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The scanning electrochemical microscope (SECM) is used to measure the kinetics of ECE/DISP type reactiol
The theory of the steady-state feedback response is developed in terms of numerical simulation. The theoreti
curves show that the variation of the tip and substrate current with thestipstrate separation can readily

be used to differentiate between an ECE and a DISP1 pathway. The theoretical results suggest that r
constants up to 1.6« 10° s can be measured with tip sizes usually employed in SECM. The theory is

validated using the experimental example of the reduction of anthracene in DMF in the presence of phenc
The reaction is shown to follow a DISP1 pathway, in agreement with previous studies. Good agreement
found between theory and experiment for all the phenol concentrations explored, and a rate constant of (4
+ 0.4) x 10®* M~ s71 has been determined for the protonation of the anthracene radical anion by phenol

Introduction In this paper, we discuss the ability of the SECM to
discriminate between the ECE and DISP1 pathways, and we

. s . .
Previous work™ has shown that the scanning electrochemical develop the theory that will allow determination of the kinetic

microscope (SECM) can be used as an efficient tool for studying . . .
the kinetics and mechanism of reactions following electron constank from the SECM response. This theory is validated

transfer. First-ordér(EC) and second-ordet® (ECy) reactions expenme.ntzlilly. ) )
were studied using this technique. The aim of this paper is to  The principle behind the use of the feedback and generation/
extend the use of SECM to the study of reactions in which two collection modes of the SECM for measuring coupled homo-
electrons are transferred. These reactions can be represente@eneous chemical reactions has been discussed in great detail.
globally by the following scheme (written here for a cathodic For the study of the ECE/DISP process, the potential of the tip

process): ultramicroelectrode (UME) is scanned from a potential where
A is not electroactive to a potential where the reduction of A is
electrode: A+e —B (1) diffusion-controlled. The substrate is held at a potential where
the oxidation of B is diffusion-controlled. Ideally, this potential
. k .
solution: B=C ) corresponds to the foot of the wave for the reduction of A at

the substrate. As mentioned previously, C is more easily
reducible than A and its reduction at the tip (considered only

electrode: Cte —D 3) in the case of the ECE pathway) is therefore also diffusion-
controlled.

The first electron transfer occurs at the electrode and leads to The assumption that C is much easier to reduce than A

the species B that reacts in a first-order process to produce C. o .
. . ; - demands that, when the substrate potential is not very positive
Very often C is easier to reduce than the starting material and . .
of the A/B wave, we consider the reduction ofdlso at the

undergoes a fast reduction. This second electron transfer can e
. substrate electrode to be at a diffusion-controlled rate such that
occur at the electrode as represented by reaction 3, but one als

has to consider the following disproportionation reacfion: € processes occurring at the substrate are as follows:

) Ky substrate: B-e— A (ECE/DISP1) (5)
solution: C+B—A+D 4)

) ) i L substrate: C-e— D (ECE pathway only)  (6)
This results in the regeneration of A, which is then reduced at
the electrode, leading also to an overall two-electron process.theq giffusional and chemical processes occurring within the

The first limiting situation, corresponding to the second tip—substrate domain in the case of an ECE and a DISP1
electron being transferred only via the reduction of C at the a5y are shown schematically in Figure 1. A competition
elle.c.trode., IS .denoted as an.ECE type reaction. The SECONGg established between the diffusion of B to the substrate (leading
limiting situation, corresponding to the second electron being ., he feedback of A to the tip) and the first-order chemical
trar;sferlred_ onIy_dthrough t?e hreductlon of the regen;etrate(ilq A reaction (eq 2). At larger tipsubstrate separations the coupled
g?f? ecule, IS sag to be o t_el E'SP typ?]. XfBry 0 eln t ed chemical reaction occurs. The apparent number of electrons

Ifference In reduction potential between the A/B couple and y»nsterred is then between 1 and 2, depending on the relative

the C/D couple is so large that the disproportionation reaction \ 565 of the kinetic constaktand the characteristic diffusion
is diffusion-controlled. In this case, reaction 2 is then the rate- time of the UME (expressed 8?/D, wherea is the electrode
determining step and the scheme is of the DISP1 fype. radius andD the diffusion coefficient of AP When the

T University of Texas electrode is brought closer to the substrate, the presence of the

iumversig, of Warwick. substrate first results in the hindered diffusion of A to the tip,

€ Abstract published irAdvance ACS Abstractéugust 1, 1996. which diminishes the tip current. At very close tipubstrate
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reaction 1 is driven at a diffusion-controlled rate on the tip

Demaille et al.

