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A unit volume element that contains magnetic dipojesnay reduced by the electrode into paramagnetic \\®hose concentra-
experience two paramagnetic forces, the field-gradient fétes, tion in the forward voltage sweep is the highest at the solution/
and the concentration-gradient foré&c.>2 Fyg is proportional to electrode interface, fading away in the bulk (Appendix II).
the magnetic field gradienB¢VB; eq 1f and is associated with oA

Fys = 2N,C[(Qug)/4kT|B-VB (1) Pt Fe

magnetic attractioficertain types of magnetohydrodynamic (MHD)
convectior?® and levitatior'. Fyc is proportional to the concentra-
tion gradient of (VC;; eq 2)? and it remains ambiguous despite a

Fyc = Nal(gug)?/4KT] [BJ? VC, )
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known electrostatic analogue in media of inhomogeneous dielectric 0.2} +

constan® Thus, early attempts to involv&yc in enhanced B :::217 0= o0°

magnetic diffusion through membran€syr enhanced convection o3l ® | poaaT 6=0°

during electrolysis in solutions with paramagnetic iéﬁbave been. A5 7 o9 a5 2 09 0%

guestioned? More recently,Fyc was used to explain magnetic volts vs. Ag/AgClI

effects on the open circuit potential of ferromagnetic electrodes Figure 1. Voltammetry at 10 mV st of NB (0.1 M) in CHsCN/0.5 M
(Fe, Co, Ni) in corrosive paramagnetic solutiésBut, since tetrabutylammonium perchlorate (TBAP) with inlaid Pt and Fe disk

magnetized ferromagnetic electrodes attract paramagnetic ionsm||||e|ectrodes (1.00 mm diameter) at two orientatiofisrelative toB.

through field-gradient-type forcééthe Fyc involvement has also
been questionel.In several other occasions, the presencEwf A B
has been denied based on magnitude comparisons with the driving
force of diffusion® But as shown here, being a body forgec
affects modes of mass transfer different from diffusion. Latély,

has been evoked in phenomena where, if of any consequence, it
may be convoluted either with kinetics and MHD transport as in
microelectrodes facing the magnetic fi€ldr with natural convec-

tion both with® and without complications associated withg.1°

With this background, our strategy was to isol&te from other
magnetic forces and demonstrate its properties by letting it compete
and reverse the effects of another body force, gravity, the cause of
density-gradient driven natural convection. This strategy was imple-
mented with concentration gradients produced and probed electro- ----B=0 T
chemically in homogeneous magnetic fields using bent nonferro- B=33T 6=0"‘
magnetic Au and Pt disk millielectrodes (6:3 mm in diameter) RTIT N N I E
facmg the magn_etl(.: ﬂeld_' Th_'s ex_perlr_nental setup W_as first Figure 2. Potential step (PS) experiments with a Au electrode (1 mm
introduced by White in conjunction with microelectrod@syhich, diameter) in an NB solution as in Figure 1 (see also Movie S4). (A, B) 40
owing to radial currentd! produce cyclonic MHD flows, while s after the PS, withB| = 0 (A) or |B| = 3.3 T,0 = 0° (B). (C) Current/
voltammograms are always sigmoidal. Millielectrodes, on the other time curves in the two situations. (D) Corresponding Cottrell plots.
hand, can generate linear diffusion resulting in a peakrent
responsél which, if used in conjunction with quantitative criteria
such as the linear relationship between the peak current and
(potential sweep rat#j, can confirm absence of convection. Finally,
to ensure that our observations are dugg, and not toFys-type
forces, control experiments with magnetizable Fe electrodes were
also run in parallel for comparison.

Figure 1 shows cyclic voltammograms (CVs) obtained with Pt
and Fe disk millielectodes in a GBN solution of nitrobenzene
(NB) in the presence and absence of a homogeneous magnetic fiel
at two orientations®) = 90°, & = 0° (Figure 1-inset}® NB is
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For |IB| = 0 T (blue lines) both electrodes show identical quasi-
steady-state CVs indicative of natural convection. Bjr=3.3 T

at & = 90° (black lines) both electrodes show enhanced steady-
state currents due to MHD stirrirf§.But, for |B| = 3.3 T atf =

0° (red lines), i.e., for electrodes facing the field, both electrodes
show characteristic peak-current response suggesting absence of
natural convection and, therefore, retention of the paramagnetic
layer close to the electrode. Although this realization might be
Gcounterintuitive for nonmagnetic electrodes in homogeneous fields,
nevertheless it is confirmed easily by visual examination. Figure
2A shows that atB| = 0 T the layer containing the red KBrises?’

t NASA Glenn Research Center. In contrast, Figure 2B shows that in a 3.3 T field normal to a
* University of Missouri-Rolla. diamagnetic Au electrode the red layer is held close to the electrode
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(see also Movies S1S3). Similar results have been obtained with  volume andJFvc|Clis the average magnetic force per unit volume
other redox couples as well (Appendix Il and Movies S5, S6).  of the diffusion layer, whilep is the angle of ¥ Cyg-—Owith the

Forces holding the paramagnetic layer must oppose gravity; direction of gravity?? (For derivation of eq 3 and analysis of forces,
hence they are body forces. With ferromagnetic electrodes, thosesee Appendix IlI.) A plot of log{V) vs log |B| is linear (Figure
forces should include boffyg andFyc.® With Au and Pt electrodes,  3B) with slope= 2.01+ 0.13, confirming thaFyc is proportional
however, there is no field gradient and the only force left to oppose to |B|2. In agreement with White’s observations on cyclonic flows
gravity is Fyc. Further insight for the role dfyc comes from the around 25um diameter electrode82eq 3 is predicated on the fact
conspicuous absence of a strong return wave with the Pt electrodethat the diffusion layer is “skewed” upward by gravity. Quantita-
atf = 0° (compare the red lines in Figure 1) implying an efficient tively, at for examplgB| =2 T, W= 10"84N (Figure 3B), while
mechanism, other than natural convection, for removal of NB  [Fyc| IV = 3.95 x 107 N (for the calculation see Appendix IlI).
from the vicinity of the electrode. In general, along the return wave Henceg = 89.9; i.e., skewing is only very slight, explaining how
the NB~ concentration is maximatear the electrode, decaying  a vertical force (gravity) is counteracted by a magnetic force that
sharply toward the electrode and more smoothly toward the bulk appears “horizontal.”

(Appendix Il). That profile generates twByc forces upon the Electrochemistry generates only transient concentration gradients.
paramagnetic layer: a weaker one toward the electrode and aPermanent susceptibility gradients have been created by entrapping
stronger one toward the bulk; the net result is detachment of the Fe particles in aerogefd.In homogeneous fields, such objects are
NB*~ layer and loss of the return wave. (The different behavior of accelerated toward the side of increas@figand it is speculated

the Fe electrode is attributed to tlifeg force, which is always that apart from the obvious relevance to magnetic confinement and
retentive.) levitation, Fyc may also find application in propulsion.

But, what is the mode of mass transfer within the volume thatis  Supporting Information Available: Appendices +11I; Experi-
retained byFyc? At |B| = 0 T the currenttime curve of the mental Section; concentration profiles of NBderivation of eq 3, data
potential step experiment converges quickly to a convective steady-analysis, other systems. Movies-S36. This material is available free
state behavior, but 8B| = 3.3 T the current continues to decay of charge via the Internet at http://pubs.acs.org.
even after 50 s (Figure 2C) showing “Cottrell” characteristics
(Figure 2D), indicative of linear diffusion. Similarly, by voltam-  References
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