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Abstract: By using specially constructed nanometer tips of sharpened Pt-Ir wire in a wax sheath, small numbers of
molecules (+10) can be trapped between the tip and a substrate. Repeated electron transfers of an electroactive
molecule as it shuttles by diffusion between tip and substrate produce a cur@etgA/molecule) that can be used

to detect the trapped molecules. The tip electrode size and shape can be found from the electrode approach curves
(current vs tip-to-substrate distance) based on approximate equations and digital simulations. Analysis of the observed
fluctuating currents by autocorrelation, spectral density, and probability density functions is also described.

Introduction and Wightma#h! observed individual chemical reactions in
solution by detecting temporally resolved electrogenerated

We report here electrochemical studies at the level of single chemiluminescence at an ultramicroelectrode with a multichan-
molecules and small numbers of molecules. The detection of g scaler.

single molecules, their characterization, and their chemical and

hysical manipulation have come within current scientific . . ! ;

anabilit andphave become topics of significant interest electroactive molecule in solution as it repeatedly undergoes

El gctrocr)\/emical measurements onpsin le mol?ecules should auo'welectron-transfer reactions at an electrode held at a small distance
9 from a substrate in a scanning electrochemical microscope

gﬁ:gerrrir:rs]ag%zs?;nségggrs;gn;alggzaﬁﬂzgcp(:g:n“izr:n?'offj (SECM). Briefly, the current at a small Pt disk electrode (radius
gies, ’ P o ~10—20 nm) encased and slightly recessed in a wax sheath is
knowledge the work reported here represents the first example L . X
measured as it is moved toward a conductive substrate in a

of controlled redox chemistry at the single molecule level. . . . . :
y 9 solution containing an electroactive species and excess inert

Electroanalytical chemistry at this level represents the ultimate - .
I X . ) . supporting electrolyte. The tip contacts the substrate and traps
sensitivity in trace chemical analysis, and such studies are being . .
one or more molecules in the gap between disk and substrate.

undertaken with the expectation that investigations of properties The electroactive molecules diffuse back and forth between the

and reactions at the single molecule level will allow one to . .
. . disk electrode and substrate undergoing redox processes at each,
discover effects, e.g., of molecular environment, that cannot be . . .
thus producing a current flow (Figure 1A). In this report we

observed because they are averaged out when one makeaescribe further electrochemical SMD experiments focussing

measurements on a large ““”_‘ber of molecules. A numbe_r Ofon the SECM characterization of the cell geometry, the effect
techniques have been used in recent years to detect single . . .

. S . . of substrate conductance on the tip current fluctuation at various
molecules or ions in different environments. These include the

. . . . ; distances, and statistical analyses of the response based on the
detection of ions that are confined in a vacuum in electromag- . : . o .
) 5o . -~ time correlation, power spectral density, and probability density
netic traps, single-molecule spectroscopy of molecules in solid

matrices? the detection of individual dye molecules in solution functions.

by far-field confocal fluorescence microscopsmd the detection . .

of molecules on surfaces with high spatial resolution by near- EXPerimental Section

field scanning optical mlcr_oscoﬂy.g Slngle-moleculg dEteCt'o_n Materials. Unless otherwise mentioned, in all of the experiments,

(SMD) has also been achieved for molecules spatially restricted (rjmethylammonio)methyl]ferrocene (GReTMA®)!3 was used as the

in microdroplet8 and in a thin flow celt® Recently, Collinson electroactive molecule. This species was selected because both it and

i i its oxidized product are stable in aqueous media and undergo rapid

1 ER'IV;[SIW of Texas. heterogeneous electron-transfer reactions at electrodes in a convenient
y range of potentials. Both indium tin oxide (ITO) on glass (Delta

®A lished irA Al Al 15, 1 . . . : .
1) gsééacfgflé?(;]ggl ngﬁ%nﬁ_ ,\;:..SBetgt(;ﬁfstf?)tgw?,sirne?éndgggl 3. Technologies, Inc., Stillwater, MN) and a 1-mm-thick, (001)-oriented

