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Abstract: Cyclic voltammetry with Nd—Fe—B disk magnet electrodes (3.2 mm diameter) at slow sweep
rates (<0.01 V s7%) in relatively concentrated solutions (e.g., 80 mM) of diamagnetic redox-active species
(e.g., TMPD) is controlled by diffusion. Under similar conditions, cyclic voltammetry with conventional noble
metal disk millielectrodes is characterized by the absence of diffusion waves and the presence of density
gradient driven natural convection. Although the magnetic field in the vicinity of Nd—Fe—B electrodes is
relatively strong (~0.5 T at the surface of the magnet electrode), the absence of magnetohydrodynamic
stirring effects is attributed to the fact that the i and B vectors are almost parallel, and therefore the
magnetohydrodynamic force Fg (=i x B) is very small. On the other hand, the absence of natural convection
is attributed to the two possible paramagnetic body forces, Fyg and Fyc, exerted by the magnet electrode
on the diffusion layer. Of those two forces, the former depends on field gradients (Fys ~ B-VB), while the
latter depends on concentration gradients (Fvc ~ VC)) and is directed toward areas with higher concentration
of paramagnetic j. Through thorough analysis of the magnetic field and its gradients, it is found that the
average Fyc force acting upon the entire diffusion layer is ~1.75 times stronger than Fys. Nevertheless, it
is calculated that either force independently is strong enough and would have been able to hold the diffusion
layer by itself. Further evidence suggests that, integrated over the entire solution, Fvg is the dominant
paramagnetic force when the redox-active species is paramagnetic, e.g., [Co(bipy)s](ClO,). (bipy = 2,2'-
bipyridine). Finally, convective behavior with diamagnetic redox-active species and magnet millielectrodes
can be observed by holding closely (2—3 mm away) a repelling second magnet that bends the induction
B to the point that the i x B product is not equal to O.

1. Introduction stirring is the magnetohydrodynamic (MHD) fordes, which
is given by eq 1, whereis the current density flowing through

Nd—Fe—B permanent magnets are compact and inexpensive, X . )
P g P P the electrolytic conductor anl the magnetic flux densit§.

with the highest magnetization and the most competitive cost
per unit-energy product of all magnétsAs we reported
recently? electrolysis with noble metal millielectrodes in the
field of such magnets generally yields strong stirring effects in
the electrolytic solution, similar to those observed with large
(and expensive) electromagnétS. The main cause of this

Fo=ixB 1)

Since Nd-Fe—B is a metallic alloy, the question that arises
naturally is whether small NdFe—B disk magnets could be
used as electrodes directly, and, if so, what would the effects
* Address correspondence to this author. Tel.: 573-341-4391. Fax.: 573- be, if any. As it turns out, the most startling phenomenon during
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(@) p 386, (b) p 29, (c) p 312. is that the currentvoltage characteristics ardiffusion-
(2) Leventis, N.; Gao, XAnal. Chem2001, 73, 3981. iti imi
(3} () Mohanta, S.- Panidy. T Tan 3 Chem. Eng972 50, 248. (b) Fahidy, cpntrolledat conditions where noblg metal electrodes of S|m|I'ar
T. Z.J. Appl. Electrochem1983 13, 553. size produce voltammograms dominated by natural convection.
(4) Aogaki, R.; Fueki, K.; Mukaibo, TDenki Kagakul976 44, 89. Natural convection in electrolytic solutions arises from the

(5) (a) Aaboubi, O.; Chopart, J. P.; Douglade, J.; Olivier, A.; Gabrielli, C.; . . : .
Tribollet, B. J. Electrochem. Soc199Q 137, 1796. (b) Chopart, J. P.; density difference between the diffusion layer and the surround-

Douglade, J.; Fricoteaux, P.; Olivier, Klectrochim. Actal991, 36, 459. ; i P ; f i ;
(C) Fricoteauy, P.. Olivier, A Delmas, . Electrochem. S04.993 139 ing liquid. Due to this density difference, the diffusion layer
096.

(6) Tacken R. A.; Janssen, L. J. .DAppI Electrochem1995 25, 1. (8) (a) Leventis, N.; Chen, M.; Gao, X.; Canalas, M.; Zhang]l.R2hys. Chem.

(7) (a) Lee, J,; Gao X.; Hardy, L. D. A.; White, H. S. Electrochem. Soc. B 1998 102 3512. (b) Leventis, N.; Gao, X.. Phys. Chem. B999 103
1995 142, L90. (b) Ragsdale, S. R.; Lee, J.; Gao, X.; White, HI.S2hys. 5832.
Chem.1996 100, 5913. (c) Lee, J.; Ragsdale, S. R.; Gao, X.; White, H. S. (9) (a) Newman, J. SElectrochemical System®nd ed.; Prentice Hall:
J. Electroanal. Chen997, 422, 169. (d) Ragsdale, S. R.; Lee, J.; White, Englewood Cliffs, NJ, 1991; Chapter 15. (b) Roberts, PARl Introduction
H. S.Anal. Chem1997, 69, 2070. (e) Ragsdale, S. R.; White, H.Ahal. to MagnetohydrodynamicElsevier Publishing Co., Inc.: New York, 1967;
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tends to rise or fall, producing stirrid§2As discussed herewith,
however, the magnetic field of NeFe—B magnet electrodes
may attract and retain the diffusion layer in contact with the
electrode, preventing the effects of natural convection. For
example, disk electrodes (3.2 mm diameter) made of Ret-B
magnets demonstrate diffusion-controlled behavior inCNW

0.5 M LiCIlO4 containing 80 mMN,N,N",N'"’-tetramethylp-

“lifting” power of the magnet electrodes of this study: natural
convection, a phenomenon due solely to body forces, is
prevented by the sum of all counter body forces acting upon
the solution, namelyyg and Fyc. Summing all theFyg-type
forces acting on individual dipoles yields tites body force