L . T . and reaction 5 occurs at a diffusion-controlled rate on the
/t_\ /t\\ }\ )3 substrate electrode are
K Q ac, ac
i 0 CQ A B sy AP z=0,0<r=<a cA=0,DA8—;=— BB_ZB 9)
i' i t 9C 9Cq
= < < . _— = —_—
SUBSTRATE SUBSTRATE z=0a<r=rg Dy 9z B oz 0 (10)
Figure 1. Diffusional and chemical processes occurring within the ac ac
tip—substrate domain in the case of (a) an ECE pathway and (b) a z=d,0=sr=<r; cg=0, DB—B = —DA—A (11)
DISP1 pathway. ¢ 0z 0z
separation, when the diffusion time of B across the gap (>r,0<z<d =0y Co=0 (12)
(expressed a¥/D, whered is the tip-substrate spacing) is small 9
compared to its lifetime, the substrate regenerates A, which ac 9
results in an increase of the tip current. The observation of the r=0,0<z<d: DAB_A = Ba_B =0 (13)
r r

transition between those two regimes allows the determination

of the kinetic rate of the homogeneous reaction. . . . . .
g In egs 9-13, ais the tip electrode radiusg is the radius of

It is also evident from Figure 1 that the measurement of the he disk-shaped ti d (el d d di |
substrate current in the generation/collection mode, in addition (€ disk-shaped tip en (electrode and surrounding glass

to the tip current, provides a potential route to discriminating insulator), an.d:A is the concentration of A in bulk SOIUt'O.r?'
between the two mechanisms, since the conversion of C to I:)The assumptions underlying the various boundary conditions

at the substrate in the ECE mechanism causes a cathodic currerP" _SECM pro_blems have been delineated n earlier pein’e 5.
to flow. s in the previous treatment of the generation/collection nfode,

The theory for the ECE/DISP1 problem is developed by it should be noted that in eq 11, it is assumed that the radius of
extending the alternating direction implicit (ADI) finite differ- :L‘e sulbstrat](ceReé(;e__ctron, (ljstat Ieats)ttth? magmtut_de of. For .
ence method, which allows the numerical calculation of the tip te ;’atlrjles ct) d thf_g’a an 'p;su strate separﬁ\ |otr_ls apf[?_rc_)prl-
and substrate currents as functions of (normalized) time, kinetic ate hoth Its S lf[hy’ bls ensur?z N maX|mumk(;o tgc lon € l.'C'?.nCy
constant, and tipsubstrate separation, following a potential step SHC f ts »Inthe a sgnce 0 ?rgogtert\r?m? Ine ICIfOTpdlcatl?t:]S,
at the tip sufficient to cause the diffusion-controlled electrolysis a bot te slpe;:le;e generated at the ip 1s collected at the
of A. The experimental system of the reduction of anthracene substrate electroae. . .
in the presence of phenol in DMF is used to validate the theory The initial condition completing the definition of the problem
and to demonstrate the applicability of the SECM feedback IS

experiments for the study of two-electron reactions.

t=0,allr,allz c,=c,,cg=0 (14)

Theory
F lati f the Probl Thi , i The aim of the calculation is to determine the tip and substrate
ormulation of the Problem. This paper is mainly con- = ¢ rents as a function of time, tisubstrate separation, and

cerned with the application of s_,teady-state generation/collection i atics. The tip and substrate currents are evaluated, respec-
measurements to the resolution of the ECE/DISP1 problem.tively from

However, since the ADI finite difference meth8dem-
ployed to provide a numerical solution to the problems of

. a
interest is an iterative procedure, we consider the case of iy = 27FD, [, (3c92),or dr (15)
potential step chronoamperometry and derive the steady-
state characteristics from the long time behavior. This approach is= ZJTFDBJ;rS(aCB/aZ)Fdr dr (16)

allows us to determine whether the transient measure-
ments provide any additional information to steady-state
measurements.