In a recent communicatiol, we reported SMD for an

Sciencel987, 237, 612. n-TiO; single-crystal sample (Fuji Titan, ca. 5 mm5 mm) were used
(2) Moerner, W. ESciencel994 265 46. as the substrates. ITO was degreased in trichloroethylene (Aldrich,
(3) Nie, S.; Chiu, D. T.; Zare, R. NSciencel994 266, 1018. Milwaukee, WI) and was subsequently washed with ethanol and dried

(4) Betzig, E.; Trautman, J. K.; Harris, T. D. Weiner, J. S.; Kostelak, R.

L. Sciencel991 251, 1468. in air before use. The n-TKJ001) smgle—crystal sample was polished,
(5) Betzig, E; Chichester, R. $ciencel993 262, 1422. finished, cleaned, and reduced according to previously reported
(6) Xie, X. S.; Dunn, R. CSciencel994 265, 361.
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\ e = Figure 2. Dependence of tip current (normalizedii.) on relative
: tip displacement (normalized to tip radius) over a conductive nyTiO

substrate Es = —0.7 V vs SCE), curve 1, and an insulating n-ZiO

\*\ / substrateEs = 0.0 V vs SCE), curve 2, in a solution containing 2 mM
CpFeTMA* and 1.0 M NaNQ. The tip was biased at 0.60 V vs SCE.
\\\\\\ The tip moved to the substrate surface at a rate of 38 A/s. Solid curves

are experimental data and symbols are theany.Simulated data for
conducting substrate:H) calculated data based on eq &) Gimulated
data for insulating substrate. Fitting parameteais= 45 nm,a, = 67

B. nm,| = 28 nm, andD = 5.0 x 107® cn?/s. Experimentair . is equal
Figure 1. (A) Idealized diagram of the trapping of molecule A thatis to 9.0 pA.
oxidized at the tip electrode. The product i reduced at the substrate.
(B) Schematic diagram of the effect of compressing wax tip coating s capable of both STM and SECM measurements with a current
against substrate. sensitivity as low as 50 fA. The electrochemical cell contained a Pt

counter electrode and either an SCE or a Pt quasi-reference electrode
procedured* A layer of In-Ga alloy was then plated onto the back- (PtQRE) as a reference electrode.
side of the sample to serve as an ohmic contact, which was connected
to a thin platinum wire. The entire crystal (except its front surface) Results and Discussion
including the ohmic contact and part of the connecting wire was then
electrically shielded with (Miccro Super XP2000) stop-off lacquer ~ The results described below are representative of the large
(Tolber Division, Michigan Chrome and Chemical Company, Hope, number of experiments that were carried out. A chronology of
AR). A 1 M NaNO; solution was used as the supporting electrolyte. the experiments and additional results and figures (Figures S1
All other chemicals were reagent grade and were used without further S9) showing related experiments are given in the supporting
purification. Millipore reagent water>( 18 MQ2) was used for the information.
preparation of aqueous solutions. Pt-Ir (80%-20%) wire (0.250-mm 1y cyrrent vs Distance. The SMD experiment requires a
diameter), used to construct tips, was obtained from FHC Co. tip of small diameter that is slightly recessed within the wax
(Brunswick, ME). P - -
sheath. While it is not possible to remove the tip after

Tip Preparation and Apparatus. The ultramicrotips used in this . L
experiment were prepared by the procedures described previdusly. preparation from the SECM cell and examine it by electron

