Over the past several years, there
has been a resurgence of interest in
electroanalytical chemistry, and par-
ticularly in pulse voltammetry. A
great deal of the impetus for this re-
surgence was the work, in the 1950s, of
Geoffrey Barker in England and the
development, in the late 1960s in the
U.S., of the first practical high-sensi-
tivity pulse voltammetric instrument,
the PARC 174 (EG&G Princeton Ap-
plied Research). Whereas convention-
al dc polarographic techniques had de-
tection limits of ~10~5 M, the PARC
174, using differential pulse polarogra-
phy, made it possible to attain detec-
tion limits that were easily two orders
of magnitude lower. Until fairly re-
cently, this and similar instruments,
such as the IBM 225 voltammetric an-
alyzer (IBM Instruments, Inc.), pro-
vided the best techniques in puise vol-
tammetry.

However, more recently—again
stemming from the work of Barker in
the 1950s—a new technique has arisen
which, in our view, surpasses and thus
will soon supplant differential pulse
voltammetry as the ultimate voltam-
metric technique. This technique,
square wave voltammetry, capitalizes
on the present revolution in electron-
ics, particularly the capability of per-

0003-2700/84/0351-101A%$01.50/0
© 1984 American Chemical society

Wave

Robert A. Osteryoung

ipartment of Chemi
University of Ng!

Buffalo :

ffalo, N.Y. 14214

York at

Voltammetry

forming on-line computer-controlied
experiments with both mini- and mi-
crocomputer systems. In this article
we place square wave voltammetry in
the context of voltammetry in general,
describe the technigue and its princi-
ple attributes, and give some examples
that demonstrate its power as an ana-
lytical (or mechanistic) tool.

Voltammetry

Voltammetry (1-3) is concerned
with the current—potential relation-
ship in an electrochemical cell and, in
particular, with the current-time re-
sponse of an electrode at a controlled
potential. If the potential is held—or
stepped—to a value at which a fara-
daic process takes place involving the
electrode and a solution species, then
current flows and, with proper control
of the experiment, the current can be
used to determine the concentration
of the solution species and to obtain
information regarding the identifica-

tion of that species, though it must be
stated at the outset that electrochem-
istry, by itself, is not a particularly
useful tool for species identification.
(The combination of electrochemistry
coupled with chromatography, how-
ever, is a powerful tool for both quali-
tative and quantitative identification.)
The current is the rate at which
charge passes through the electrode-
solution interface. Current arising
from a faradaic process is a direct
measure of the rate of the process and,
if the rate is proportional to concen-
tration, it is also a measure of the con-
centration of solute species. The inte-
grated current, or charge, is a measure
of the total amount of material con-
verted to another form. In some appli-
cations, e.g., stripping voltammetry
and electrogravimetry, that charge
may correspond to total removal of
the solute species. However, in a typi-
cal voltammetric experiment, the
amount of material actually removed,
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Figure 1. Potential pulse and current re-
sponse showing sampling of the current
at time t,, after pulse application. From
Reference 16
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or converted to another form, can be
made quite small, so that even for very
small sample volumes voltammetric
techniques may be considered nonde-
structive.

Although the amount of material
converted can be very small, large
changes in concentration occur at the
electrode surface during a redox reac-
tion. In the general terms beloved by
electroanalytical chemists

0OX + ne — RED (1)

Further, these concentration changes
depend on time; reactions at the elec-
trode-solution interface create sharp
concentration profiles that extend
away from—or in the case of amalgam
formers at a mercury electrode, into—
the electrode. These sharp concentra-
tion profiles are smeared out with
time, much as one can see the sharp
boundary that occurs when one places
a drop of red ink into water become
more diffuse as the ink diffuses away
from its injection point.

The time dependence of the concen-
tration profiles near the electrode is
manifested experimentally by cur-
rents that vary with time. This time
dependence, a central feature of vol-
tammetry, provides the possibility of
great flexibility—the tailor-making of

techniques for specific problems—but
also provides great scope for misun-
derstandings and missed opportuni-
ties. The central point is that every
voltammetric experiment contains
time as a parameter.