(eq 2), but notFyc.213 Furthermore, as it is demonstrated
experimentally and discussed theoretically on the basis of the

phenylenediammine (TMPD), even with potential sweep rates magnitude of thé-VB vector for permanent magnet electrodes
as low as 0.005 V&: under the same conditions, electrochem- of the dimensions employed here, the mode of magnetophoretic
istry with conventional noble metal millielectrodes is dominated mass transfer introduced by tieg-type forces on individual

by natural convection. Eventually, it is shown that convective radicals does not compete with diffusion, which is shown to be
behavior and quasi steady-state voltammograms with 80 mM the only mode of mass transfer in the paramagnetically confined
TMPD and magnet millielectrodes can be observed by using a depletion layer. NowFvc is a force that has been described
second magnet held opposite to the magnet electrode and withmostly mathematically'4*°According to eq 3Fyc should be

the same poles of the two magnets facing each other. All of present even in homogeneous fields, and it should be applied
these phenomena have been attributed to the paramagnetic bodgn volume elements containing a concentration gradient of

force, Fy, that is exerted upon every unit volume element that Paramagnetic specieSyc tends to move such volume elements
in the direction of increasing radical concentration. In contrast
to Fys, Fyvc does not have a microscopic analogue and arises
solely by the gradient of magnetization in the volume elerféent,
which behaves as a hypothetical magnet with different pole
sizes. An analogous situation in the electric field has been
described for media of inhomogeneous dielectric congfant.
Based on a quantitative comparison efg and Fyc, in this
paper it is concluded thdtyc acting upon the diffusion layer

of magnet millielectrodes is a stronger force tl&ag. Integrated
over the entire solutiorf;vg may become a stronger force than
Fyc if the solution contains paramagnetic species. To our
knowledge, this report comprises the first quantitative evaluation
of the relative significance dfvg and Fyc.

contains paramagnetic species (e.g., radi¢alBy is the sum
of two forces,Fyg andFyc, which, if the paramagnetic species
is a free radicaj with spin equal td/,, are given by eqgs 2 and
3 respectively?

Fys = 2NaC[(Qug) /4K TIB-VB @

Foc = Nal(gug)74KT]| B|2VCj )

Na is Avogadro’s numberg the spectroscopic splitting factor,
ug the Bohr magnetork the Boltzmann constanif, the absolute
temperature, an@j the concentration gf21415Fyg is present
whenB-VB = 0, and tends to move magnetized volumes of
electrolyte toward areas where the magnetic field is more
intense. The hydrodynamic effectsifs have been considered
by several investigatofst®17Importantly, White and co-workers
have also attributed certain phenomena associated with focusin
of radicals around ferromagnetic disk and wire microelectrodes
(of diameter< 250 um) to Fys-type of forces exerted by the
magnetic field gradient§-VB) on individual magnetic dipoles
(radicals)!®8 Although these forces comprise the origin of the
Fvs body force, nevertheless they do not account fully for the

(10) Bard, A. J.; Faulkner, L. RElectrochemical Methods, Fundamentals and
Applications 2nd ed.; John Wiley and Sons: New York, 2000; (a) p 316,
(b) p 480, (c) p 231.

(11) There is also an analogous diamagnetic force, whieHL300-fold weaker
thanFy and is not considered further.

(12) Fyg has been referred to as magnetic gradient fétce,as field gradient
forcel* while Fyc has been referred to as paramagnetic gradient fdrce.
In our opinion, since manifestation of both forces requires the presence of

paramagnetic species, they are both paramagnetic forces. More appropriate

names would have beefield gradient body forcefor the former-to
distinguish from similar forces on individual molecular or ionic magnetic
dipoles$®—and concentration gradient forcéor the latter.

(13) Pullins, M. D.; Grant, K. M.; White, H. SJ. Phys. Chem. R001, 105,

(14) Hindé, G.; Coey, J. M. D,; Lyons, M. E. Glectrochem. Commui2001,
215

(15) Equations 2 and 3 have been derived assuming ¢@)3(B|/4kT < 12
which is typically true for magnetization conditions far from saturation
like those encountered in electrochemisti|(~ 1-2 T andT ~ 298 K).
It is noted further that since the molar magnetic susceptibjlitys given
by x = 1,Na(gus)¥2KT,!* Fyg andFyc can be expressed equivalently by
Fve = Ci(x/uo)B-VB andFvc = (x/2u0)|BI?VC;, whereu, (=47 x 107" N
A~?) is the permeability of free spaéé.

(16) (a) O’Brien, R. N.; Santhanam, K. S. V. Appl. Electrochem199Q 20,
427. (b) O'Brien, R. N.; Santhanam, K. S. ¥..Appl. Electrochenl997,
27, 573.

(17) Ragsdale, S. R.; Grant, K. M.; White, H.5.Am. Chem. S0d.998 120,
13461

(18) Grant,' K. M.; Hennert, J. W.; White, H. &lectrochem. Commuri999
1, 319.
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2. Experimental Section

Acetonitrile, LIiCIO,, NaClQ,, and TMPD were purchased from
Idrich. LiCIO4 and NaClQ were dried overnight under vacuum at
0 °C. TMPD was sublimed before use. [Co(bigl{C|O4). was

synthesized by a modification of a literature proceddr€oCh:6H,0
(Aldrich, 1.2 g) was dissolved under M 100 mL of previously boiled
and N-bubbling degassed warm ethanol. The solution was filtered at
room temperature under,NThe clear filtrate was added to a solution
of 2,2-dipyridyl (2.4 g) in hot ethanol (40 mL), and the resulting
solution was diluted with 150 mL of deaerated distilled water.
Subsequently, five molar excess of solid Nag(®.084 g) was added
with stirring until fully dissolved. The solution was cooled in an ice
bath for 50 min and filtered. The product was dried under vacuum at
50 °C. Received 3.2 g (87% yield). Elemental analysis. Found: C,
49.60; H, 3.12; N, 11.53. Calculated fogd,40sNeCi2Co: C, 49.62;

H, 3.30; N, 11.57.

Electrochemical experimentation was carried out in Ar-degassed
solutions in a homemade faradaic cage using a Perkin-Elmer 263A
potentiostat and the Perkin-Elmer Model 270/250 Research Electro-
chemical Software 4.30. The solution resistance was measured with
the electrochemical software package, and an 85% compensation was
applied automatically by the potentiostat. A Au disk electrode (2 mm
diameter) and an aqueous Ag/AgCl reference electrode were purchased
from CH Instruments, Inc. (Austin, TX). The counter electrode was a
gold foil (4 cn? on both sides). NeFe—B magnet electrodes were
made as follows.

