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Abstract: Electrochemically generated magnetic forces at a disk-shaped ultramicroelectrode have been
investigated in large, nonuniform magnetic fields. Two sources of magnetic force are simultaneously operative
in the electrochemical experiment, both having a significant influence on molecular transport of the
electrochemical reactants and products. First, the magnetohydrodynamic (MHD) force,FMHD, described by
the Lorentz equation, arises from thediffusion of electrogenerated ionsin the magnetic field. The magnitude
of FMHD is dependent upon the strength and orientation of the magnetic field. Second, the gradient magnetic
force, F∇B, which is proportional to the gradient of the magnetic field, arises fromelectrogeneration of
paramagnetic moleculesin a nonuniform magnetic field.F∇B is dependent on the magnetic field strength, its
spatial gradient, and the magnetic properties of the redox-active molecules.F∇B andFMHD may be experimentally
decoupled and investigated by variation of the field homogeneity and the electrode orientation. Specifically,
FMHD is negligibly small when the surface of the ultramicroelectrode is oriented perpendicular to the magnetic
field, thus allowingF∇B to be investigated without interference from magnetohydrodynamic flows. Order-of-
magnitude theoretical estimates ofFMHD andF∇B are correlated with voltammetric data for the electrochemical
reduction of nitrobenzene at a 25-µm-radius Pt microdisk electrode in a superconducting cryomagnet.
Enhancements in the voltammetric limiting current as large as∼400% (B ) 9.4 T,∇B ) 0 T/m) and∼100%
(B ) 6 T, ∇B ∼ 75 T/m) are associated withFMHD andF∇B, respectively.

Introduction

Two sources of magnetic forces are operative whenever an
electrochemical reaction is carried out in an external magnetic
field. The first of these is the magnetic force acting on the
charge-carrying ions,FMHD (N/m3), described by the Lorentz
equation, eq 1, whereJ is the flux of ions (coulombs/cm2 s)

and B is the external magnetic field (Tesla). IfFMHD is
sufficiently large, the acceleration of the charge-carrying ions
results in significant momentum transfer to the solvent and
counterions, setting the fluid in motion. The flow that results
from FMHD is generally referred to as a magnetohydrodynamic
(MHD) flow. MHD flows are readily observed in both uniform
and nonuniform magnetic fields and are being investigated in
several laboratories.1-19 Our laboratory has very recently
demonstrated that MHD flows can be generated in nanoliter
volumes of solution adjacent to the surface of a disk-shaped
ultramicroelectrode (UME) and that this flow results in a
significant enhancement or diminishment of the electrochemical
current.20-23

The second source of the magnetic force in an electrochemical
experiment has its origin in the magnetic properties of the redox
molecules. For any electrochemical reaction, eq 2, the change

in the oxidation state of the molecule is accompanied by a
corresponding change in magnetic susceptibility. Unless both
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O and R have identical magnetic susceptibilities, the redox
reaction will create a thin layer of solution near the electrode
that has a volume magnetic susceptibility,ø, that is different
from the corresponding value in the bulk solution. For example,
consider the reduction of a neutral, diamagnetic organic
molecule (with spinS ) 0) to the corresponding radical anion
(S ) 1/2). For this reaction,ø increases significantly near the
electrode surface relative to the bulk solution. In the absence
of a magnetic field, the increase in spin associated with the
reaction has no significant effect on electrochemical behavior.
However, in the presence of an external magnetic field, a
gradient force,F∇B (eq 3, whereµ is the magnetic permeability),
will be generated in the boundary layer region.24 F∇B reflects
the tendencies of diamagnetic and paramagnetic molecules to
move away from and toward regions of higher magnetic field
strength, respectively.

Unlike FMHD, eq 3 indicates thatF∇B will be operative only in
a nonuniform field, i.e., when∇B * 0.

The influence of a gradient force on electrochemical processes
has only very recently been observed by O’Brien and Santhanam
in their studies of a Cu/CuSO4/Cu cell immersed in an external
magnetic field.25,26 Paramagnetic Cu2+ is generated and con-
sumed at the anode and cathode, respectively, creating a gradient
in the concentration of Cu2+ across the cell, and thus, a
corresponding gradient in the volume magnetic susceptibility.
When this cell is immersed in auniformexternal magnetic field,
an internalnonuniformfield is induced, i.e.,∇B * 0, giving
rise to a finite value ofF∇B. This internally generated force
drives fluid convection in the cell. While analogous magnetic
field-controlled transport of paramagnetic liquids is of current
interest in biology27 and applied physics,28 the report of O’Brien
and Santhanam is apparently the first to suggest that this
phenomenon may occur in an electrochemical cell. Tanimoto
and co-workers recently reported a similar flow of para-
magnetic solution during the chemical reduction of Ag+ on a
Cu wire.29,30