DISP1 Mechanism. The relevant time-dependent diffusion
equations for this case, appropriate to the axisymmetric cylindri-

whereF is the Faraday.
ECE Mechanism. The diffusion equations for species A,
B, and C that have to be considered for this case are

cal SECM geometry, are i, ’32CA 1 9c, ach -
— =D +>—+—
dc, ¥c, 10c, o, o oz T o7
TP T T TRe (D
or 9 ac ¥cg 10cg 0%
2 2 0= B_:+__B+_B —keg (18)
acg dCcy 10cs dcy ot oz ror 57
=Dy it "% (@
ot or2 roor ya ) 5
acc 0Cc 10cc d°Cc
. . N . — =D¢|—+>—+—| Tt kg (29)
wherer andz are the coordinates in the directions radial and ot a2 ror 97

normal to the tip electrode, respectively, starting at the center

of the electrode surfaceD; andc; are the diffusion coefficient ~ For conditions where reactions 1 and 3 are driven at a diffu-
and the concentration of specie§ = A or B), andt is time. sion-controlled rate at the tip and reactions 5 and 6 occur
The corresponding boundary conditions for the situation where at a diffusion-controlled rate at the substrate, the boundary
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conditions are 6
3c, dcs ] a
z=0,0<r=<a CA=O!DAE=_DBE!CC=O (20) 5‘:
acy aCs Cc 4-
z=0,a<r=<r,; D = =D—=0 21 1
o TAgz "Bz TCoz (21) s ]
- 3_
dCg dc, =
z=d,0=r=ryg cB=O,DBE=—DAE, c.=0 (22) 4 )
r>r,0=<z=d cy,=c,,=0,cc=0 (23) 1_:
0,0 ¢ pr_pXe_pXe_o (5 I
r = <z<qdQ: —_— — —_—= E
' Aor B or Cor (24) L RS A LA B RRR RS RAAS RARN RAN
o B _ _ 0 02040608 1 12 14 16
The initial condition for potential step chronoamperometry is dia
t=0,allr,allz c,=c,,cg=0,cc=0 (25) 1
The tip and substrate currenis é&nd k) for the ECE process 0
are now evaluated from ]
L a '14:
iy = 27F[D, [} (9Ca/02) gt dr + .
a ‘g' -2
Dc [, (9cc/02) ot dr] (26) e
~ -3
. r - B
is = 27F[Dyg [ (39C/02) gt dr — ]
-4
D[, (6cc/82) gt o] (27) 1
-5
Solution of the Problem To obtain general solutions, the ]
problem was cast into dimensionless form by introducing the -6 e T
following dimensionless variables: 0 02040608 1 12 14 16
R=r/a (28) dia
Figure 2. DISP1 pathway. Theoretical variation of the dimensionless
Z=17a (29)
- tip and substrate currents with the-tipubstrate dimensionless distance
C =clo* 30 d/a for several values &K = ka?/D: K =1 (<), 2 (»), 5 (O), 10 O),
i = GlCa (30) 20 (v), and 50 ®). Part a shows the tip current, where the upper dashed
line represents the one-electron pure positive feedbidck Q). The
T = tD/a2 (32) lower dashed line represents the two-electron pure negative feedback
(K — +0). Part b shows the substrate current, where the dashed line
K = ka&2/D (32) represents the one-electron pure positive feedback.
Equations 31 and 32 indicate that only the case where thediffusion-controlled current corresponding to the transfer of one
participating species have equal diffusion coefficieBtswill electron. At infinite tip-substrate separation, the tip current
be considered here. depends on the relative values of the characteristic diffusion

Numerical solutions for the tip and substrate currents, time in the stationary microelectrode diffusion laye#/D) and
normalized with respect to the kinetically uncomplicated one- the kinetic constark. The dimensionless paramet€i(eq 32)
electron steady-state current, which flows at infinite tip-substrate reflects the relative importance of those two parameters. For
separatiori? very small values oK, the tip current corresponds to the transfer