Tiny cylindrical Nd—Fe—B magnets of two different dimensions
(3.2 mm diameter, 1.6 mm height and 4.8 mm diameter, 1.6 mm height)

(19) Waskaas, M.; Kharkats, Y. J. Phys. Chem. B999 103 4876.
(20) Breuer, M. M.; Robinson, DNature 1969 221, 1116.
(21) Burstall, F. H.; Hyholm, R. SJ. Chem. Socl952 3570.
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Scheme 1. Nd—Fe—B Magnet Electrode with an Opposite Magnet of-magnitude estimate of the field intensity. For the quantitative

'(géﬁfhﬁgiﬁg_%ét'&r;hézﬁgg‘ggzi%ﬁh) or the Repelling analysis of the body forces that follows, the magnetic field
generated by small magnet electrodes was calculated numeri-
cally. The magnetostatic potentid@, of any permanent magnet
obeys the Laplace equatioW4® = 0) everywhere in space,
and it can be simulated iteratively using the appropriate

t-elect . .
magnet-electrode boundary conditions as described befdfhe external param-

3.2 mm diam.
S

4 ¢ eters needed for the simulation are the magnetizaioand
2-3 mm r the volume of the magnet. The directionMfis parallel to the
/@T zaxis of the tiny cylindrical magnet (Scheme 1), and for the
Nors ) Nd—Fe—B material we usedM| = 9.7 x 1® A m~112The
Zf’sp‘;f::]edgif”et z magnetic field intensityH, was obtained vidd = —V®. In

turn, B = uo(H + M). Clearly, outside the magnbt = 0, and

were purchased from Edmund Industrial Optics (Barrington, NJ). Such B is parallel toH.

magnets were first cleaned by brief{2 min) successive sonications Figure 1 shows the contour maps |&| around the disk

in methanol and hexane, and then they were sputter-coated with ca. Imagnet electrode in the three configurations described in the
um of gold using a Baltek MED 20 Sputtering System. For this, the Experimental Section. Arrows show the direction (not the
magnets were placed approximately 4 cm directly underneath the water-magnitude) ofB at their origin. The numerical values 8|
cooled gold target that was sputtered with an argon plasm{a (60 mA at along the cylindrical axis of symmetry of the magnBg},—o,

5 x 1072 Torr) for 600 s. Contact between the Au-free side of the agree within 3% with values calculated analytically (Figuré32).

magnet and a copper wire was made with silver paint. Subsequently, From the perspective of the body for. andFys (eqs 2
desc VB

the copper wire-magnet assembly was sealed with white epoxy glue . 5
(Hysol 1C, Dexter Corp., Seabrook, NH) in a glass tube, leaving and 3, respectively), one ngeds to kn¢By and.B VB near
exposed only the Au-coated face of the disk magnet. The magnetthe electrode. The former is a scalar quantity and can be

electrode assembly was at no point exposed to heat. All curing of the €stimated from the values @| on the contour lines of Figure
epoxy was carried out at room temperature. 1, or it can be taken directly from the tabulated values in the
Nd—Fe—B magnet electrodes (3.2 mm diameter) were used in three Supporting Information. On the other hari8VB is a vector
configurations. In all three the magnet electrode was held vertically quantity and has been mapped near the magnet electrode in
with the exposed Au-coated surface facing downward. In two of the Figure 3. It is noted immediately that either with a magnet
three configurations, a second magnet (4.8 mm diameter) was used inglectrode alone or with a magnet electrode facing a second
close proximity to the magnet disk electrodeX-3 mm away), and  magnet in the repelling configuration, tHg-VB vector is
e e o) o e e MAGNELC 0 generaly diected upwad (owrd the magnet electrode),and
heting g P g at the same time it first diverges outward (close to the electrode),

1). In both the attracting and the repelling configurations, the relative d th . d (farth f he el d
position of the two magnets was secured firmly: the magnet electrode and then converges inward (farther away from the electrode).

was clamped from its long glass tube, while two different Au-sputtered 1Ne last property is more pronounced in the repelling config-

disk magnets were glued on the bottom of two flat-bottomed beakers, uration (Figure 3B). A more quantitative understanding of the

the first one exposing its north pole, and the second one its south pole.behavior of theB-VB vector comes from considering its three
Close-up photography of the working electrode was carried out using components in cylindrical coordinates:

Kodak 400-ASA film and a Nikkormat FT3 camera equipped with a

fully extended Nikon Bellows Focusing Attachment model PB6 and  r_component: B-VB), = B, 9B /or + (B¢/r) 9B, /o¢ —

an AF Nikkor 28-70 mm zoom lens set at 70 mragtop 5.6; shutter N

speed 1/60 s). Dual-source illumination of the working electrode was (B¢) Ir + B, dB//0z (4)

conducted (a) from the front side directly with an Achiever model

321AZ electronic flash and (b) from the backside indirectly through ¢-component: B.VB)¢ =B, BB¢/8r + (B¢/r) BB¢/8¢ _

diffuse reflection from a white paper illuminated with a Fiber-Lite High-

Intensity llluminator Series 180 (Dolan-Jenner Instruments, Inc.). (BrB¢)/r +B, BB¢/BZ ()
Numerical simulation of the magnetic field in all three configurations

described above was conducted iteratively using a finite difference z-component:

method and equations derived from basic electrodynafitddrogram- (B-VB), =B, dB,Jor + (B¢/r) dB,d¢ + B, 9B/Jdz (6)

ming was carried out in FORTRAN 77. (Copies of the source code

can be obtained from the corresponding author.) Tables with the _ _
computer-generated data f{|, B, B,, (B-VB),, and 8-VB), for the Because of symmetrfa, = 3(Br,By,B,)/dp = 0 everywhere,

three experimental configurations of Scheme 1 are provided as hence B-VB), = 0, and both the- and ther-components of
Supporting Information. Vector and contour plotting was carried out B*VB have only two terms. For example, the terms of the
with the Tecplot 8.0-0-6 software package (Amtec Engineering, Inc.). Z-component aré; 9B,/or and B, 9B,/dz. Figure 4 shows the
variation of B-VB), and its two contributing terms along the
radius of the magnet electrode, 0.2 mm away from its surface.
The magnet electrodes of this study are actually smaller thanlt is noted that (1) the sign ofB¢VB), is always positive,
the probes of most readily available tesla meters. With such meaning thatB-VB), is always directed toward the magrét;
probes in contact with the magnet electrode the readingis . . :
T, butit is evident that this value can be used only as an order- (23 Guieide and above e magrali. o, foe yalue B siong e sxis
rdYq — [[z— (12))/[[z — (1/12)]%2 + r,A]Y4}, wherel is the thickness;, is