In this report, we demonstrate that the acceleration of
electrogenerated paramagnetic molecules in a nonuniform
magnetic field may result in a significant enhancement in
electrochemical current. Our experiments are focused on the
electrogeneration of the nitrobenzene radical anion at a 25-µm-
radius Pt microdisk electrode in a large and nonuniform
magnetic field. From an experimental perspective, there are two
reasons why it is highly advantageous to employ a disk-shape
UME in studies of the gradient magnetic force. First, thenet
hydrodynamic force,FMHD, acting on the solution vanishes at
a disk-shaped UME when the magnetic field is oriented
orthogonal to the surface.23 Thus, F∇B can be studied with
relative ease at the disk-shaped UME without interference from

the masking effects ofFMHD. Second, because of the reduced
ohmic potential drop, quantitative voltammetric investigations
of highly concentrated redox solutions are possible with disk-
shaped UME’s.31-35 The use of highly concentrated redox
solutions results in a very large spatial gradient in the volume
magnetic susceptibility near the electrode surface and, thus, a
large gradient inF∇B. Specifically, the solutions employed in
the experiments reported herein contain a redox-active species
at concentrations between 1 and 10 M, resulting in the
generation of molar concentrations of paramagnetic speciesat
the electrode surface. Thus, the disk-shape UME appears to be
an ideal electrode for fundamental investigations ofF∇B.

The results of the current investigation demonstrate that the
Faradaic current at an UME is proportional to the quantityB∇B
(eq 3, whereB is the magnitude of the field, i.e.,B ) |B|) in
situations whereF∇B is anticipated to be the dominant magnetic
force, vide infra. To our knowledge, this is the first quantitative
examination of the relationship betweenF∇B and the rate of an
electrochemical reaction.

Experimental Section

Voltammetric Measurements. The Pt microdisk electrodes used
throughout this study were prepared by sealing a 25-µm-radius Pt wire
in a glass tube. The end of the tube was sanded flat to expose the
microdisk. The disk was then polished with successively finer Al2O3

paste (down to∼ 0.01-0.02µm), rinsed and sonicated in 18 MΩ‚cm
(“E-Pure”) H2O to remove polishing debris, rinsed with methanol, and
air dried prior to use. The voltammetric response of the electrode was
recorded in a 2 mM ferrocene/0.2 M tetra(n-butyl)ammonium hexa-
fluorophosphate (TBAPF6) solution to verify the radius of the micro-
disk.

An 18-cm-long, 1-cm-diameter NMR tube was used as the electro-
chemical cell. Figure 1 shows the electrochemical cell arrangement
and electrode configuration. The NMR tube contained the Pt microdisk
(working electrode), a Ag/AgxO reference electrode, and a Pt counter
electrode. The voltammetric response of the microdisk electrodes was
recorded with a Bioanalytical Systems Inc., Model 27-CV, potentiostat
and a x-y-t Kipp and Zonen, Model BD90, recorder.

Nitrobenzene, NB (Aldrich, 99+%), was stored over molecular
sieves. Acetonitrile (Fisher Scientific, HPLC grade), tetra(n-butyl)-
ammonium hexafluorophosphate, TBAPF6 (Sigma), and methanol
(Fisher Scientific, HPLC grade) were used as received.

Magnetic Field Characterization. The magnetic field was generated
by an open-bore superconducting 400 MHz NMR cryomagnet (Oxford
Instruments, Model OX2 ODX). The temperature in the center of the
magnet was maintained at 20.1( 0.3 °C. Thez-directed component
of the magnetic field,Bz, was measured along the centerlinez-axis of
the cryomagnet with an axial Hall probe (F. W. Bell, Model BHA-
900). A constant current of 100 mA was passed through the Hall probe
through a 50-ohm load and the output voltage was monitored with a
Keithley 199 system DMM/scanner. The Hall probe voltage is reported
by the manufacturer to be proportional to the magnetic field strength
from -30 to+30 Tesla (T) with an accuracy of(2%. The Hall probe
was calibrated using the value of the magnetic field at the center of
magnet (z ) 0; Bz ) 9.4 T) as an internal standard. This latter value is
determined from NMR measurements.

A plot of Bz vs z, Figure 2, indicates thatBz decreases from its
maximum value atz) 0 to negligible values atz∼ 0.5 m. The gradient
of the magnetic field along thez-axis, dBz/dz, is also plotted in Figure
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2. dBz/dz reaches a maximum of∼75 T/m at∼0.12 m from the center
of the magnet, corresponding to a magnetic field strength of∼6 T.

The data in Figure 2 indicate that the magnetic field is nonuniform
except at the very center of the magnet. The magnetic field can be
described at an arbitrary position,r, using a series expansion around
an initial position,ro ) 0,

whereBo is the magnetic field atro. Using a cylindrical coordinate
system (r, φ, z) to take advantage of the axial symmetry,

the components of the magnetic field are as follows:

Equation 7 indicates that there is no azimuthal component of the field
in the cylindrical-shaped cryomagnet.