Insulation of the tip was done with Apiezon wax or polyethylene glue Microscopy, information about the exposed area of the tip and
following the procedure reported by Nagahara €falhe insulated ~ the shapes of the tip and insulating sheath can be obtained from
tip was then mounted on the SECM in a cell containing a redox electrochemical measurements, that is, from SECM approach
electrolyte (e.g., 2 mM GFeTMAT in 1.0 M NaNQ). The success curves where the tip current;, is measured as a function of

of the tip insulation procedure was checked by cyclic voltammetry in tip-substrate spacingd, as the tip is moved toward the
this solution. For a well-insulated tip, the tip current during an initial  sybstratd® Tips with the correct configuration show approach
scanjir, was less than 50 fA. The very end of the tip was then exposed ¢ryes like those in Figure 2; these were obtained with a solution
in the SECM by the following procedure. The potentials of the tip containing 2 mM CpFeTMA* and 1.0 M NaN@, with the tip

and a conductive substrate (e.g., ITO) were biased at suitable valuesbiased at 0.6 V vs SCE (where E@TMA" ’oxidation is

(e.g., 0.60 V vs a saturated calomel electrode (SCE) for the tip and . . . L
—0.20 V for the substrate) with the SECM operated in the constant diffusion-controlled). In the experiment in Figure 2 (curve 1),

current mode (e.g., with a reference current of 10 pA). As the well- the n-TiG; substrate was biased-a0.7 V vs SCE, so that Gp
insulated tip approached the surface of the substrate, the onset of aF€TMA?" generated at the tip was rapidly reduced back tg Cp
enhanced current flow caused the z-piezo to retract the tip. This processFeTMAT at the n-TiQ surface. A similar approach curve has
produced a hole in the tip insulation at the point of closest approach of previously been reported for the same solution and ITO
tip to substrate, while leaving most of the tip still insulated. The substraté? Since n-TiQ is a semiconductor, when it is biased
exposed area of the tip could be estimated from the steady-state tipat a potential negative of its flat-band potentidg(~ —0.25 V
current with the tip far away from the substrate,..i The basic 5 SCE in this solution), it is forward-biased and is electronically
instrument used in this experiment has been described pre\ibasty conductive. When it is reverse-biased or biased at a potential

(14) Fan, F-R., Bard, A. J. Phys. Chert.99 94, 3761 and references  POSitive ofV, (e.g, 0 V vs SCE), the n-Ti@ surface becomes

therein. insulating!® Hence, experiments can be carried out with the
(15) Fan, F.-R., Mirkin, M. V.; Bard, A. JJ. Phys. Chem1994 98,

1475. (18) Mirkin, M. V.; Fan, F.-R.; Bard, A. 1. Electroanal. Cheml992
(16) Nagahara, L. A.; Thundat, T.; Lindsay, S. Rev. Sci. Instrum. 328 47.

1989 60, 3128. (19) See, for exampleSemiconductor ElectrodeBinklea, H. O., Ed.;

(17) Fan, F.-R., Bard, A. Jl. Electrochem. Sod.989 136, 3216. Elsevier: Amsterdam, 1988.
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Table 1. Normalized Tip Current for a Recessed Disk Electrode

L=l/a It = it/4nFDC’a L=l/a It = it/4nFDC’a

Substrate
0.00 1.000 00 1.20 0.382 19
0.20 0.762 82 1.40 0.347 86 different from a normal disk electrode (i.e., one with= 0),
8-28 8-222 %‘ i-gg 8%2 gé which shows a monotonically increasing tip current, with tips
: . ) : constructed as described above, the tip current increases to reach
0.80 0.476 46 2.00 0.274 12 . .
1.00 0.424 11 a maximum and then decreases as the tip comes even closer

before showing a large increase (not shown) presumably because

of the occurrence of electron tunneling between tip and substrate.