(22) DeVris, P. L.A First Course in Computational Physic3ohn Wiley and the radius of the magnet, and the origin ©ofn this formula is at the
Sons: New York, NY, 1994; p 364. geometric center of the magA®e(B,|—o = toHzlr=0)-

3. The Magnetic Field of Magnet Electrodes
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distances, thus increasimy 0B,/ar to the point that it becomes
nguredl- :lsjizgital Si(TU'aﬁon of tshe maghnelt(ic ‘:UX densigy in thle spage the main contributor off§- VB), (refer to Figure 4, dotted line).
around a 3.2 mm diameter, 1.6 mm thick NBe—B magnet electrode. : : ; e u A

(A) The magnet electrode alone. (B) Facing a second disk magnet (4.8 mm Itis noted in pass!ng Fhat this “edge Effec_:t might become very
diameter, 1.6 mm thick) in the attracting configuration. (C) Facing the same large under certain circumstances. For instance, if the magnet
second disk magnet in the repelling configuration. The valugBopf(in is reduced to a 150m long, 50um diameter N&-Fe—B wire,

tesla) on the contour lines is given |, = 0.028+ (n — 1)0.028, where the value of B-VB), at the edge of the magnet€ 0, r = r,)
n is the contour number, starting from the outmost line. is ~1.33 x 106 T2/m '

(2) the relative magnitude of thé{VB), vector in the three The variation of B-VB) alongr (atz = 0.2, 0.4, and 0.6
experimental arrangements is not very different, despite the MM from the surface of the magnet electrode) is shown in Figure
attracting and repelling nature of the last two configurations, - It iS apparent that the sign (and therefore the direction) of
respectively; and (3) in all three situationB-¥B), becomes (B-VB), changes along th_e_ radius. Near the surfa_ce of a_S|_ngIe
very large close to the edges of the magnet. This is not difficult Magnet, B-VB): starts positive close to the center, i.e., pointing
to reconcile: lines of force do not cross, aBdalways forms outward, but shortly changes its direction, pointing inward;

closed loops (Figure 1); therefore, near the edge of the magnetf@rther from the magnetg VB): points only inward. Further-

more, at any level from the magnet, the expansive part of

(24) To remain consistent with the fact that the magnet electrode is always placed (B- VB), (the part pointing outward) is weaker than its compres-
facing downward (Scheme 1), calculation &-YB), and B-VB), was P it P i
conducted in the fourth quadrant of the magnetzelectrode; ti;ereby, the sive part _(that po_lntlng_lnward). In the case of two magnets in
positive z-direction is toward the magnet. the repelling configuration B: VB), points outward everywhere

1082 J. AM. CHEM. SOC. = VOL. 124, NO. 6, 2002
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in the interval [-ro,rg], for all z, and in general the expansive conjunction with diamagnetic redox-active substances such as
vectors are stronger and the compressive ones weaker than th& MPD: (1) when these electrodes are used either alone or facing
corresponding vectors in the case of a single magnet alone ora second magnet in the attracting configuration and (2) when

facing a second attracting magnet. (Vector map®8e¥B), and they face a second magnet in the repelling configuration.
(B-VB), are provided in Supporting Information as Appendix 4.1. Voltammetry with a Magnet Electrode by lItself or
1) Facing a Second Magnet in the Attracting Configuration.

One-electron oxidation of TMPD generates the cation radical

TMPD", whose concentration is higher at the electrode and
We have identified two apparently different kinds of elec- fades away in the solution defining the diffusion layer. Figure

trochemical responses when magnet electrodes are used i6A shows that cyclic voltammetry in an 81 mM solution of

4. Results and Discussion
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Figure 6. Cyclic voltammetry in an 81 mM solution of TMPD in GH
CN/0.5 M LiCIOs4. (A) Using a Au disk electrode (2 mm diametef),
0.01Vs?l ———,0.05Vs?inset: RandlesSevcik plot. Dark symbols, . .
peak currents; open symbols, plateau currents (due to no identifiable peaks). Nd-Fe-B Electrode
(B) Using a Nd-Fe—B disk magnet electrode (3.2 mm diameter) at 0.01

Vsl —, magnet electrode by itself; — —, magnet electrode facing a Figure 7. (Top) Photograph 10 s after a potential step (at 0.350 V vs Ag/
second magnet (4.8 mm diameter) in the attracting configuration. In both AgCl) with a Au disk electrode (2 mm diameter) in a580 mM solution

casesjpdipc~ 1.0; AEpp~ 75 mV. Inset: RandlesSevcik plots in the of TMPD in CHCN/0.5 M NaClQ. (Bottom) Photograph 30 s after a
two experiments. (The correlation coefficient in both cases is equal to 1.0.) gimilar potential step with a NdFe—B magnet electrode (3.2 mm diameter)
TMPD in CH,CN/0.5 M LICIO, with a Au disk millielectrode s andmo.6 mm iy o Yo 1 ront of he eleetrodeds2 mm

at slow sweep rates (e.g., 0.01 Visis characterized by the

absence of diffusion waves and a quasi steady-state responseoncentration of TMPD and a longer electrolysis time. In cyclic
that indicates the presence of (natural) convection. This is voltammetry, the latter is achieved with slower sweep rates.
confirmed by direct observation of the electrode, using the Generally, natural convection limits the lowest practical cyclic
intense blue color of electrogenerated TMPBs tracer. Figure  voltammetric sweep rates t00.02 V s1.100 |ndeed, the inset