Because the divergence of the magnetic field is always zero, i.e.,
∇‚B ) 0, it follows that the decrease in the magnetic field along the
z-axis, Figure 2, is accompanied by an increase in the radial component
of the field.36 Expanding∇‚B ) 0

and noting that the magnetic field is zero about the azimuth, eq 9

simplifies to

In the limit, r f 0, the first and second terms in eq 10 are equal; thus,

Values ofBr along thez-axis may be calculated from eq 11 by using
the measured values ofBz shown in Figure 2. In turn, the values ofBr

andBz allow calculation of the curvature of the magnetic field along
the z-axis of the magnet. A semiquantitative representation of the
magnetic field is shown in Figure 3. In the electrochemical experiments
reported herein, the disk-shaped UME is located directly on the
centerline axis and moved betweenz ) 0 and 0.5 m with a
reproducibility of(2 mm.

Results and Discussion

The influence of an external nonuniform magnetic field on
electrochemical rates is relatively complex, arising from both

(36) Uman, M. A.Introduction to Plasma Physics; McGraw-Hill: New
York, 1964; p 52.

Figure 1. Schematic drawing of the three-electrode electrochemical
cell used in this study (approximately to scale). The electrochemical
cell is a 1-cm-diameter, 18-cm-long NMR tube, equipped with a Pt
auxiliary electrode, a Ag/AgxO reference electrode, and the Pt microdisk
electrode. The electrochemical cell is lowered into the bore of the
superconducting magnet. Two electrode geometries are employed in
this study. In the first, the electrode is contained in a straight glass
tube, such that the magnetic field is orthogonal to the surface of the
microdisk. In the second geometry, the glass tube is bent at a 90° angle,
such that the applied magnetic field is directed parallel to the surface
of the microdisk.

B(r) ) Bo + (r‚∇)Bo + ... (4)

B(r) ) Brr̂ + Bφφ + Bzk̂ (5)
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Figure 2. Plot of the magnetic field strength (Bz) and the gradient of
the magnetic field (dBz/dz) versus axial position (z) measured from the
center of the magnet (z ) 0). The largest magnetic field (9.4 T) occurs
at z ) 0. The maximum value of dBz/dz occurs atz ) 0.12 m and
corresponds to a magnetic field strength of∼6.0 T. The solid lines are
drawn as a visual guide.

Figure 3. Semiquantitative drawing of the magnetic field lines of the
superconducting magnet (3-cm diameter). Values ofBz at several
distances (z) from the magnet center are indicated on the drawing.
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the MHD force described by Lorentz equation,FMHD (eq 1),
and the gradient force that results from the attraction of the
molecular magnetic dipoles into or out of the magnetic field,
F∇B (eq 3). Both of these forces are dependent on the magnetic
field strength and the field homogeneity. In addition, eq 1
indicates thatFMHD is dependent on the orientation of the
magnetic field with respect to the electrode, but independent
of the magnetic properties of the redox couple. Conversely,F∇B

is dependent upon thedifferencein the magnetic susceptibilities
of the two halves of the redox couple, but independent of the
field orientation. To acquaint the reader with the electrochemi-
cally generated magnetic forces, we first present in Section I a
general description of the magnetic phenomena at a disk-shaped
UME, accompanied by a qualitative discussion of experimental
observations. More quantitative analyses of the magnetic-field
effects are explored in Sections II and III, including a numerical
evaluation of the two forces,F∇B andFMHD, acting on the cell
during the steady-state electrochemical reaction. Surprisingly,
the results indicate thatF∇B and FMHD are of comparable
magnitude when a large increase (or decrease) in magnetic
susceptibility accompanies the redox chemistry. Depending on
the field homogeneity and orientation,F∇B may be much larger
thanFMHD, a conclusion that has not been recognized in previous
investigations.

I. Voltammetric Behavior of a Disk-Shaped UME in a
Nonuniform Magnetic Field. The voltammetric responses of
a 25-µm-radius Pt microdisk electrode in the absence (B ) 0
T, outside the magnet) and presence of a strong uniform
magnetic field (B ) 9.4 T, at the center of the magnet) are
shown in Figure 4. The voltammograms were recorded in an
acetonitrile solution containing 1 M nitrobenzene, NB, and 0.2
M TBAPF6 as the supporting electrolyte. The electrode surface
in this particular experiment is parallel to the centerline axis of
the cryomagnet, corresponding to the electrode with the 90°
bend in the glass tubing, Figure 1.

The voltammetric currents correspond to the 1-e- reduction
of NB to the radical anion, NB•-, eq 12.

The height of the limiting current plateau reflects the rate at
which NB is transported to the electrode surface. Figure 4 shows
that the limiting current may be increased by as much as∼400%
by a uniform magnetic field.