Although this current decrease might be attributed to hetero-

geneous kinetic effects on the electron-transfer reactbimss

= behavior was found at even more extreme tip or substrate

in Figures S2, S3, and S7. , potentials for various substrates and other redox couples. We
The exposed radius of a normal disk-shaped electrode can 5 pelieve that this region of current behavior is related to

be determined from the steady-state curréht, when itis far  the deformation of the insulating sheath as it is pressed against

same tip and solution without making any changes, while the
conductance of an n-Tisubstrate is controlled by adjusting
its bias potential. Additional experiments of this type are shown

away from the substrate from the equatfon the substrate at very small distances (as shown in Figure 1B).
0 Consider an idealized thin-layer cell as shown in Scheme 2,
i?.,= 4nFDC’a 1) where we assume that the insulating wax flows inward and

outward by equal amounts as it is compressed against the
wherenis the number of electrons involved in the redox reaction substrate. When this occurs, the steady-state current of the thin-
(1 for CpFeTMAY), Fis the Faraday constai,is the diffusion layer cell confined by the disk, substrate, and insulating sheath

coefficient, andC® is the bulk concentration of GBeTMA™*. is given by the following equation (see Appendix C).
However, as discussed below, the tip produced by the procedure
described here is recessed slightly within the insulating wax inc = {nf2la® — Al(ay + a))/[8a(l — AIYJ}i3,, (3)

sheath. Such a recessed disk electrode produces a different
responsé! For a recessed_dis_k-shaped electrode \_/vith the wherei%w is given by eq lais the initial disk radiusag is the
geometry shown in Scheme it is given by an approximate initial outer radius of the insulating sheath before the compres-

equation (see Appendix A) sion occurs, andl is the change of the recessed depth of the
disk electrode during compression. As implied in eq 3yik
it = [al(4l + na)]i%m (2) V/3a, the tip current will increase to reach a maximumAdt
equal tol(3a2 — ad/(ag? + a?) and then decrease as the tip
wherel is the recessed depth of the disk electrodle, can comes even closer to the surface of the substrate; otherwise, it
also be obtained by digital simulation (Appendix B) as a function will reach the maximum anl = 0. As shown in Figure 2,
of L =I/a(Table 1). For the normalized tip currett € it/ curve 1, there is some discrepancy between the experimental

i2.), the difference between the value calculated by the curve and the theoretically calculated data based on eq 3, perhaps
approximate analytical equation (eq 2) and the simulated value because\l is not exactly equal to the nominal tip displacement

is less than 3.4%, whein> 0.2a. due to the finite compressibility of the insulating wax and
The approach curve shape also depends on tip shape. For geviations from the assumed idealized model. With a diffusion
coplanar diskir increases monotonically with decreasthépr coefficient of CpFeTMA™ of 5 x 107° cn¥/s, the theoretical

a conductive substrate and diffusion-controlled reactions at tip fit of the experimental approach curve yieleis= 45 nm,ao =

and substrat® For a recessed disk, the SECM positive- 67 nm, and = 28 nm.

feedback process starts to become significant when the tip When the n-TiQ substrate is in its insulating state (e Bs,

approaches a conductive n-TLi€ubstratefs = —0.7 V vs SCE) = 0V vs SCE), the approach curve is that shown in Figure 2,

to within a few tip diameters (Figure 2, curve 1). The agreement curve 2. Here the behavior of the recessed tip is similar to that

between experimental and simulated data (Appendix B)I(for of a usual disk electrode and decreases monotonically with

= 0.623, a = 45 nm) is reasonably good up to a distamte  decreasing distance.

about equal to the recessed dejptit which point the insulating Fluctuation of the Tip Current at Small Distances. The

sheath starts to compress against the substrate. HoweverEffect of Substrate Conductance. The previous study of tip
20)Bard, A, J. Fan, F-R. Mirkin. M. V. InElectroanalytical current fluctuations at small distances where a small number

Ch(emistryBé\rd,.A..j., Ed.Y; Marcel Dekker: New York, 1994, Vo|>./18, pp of electroactive molecules were t_rapped between tip and

243-373. substrate focussed on a conductive substfatddere we

(21) (a) Baranski, A. SJ. Electroanal. Chem1991, 307, 287. (b) compare the fluctuation behavior of tip current on both
Oldham, K. B.Anal. Chem1992 64, 646. (c) Scott, E. R.; White, H. S.;
Phipps, J. BJ. Membrane Scil991 58, 71. (22) Mirkin, M. V.; Bard, A. J.J. Electroanal. Chem1992 323 1.
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Figure 4. (A) Time correlation function, (B) power spectral density