7 (top) shows that as early as 10 s after a potential step with of Figure 6A shows that, above ca. 0.02 ¥ sthe anodic peak
the Au disk electrode into the mass-transfer-controlled range current varies linearly with the square root of the sweep rate,
(0.350 V vs Ag/AgCl), the diffusion layer has left the electrode, in agreement with the RandleSevcik equation for a diffusion-
dropping to the bottom of the electrochemical cell. For elec- controlled proces¥°(Nevertheless, it should be noted also that

troneutrality reasons, the conversion of TMPD into TMP3 even at 0.05 V 5!, the shape of the cyclic voltammetric return
accompanied by a diffusion layer loss offLand a gain of wave is somewhat distorted, because of the longer electrolysis
ClO4~. Since the transference number of GlGtcio,- = 0.60) time and the inevitable onset of natural convection.)

is higher than that of i (t;+ = 0.40)2°> more CIQ~ ions flow Since the gravitational force densitlfy, causing the phe-
into the diffusion layer than the tiions that flow out. nomena of Figures 6A and 7 (top) is applied in thairection

Consequently, upon oxidation of TMPD the diffusion layer (Scheme 1), only the-component ofg, (Fg);, is nonzero. The
becomes “heavier”; that is, its density increases relative to the average value ofFg), per unit volume of the diffusion layer,
surrounding solution and falls, causing stirring. These phenom- [{F),[3,, is calculated via Newton's second law (eq 7) and the
ena are more pronounced as the amount of electrogenerateciverage density gain of the diffusion layer. The latter is
TMPDr* increases, which is accomplished with a higher bulk

Ry L. = Crumpo-+[BLteio, FWeio,- — tu-FWL-IIDl (7)

(25) For 1:1 electrolytes, the transference numbers are givety Hyio(j)/
[Ao(+) + Ao(—)], whereq(j) is the limiting molar conductivity of species

J, which can be the cationt() or the anion ). In CHsCN, at 25°C: ; ; it
Zo(Li*) = 69 3 A(Na') = 76.9, and,o(CIOs ) = 103.7. all in ¢ Q-1 estimated from “t_hc_a ave,r'a_lge concentration of the positively
mol-1.26 charged TMPD'" “injected” in the diffusion layer[Crvpp+ L,
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and the fact thattio,~ x 100)% of that charge is compensated (Fvc): is to preserve the shape of the diffusion layer, irrespective

by CIO;~ moving in and {;+ x 100)% by Li* moving out, as of its size. On the other handF{g); should be parallel to

explained in the previous paragrafi@rvpo-+[3L is considered (B-VB), (eq 2), and closer to the center of the magnet electrode,

equal to 40 mM, namely one-half of the sum®@fyp+ at the according to section 3, it should be directed outward, causing

two ends of the diffusion layer, FMWepresents the formula  the expansion of the diffusion layer, but as the diffusion layer

weight of specie§, and|g| is the acceleration of gravity (9.81 expands into areas wherB-{¥B), is compressive (see Figures

m s72). It is thus calculated from eq 7 th&F).[9. = 22.3 N 3A and 5, and Appendix | in the Supporting Information), it

m-3. experiences counterbalancingvg), forces directed inward.
Figure 6B shows the Cyc”c V0|tammogram of the same Overall, the diffusion Iayer does not expand beyond the radius

TMPD solution as above, using a Au-coated-Nee—B magnet of the electrode. In fact, the similarity between the shape of the

electrode (3.2 mm diameter), whose potential was swept againdiffusion layer in front of the magnet electrode in Figure 7

at 0.01 V s. The solid-line voltammogram was obtained with  (bottom) and the borderline between the areas whereR),

the magnet electrode used alone, while the dashed-line voltam-changes direction (Figures 3A and 5, and Appendix I) is

mogram was obtained with the magnet electrode facing a secondmmediately noticeable.

disk magnet (4.8 mm diameter) in the attracting configuration ~ Now, let us discuss in detail why the diffusion layer will not

(refer to Scheme 1). The two voltammograms are essentially fall. According to Figures 3 and 4, th8{VB), component of

identical. Furthermore, it is clear both from the shapes and from the B-VB vector is directed toward the magnet electrode. Since

the linear RandlesSevcik plots (see inset) that these voltam- (Fyg), ~ (B-VB), (refer to eq 2), Fvg), holds the diffusion layer

mograms are diffusion-controlled and uncomplicated by convec- in contact with the electrode. Similarlyk¢c), ~ (3Crmpo+/02)

tion phenomena even at 0.005 V!sThis is confirmed again  (refer to eq 3), and sinc€mvep is higher at the electrode,

by looking at the electrode. The lower part of Figure 7 shows (Fyc), is directed toward the electrode, too. Of course, the

that, 30 s after a potential step in the mass-transfer-controlledquestion now is, which one of those two paramagnetic forces

range of TMPD with the 3.2 mm NeFe—B magnet electrode,  is stronger? To address that question, we conducted a relative

the diffusion layer (3.2 mm wide, 0.6 mm thick) is still in contact magnitude analysis ofFggs), and Fvc), across the diffusion

with the electrode. At much longer times (e.g.,100 s) the layer, by approximating the-components of egs 2 and 3 with

diffusion layer does not expand sidewise, but instead it appearsdifference forms (eqs 8 and 9, respectively)

bottom-heavy and eventually drops in analogy to Figure 7 (top).

So, basically, the effect qf the magnet electrode is to delay the MFop), 3L |, = 2NA[(Qug) /4K T] [Crypo: B, [{B-VB), 3, I,

onset of natural convection. It must be pointed out here that (8)

this response is quite general for diamagnetic species, and that

ar_lalog_ous behavior has been obtgined under similar conditions Fy0), 3., = NA[(QMB)Z/"'kﬂ[D]B|z@L|r]z[(ACTMPD-+)DL/5]

with nitrobenzene andp-benzoquinone. The absence of a 9)