In discussing the mechanism(s) of the magnetic field effects,
it is necessary to briefly recall the basic description of the
depletion layer structure at a microdisk electrode. The depletion
layer corresponds to the thin layer of solution at the electrode

surface where the electrochemical reaction alters the concentra-
tion of the redox reactant, product, and the electrolyte ions. For
a disk-shaped UME the thickness of this layer is typically taken
as being approximately equal to 5× the electrode radius.
Electroneutrality requires that the negative charge resulting from
electrogeneration of NB•- be balanced by an increase and/or
decrease in the concentrations of the supporting electrolyte
cation (TBA+) and anion (PF6-), respectively. This redistribution
of electrolyte ions by migrational transport occurs rapidly on
the time scale of the slow scan voltammetric experiment. In
solutions containing an excess concentration of supporting
electrolyte, i.e.,Celec/Credox . 1 (whereCelec andCredox are the
electrolyte and redox concentrations, respectively), the concen-
tration of electrogenerated NB•- is negligibly small in com-
parison to the concentrations of TBA+ and PF6-. In this limiting
case, the concentrations of electrolyte ions within the depletion
layer are essentially equal to their corresponding bulk solution
values. However, excess electrolyte conditions cannot be
assumed in the experiments reported here. For example, the
voltammetric data shown in Figure 4 correspond toCelec/Credox

∼ 0.2. In this case, the mass-transport limited reduction of 1 M
NB requires a significant increase in the concentration of TBA+

within the depletion layer to maintain electroneutrality. A
concurrent decrease in the depletion layer concentration of PF6

-

must also occur. It can be readily shown that [NB•-] ≈ [TBA+]
and [PF6-] ≈ 0 are reasonable approximations within the
depletion layer whenCelec/Credox , 1.

On the basis of the above description of the depletion layer
structure, the following scenario is proposed to describe the
influence of external magnetic field. Of the four species
comprising the solution within the depletion layer (NB, NB•-,
CH3CN, and TBA+), only NB and NB•- have nonzero fluxes
during the steady-state voltammetric experiments.37 Since NB
is electrically neutral, its flux cannot contribute to the magneto-
hydrodynamic force,FMHD. In similar fashion, the gradient force
F∇B acting on the paramagnetic product, NB•-, is 2-to-3 orders
of magnitude larger, and of opposite direction, than the
corresponding force on the diamagnetic reactant, NB, solvent,
and electrolyte ions.Thus, the magnetic force in this experiment
is due solely to the interaction of the electrogenerated product,
NB•-, with the external field.

As noted above, the voltammetric currents in Figure 4 reflect
the transport-limited electroreduction of the reactant NB; the
increase in voltammetric current corresponds to an enhanced
flux of NB to the surface. Thus, to explain the magnetic field
induced enhancement of current, it is necessary to consider how
the magnetic force (eitherFMHD or F∇B) exerted on the product,
NB•-, results in an enhanced flux of the reactant, NB, to the
electrode surface. A mechanism consistent with the experimental
observations is that the acceleration of NB•-, by the magnetic
field induces convective solution flow, a consequence of the
viscous drag of solvent and ions on the electrogenerated ion.
The magnetic field-induced fluid convection increases the rate
of molecular transfer of NB from the bulk solution to the
electrode surface, thus increasing the current at the Pt UME.

Figure 4 also shows that the half-wave potential,E1/2, for
NB reduction shifts toward negative potentials by∼0.5 V in
the presence of the magnetic field. This effect also arises from
the magnetic field-induced convection. The flow of solution
enhances not only the rate of transport of NB to the surface but
also the rate of transport of both the electrogenerated product
(NB•-) and counterion (TBA+) away from the electrode
surface.22 As the external field increases, convective transport

(37) Oldham, K. B.J. Electroanal. Chem. 1981, 122, 1.

Figure 4. The voltammetric response of a 25µm-radius Pt microdisk
electrode in the absence (Bz ) 0 T) and presence of a large magnetic
field (Bz e 9.4 T) in an acetonitrile solution containing 1 M nitrobenzene
and 0.2 M TBAPF6. The steady-state current response corresponds to
the 1-e- reduction of NB. The magnetic field was orientedparallel to
the surface of the microdisk. Scan rate) 10 mV/s. The shift inE1/2

for the curve recorded in the presence of the magnetic field is due to
the decrease in the near-surface solution conductivity.

NB + e- h NB•- (12)

13464 J. Am. Chem. Soc., Vol. 120, No. 51, 1998 Ragsdale et al.



greatly reduces the concentrations of these ions within the
depletion layer, resulting in the depletion layer that has a
composition approaching that of the bulk solution. In turn, this
decrease in ion concentration causes an increase in the solution
resistivity near the surface, resulting in a significant reaction
overpotential. The interested reader is referred to a more detailed
description of the field-induced shift inE1/2 presented in ref
22. The remainder of this paper is concerned only with the
magnitude of the limiting current, a quantity not influenced by
the ohmic resistive overpotential.