Figure 3. Time evolution of the tip current observed at a tip potential function, and (C) probability density function of the time series in Figure

Er = 0.6 V and a n-TiQ substrate potentidts = —0.7 V (curve 1) or
0.0 V (curve 2) vs SCE for various distances in a solution containing

2 mM CpFeTMA™ and 1.0 M NaNQ The data sampling rate was  athematical equation can be written for the time histories
0.4 s per point. (A) With tip far away from the substrate; (B}» 13

nm, which gave an average steady-state tip currents pA when produced by a random phenomenon, statistical procedures

Es= —0.7 V vs SCE; (Cd ~11 nm, which gave an average steady- '€ gsszlially used to deflne the_ qlescrlptlve Pproperties Qf_the
state tip current of-6.1 pA. dataz3*4* Three of the basic statistical properties for describing

random data, i.e., the autocorrelation function, the spectral
conductive and insulating substrates. As found in the previous density function, and the probability density function, for the
studies, the fluctuation intensity was strongly dependent on the time series in Figure 3C are shown in Figure 4. The autocor-
distance. To ensure that we were measuring two different "elation function for a time history recor(), or the time
fluctuation behaviors at the same distance, we used the saméorrelation function (TCF), is a measure of time-related proper-
substrate, n-Ti@ held at a fixed distance and changed its tles_ in the data that are separated by fixed time delays and is
conductance simply by varying its bias potential. As shown in defined a&*2*
Figure 3A, when the tip was far away from the substrate (e.qg., 1
d/a > 2), only a very small fluctuation in the tip current was TCF@) = Iim = fo(t)x(t + 7)dt 4)
observed when the substrate was either condudiye=(—0.7 T—ool V0
V vs SCE) or insulatingEs = 0.0 V vs SCE). As expected at
such a distance' the current was S||ght|y h|gher when the in whichz is the time delay and is the available record |ength
substrate was conductive than when it was insulating. When Of some desired portion of the record length. The power spectral
the tip approached to within the recessed depth of the disk density function, PSDF, of(t) is related to the TCF through
electrode (i.e.d < 1), considerable fluctuation in the tip current  Fourier transformation and is given ¥y
was observed when the substrate was conductive, \mhilas "
essentially zero and its fluctuation was negligibly small when PSDF¢) = 4]; TCF(r) cos(2fr)dr (5)
the substrate was insulating (see Figure 3B). This suggests that
the p_o_siti\_/e feedback_ of the SECM _is responsible for the_high in which f is the frequency. Both TCF and PSDF provide
amplification of the tip current, which allows for very high  information on the rate of fluctuation in a time history record.
detection sensitivity of only a few molecules of electroactive As shown in Figure 4A, the coherence of the data is high, and
species. When the tip was moved even closer to the surface ofrCF indicates that several fluctuation processes occur at
the substrate, the tip current decreased because of the decreaggequencies on the order of a few tenths of a hertz. Parallel to

of the active area of the electrode (as discussed in the previoushe TCF, the PSDF of the time series is fairly broad and contains
section), but the relative fluctuation afintensified (see Figure  several peaks at frequencies on the order of fractions of hertz
3C). _ ) o (Figure 4B). From the autocorrelation of the time series at zero

Data Analysis. Exact mathematical descriptions of the data and infinite time displacements, a mean square tip current of

ShOWh in F|gure 3C are not pOSSIb|e in the absence Of a bettel’373 (pA)2 and a mean t|p current Of 6.1 pA can be Obtained’
understanding of the processes causing the larger current : :
fluctuations and the microscopically detailed cell geometry. _ (23) Bendat, J. S.; Piersol, A. ®andom Data Analysis and Measure-