) of one electron. This corresponds to the situation where the
IT 100 = 4NFDAG* (33) electrode diameter is so small that the species B is taken away
) . from the electrode vicinity by the spherical diffusion before it
were obtained using a Fortran or Pascal program based on the,nsforms into C, resulting in only one electron being trans-
ADl finite difference metho;j, which has been employed to solve orreq  |n this situation there is nothing gained in approaching
previous SECM pr_oblem’s Treatment of the E.C.E and DISP1 the tip to the substrate because the tip current would follow the
ggarjera.tlon/collectlon proplem presents no addlthnal (_:onceptualupIoer dashed approach curve in Figure 2a. This corresponds
Q|ff|cult|es from those outl'|ned for glectrode reactions involving to the pure diffusional feedback case, and no kinetic information
first-order coupled chemical kinetiés. could be deduced from the experiment. Therefore, when an
Theoretical Results and Discussion unkpqwn reaction is studied, the eIectrode rgdius shou.ld be
sufficiently large that the approach curve significantly deviates

DISP1 Case. Typical steady-state tip and substrate currents from the kinetically uncomplicated diffusional feedback ap-
corresponding to the DISP1 case are presented in Figure 2 forproach curve.
several values of the dimensionless kinetic param€teihe As K approaches infinity, the electrode current at infinite-tip
tip current is normalized with respect to the uncomplicated substrate separation corresponds to the transfer of two electrons.
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In this case, when the tip approaches the substrate, the tip current
decreases as a result of the hindered diffusion of A to the
electrode surface. The approach curve is then identical to that
corresponding to a two-electron pure negative feedback.

For intermediate values &€, the approach curve is located
between the limiting curves corresponding to the one-electron
positive feedback (upper limit at short tiigubstrate separation)
and then-electron (1< n =< 2) negative feedback (lower limit
at infinite tip—substrate separation). As the tip approaches the
substrate, a competition is established between the diffusion of
B across the gap and the rate of the homogeneous chemical
reaction. This diffusion time is related to the tipubstrate

»
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distance rather than to the electrode radius and is defined by 0

d?/D. At very close tip-substrate separation (whelR/D <

1/K) the flux of B leaving the electrode surface reaches the 0 04 08 12 16
substrate surface before reacting, and it is therefore entirely d/a

converted into an equal flux of A that is fed back to the tip.
The approach curve then tends toward the upper dashed curve
corresponding to a pure one-electron positive feedback. The
portion of the approach curve corresponding to the transition
between then-electron (1< n < 2) negative feedback and the
one-electron positive feedback contains the kinetic information.
As can be seen in Figure 2a, such a transition can always be
observed no matter how high the valug<oif the tip—substrate
distance is made small enough. However, in our experience,
the minimum dimensionless tigsubstrate separation routinely
attainable is about/a = 0.2—0.1. So evaluating the maximum
kinetic constant that can be measured by the SECM technique
in this case means evaluating the minimum deviation from the

negative feedback behavior that can be observed/éor 0.1. i 0 04 08 12 16
From Figure 2a, one can estimate that this corresponds to about 0 0f4 ’ 0"8 1"2 1.'6 2'
K = 50, so the maximum value df measurable with an d/a

electrode of radius is given byk = 50D/a2. ) ) - ) )
. L .., Figure 3. ECE pathway. Theoretical variation of the dimensionless
Figure 2b presents the variation of the substrate current with '3 substrate current with the tigubstrate dimensionless distance

the tip—substrate separation (i.e., a tip generatisnbstrate d/a for several values ok = ka?/D: K =1 (O), 2 (a), 5 (O), 10 (),

collection experiment). The main feature of this variation is 20 (v), and 50 ®). Part a shows the tip current, where the upper dashed

that the substrate current remains equal to zero until the tip is line represents the one-electron pure positive feedbéck Q). Part b

close enough for species B to reach the substrate and pbeshows the substrate current, where the dashed line represents the one

oxidized. The substrate current is therefore either equal to Zeroelectron pure positive feedback. The inset shows the substrate current
’ . . . . for K = 100.