Figures 5 and 6 show the dependence of the current on the
magnetic field strength,Bz. Figure 5 corresponds to the electrode
with the 90° bend; i.e., the electrode surface is parallel to the

z-axis of the cryomagnet. Figure 6 corresponds to the electrode
mounted in the straight glass tubing, such that the electrode
surface is orthogonal to thez-axis. Hereafter, we refer to these
orientations as “parallel” and “orthogonal”, respectively.

The enhancement in the voltammetric current,∆i, measured
relative to the diffusion-limited zero-field value (i.e.,∆i ) iBz

- iBz)0) is plotted as a function of thez-directed component of
the magnetic field,Bz. As noted in the Experimental Section,
Bz is varied in this experiment by physically moving the
electrochemical cell along the centerline axis of the cryomagnet.
(A plot of Bz vs z, Figure 2, was previously discussed in the
Experimental Section.) It is important to note that it is impossible
to vary Bz without varying the gradient of the magnetic field,
dBz/dz. For instance,Bz ) 9.4 T and dBz/dz ) 0 T/m at the
center of the magnetic field (z ) 0); the corresponding values
at z ) 0.12 m areBz ) 6 T and dBz/dz ) 75 T/m. BecauseBz

and dBz/dz vary with z, the magnitudes of the two magnetic
forces,FMHD andF∇B, will also vary withz. Specifically,FMHD

will be largest at the center of the cryomagnet, whereasF∇B is
largest at intermediate values ofz, approaching zero near the
center (z ) 0) and at the top of the cryomagnet (z f ∞).

Figure 5 shows that the enhancement in current,∆i, increases
steadily with increasing field strength when the electrode is
oriented parallel to the magnetic field. The field-induced
enhancement in current is largest in solutions containing an
intermediate concentration of NB, i.e., the enhancement in
current is small in solutions containing either very low or high
concentrations of NB. The dependency of∆i on the redox
concentration can be understood as follows. In general, the
electrochemical current at a UME is expected to be proportional
to the reactant concentration.38 However, concentrations of NB
greater than∼0.1 M result in an increase in viscosity of the
acetonitrile solution, which tends to offset the expected increase
in current associated with the increase in concentration. Previous
studies have demonstrated that NB•- is electrogenerated at a
maximum rate in solutions containing∼2 M [NB].33-35 The
magnetic forces,FMHD and F∇B, are also anticipated to be
maximized at this particular solution composition since the flux
of charge (J) in eq 1 and the volume magnetic susceptibility in
the depletion layer (ø, relatiVe to the bulk solution value), eq
3, are both proportional to the rate at which NB•- is
electrogenerated.

Our previous investigations of magnetic field-induced trans-
port were limited to investigations inuniform fields (i.e., dBz/
dz ) 0) of strength up to∼1 T employing a small benchtop
electromagnet.21,23 Figure 5 presents data corresponding to
magnetic fields that are nearly an order of magnitude larger.
The values of∆i for field strengths below 1T are in good
agreement with our previously reported results. This finding is
anticipated since the gradient, dBz/dz, in the cryomagnet is very
small whenBz e 1 T (see Figure 2). Thus, forBz < 1 T, the
field is uniform andFMHD . F∇B. It immediately follows that
the enhancement in current at low fields is dominated by the
MHD force, eq 1. By using the right-hand rule to evaluate the
cross-product in eq 1, it is readily deduced that the netFMHD

acting on the solution adjacent to the electrode is oriented
parallel and horizontal to the electrode surface, resulting in the
steady flow of solutionacrossthe electrode surface. Scheme 1
qualitatively depicts the direction ofFMHD for the parallel
electrode orientation.

Figure 6 shows the results of the same experiment, except
that the electrode surface is now oriented orthogonal to the
magnetic field. In this orientation, a small (∼5%) diminishment

(38) Saito, YReV. Polarogr. 1968, 15, 177.

Figure 5. Plot of the change in the voltammetric limiting current (∆i)
versus magnetic field strength (Bz). The acetonitrile/0.2 M TBAPF6
solutions contained 1, 2, 5, or 10 M NB (labeled on the graph). The
applied field was oriented parallel to the surface of the electrode. The
solid lines are drawn as a visual guide. The change in slope of the
curve at∼1.5 T for the 2 M solution is an artifact resulting from
repositioning the cell inside the magnet during the experiment.

Figure 6. (a) Plot of the change in the voltammetric limiting current
(∆i) versus magnetic field strength (Bz). The acetonitrile/0.2 M TBAPF6
solution contained 1, 2, 5, or 10 M NB (labeled on the graph). The
applied field is orthogonal to the surface of the electrode. (b) Enlarged
region of the data for 0< Bz < 1.5 T. The small negative values of∆i
in this regime correspond to cyclotron-like fluid flow. Error bars are
approximately the same size as the symbols used to plot the data. The
solid lines are drawn as a visual guide.
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of the current is observed at low fields (<1 T), i.e.,∆i is negative
(Figure 6b). At field strengths greater than∼1 T, ∆i becomes
positive, and increases with field strength until a maximum is
reached atBz ∼ 5.5 T.