. ment Procedure2nd ed.; J. Wiley and Sons: New York, 1986.
However, we can analyze the results by taking the data to be " (24) van Kampen, N. GStochastic Processes in Physics and Chemistry;

nondeterministic or random. In cases where no explicit North Holland: Amsterdam, 1992.
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5 3 ized by a stepwise transition character of the fluctuation of the
A tip current. Thus, the fluctuation pattern of the tip current is
4 apparently not strongly dependent on the substrate if the
heterogeneous electron-transfer kinetics on the substrate under
<3 2 < the experimental condition are rapid.
:? ‘ S The TLC equation, eq 7, can be used to calculdtethe
é’ 2 0 g average number of GpeTMA* molecules trapped in a
e b L 2 cylindrical TLC with a base radius of 15 nm and height equal
g1 ALY & to 11 nm, which will produce a limiting steady-state current of
iy i 6.1 pA for D=5 x 1076 cn¥/s.
0 lii h,".w”\'\ T Y
1 , , , , 3 ir c = NFADC’/d = nFza’DC’/d @)
0 50 100 150 200 250
Time (sec) For the cylindrical geometry,
0.4 5
B .C ir.c = NFDN/A?N,, ®)
) 4
02 §3 whereNay is Avogadro’s number. From eq 8 with= 1 and
f’ &, the conditions given abovalis about 10. Thus, each molecule
e A contributes 0.6 pA of current. Note that the TLC in eq 8 is
0 s 7/\ /\ equivalent to the expression derived from the average transit
ol \m time between tip and substrate,
-100 0 100 0 0.5 1.0 1.5
Time Displacement (sec) Tip Current (pA)

t,=d2D (9)

Figure 5. (A) Time history record of the tip current observed at a tip
potential of 0.55 V and an ITO substrate potentiatd.3 V vs SCE.
a~ 7 nm. Curve 1:d ~ 10 nm, solution: 2 mM CgreTMA* and 2.0 i = nNd2t, = nNeD'd? (10)
M NaNGQs. Curve 2: d was within tunneling range in a solution
containing only 2.0 M NaN@ The data sampling rate was 0.4 s per
point. (B) Time correlation function and (C) probability density function
of the time series A, curve 1.

wheree is the electronic chargee & F/Nay). The factor of 2
in eq 10 accounts for the fact that it takes twice the titgepr
one electron-transfer event to occur at the tip. Takihg 1,

respectively. A mean tip current of 6.1 pA is consistent with D=5x 107° cnv/s, andd = 11 nm, a tip current %0'.6 PA

the estimate from Figure 3C, which shows that the tip current IS obtained. Note that the fluctuat|or_1 am_phtude of_the tip current
fluctuates around 6 pA with a fluctuating amplitude of about around the mean valu_e as shov_vn_m Figure 3C S 0_'6 PA. .
0.5 pA. A more accurate analysis is based on the probability An gxact mathematical descrlpthn o]‘ the entllre time series
density function (PDF), which describes the probability that the of the tip current based on a deterministic model is not possible.

data will assume a value within some defined range at any Not onl)_/ does it require s_ufficient knowledge_ of the b_asic
instant of time. In equation form, it is defined as follofs: mechanisms of the fluctuation phenomena, which are still not

clear, but also it involves inherently stochastic processes

Probik < x(t) < x + AX] T involving movement of molecules into and out of the tip/
PDF= Iim = lim | lim — substrate chamber, thermal fluctuations, and other random
Ax—o Ax AX_’O[T—’W T processes. However, a limited description of the general shape
(6) of the current fluctuation is of interest. Assuming that the redox
molecules diffuse inside the TLC with a constBntas suggested
in which Probk < x(t) < x + AX] is the probability thaix(t) by eq 10, there are at least two possibilities which might cause
assumes a value within the range betweamd & + Ax), and the tip current to change with time: (1) changesdiand the
Txis the total amount of time tha(t) falls inside the rangex( electrode area, for example, because of temperature fluctuations