or of the opposite sign of the tip current. As the-tgubstrate

separation is made smaller, the substrate current tends towarcg

the value corresponding to the one-electron positive feedbaCkcurrent because the dominant electrochemical reaction at the

represented by the dashed line in Figure 2b.  substrate is the reduction of C. As the tip approaches the
ECE Case. Typical tip and substrate currents corresponding sypstrate, the oxidation of B occurs to a greater extent, and at
to the ECE case are presented in Figure 3. Atlonggigbstrate 3 certain distance, these two currents cancel one another. Ata
separation, the-electron (1< n < 2) tip current decreases with  shorter tip-substrate distance, the oxidation of B dominates and
decreasing tipsubstrate distance as a result of the hindered the substrate current is of the opposite sign to the tip current.
diffusion of A. In this part of the approach curve, the tip current  One can therefore consider that the chemical reaction is “sensed”
for the ECE case is, however, always smaller than the one gt a much greater tipsubstrate separation in the ECE case
obtained in the DISP1 case for a given Valué(of:ls illustrated through the production of the Species C, which hasy unlike in
in Figure 4. The reason for this is that, as shown in Figure 1, the DISP1 case, a long lifetime and must diffuse to one of the
not only does species C diffuse back to the tip to exchange theejectrodes to be consumed. This change of sign of the substrate
second electron, but it can also exchange this second electrornzyrrent is not observed in the DISP1 case and can therefore be
with the substrate, leading to an overall tip current that is smaller ysed as a powerful experimental diagnostic to establish the
than the expected-electron (1< n =< 2) negative feedback  occurrence of an ECE pathway.
current (see Figure 4). This characteristic variation of the tip  From the approach curves presented in Figure 3, one can
current with the tip-substrate distance can therefore be used estimate that the maximum value of the chemical rate constant
to discriminate between an ECE and a DISP1 pathway. As in that is possible to measure in the ECE case is about the same
the DISP1 case, when the tip is brought closer to the substrate gs in the DISP1 case, da= 50D/a2. If the only purpose is to
the current tends toward the value corresponding to one-electrongiscriminate between an ECE and a DISP1 pathway, however,
positive feedback. this can be achieved for much faster chemical reactions because,
Another particularly interesting consequence of the ability in the ECE case, the substrate consumes the species C at large
of C to be reduced at the substrate is that, for the ECE case, thetip—substrate separation, even for very large valuek ¢see
substrate current changes sign as the-sighstrate separation the inset in Figure 3b, where even fiir= 100, the substrate
decreases (see Figures 3 and 4). At long—tpbstrate current is clearly greater than zero for 0s2d/a < 1.6).
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eparation, the substrate current has the same sign as the tip
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d/a Figure 5. Tip (—) and substrate (- - -) currentimensionless time
characteristics for an ECE process witta = 0.1 andK = (a) 10, (b)
0.4 100, and (c) 10007(= Dt/a?).
] b
0.2 extent this phenomenon applies in the time-dependent regime,
0.0_: o since transient methods may increase the upper range of
] homogeneous rate constants accessible with SECM.
8 -0.2 Figure 5 shows the initial time dependence of the tip and
) ik substrate currents for an ECE process Wtk 10, 100, and
._I-' '0'4? 1000 atd/a = 0.1. As the rate constant increases, the long-
_:u, '°~6_:; time tip current decreases for the reasons described above.
i However, at shorter times, < 0.005, when the diffusion field
-0.87 at the tip electrode is much smaller than the—tbstrate
A .Oj separation, the tip current increases as the rate constant increases
g due to the homogeneous kinetics causing the electrode reaction
A2t to shift from one electron toward two electrons.
0 2 4 6 8 10 The long-time ¢ ~ 0.5—0.6) substrate currents re-emphasize
dia the trend explained above for steady-state conditionK as

Figure 4. Comparison between the approach curves obtained for the INCreases. thg current shifts from Iargg values of 5|g'n opposite
DISP1 case®) and the ECE case) for K = 10. Tip current (a) and to that at the tip to very small values with th_e same sign as that
substrate current (b) as a function of the dimensionlessstipstrate  at the tip. The same effect holds at short times, but the signal
separation. The dashed curve in (a) represents-tlectron = 1.7) is significantly larger in the fast kinetic limit. In principle if
pure negative feedback current. times as short as~ 0.01 could be accessed experimentally, it