magnetohydrodynamic stirring effect from Figures 6B and 7

(bottom) is not difficult to reconcile: first, under semi-infinite 51 introducing either calculated values or reasonable estimates
mass-transfer conditions the mass flux, and therefore the currenty the various parameter§Fvg),B.|r and [Fvc) 3|, are the
density i, are both normal to any millielectrode; so, it is ayerage forces per unit volume in taedirection across the
concluded that, under these experimental conditions, the anglegiffysion layer at a certain distangefrom the center of the
betweenB andi is small (for this, consult also Figure 1A,B). magnet electrode. The spectroscopic splitting factprwas
Thereby,Fg (eq 1) is also very small, and magnetohydrody- given the value of the free electron (2.6 [Crupo+ 3L Was
namic convective effects are not observed. On the other hand,qefined above in conjunction with eq 7, adds the diffusion
the absence of natural convection implies that the magnet layer thickness. An upper limit fod is estimated from the
electrode exerts an attractive force, at least equal and oppositgsndom walk equation? = 2Drypp7, WhereDrypp (=2.58 x
to Fq, that keeps the diffusion layer in contact with the electrode 1g-5 o s is the diffusion coefficient of TMPI38 At the
throughout the duration of the experiment. Let us discuss how. gjgwest sweep rate of Figure 6B (0.005 WAk it takest = 70
Electrogenerated TMPDis paramagnetic (a free radical with s for the potential to proceed from the onset of the anodic current
spin equal td/,) and therefore renders the entire diffusion layer (~0.0 V vs Ag/AgCl) to the point of the potential reversal (0.35
paramagnetic and susceptible to the two paramagnetic bodyv vs Ag/AgCl). Thus,d = 0.6 mm. Meanwhile, the values of
forces,Fvg andFvc. Indeed, because the magnetic field in the |B|, B, B,, (B-VB),, and B:VB), everywhere on the simulation
vicinity of the magnet electrode is inhomogeneoW8 (= 0), grid have been tabulated and are provided in the Supporting
the diffusion layer may experiendgs. Furthermore, because  |nformation. Using these table§B- VB),[3. |, the average value
the concentration of TMPD varies from a higher value close  of thez-component of th@- VB vector across the diffusion layer
to the electrode to zero as the diffusion layer fades into the at a certain distancefrom the center of the magnet electrode,

bulk solution, the diffusion layer will also experienEgc. At and(B|3. |, the average value of the modulus of Bi&ector
this point it is self-evident that the.components ofvg and across the diffusion layer at a distancom the center, were
Fve, (Fvs)zand Fvc),, respectively, are responsible for keeping

the diffusion layer from falling, while the-components, Rys); (26) (a) Springer, C. H.; Coetzee, J.F.Phys. Cheml969 73, 471. (b) Kay,
and Fvo),, respectively, are cylindrically symmetric and should R. L Hales, B. 1. %‘{”gi‘ggﬂagv_%ai-si?y& Chen 967 ;gfgggr-a(g;y
determine only its shape. Since for linear diffusi@®rypo-+/ Trans. 1991, 87, 1155. o T o

— ~ | (27) Drago, R. S.Physical Methods in ChemistryW. B. Saunders Co.:
or = 0, (Fve)r [~(3Crmppt/0r)] = 0 only close to the outer Philadelphia. PA. 1977: (a) p 316, (b) p A25.

limits of the diffusion layer and is directed inward. The role of (28) Leventis, N.; Gao, XJ. Electroanal. Chem2001, 500, 78.
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Figure 8. Nd—Fe—B magnet electrode alone. (A) Distribution along one
electrode diameter{r, < r < r,) of the average paramagnetic forces applied 0.2 1
across the diffusion layer in thedirection. Continuous linel{Fv) 3. |r;
open circles,[(Fvg)8L|r; dark circles,(Fvc):o.|r. (B) Comparison of 0.0 - 4
[Fvc) s |r and [{Fve) oL |r across the diffusion layer over one electrode I
diameter. 02k 4
X X X ) ) . 1 L 1 . 1 L 1 s L " L .
calculated at the particular via numerical integration of eq 01 00 01 02 03 04 05 06

10, wheref(z) stands for B-VB), or |B|,, respectively. Based volts vs. Ag/AgCl

H(2) Bl = [IF(S f(2) dz/6] I, (10) Figure 9. Cyclic voltammetry in an 80.1 mM solution of [Co(bipy()ClO4)-
z=0 in CH3CN/0.5 M LiCIOa. (A) Using a Au disk electrode (2 mm diameter).

. . . —, 001Vs%———005Vs}? - 0.1Vslinset: RandlesSevcik
on parameters calculated or estimated as just described, thyot. Dark symbols, peak currents; open symbol, plateau current (no

values off{Fvs) 3. | and[(Fvc) 3. |- were calculated along the  identifiable peak). (B) Using a NelFe—B disk magnet electrode (3.2 mm
diameter of the magnet electrode (i.e., in the ranrge =< r < diameter).—, 0.01 Vst — — —, 0.05 Vs =+, 0.1 Vst

ro), and the results are presented in Figure 8. From Figure 8 it insensitivity of the voltammograms to the potential sweep rate
is immediately apparent that (a) both paramagnetic forces areindicates that the main convection force does not depend either
stronger thari{Fg)[3. (=22.3 N n73) at all r, and therefore on the concentration gradient, which increases with the sweep
they could have retained the diffusion layer in contact with the rate, or on the amount of the material that is electrolyzed.
electrode independently of one another, and{Byc)d. | is Therefore, of the two paramagnetic body forcEge, which
generally a stronger force thaéi-vs).[3. |, except close to the  depends on concentration gradients, should not be the dominant
perimeter of the magnet electrode, where the latter predominatesone. On the other hand, since the entire solution now contains
(due to the rapid increase of tBg dB,/dr term of B-VB),; refer paramagnetic [Co(bipy)*", Fvs is extended beyond the dif-

to Figure 4). Integration offFvg) (3. | and [{Fvc) 3. |, across fusion layer, is applied everywhei® and VB have nonzero

the diameter of the magnet electrode yiel{fsyc) o = 1.75 values, and is directed always toward the magnet electrode.
[Fve)[oL. It is noteworthy that despite the rapid increase of Before electrolysisFvc is zero everywhere, butyg, being
[{Fve)Ad.|; at the edge of the magnet electrod;vs) (. is already present, is stronger closer to the electrode, fading away