In some voltammetric techniques
the time parameter is hidden, or at
least obscured. In linear scan voltam-
metry, for instance, the current de-
pends on scan rate, » = dE/dt, and in
various kinds of hydrodynamic vol-
tammetry (which features forced con-
vection), the current depends on the
solution flow rate. For the rotating-
disk electrode, the time dependence is
in the rotation rate of the disk, which
in turn controls the solution velocity
near the electrode. In pulse voltamme-
try, the time dependence appears ex-
plicitly as the width in time of the po-
tential step that is applied to an elec-
trode to cause the faradaic process to
take place.

Techniques of pulse voltammetry
are all based on what is called chro-
noamperometry, the measurement of
current as a function of time after
applying a potential pulse, as shown in
Figure 1. Various types of waveforms
actually used in pulse voltammetry
are shown in Figure 2. Effective appli-
cation of routine techniques based on

Al = -

Normal pulse
L~50ms,7~1s
AE /r~2mV/s

Differential pulse
,~50ms, 7~15s
AE,~50mV,

AE /r~2 mVis

Staircase
t,~ 50 ms, AE;~ 10 mV

Square wave
T~5ms, AE,~25 mV,
AE,~10 mV

Figure 2. Description of pulse voltammetric techniques showing potential-time waveforms, current-sampling schemes, typical
current—potential responses, and typical values of parameters

T= wavc_eform period (pulse repetition time); ¢, = pulse width; AE,, = change in pulse potential; AE; = step height; E;,, = half-wave potential; iy = diffusion
current; i = peak current; E, = peak potential; and E, = square wave modulation potential. From Reference 16
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Those small LC columns need
a better filter.

So Rheodyne made one.

We're talking about those 1-mm or
2-mm microbore columns and short
high-speed columns.

Like larger conventional columns,
they should have an inlet filter to protect
them from particle contamination. Unlike
conventional columns, they are highly
sensitive to sample dispersion within
this filter. Filter sample dispersion that has
little effect on the resolution of a con-
ventional column can seriously reduce
the resolution of a small column.

To remedy this situation, Rheodyne
made two low-dispersion filters designed
especially to preserve the resolution of

LEFT. Conventional filter with 1 mm

x 300 mm column

RIGHT Rheodyne 7315 low-dispersion
filter with 1 mm x 300 mm column.

small columns. The Rheodyne 7315 for
microbore columns. And the Rheodyne
7335 for short high-speed columns.
They're identical except for a tiny internal
filter element.

The accompanying chromatograms
show the dramatic improvement in resolu-
tion that occurs when a new low-dispersion
filter is used in place of a conventional filter.

For more about these new column
inlet filters—plus our Tech Note 6 describ-
ing the experimental effect of filters on
resolution—contact Rheodyne, Inc,

PO. Box 996, Cotati, California 94928,
U.S.A. Phone (707) 664-9050.

RHEODYNE

THE LC CONNECTION COMPANY
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Selecting columns to improve “=

your HPL.C results.

A new and practical approach.

We call it Optimal Chromatography. In theory, it applies
to every HPLC application. In practice, it makes column
selection easier and separations more effective. Here's how,

The tetrahedron illustrates the concept.

From an initial separation, most HPL.C analyses can be
improved for any one of four objectives: speed, resolution,
load, or sensitivity. Each is represented by a vertex on
the chromatograph1c tetrahedron. This reminds us that
each objective requires a ditferent combination of

column and instrument conditions. The key

is knowing which requirements you
need to achieve your separation
objective. That's where

Beckman comes in.

Your optimal
column source.

Beckman offers more
than 100 columns to meet
your specific application
needs. For research,
methods development
or quality control.
From micro to semi- =
prep. And our proprietary’

fino acid analysisor fast
protein LC. Drug assays or carbohydtate separations.
Beckman/Altex columns give you réproducible, reliable
results—as documented in hundreds of recent articles by
independent scientists. And Beckman has‘ever a decade
of experience matching those columns to our gustomer’s
needs and objectives. Try us. You'll find that Beckman/Altex
columns really can help optimize your chromatography.