X + Ax) during an observation tim&. As shown in Figure ~ and (2) fluctuations in the number of molecule¥, A
4C, the PDF of the time series of Figure 3C contains several continuous change id without changingN cannot cause a
Gaussian peaks. The most probable tip currents are spaced 0.§tepwise fluctuation in the tip current; however, it might account
pA apart, with a standard deviation of the peaks~@f.1 pA. for a slow drlf_t of the TLC current. The pro_bablh_ty of large
We have also applied statistical methods to analyze the tip Step or quantized changes ahwithout changingN is small.
current time series observed on a different conductive substrate We cannot rule out the possibility that the electric field in the
indium tin oxide (ITO). Figure 5A shows a tip current time 9ap may also affect the observed behavior, especially at very
series observed on ITO that we reported previo#lyThis small supporting electrolyte concentratighé® In the work
series was obtained using a tip with a much smaller radius ( described here, however, a high concentration of supporting
~7 nm) than was used in Figure 3. So the average t|p Currentelectrolyte W.aS employ.ed.. Further work will be required to
was much smaller than that shown in Figure 3C for a €xplore possible electric field effects.
comparable tip-substrate spacing and the same concentration The experimental shapes of the rise and fall of the current
of electroactive species; however, a similar flucuation amplitude ¢an be fit very approximately (Figure 6) by an exponential rise
in the tip current was observed in both cases. The TCF of the and fall with time constants of the order 0f-20 s (attributed
series in Figure 5A also shows that multiple fluctuation O thermal variations inl), a residence time (time for the current
processes with fluctuating frequencies in the range of fractions to rise and fall) of 5-15 s, and a time between events of the
of hertz are involved (Figure 5B). The multiple bell-shaped ™ (35)Fan, F.-R., Bard, A. J., unpublished data.
probability density plot shown in Figure 5C again is character-  (26) Smith, C. P.; White, H. SAnal. Chem1993 65, 3343.




9674 J. Am. Chem. Soc., Vol. 118, No. 40, 1996 Fan et al.

1.2 For the recessed disk-shaped electrode shown in Scheme 1,
a simplified model with the following boundary conditions is
proposed:

c=C z=lr=<a

aCloiz=0 z=I| r>a

Pn(t)

C=C" zzl r=w (13)

The concentration gradient at= | can be solved in a similar
way and is given by

5 16 15 20 25 30 35 40 45

Time (sec)
Figure 6. Curve fitting of the marked portion of the time series shown (0Cl92) . = [Z(Cb - Cl)/ﬂ][l/(a2 - r2)1/2] (14)
in Figure 3C based on exponential deviate and with fitting parameters.
Rising time constant= 2.5 s, rising period= 5.6 s, and falling period For simplicity, we have assumed that the concentratian at
= 10 s for peak 1, and rising time constant6.7 s and rising period =1, C, is constant, independent of Thus, eq 2 derived here

= 16.4 s for peak 2. Symbols are experimental data and solid curve is is only approximate. Equation 1 can be obtained by the
theory. following integration

order of 10 s, for the conditions of this experiment. These

results are consistent with the TCF and PSDF analyses shown 0 = fanFD oc 27rdr (15)
i i Tiee 0 0Z)z=0

in Figure 4.

Conclusions where the concentration gradient is given by eq 12.

Similarly, the steady-state current on a recessed disk electrode
is obtained from the following integration with the concentration
gradient given by eq 14.

This study has shown that the positive feedback of the SECM
is responsible for the observation of significant fluctuations in
the tip current. Both TCF and PSDF analyses indicate that

multiple fluctuation processes with the frequencies of fluctuation ) a 5C

on the order of a few tenths of a hertz. The PDF contains o= j; nFD(E)Z_lznrdr

several bell-shaped Gaussian peaks. The most probable tip

currents at the given cell parameters (base ragid® nm and _ 4nFD(Cb _ C')a (16)

height= 11.2 nm) andC° equal to 2 mM are spaced 0.5£@.1)