not as strong a§Fvc)/[3., and therefore the results of Figure in the bulk. Sincd-yg is weaker in the bulk, there is no tendency
6B and the lower part of Figure 7 are mostly due to the latter. for solution farther from the electrode to replace solution closer
By the same token, however, it should be pointed out that to it. Therefore, the entire system is stable, and there is no
Fvc is not always the overall dominant paramagnetic body force. convection. Once electrolysis is initiated, the neighborhood of
As we shall see in this paragraph, there are situations in whichthe electrode is depleted of paramagnetic [Co(kjgYy) and the
Fve predominates, even with magnet electrodes of the size balance of forces is destroyed. Since the concentration of [Co-
employed here. In that regard, Figure 9A shows that with our (bipy)s]?* increases toward the bulkyc is directed away from
Au disk millielectrode, paramagnetic [Co(big}A",2"® being the electrode, and therefore it triesreonave the diffusion layer.
oxidized to diamagnetic [Co(bipyf*, demonstrates a behavior ~Meanwhile, an overall much stronger (because it is integrated
analogous to that of TMPD (compare Figure 9A with Figure over the entire solutionfyg force, acting mainly from the
6A); in contrast, with our Au-coated NeFe—B electrode we perimeter of the electrode, pulls paramagnetic solution from the
observe no diffusion waves and quasi steady-state voltammo-bulk closer to the electrode to replace the mostly diamagnetic
grams essentiallypdependensdf the potential sweep rate (Figure  depletion layer. The paramagnetic forces now generate a funnel-
9B). This clearly points to a convection mechanism that behaveslike flow pattern, with solution taken up from the perimeter of
quite differently from natural convection. Specifically, the near the electrode and forced out from its center.
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Before closing this section, we must address the possible —— T T T
impact of magnetophoretic phenomena in the interpretation of 08l i
our results. As can be deduced from the diffusion-controlled ]
behavior of Figure 6B, magnetophoretic mass transfer should 06 .
not compete with diffusion within the time scale of that < I
experiment. By and large then, when convection predominates g 0.4r |
over diffusion (as in Figure 9B), the possible role of magne- "‘.g 0.2 i i
tophoretic mass transfer should be even smaller. From a © I e
theoretical standpoint, we have reported recently that the flux S5 0.0} .
J; of a radicalj in the absence of migration and convection is o I
given by eq 12 Assuming as before that at the mass-transfer- -0.21 N 42 403836 |

J,=—D,VC, + 2CD,(qug/2kT)’B-VB (11 oab o lemeo ]
! I 1D (@4g/2KT) (1D -02 -01 00 01 02 03 04 05
controlled limit Crwmpp+*|=0 & Crmpp,pui = 80 MM, andd = volts vs. Ag/AgCI
0.6 mm, it can be calculated thatdGrwpp+/0Z)|p. ~
(ACtmpp)pL/6 = 1.33 mol nT#, and therefore we can estimate
the relative contributions of diffusion and magnetophoresis to E

the mass flux of TMPE across the electrode. Thus, at the
center of a magnet electrode, whéf@- VB),[3 |—o = 80.1 T?/
m, the diffusional flux is~2.0 x 10° times higher than the
magnetophoretic flux, while at the edge of the magnet electrode,
where(B-VB),[3 |r=r, = 617 T%m, the diffusional flux is still
~2.7 x 1CP times higher than the magnetophoretic flux. Indeed,
recently published magnetophoretic data under comparable field _
gradients (400 9m) of paramagnetic water droplets in ethyl-
benzoate? or of paramagnetic ions in silica g&l support the
view that paramagnetic volume transfer is a much faster process -
than magnetophoretic transfer of ions. Figure 10. Nd—Fe—B magnet electrode (3.2 mm diameter) facing a second

4.2. Voltammetry with a Magnet Electrode Facing a magnet (4.8_ mm diameter) ir_1 the repelling configuration. (A) Cyclic
Second Magnet in the Repelling ConfigurationWith a second voltammetry in an 81 mM solution of TMPD in GEN/0.5 M LICIO,. —,

: ) . 0.005Vst ———,0.035V s For comparison,, the magnet electrode

magnet held opposite to the magnet electrode in the repellingwith no opposing magnet, at 0.005 VsInset: Double logarithmic plot
configuration of Scheme 1, the magnet electrode demonstratesf the limiting current at 0.005 V'8 versus concentration. Slope 1.3,

; _ ; — correlation= 0.953. (B) Photograph of the two-magnet system 30 s after
quasi steady-state voltammograms with TMPD at 0.01 Vs a potential step (at 0.350 V vs Ag/AgCl) in arBO mM solution of TMPD

(Figur(_a JTOA: So"q line). However, this quasi steady-state i, cH,cN/0.5 M NaCIQ. (The blue layer in front of the electrode-ist.6
behavior is lost quickly, and the magnet electrode shows strongmm wide and~0.6 mm thick.)

diffusional characteristics even as early as 0.035V(Bigure
10A, dashed line). A direct view of the electrode after a potential 5, and the maps o8¢ VB), in Appendix I). Consequently, the
step in the mass-transfer-controlled region (0.350 V vs Ag/AgCl) blue layer is expected to expand sideways at longer distances
reveals a disk-shaped “diffusion” zone (Figure 10B) that is (compared with the magnet electrode used alone) before the
formed immediately after the potential step and extends blue radical starts filling space where the lateral forces become
sideways well beyond the diameter of the magnet electrode. compressive and counterbalance the expansive ones. Meanwhile,
(The blue layer is 4.6 mm wide and 0.6 mm thick.) After a as in the case of the magnet electrode alone, the blue zone is
short while (ca. 10 s), the part of the blue TMPenvelope prevented from falling byKyg); and Fvc), which both point
close to the electrode seems able to reach the outer edge of theipward. Figure 11 presents the results of a relative magnitude
magnet electrode assembly, and the blue radical flgpveard analysis (through egs-810) similar to that described in section
This situation appears stable for at least 100 s. 4.1. It is noted that close to the center of the electrode
A qualitative understanding of the shape and size of the blue [{Fvc).[3.| is almost 5 times stronger théfiFve) 3. |r, and by
TMPD*t envelope should come from consideration of the integrating throughout the entire blue layer it is calculated that
vertical and lateral forces. First, the blue layer is magnetized in [{Fvc) 9. = 1.77(Fvg) .. [{Fve).lL|r becomes stronger again
the same direction as the magnet electrode, and therefore, it isnear the “vertical” edges of the blue layer. Nevertheless, it
repelled by the opposite magnet and is aligned parallel to the should be pointed out that close to the center of the electrode
lines of force (Figure 1C). Now, in agreement with the general [{Fvs).[3.|: is almost equal ta(Fg).[3. (e.9., atr = 0, the former
direction of theB-VB vector shown in Figure 3B5vg pushes is equal to 26.4 N m?, and the latter to 22.3 N nd), and
the blue zone upward, toward the electrode. At the same time,therefore it is doubtful whether it would be possible for
B-VB is expansive over the electrode at ali.e., its B-VB), [(Fvs)-dL|r to hold the diffusion layer alone, witholiFvc) 3L | -
component points outward) and compressive again at longer Now, the quasi steady-state voltammograms at conditions
radial distances from the center of the magnet (refer to Figure where, in analogy to Figure 6A, we would have expected
diffusional behavior most probably indicate the presence of a