: _ should be possible to readily identify extremely rapid kinetics,
Range of Measurable Rate Constants Steady-State Char up toK ~ 1000. However, for this particular case<(~ 10),

acteristics The only practical limit to the maximum rate thi roach demands that m rements be made on
constant measurable using SECM is the distance of closest S approach gemands that measurements beé made on a

approach of the tip to the surface. This distance is related to tlmes_cale of~10k, Wh'Ch. may be difficult to achieve, since
the electrode size by physical constraints, such as the overallcf)ur.’l.Ing between Fhe tip and substrate responses can be
shape of the glass sheath or thetubstrate alignment, which significant at short times.

lead to an early contact of the insulator around the tip and
prevent a further decrease in the-tigubstrate distance. From
an estimate of this distance of closest approachi/ea= 0.2— Reduction of Anthracene in DMF in the Presence of
0.1, the maximum electrode-radius-dependent rate constant forPhenol. In the presence of phenol, anthracene undergoes a two-
the ECE/DISP1 cases can be assigndd=a$0D/a?. Assuming electron reduction leading to 9,10-dihydroanthracene. This two-
a diffusion coefficient of 10° cn? s* and by use of a 1sm- electron reduction follows a DISP1 pathwd§ and can be
diameter electrode, it would then be possible to measure raterepresented by the following reaction sequence:

constants as high as 1:6 10° s'1. However, the fabrication

Experimental Results and Discussion

of even smaller tips, e.g., carbon microdisk electrodes having a At+te =A" (34)
radius on the order of 0.&m?*3 or even smaller Pt tip%! has .
been reported. If these electrodes proved to be suitable for A" + PhOH— AH" + PhO (35)
SECM measurements, they would allow submicrosecond mea-
surements under steady-state conditions. . - _kd) _

Chronoamperometric CharacteristicsSince the theoretical AR+ A AR+ A (36)
method adopted calculates the time-dependent response of the _ fast _
tip and substrate electrodes following a potential step at the tip AH" + PhOH— AH, + PhO (37)
sufficient to cause the diffusion-limited reduction of A, it is
useful to consider briefly the type of information that transient A +2e + 2PhOH=AH, + 2PhO (overall) (38)

methods can provide. In the fast kinetic limit, an ECE process

can be identified unambiguously from the observation that a where A represents anthracene and PhOH, phenol.

small substrate current flows that has the same sign as the tip In the presence of an excess of phenol, reaction 35 can be
current. Thus, it is particularly useful to determine to what considered as a pseudo-first-order reaction. SECM experiments
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Figure 6. SECM voltammogram of anthracene (4.1 mM) in the 0.5
presence of phenol (0.154 M) in DMF and 0.1 M TBAB&t a tip— 1 b
substrate distance dfa= 0.22. The tip was scanned at 50 mV/s. The 0-

substrate was a 6@m-diameter gold disk held at a potential ofL. V
vs AgQRE. Symbols represent the followingO)(tip current; ()
substrate current. -0.59

can therefore lead to the determination of the rate congtant
corresponding to the protonation of the anthracene radical anion
by phenol. In a typical experiment, anthracene (4 mM), phenol