Put Optimal Chromatography to work in your lab.
Columns are only one of the ways Beckman helps you get
the most out of every separation. Our full line of HPL.C
systems, components, and accessories is designed with one
goal in mind: to help you achieve optimal results.

For complete information on Optimal Chromatography
and Beckman/Altex columns, send for your free catalog.
}SXnd watch for other ads in our Optimal Chromatography

eries.

Beckman Instruments, Inc., Altex Scientific Operations,
1716 Fourth St., Berkeley, CA 94710. Phone: 415/527-5900.
Offices in major cities worldwide.

BECKMAN

Optimize from the start.

For most initial analyses, select
Beckman Ultrasphere™ 150 x 4.6mm
columns. These columns feature a minimum count
of 9750 plates! That's better efficiency than most
300mm columns—and youll get twice the speed
using 50% less solvent. Once your initial separation
is complete, adjust your solvent so that the first
peak of the critical pair has a K'=2-4. Then, optimize
for speed, resolution, load, or sensitivity.

Optimize for speed.

When speed is of the essence, use

Beckman 3 micron, 75 x 4.6mm Ultra-

sphere columns for simple isocratic separations.
For faster methods development and scouting
procedures, use repeated fast isocratic separations.
Also, be sure your system has a fast time constant,
otherwise apparent efficiency will decrease rapidly.

Optimize for resolution.

.

When resolution is more important
than speed, use a longer column and

a shallower gradient with a low dead-volume flow
cell to minimize band broadening. Beckman

250 x 4.6mm Ultrasphere columns are ideal for
high resolution separations. They give you a

29% increase in peak capacity compared to
150mm columns.

Optimize for load.

Laboratory prep-scale applications
require increased column diameter.

Beckman 10mm diameter columns are packed
with exactly the same media as our analytical and
micro columns. So you can easily scale-up your
separation to semi-prep simply by equalizing the
linear velocities.

Optimize for sensitivity. ' I I .
picomoles

For highest HPLC sensitivity, use

microbore (< 2mm) columns and a

fine-tuned LC system. Beckman/Altex microbore
columns consistently improve sensitivity up to 10X
that of 4.6mm ID columns.

Microbore columns require highly stable, low
flow rate conditions. To fine-tune your system for
low flow rate operation, contact Beckman about
their complete line of microbore columns, pumps,
and detectors with flow cells optimized for high
sensitivity HPLC.
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chronoamperometry depends on inex-
pensive, reliable modern electronics
for potential control, current mea-
surement, and accurate timing in the
millisecond time domain.

The electronic revolution is illus-
trated in this context by observing
that in the early 1960s, a differential
pulse polarograph developed by Bark-
er and sold by Cambridge Instruments
in England cost about $25,000 in the
U.S. When the PARC 174 was devel-
oped in about 1970, it originally sold
for under $2000. And this just illus-
trates the difference between vacuum
tubes and transistors!

The ability to combine many chro-
noamperometric steps to attain a
pulse voltammetric technique requires
complex switching and logic circuitry
to construct the potential-time wave-
form one desires to apply to the elec-
trode and then to sample the resulting
current response at some fixed, known
time. Some feeling for the technical
problems involved can be had by read-
ing an entertaining account of the de-
velopment of the PARC 170, the ante-
cedent of the PARC 174, in Reference
4. These first-generation pulse vol-
tammetric instruments performed a
fixed set of experimental techniques
quite well, but were inflexible because
hardware fixed the sequence of events
performed experimentally.

Although the use of computers to
perform on-line experiments in elec-
trochemistry is not especially new—
we have ourselves been shaking that
particular tree for about 20 years—the
great breakthrough in instrumenta-
tion for pulse voltammetry is only now
taking place with the development of
relatively low cost microprocessor-
controlled instruments (5). These pro-
vide the ability to generate an arbi-
trary time sequence of potential appli-
cation and current sampling, a power
heretofore available only to the spe-
cialist with a minicomputer system.

