sites on a
grid. We chose D to be 7.8 x 107¢
cn?s to simulate diffusion of
Ru(NH3)¢** in H,O. Each species
moves randomly along the grid an
incremental distance AX or AY of
1.37 pm during each iterative time

> 2%
> 0.2%
t=6ms
Sor® 2'%en
> 0.02%

Ql.‘,ol

cycle, At, where At is the average
time needed for a given species to
move a distance AX; At = (AX)%
4D (24). Diftusing species that ar-
rived at the collector site were
counted as Q¢ and removed from

t=0

Sor=?
Generator = microelectrode 5
Collector = microelectrode 6

[__——_J < 0.02%

15 {pm

solution to indicate electron injec-
tion into the collector. The collec-
tion flux (equivalent to the normal-
ized Icor In Our experiments) versus

1234/62-_'6—178

en

time and the total (integrated) collection flux can be computed. The computed collection efficiencies,
&, 0.21, 0.41, and 0.51 at 6, 36, and 113 ms, respectively, are in good accord with experiment. The
simulations of g, versus time give fy, values ~10% less than experiment.

1178

tion viscosity are related according to Eq. 5
(24), measurements of fy, allow determina-
tion of viscosity, m,

D=zieo6mkTr (5)
where z; is the charge on the ion, ¢ is the
fundamental unit of charge, k is Boltzmann’s
constant, T is temperature, and r is the
Stokes radius of the ion. Such arrays may be
useful in probing local versus global viscosi-
ty (25). For polymers, solid electrolytes, and
gels, our techniques should provide useful
information on the diffusivity and local envi-
ronments of redox-active materials for
which hydrodynamic techniques (8) may
not be suitable.
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