The decrease in current at low fields in the orthogonal
orientation agrees very well with previous observations made
in uniform magnetic fields generated with use of a benchtop
electromagnet.21,23 As before, the small decrease in current is
clearly due toFMHD (and notF∇B) since the field is uniform
within the spatial regime of the cryomagnet that corresponds
to B < 1 T, Figure 2. Previous theoretical analysis of the forces
at a disk-shape UME23 demonstrate thatFMHD rotates around
the axis of the electrode, as shown in Scheme 1, when the
magnetic field is orthogonal to the UME surface. This force
creates a cyclotron-like flow pattern in the solution adjacent to
the UME surface, as has been recently documented by imaging
the spatial distribution of NB•- with a scanning electrochemical
microscope.39 The rotational flow does not bring fresh solution
to the electrode surface and, thus, does not enhance the current.
However, the rotational flow does effectively eliminate a small
component of the flux (∼5%) that results from natural convec-
tion, the latter being a consequence of the difference in the
densities of the depletion layer and bulk solution.21 The field-
induced decrease in the natural convective flux is solely
responsible for the small decrease in current. Ignoring this effect,
the rotational flow resulting fromFMHD is not expected to have
any effect on transport of NB to the electrode surface, regardless
of the magnitude of this force. Thus, the increase in current
observed at larger fields,B > 1 T, cannot be due toFMHD.

Rather, we propose that this large enhancement is due toF∇B,
a consequence of the change in magnetic susceptibility that
accompanies the electrode reaction.

In the highly concentrated organic solutions, the electro-
chemical reaction produces a depletion layer that contains molar
concentrations of the strongly paramagnetic anion, NB•-. The
solution surrounding the depletion layer contains essentially only
diamagnetic molecules. The difference in magnetic properties
of the depletion layer and bulk solution results in a net force
acting on the depletion layer, drawing the electrochemical
product toward the center of the cryomagnet where the field is
largest. Thus, the forceF∇B is directed downward away from
the electrode surface, as depicted in Scheme 1. As in the case
of fluid convection induced by the MHD force, we propose that
the concerted motion of electrogenerated paramagnetic mol-
ecules results in significant momentum transfer to solvent
molecules and electrolyte ions, setting the solution in motion
near the electrode surface. Mass balance requires that the
downward flow is accompanied by the flow of bulk solution
from the edge of the electrode toward the center of the electrode.
Interestingly, this flow is in the opposite direction of flow that
would be induced by rotation of the electrode, e.g., the classical
flow pattern at a rotating disk electrode.

II. Calculation of the Gradient Force.40 The gradient force
acting on the depletion layer is independent of the orientation
of the magnetic field, i.e.,F∇B does not depend on whether the
measurements are made in the parallel or orthogonal orienta-
tions, Scheme 1.F∇B may be estimated from eq 3, which is
simplified to the one-dimensional expression, eq 13, by noting
that the radial component of the field,Br, is zero along the
centerline axis.

Numerical evaluation ofF∇B requires an estimate of the
volume magnetic susceptibility,ø, of the depletion layer in
which NB•- is electrogenerated. A value ofø is obtained from
eq 1441

whereΩ is the number density of molecules that contribute to
ø, R andµm are the magnetic polarizability and magnetic dipole
moment, respectively, of NB•-, andµo is the permeability of
vacuum. The magnetic dipole moment is given by:

whereµB is the Bohr magneton (9.274× 10-24 J/T)42 andS is
the quantum-spin number. The magnetic spin of the radical
anion, NB•-, is assumed to correspond to a single unpaired
electron,S) 1/2. The paramagnetic contribution to the magnetic
susceptibility corresponds to the second term on the right-hand
side of eq 14,Ωµo(µm

2/3kT), and is computed to be equal to
1.60× 10-8 m3/mol. The diamagnetic contribution,ΩµoRm, can
be approximated as being equal to the magnetic susceptibility

(39) Ragsdale, S. R.; White, H. S. Submitted for publication, 1998.

(40) For the purpose of computing the magnetic forces, we assume that
any magnetization that might weaken or enhance the applied field is
negligibly small. Thus, we refer toB as the field and not the magnetic
induction.

(41) Atkins, P.Physical Chemistry; W. H. Freeman and Co.: New York,
1994.

(42) Cotton, F. A.; Wilkinson, G.; Gaus, P. L.Basic Inorganic Chemistry;
John Wiley and Sons: New York, 1987; p 64.