Normal pulse voltammetry, perhaps
the simplest pulse voltammetric tech-
nique, is essentially sampled chro-
noamperometry; it employs a se-
quence of pulses separated in time
under experimental conditions that
ensure that the same boundary condi-
tions—i.e., uniform concentration of
material at the electrode surface and
extending into the solution—prevail
prior to each pulse application (see
Figure 2). Therefore, the data can be
analyzed by the simple, well-devel-
oped theories for single-step chro-
noamperometry. Complex combina-
tions of potential steps produce a
much more complex response that be-
comes inaccessible to theoretical
treatment without the computational
power of computers.

Early developments in numerical
techniques of calculating the current

H 1

0.2 0.0

=0.2 -0.4

nE-E;), V

Figure 3. Normalized response for reversible process in square wave voltammetry

Normalized currents 4, 5, and Ay correspond to currents iy, iz, and Aj shown in the square wave part
of Figure 2. From Reference 9; vertical scale in the original figure is incorrect

response in linear scan voltammetry
provide a classic example of how im-
portant such calculations are to the
development and widespread use of a
technique (6). These same numerical
techniques make it possible to de-
scribe the theoretical current-time re-
sponse to an arbitrary potential-time
waveform and, therefore, provide the
basis for analytical procedures and for
studies of chemical and electrochemi-
cal processes.

Square wave voltammetry

In the early work by Barker, a
small-amplitude square wave modula-
tion imposed on a slowly varying d¢
potential was used at the dropping
mercury electrode in what he, and the
older literature, called square wave
polarography. (Barker’s awareness of
the shortcomings of this technique led
him to develop differential pulse po-
larography.) What we now term
square wave voltammetry is a complex
but powerful technique that required
the power and flexibility of the mini-
computer for its development and
modern microprocessors for its com-
mercial implementation. The square
wave voltammetric waveform of Fig-
ure 2 combines a large-amplitude
square wave modulation with a stair-
case waveform. The resulting net cur-
rent (Ai, Figure 2), a true differential
signal, can be obtained at high effec-
tive scan rates. The peak-shaped vol-
tammograms obtained display excel-
lent sensitivity and rejection of back-

ANALYTICAL CHEMISTRY,

ground currents. The main features of
the voltammetric response are best il-
lustrated by considering a simple, re-
versible redox system.

Square wave voltammetry for re-
versible electrode reactions. It is
convenient to describe the current re-
sponse in a pulse voltammetric tech-
nique in terms of a normalized current
function. For a simple, reversible re-
action, this current function depends
only on the potential sequence ap-
plied to the electrode, independent of
time. Also, provided a normalized po-
tential scale is used, all reversible re-
actions have the same current func-
tion. The functional form of the famil-
iar Nernst equation and the chro-
noamperometric response in normal
pulse voltammetry suggest the defini-
tion

1: = [nFAD”QCb/\/HI;] w (AESy Esw)
(2)

In Equation 2, i is the measured
current on each pulse; n is the number
of electrons transferred; F is the Fara-
day constant; A is the area of the elec-
trode; D is the reactant diffusion con-
stant; C? is the bulk concentration of
the reactant; t,, is the pulse width
(half the staircase period); the entire
quantity in brackets is the maximum
current that would be obtained with a
normal pulse experiment under the
same conditions; and ¢ is the dimen-
sionless current function, which de-
pends on step height, AE,, and square
wave amplitude, E;, (1-3). When this
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normalized current function is plotted
vs. the normalized potential,

n(E — E, /), as in Figure 3, the re-
sulting voltammogram is independent
of pulse width, concentration, or iden-
tity of reactant, and so on. Thus one
calculation of ¥ can yield a whole fam-
ily of voltammetric curves.

The quantity ¥ or Ay is simple in
concept but unwieldy computational-
ly, even for this simple case. Fortu-
nately, the mathematical techniques
for calculating ¢ are well developed,
and the expected responses for this
and other more complicated cases
have been published (7-9).

The current functions of Figure 3
can be identified with the experimen-
tal currents by referring to Figure 2.
Curve ¢ (Figure 3) corresponds to the
current measured at point 1 (Figure
2), curve Vs to the current at 2, and
Ay corresponds to the net current, Af.
Currents y; and ¥ have qualitatively
much the same diagnostic power as
the forward and reverse currents in
cyclic voltammetry.