PA apart. These fluctuation amplitudes of the current time series g, 5 cylindrical TLC with a base radius afand a height

correspond quite well with the contribution current expected equal tol, the steady-state diffusion current is given by
for a single molecule in a TLC of that geometry. Very similar ’

fluctuation behavior of the tip currents was observed for both L
ITO and n-TiQ in the conductive state. Irc = 2 nFDCYI a7
Appendix A Here, we have assumed boundary conditidhs: 0 atz =0
. . andC=Clatz=1.
Approximate Equation for Recessed Electrode.An equa- From the requirement of current continuity, we hae =
tion for the recessed ultramicrodisk can be obtained by assumingi Thus ’
that the small recessed layer behaves as a thin layer cell (TLC) "™ '
bounded by the disk and the bulk solution. The concentration | b
gradient at steady state at the surface of the usual disk electrode C =4IC7/(4l + 7a) (18)

coplanar with its insulating sheath with the following boundary SubstitutingC of eq 18 into eq 17, we obtain

conditions
C=0 z=0 r=a irc =it = [7al(4l + 78)](4nFDC’a)
9Cloz=0 z=0 r>a Thus,
—cb . .
€=C 2= 120 i = [wal(4 + 7a)]il,, 2
— b —
CcC=C z>20 r=o (11) AppendiX B
has been solved by several autibia different ways and is Digital Simulation of Current at a Recessed Tip Ap-
given by’ proaching a Conductive Substrate. A finite difference
method®2° was employed to simulate the observed response
_ b 22U
(BC/BZ)Z:O =2C /”[1/(‘3 —r ) 2]' O<r=a (12) (28) Bard, A. J.; Faulkner, L. FElectrochemical Methods: Fundamentals
and ApplicationsJ. Wiley & Sons: New York, 1980; Chapters 3 and 4.
(27) Crank, JThe Mathematics of Diffusigr2znd ed.; Clarendon Press: (29) Feldberg, S. W. IiElectroanalytical ChemistryBard, A. J., Ed;

Oxford, 1975; p 43. Marcel Dekker: New York, 1969; Vol. 3.
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for cylindrical coordinates.

dC,(r,z,9/ot = D,[9°C,(r,z,9/or? + 1/r(aC,(r,z,9/0r) +
¥C,(r,z,H/07]

whereC; is the concentration of species i as a function of time,

t, and coordinates (radial) andz (normal). An exponentially
increasing space gr@i*! and the alternate-direction implicit
method!-32was employed. Details of the simulation are given
in supporting information.

Appendix C

Approximate Equation for Compression of Recessed
Electrode against Substrate. We take the idealized geo-

metry shown in Scheme 2 for the wax-sheathed metal tip and
assume that the insulating wax flows inward and outward

J. Am. Chem. Soc., Vol. 118, No. 40, B35
irc = [7(a— Aa)’nFDC/(l — Al) (31)

= {n[2la® — Al(a,? + a))/[8a(l — Al)?]}4nFaDC’
or
inc = {af2la® — Al(ay’ + a)JBa(l — AN}if. (3)

By defining several dimensionless variables it c/itw, L =
(I — Al)/a, Ao = ala, AL = Al/a, and|® = i$_/it.., we can
write eq 3 in a normalized form

| = {af2L + AL(1 — AD))/8L*I° (20)

by equal amounts as it is compressed against the substrate.

Thus,
[n(ay — a®)Al]/2 = a[a® — (a— Aa)’)(l — Al)
(a— Aa)® =[2la® — Al(a,” + a)]/2(l — Al)  (19)

From the steady-state TLC current and eq 19, we have

(30) Feldberg, S. WJ. Electroanal. Chem1981, 127, 1.

(31) Kwak, J.; Bard, A. JAnal. Chem1989 61, 1221.

(32) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical Recipes in C: The Art of Scientific Computifidambridge
University Press: Cambridge, 1988; pp 68i38.

(33) Unwin, P. R.; Bard, A. JJ. Phys. Chem1991,95, 7814.
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