ggg Egﬁvﬁa M. ataral, %Aﬂg'u;h%“?ggﬁi;%g%“bhy . Chem. BOOL convection mechanism other than natural convection; after all,
105, 3343. natural convection of the type shown in Figure 7 (top) is not
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— T T T T Scheme 2. A Second Magnet Held in Front of the Magnet
. 1000F 1 Electrode in the Repelling Configuration (e.g., North-Facing-North)
) r ] Bends the Magnetic Field Lines, So That Fg (=i x B) = 0 and
g 800 b Forces the Solution To Rotate
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X 0 4 proposed in Scheme 2 has been well established by White and
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S 2 1 0 1 2 3 co-workers around microelectrodes in homogeneous magnetic
r (mm) fields with B normal to their surfacé.Here, however, the

Figure 11. Nd—Fe—B magnet electrode facing a repelling magnet as in VeCtor_iS normal to t.he electrode, aBdliverges out in analogy .
Figures 1C and 10B. (A) Distribution along the diameter of the blue layer t0 thei vector at microelectrodes. The vortex of Scheme 2 is
of Figure 10B (-2.3 mm= r < 2.3 mm) of the average paramagnetic pound by the compressive paramagnetic forces in the radial
force_s appllgd in th&dlrgctlon across the thlckr?ess of_that layer (0.6 mm). direction. Nevertheless, the tangenti force, and therefore
Continuous linel(Fv) 3. |r; open circles{(Fvs), 0. |r; dark circles[(Fvc)dL |- . . . . -
(B) Comparison of(Fvc)d. | and [{Fve). 3. | across the blue layer over  the resulting circulation, is more intense closer to the electrode.
its diameter. That partly explains the wider diameter of the blue TMPD
observed. To investigate whether such a new convection envelope closer to the electrode and the intriguing loss of
material only from the circumference of the magnet electrode

mechanism actually exists, we have increased the concentrationassembl Meanwhile. mass balance must be maintained at all
of TMPD and recorded the double logarithmic plot of the Y. ’

miting et ersusCruro s From our previous sudies, 52 T R S T2t PRCR Y SSRTRENC B8 R
it is known that strong magnetohydrodynamic convection,

uncomplicated by other processes, yields linearifpgérsus rate of TMPD, giving rise to the quasi steady-state voltammo-

l0g(Cpui) plots with a slope equal to 1.34 and correlation gram of Figure 10A.
coefficients~1.082Here, the log-log plot of the quasi limiting 5. Conclusions

currenti; Vs Crupo,puk IS concave-down (see Figure 10A inset) During one-electron oxidation or reduction of diamagnetic

with a superficial slope of 1.3. The curvature is attributed to species, electrodes made of NEe—B permanent magnets exert

nmaturatlrcgn;/erctlo?r,] Wh'(;h s;a::tstitoncc;mrpﬁ;%aigalrn éagﬁz mode Ofparamagnetic forces on the diffusion layer that delay the onset
ass transier as the concentration o cre ese of natural convection. Of those forcdsyc is a stronger force

?attaﬂ? utp{[};)]ort a mggnetohyd:?dynarr;]c ef{ect that IS dl;e to thethanFVB. With paramagnetic redox-active species, paramagnetic
tﬁg m; nef;gg?;;ﬂ?gne. deo‘—;?]efeseefhot[]zrgigpgn rr?g:mal forces amplify the effects of natural convection. Holding a
0 th QI, wrode h dég _V.V' B ¢90 Wldf Ith : lut second magnet close to the magnet electrode in a repelling
0 the electroce, hen (=i x B) » and Jorces e solution configuration generates modes of convection previously ob-
to rotate as shown in Scheme 2. Using simulated valueB,for served onlv with microelectrodes
atr = 0.5, 1.0, and 1.6 mm from the center, ana at 0.6 mm y '
from the electrode surfaceB( = 0.077, 0.17, and 0.26 T, Acknowledgment. We gratefully acknowledge support from
respectively; see Supporting Information), it is calculated that The Petroleum Research Fund (administered by the ACS, Grant
the values ofFg| at the threea’s are 5.0, 10.6, and 16.2 NAn No. 35154-AC5) and the University of Missouri Research
respectivelyi{ was taken from Figure 10A as equal to 0.5 mA, Board.
soli| = 62.2 A/n?). Closer to the elegtrodg surface, e.gz at ... Supporting Information Available: Appendix I, vector maps
0.2 mm, and at the same three radial distances as above, it is .
_ . of (B-VB), and B-VB), in the case of a magnet electrode alone

calculated thatFg| = 5.0, 11.9, and 27.0 N/frrespectively. . ) . . o

. 2" . and facing a second magnet in the repelling configuration;
By comparison, moderately strong magnetohydrodynamic stir-

ring effects resulting from electrochemistry conducted in the ?é).pveg)dli):] Itlh;aslisc;vgrot:ﬁ dvtar:lgeljﬁag—%,n']i',rgzzll?;)gtgr(]ides
field of 3 in. diameter N&tFe—B magnets are associated with . z b - . magnet el .

in the three configurations of Figure 1. This material is available
(31) The slope of the log] versus l0gCrypo,ui) curve under natural convection  fé€ Of charge via the Internet at http:/pubs.acs.org.

conditions is 1.20, with a correlation coefficient equal to 1.0. (Leventis,
N.; Gao, X., unpublished results.) JA0121991
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