The net current—voltage curve, Az
vs. E, or Ay vs. n(E — Eq3), is the
most useful signal analytically. It is
symmetrical about the half-wave po-
tential, and the peak height is propor-
tional to concentration. The shape of
the net current voltammogram is re-
markably insensitive to a variety of
common complications of voltamme-
tric experiments, such as complex
electrode geometries or coupled homo-
geneous reactions.

The amplitude of the square wave
modulation (Eg,) is s0 large—

50/n mV in Figure 3—that the reverse
pulses cause reoxidation of the prod-
uct (RED) produced on the forward
pulses back to OX, with a resulting
anodic current. Thus, the net current
at its peak is larger than either the
forward or reverse current, since it is
the difference between them. De-
creasing the magnitude of E;,, de-
creases the peak current without im-
proving resolution significantly. On
the other hand, increasing E,,, above
50/n mV broadens the peak without
significant increase in peak height, i.e.,
sensitivity. Thus, independent of 7
(the waveform period) or AE,, the op-
timum sensitivity and resolution are
obtained for E,,, = 50/n mV for a re-
versible process. This relation holds
for techniques such as differential
pulse voltammetry as well.

The “real”—i.e., not normalized—
current response depends ont,~2or
on f1/2 (where f = 1/7), accordmg to
Equation 2. Thus, in¢reasing the
square wave frequency—equivalent to
decreasing t,—increases the square
wave peak current and hence the sen-
sitivity. Certain frequencies have more
appeal than others; operation at 30 Hz
tends to reject ubiquitous 60-Hz noise.

Operation at much higher frequencies
(>>1000 Hz) requires careful attention
to cell design and electronics—partic-
ularly the current capability of the op-
erational amplifiers. Roughly 200 Hz
appears to be a reasonable trade-off
between sensitivity and stable, trou-
ble-free operation for more or less rou-
tine analytical work.

Advantages of speed. One of the
advantages of square wave voltamme-
try is the ability to scan the voltage
range of interest over one drop, if one
is using a dropping mercury or static
mercury drop electrode. The effective
scan rate is AE;/7 or fAE,; thus, the
time required to scan a potential range
of AE, is just 7(AE,/AE;). Very short
experimental times can be achieved at
moderate frequencies. For example, if
AE; =10 mV and f = 200 Hz, then
the effective scan rate is 2 Vs~!, and
the time required to scan 500 mV is
only 0.25 s. The value of t, is 2.5 ms
which, in the chronoamperometric do-
main, is considered a reasonably fast
pulse time. Thus, square wave voltam-
metry, at a 200-Hz square wave fre-
quency and a AE; of 10 mV, is a much
faster technique, in terms of possible
use in studies of electrochemical ki-
netics, than is suggested by its 2 V51
scan rate.

Suppose we consider the specific
case of square wave polarography, l.e.,

‘,o':

II

Time (s)

voltammetry at the conventional
dropping mercury electrode (DME) of
classical polarography fame (or ill re-
pute, depending on your viewpoint).
Using a controlled drop time of 6 s,
one could initiate the scan at the 5.5-s
point and complete an entire potential
scan of 1 V per drop using the parame-
ters referred to in the preceding para-
graph. In contrast, using differential
pulse polarography, the same experi-
ment would require 100 drops, or

600 s, with a marked decrease in sen-
sitivity compared to square wave.

The direct comparison of square
wave voltammetry with differential
pulse polarography can tend to be
misleading. Most commercial differen-
tial pulse voltammetric instruments
sample the current approximately
50 ms after the application of the sin-
gle pulse to each drop. To compare
square wave in a similar time frame
would mean using a 10-Hz square
wave frequency, which is like requir-
ing Wayne Gretzky (hockey fans,
please take note) to skate backwards

"during an entire game.