Isll-‘-’ 1e0

(0.1-0.43 M), and supporting electrolyte (TBABF were 1e

dissolved in DMF. The electrode was ah carbon ultrami- -

croelectrode. The electrode size was selected so that at infinite

tip—substrate separation the apparent number of electrons in _25’ I | Y

the presence of the lowest phenol concentration was at least
1.5. Carbon was chosen as the electrode material because of ‘ dla
the acidity of the medium, which would lead to ill-defined Figure 7. Reduction of anthracene (4.1 mM) in the presence of phenol
electrochemical response at metallic microelectrodes becaus€0.154 M) in DMF. Typical tip (a) and substrate (b) dimensionless
of hydrogen evolution. Decamethylferrocene was also added currents measured at different tipubstrate separation.
to the solution and was used as a distance calibration media-
tor245 Experiments involved first recording the current cor-
responding to the oxidation of the mediator at infinite-tip ]
substrate separation. The tip was then lowered toward the 2
substrate until the desired value of the mediator positive ]
feedback current was reached. This current value can be
converted into a dimensionless tipubstrate distancd/a by
using the theoretical diffusional positive feedback cuAfekhe
microelectrode potential was then scanned in the negative
direction, and the tip and substrate plateau currents for the ] °
reduction of anthracene were measured. Figure 6 shows typical
voltammograms obtained. The tip current represents A and AH
reduction, and the substrate current representsoiXidation.
The experiment was repeated for severat-Spbstrate separa- 0 T T T T
tions (until the tip contacted the substrate surface) for each 0 02 04 06 08 !
phenol concentration. The plateau currents were made dimen- dla
sionless, using the value of the one-electron reduction of Figburte ?- l(\jlp[[maliz?d tig c.uIrrgnltgj a(‘;‘ugc;ignoc;ftgﬁdn%rTgli'z)eilﬂﬁip

H H upstrate distance 1or U.mj, O. , U, s .
anthracen_e obtalned_ln the_absencg of phenol, and were plone%henol, 4 mM anthracene, and 0.1 M TBARR DME. The solid lines
asa function of the d_'menS'onl_ess—HBUbStrate separatiatia. . through each of the data sets indicate the best theoretical fit for the
Flgﬁre 7 shows a typical experimental approach curve obtainedgiven value ofK (from top to bottomK = 4, 6, 12.5, 22).
in this way.

The main feature of the experimental data is that the substratethe value oK should be a linear function of the corresponding
current does not change sign with decreasing-sipbstrate phenol concentration as shown in Figure 9. From the slope of
distance. This points to a DISP1 pathway, in agreement with this line, the value of the rate constahfor the protonation of
results of previous work!®> The point where substrate current the anthracene radical anion (eq 35) can be determined if both
begins to flow and positive feedback begins, at abdat= the electrode radius and the diffusion coefficient of the an-
0.4, represents the point where& Aegins to reach the substrate. thracene are known. The electrode radius (8rR) was
The variation of the experimental tip currents as a function of measured optically under a microscope. The diffusion coef-
the dimensionless tipsubstrate distance recorded at several ficient of anthracene was deduced from the value of the
phenol concentrations is plotted in Figure 8. From the best fit diffusion-limited current for the reduction of anthracene in the
between the experimental data and the theoretical approachabsence of phenol at infinite tigsubstrate separatio® = 1.07
curves, the value oK at each phenol concentration can be x 107% cn? s™1. With these values, we determined the rate
determined (see Figure 8). Sinke= ka?/D = k'[PhOHJa?/D, constant for the protonation of the anthracene radical anion by
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Figure 9. Experimental value oK as a function of the corresponding
phenol concentration.
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phenol to bek = (4.4+ 0.4) x 10 M~1s~L. This value is in
very good agreement with the value previously determined by
Saveant and Amatore using double potential step chronoamper-
ometry ((4.8+£0.8) x 1 M1s 18

Conclusions

This study has demonstrated that SECM can effectively be
used to study the kinetics of two-electron chemical reactions.
Not only can the kinetic constant of the rate-determining step

be determined accurately, but the SECM can also be used to

distinguish between ECE and DISP1 pathways. This makes
the future studies of the many frequently observed two-electron
reactions possible.

Experimental Section

Reagents. N,N-Dimethylformamide (DMF) (B&J Brand,
Baxter, McGaw Park, IL) was stored in a dry box under a He
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and the tip was polished with alumina (down to 0u0B particle

size). The electrode/glass radius rafRg;, was close to 10 as
measured optically. The substrate was aué®-diameter gold
electrode embedded in a glass sheath and placed in the base of
the Teflon SECM cell. The substrate electrode was polished
in the same way as the tips. A Pt wire was used as the counter
electrode, and a Ag wire served as a quasi-reference electrode
(AgQRE).

The solution was first purged of oxygen in a vial by bubbling
argon for 15 min and then transferred by the argon pressure
into the SECM cell through a small Teflon tube. Oxygen was
kept out of the SECM cell by continuously flushing it with a
gentle stream of argon. Control measurements determined that
this did not result in a current increase due to unwanted
convection. This procedure allowed the oxygen in solution to
be kept at a negligible level throughout the experiment. The
SECM instrument and electrochemical cell were described
previously!!
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