Scheme 1.Magnetohydrodynamic (FMHD) and Gradient
(F∇B) Forces Acting on the Solution Adjacent to the
Disk-Shaped UME Surfacea

a F∇B is directed downward,independent of the electrode orientation,
corresponding to the movement of electrogenerated paramagnetic
species into the magnetic field.FMHD depends on the electrode
orientation; it rotates in the plane of the electrode surface when the
electrode is orientedorthogonalto the field and is directed toward one
side of the electrode when the electrode is orientedparallel to the field.
The rotational force in theorthogonalorientation results in cyclotron-
like fluid flow, which has a negligible effect on the net flux of redox
molecules between the electrode and bulk solution. In this orientation,
the observed enhancement in current is due solely toF∇B. Both F∇B

andFMHD contribute to convective transport in the parallel orientation. F∇B ) ø
µ

Bz

dBz

dz
k̂ (13)

ø ) Ωµo(R +
µm

2

3kT) (14)

µm ) 2.0023(S(S+ 1))1/2µB (15)
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of the neutral NB molecule, which is reported as-6.18× 10-11

m3/mol.43 Thus, the diamagnetic contribution toø of NB•- is 3
orders of magnitude smaller than the paramagnetic contribution
and can be neglected. Similarly, we ignore the contributions to
ø arising from the diamagnetic solvent molecules and electrolyte
ions.

Combining eqs 13 through 15 and noting thatµ ) µo(1 + ø)
≈ µo

44 yields the following expression for the magnetic force.

With the exception ofΩ, all parameters in eq 16 are measurable
or correspond to physical constants.Ω is estimated as follows:
for a mass transport-controlled electrochemical reaction, the
concentration of product at the electrode surface (i.e., NB•-) is
approximately equal to the concentration of the reactant in the
bulk solution (i.e., NB).45 Thus, in the most highly concentrated
solutions (i.e., 5 M NB), the surface concentration of electro-
generated NB•- is ca. 5 M. This value corresponds toΩ ∼ 3 ×
1027 m-3.

As an example calculation, we evaluateF∇B for the case
where the field gradient is largest (corresponding toz ) 0.12
m in the magnet). Substitution ofBz ∼ 6 T, dBz/dz ∼75 T/m,S
) 1/2, Ω ) 3 × 1027 m-3, andT ) 20 °C yieldsF∇B ) 2.9 ×
104 N/m3.

III. Comparison of F MHD and F∇B. In this section, we
compute values ofFMHD for the parallel and orthogonal
orientations, and compare these values withF∇B. Our interest
is in the relative magnitudes of these two magnetic forces, for
the purpose of determining which force is primarily reponsible
for the large enhancement in Faradaic currents at the UME. The
comparison is made atz) 0.12 m, corresponding to the position
in the magnet whereF∇B has a maximum value equal to 2.9×
104 N/m3 (see previous section).

In theparallel electrode orientation,FMHD may be calculated
by using eq 1, where the flux of charge,J, at the surface of the
electrode is defined by the voltammetric limiting current in the
absence of the field,iBz)0, and the electrode radius,a.

In the 5 M NBsolution, the limiting current is equal to 23µA.
Thus, atz) 0.12 m,FMHD is equal to 7.2× 104 N/m3. Although
this value is 3× larger thanF∇B, we conclude that both forces
make significant contributions toward the enhancement of the
electrochemical current. It is interesting to note that whileJ is
proportional to the limiting current, the density of paramagnetic
spins, Ω, at the electrode surface will also increase with
increasing current. Thus, as a zero-order approximation, the
relative magnitudes ofFMHD and F∇B are independent of the
solution conditions.

We now consider an analysis of the forces when the magnetic
field is orthogonalto the disk surface. As previously discussed,
in this orientation, the net MHD force is zero and "cyclotron-
type” solution flow is generated in the microscopic solution

element near the surface of the electrode. The result of cyclotron
fluid motion is a decrease in the limiting current that results
from the elimination of natural convection. While this analysis
is rigorously correct for auniform field, the nonuniformity of
the magnetic field in the experiments described in this article
requires a more detailed analysis. The following paragraphs
explore this problem.46

The current density and magnetic field are related through
Ampère’s law.41

whereBi is the internal magnetic field induced by the voltam-
metric current.Bi rotates around the center of the electrode,
corresponding to the componentBφφ̂ in the cylindrical coordi-
nate system. As before,J corresponds to the current density, or
more specifically to the flux of the electrogenerated product,
NB•-, away from the electrode surface. By combining eqs 1
and 18,FMHD is expressed in terms of the total magnetic field,
i.e., B ) Be + Bi. whereBe is the external magnetic field.41,43

The first term on the right-hand side of eq 19 describes the
magnetic “tension” that results from any curvature of the
magnetic field. The second term on the right-hand side of eq
19 describes the magnetic “pressure” exerted on a positive
charge toward regions of lowerB2, or B. Magnetic pressure
and tension result from the inhomogeneity of the magnetic field,
and therefore are not observed in uniform magnetic fields. Also,
in the absence of moving charges, the magnetic tension and
pressure are equal in magnitude, but opposite in direction.