Using a 50/n pulse amplitude for
both techniques, and a 10-Hz square
wave, the ratio of the peak current of
the square wave voltammogram to
that of the differential pulse would
only be 1.3:1, or a 30% increase in sen-
sitivity. However, at the very moder-

Potential (V)

-0.81

150

Figure 4. Three-dimensional square wave voltammograms of (a) N-nitrosoproline
(13.4 uM) and (b) N-nitrosodiethanol amine (12 uM). The artifact (c) marks the time

of injection

=10 mV, E;, = 25 mV, f= 100 Hz, mobile phase 1% phosphate (pH 3.5). From Reference 13
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ate square wave frequency of 200 Hz,
the ratio of peak currents would be
5.6:1, or a 560% increase in sensitivity.
Coupled with that increase in sensitiv-
ity would also be about a 100:1 time
advantage in doing the square wave
experiment compared to the differen-
tial pulse experiment as described
above.

The speed of square wave voltam-
metry and the practical necessity of
operating under computer control for
flexible choice of parameters make it
possible to carry out identical experi-
ments repetitively and average the re-
sults to increase signal-to-noise ratio.
Averaging 25 replicates with a 2.4-s
cycle (drop) time would require only
1 min but would in principle improve
detection limits over those for one
scan by a factor of five. High effective
scan rates also decrease the quantity
of charge passed, which in turn lessens
the possibility of undesirable surface
reactions.

An additional advantage of the fast-
scan capability of square wave voltam-
metry is the ability to determine
changes in the voltammetric response
with time nondestructively. These
may include changes due to homoge-
neous kinetics, as in synthetic reac-
tions, to heterogeneous kinetics as in
dissolution reactions, or to the mode
of sample presentation, as in flow in-
jection analysis and in electrochemical
detectors for high-pressure liquid
chromatography (HPLC). An example
of the latter is shown in Figure 4. The
quality of these voltammograms easily
permits studies to be made on materi-
als as they are eluted from the chro-
matographic column. In addition the
voltammetric information adds fur-
ther resolving power to the chromato-
graphic separation.

Background currents. Not only
does the differential current measure-
ment scheme provide a convenient
symmetrical peak, but perhaps more
important the net current gives excel-
lent rejection of background currents.
In voltammetry, these background
currents are typically large and thus
often the critical factor in determining
the detection limits.

The current measurement scheme
of Figure 1 is designed to reject ac
charging currents, and all of the tech-
niques of Figure 2 normally do this
well. The great virtue of square wave
voltammetry is the rejection of any
currents that are largely independent
of potential. This feature is suggested
by Figure 3 in which the net current in
the limiting current region (E <« E )
is exactly zero. In trace analysis, oxy-
gen reduction often produces unaccep-
tably large and unstable background
currents. But with square wave on the
limiting current plateau for oxygen re-
duction these currents are automati-

Table I. Dimensionless peak current function for square
wave (A, ¢, ) and differential pulse (A 4p)
voltammetry for various Kinetic parameters @

takes the values shown in the table.

kT2 = 100 e Sbsa
(reversible case)
«=03,05,607 0.93 0.75
k712 = 0.01
(irreversible case)
a=03 0.17 0.14
=05 0.30 0.27
o =0.7 0.40 0.40

2 nE,, = 50 mV, AE; = 10 mV, AEy, = 100 mV, to/t, = 100 (differential pulse). The charge
transfer coefficient ¢, the fraction of applied potential that accelerates the forward reaction,

cally subtracted.

The square wave net current is also
insensitive to currents arising from
convective mass transport as long as
the characteristic time of that trans-
port is large in comparison with the
voltammetric pulse width. For exam-
ple, in detection in HPLC, the net
square wave signal is relatively insen-
sitive to fluctuations in flow rate.

Square wave polarography presents
a special case in that the primary
source of background current is charg-
ing of the growing drop of the DME.
Although this current is a function of
potential as well as of time, the sym-
metrical current measurement scheme
of square wave provides a good cancel-
lation. Furthermore, this charging cur-
rent depends on ty~1/3, where t4 is the
drop time, or the charging current
density depends on ¢4 ~!. Since an en-
tire scan is carried out on one drop,
one can use longer drop times to de-
crease the charging current.

A final type of capacitative current
arises from the time variation of the
capacitance itself. This may occur at a
solid electrode as a result of a surface
process or at mercury as the result of
some adsorption process. If these pro-
cesses are relatively slow, the square
wave technique will still result in sig-
nificant cancellation.

Effects of kinetics. Reversible
charge transfer reactions are those for
which the half-life for electron trans-
fer is small in comparison with the
characteristic time of the experiment
(for square wave the pulse width, t,,).
Under those conditions the concentra-
tions at the electrode are determined
thermodynamically, and the current is
determined by potential and by the
rate of mass transport to the elec-
trode. On the other hand, when the
characteristic time of the experiment
is much less than the half-life for elec-
tron transfer, we say that the reaction
is totally irreversible.

The relative importance of charge
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transfer kinetics can be specified by
the dimensionless parameter k+/7,
where « is an effective rate constant
for charge transfer with units of s~1/2,
and 7 is the square wave period. When
k+v/7 3 1 the reaction behaves revers-
ibly, while for ky/7 < 1 it behaves to-
tally irreversibly. As x1/7 decreases,
for a square wave voltammogram (as
for any other differential voltammo-
gram), the differential peak current
function (Ay,) decreases to some
minimum value, E, moves to more
negative values (for reductions), and
the width of the peak increases to
some maximum value. Since many re-
actions are irreversible, the lower val-
ues of Ay, in these cases represent a
loss in sensitivity from the practical
analytical point of view.

This point is worth some comment
because of the incorrect notion, which
persisted for some time, that square
wave, like ac polarography as normal-
ly carried out, became very insensitive
if used in the determination of solutes
that react irreversibly. This is not the
case, however; ac polarography usually
employs small amplitudes—the modu-
lating ac signal is ~2-10 mV. Large-
amplitude ac would behave much the
same way as square wave voltammetry
in its response to irreversible solutes.
Loss of sensitivity in square wave due
to kinetic limitations depends on the
exact choice of parameters, and it is
therefore difficult to generalize. Some
feeling for how minor this problem is
can be obtained by comparison with
the rather similar differential pulse
case, as shown by the specific example
of Table I. The reversible current for
square wave is always greater than,
and the irreversible current no less
than, the corresponding differential
pulse current. In either case the dimi-
nution in AY, can be more than com-
pensated for in i, by decreasing the
value of ¢, if sensitivity is the limiting
factor. Also note that since k+/7 de-
pends on 7, a reaction can, in princi-
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ple, be moved through the kinetic
range by appropriate choice of 7.

The theory for quasi-reversible
square wave voltammograms has been
published (9), and kinetic analysis has
been carried out with micromolar so-
lutes (10). This concentration is about
three orders of magnitude lower than
that normally used in such proce-
dures. This is dramatic evidence of ad-
equate sensitivity. However, the main
attributes of the technique that per-
mit accurate physical chemical studies
at these levels of concentration are as
described above: insensitivity to arti-
facts such as nonplanar diffusion,
speed (which permits ensemble aver-
aging), and good rejection of back-
ground currents. Comments made
above referring to the use of square
wave in electrochemical detectors for
HPLC suggest that a detailed kinetic
analysis of very small amounts of ma-
terial, which may be unstable, is possi-
ble. For example, a 10-uL detector
volume in an HPLC electrochemical
cell could be used to study the kinetics
of a micromolar solution; that
amounts to 107! mol of material.
Some recent square wave applications
can be found in References 11-19.

Square wave voltammetry, up to
this point largely an academic pursuit
in laboratories such as our own, will
become more widely accessible as a re-
sult of the recent introduction of two
commercial instruments capable of
performing the technique, the Bioana-
lytical Systems BAS-100 and the
Princeton Applied Research 384B.
Both are microprocessor-based instru-
ments, as required for the successful
implementation of the technique.
Both are multipurpose voltammetric
instruments, though the PARC 384B
is geared more to a routine analytical
laboratory than the BAS-100. We sus-
pect that a stand-alone square wave
instrument will ultimately emerge.
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