The complexity of eq 19 has prevented the evaluation ofFMHD

resulting from the radially divergent flux of ions through a
nonuniform field. However, a simpler but related example serves
to demonstrate thatFMHD associated with the nonuniformity of
the field is negligibly small in comparison toF∇B. Consider a
straight wire immersed in the nonuniform field of the cryo-
magnet employed in this study. The wire is aligned parallel to
the centerline of the cryomagnet. Equation 19 then reduces to
eq 20,

which indicates that there will be radial (r̂) and rotational
components (φ̂) of FMHD. We assume that the wire has a 25
µm radius,ro, and carries a current of 23µA (analogous to the
actual electrochemical experiments employing the disk-shaped
Pt UME). The induced magnetic field is given by Ampere’s
law asBφ ) µoi/2πro. At the surface of the wire,Bφ ) 1.8 ×
10-7 T. Substitution of this value into eq 20 yields-1.0 ×
10-3 and 5. 3 N/m3 for the r̂ andφ̂ components ofFMHD at the
surface of the wire (these values decrease as one moves further
away from the wire). Thus, the component ofFMHD due to the
field nonuniformity is vanishingly small. While the preceding
analysis is only an approximate treatment of the disk-shaped
UME in the orthogonal orientation, we anticipate thatFMHD at
the UME will be of the same order of magnitude and, thus,
negligibly small in comparison toF∇B.

Having established thatFMHD can be neglected in the
orthogonal orientation, it is of interest to examine more carefully
the relationship between the enhancement in the electrochemical

(43) Weast, R. C.CRC Handbook of Chemistry and Physics, 51st ed.;
Chemical Rubber Co.: Cleveland, OH, 1971.

(44) Griffiths, D. J. Introduction to Electrodynamics; Prentice Hall:
Englewood Cliffs, NJ, 1989.

(45) For diffusional transport, mass conservation requires that the
concentration of product at the electrode surface be equal to the concentra-
tion of reactant in the bulk, if the diffusivities of the product and reactant
are equal. This is a reasonable approximation for the redox system reported
here. (46) Cross, R. C.Am. J. Phys. 1989, 57, 722.

F∇B ) (4ΩµB
2

3kT )S(S+ 1)Bz

dBz

dz
k̂ (16)

J )
iBz)0

πa2
(17)

∇ × Bi ) µoJ (18)

FMHD ) 1
µo

(∇ × B) × B ) 1
µo

(∇‚B)B - ∇(B2/2µo) (19)

FMHD ) -
Bφ

µo
(Bφ

r
r̂ +

dBz

2dz
φ̂) (20)

Electrochemically-Generated Magnetic Forces J. Am. Chem. Soc., Vol. 120, No. 51, 199813467



current,∆i, and the driving force,F∇B. Figure 7 shows a plot
of both quantities versus the spatial position,z, for the 5 M NB
solution. It is obvious from this plot that∆i is essentially
proportional toF∇B, providing the clearest evidence that the
enhancement in electrochemical reaction results from accelera-
tion of the electrogenerated paramagnetic ions. To our knowl-
edge, this is the first quantitative demonstration that electro-
chemical currents can be controlled and enhanced by the
interaction of molecular magnetic dipoles with an external
magnetic field.

Conclusions

We have demonstrated that two sources of magnetic force
are simultaneously operative in an electrochemical experiment,

each capable of significantly increasing the rate of electrochemi-
cal reaction. The first of these is the magnetohydrodynamic
(MHD) force that arises from the transport of charged reactants
and products through the magnetic field. The second force is
the gradient magnetic force that arises from electrogeneration
of paramagnetic molecules in a nonuniform magnetic field. The
latter force is dependent on the magnetic field strength and
gradient, and on the magnetic properties of the redox-active
molecules. The experiments reported here using the disk-shaped
Pt UME’s allow the two forces to be separated and individually
investigated by variation of the field homogeneity and the
electrode orientation. Numerical estimates of the MHD force
and gradient forces indicate that these forces are of comparable
magnitude in the experiments reported here. Whether or not
this conclusion will hold for other redox reactions and electrode
geometries remains to be shown.

Preliminary analysis indicates that the enhancement in cur-
rent resulting from the gradient magnetic force is proportional
to the force, i.e.,∆i ∝ F∇B. This relationship requires further
study with molecules having different magnetic susceptibili-
ties and charges. The results suggest that electrochemical
currents can be controlled by varying the magnetic suscepti-
bilities of the redox species and the uniformity of the external
field.
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Figure 7. Plot of current enhancement,∆i (open circles), and driving
force, F∇B (filled circles), versus the position of the electrode in the
cryomagnet,z. The solid lines are drawn as a visual guide.
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