
An Electrochemical Coulomb Staircase: about 2.5 cm apart in a solution containing 
1 pM each of Cp2FeTMAt, Cp2FeTMA2+, 

Detection of Single Electron-Transfer N H ~ + ,  and  SO^^-, and 2 PM PF~-. The i-v 

Events at Nanometer Electrodes characteristic in the low-bias region (Fig. 
2A) exhibits a staircase shane. and the dif- 

Fu-Ren F. Fan and Allen J. Bard* ferential conductance (di/dV') ( ~ i g .  2B) con- 
sists of a series of peaks. The peak spacing, 
corresponding to the step width of the cou- 

The current-potential curve at a 2.8-nanometer-radius electrode immersed in a solution lomb staircase, is 65 (?6) mV. The step 
containing micromolar concentrations of a redox couple, [(trimethylammonio)methyl] heights of the staircase show some variation 
ferrocene (CP,F~TMA-)/C~,F~TMA~, shows discrete steps (a coulomb staircase) rep- but were typically - 60 attoamperes (aA or 
resenting single electron-transfer events. Discrete potential steps are also found in the A).  The general shape of the stair- 
current-time curve as the electrode potential relaxes back to equilibrium after a coulo- case was reproducible, although sharp 
static potential step. changes in the current at some voltage lo- 

cations sometimes occurred. The step width 
was independent of data sampling rate, 
voltage scan rate (<20 mV/s), and the con- 

W e  describe electrochemical current-po- of two (electrode/solution) interfaces cou- centration of the redox couple. The semi- 
tential (i-V) curves at nanometer-size elec- pled in series through a solution and the classical model of the coulomb staircase 
trodes that are characterized by stepwise setup for lneasurelnents is shown in Fig. 1. takes account only of coulombic interac- 
changes in current (rather than the usual A voltage is applied between the electrodes, tions and yields a peak spacing of (6, 7) 
smooth curves found at larger electrodes). and the current flowing through the two- 
These represent single electron-transfer interface system is monitored in a current or AV,, = e/C ( 2 )  

events occurring at an electrode in an elec- voltage measurement mode with an elec- where C is the capacitance of the junction 
trochemical cell. Earlier studies have shown trolneter ( 1  1 ). Each interface is character- with the higher electron-transfer rate. The 
that single molecules can be trapped and ized by a double-layer capacitance (Cd) and data in Fig. 2 give a calculated C of 2.4 
detected electroche~nically at electrodes (1 )  charge-transfer resistance (R,,) and thus (20 .2)  X lo-'' F, which is close to the 
and single reaction events of reactants gen- mimics a tunnel junction. The redox mol- expected Cd of an electrode of radius 2.8 
erated at electrodes can be observed (2). ecules in the solution serve as donors and nm, if we assume a double-layer capacitance 
We have previously discussed how single acceptors for electron transfer and also as of 10 p,F/cm2. At a higher bias voltage 
electron effects might be detectable at the charge carriers for i o ~ ~ i c  conduction be- (>0.3 V), the current attains a diffusion- 
electrode/solution interface (3). Typically, tween two interfaces. limited plateau of about 530 aA, near that 
single electron effects have been studied The Ir-Pt ~~ltramicroelectrode used in calculated from Eq. 1 under our experimen- 
with very srnall solid-state structures (such this experiment was prepared by the proce- tal conditions (Fig. 2C). This corresponds 
as quantum dots) where single electron dures described previously (12). The size of to only about 3300 collisions per second of 
charging and resonant tunneling through the tip was determined from the steady- electroactive molecule (Cp2FeTMAf) with 
quantized energy levels regulate transport state tip current with the tip far away from the electrode. A current staircase is ob- 
through the small structures (4). One of the a substrate, i;,,, based on Eq. 1 ( 1  3) served in the low-bias region where the 
simplest systems consists of two rnesoscopic electron transfer is kinetically controlled. 
tunnel junctions in series, coupled through i;,, = 4nFDCba ( ) A staircase i-V curve is also observed for 
a quantum dot having a dimension on the in which n is the number of electrons in- another redox couple with the same pair of 
order of 10 nm. When an external voltage volved in the redox reaction {one for [(tri- electrodes in a solution containing 10 p,M 
scan is applied to this two-junction system, methylammonio)methyl]ferrocene (Cp2Fe- K4Fe(CN)6 and 10 +M K,Fe(CN),. The 
an i-V characteristic showing discrete steps TMAt)}, F is the Faraday constant, D is the smoothed curve in Fig. 3A shows two steps 
is obtained (5-8). This coulomb staircase diffusion coefficient, Cb is the bulk concen- between 0 and 0.14 V. The third and fourth 
arises from the incremental increase in the tration of Cp2FeTMAf, and a is the tip steps (between 0.14 and 0.28 V) are not 
current at voltages where it is energetically radius. quite resolved and give an overall step of 
favorable for an additional electron to sit on In Fig. 2, we show experimental data for about twice the width and height as a one- 
the quantum dot. For room-temperature op- a two-interface system consisting of two electron process. The estimated step height 
eration (9, 10), the junction must be very electrodes with radii of 2.5 and 3.2 nm for the Fe(CN):-/Fe(CN); couple is <7 
small to ensure that the coulolnb energy for 
one electron (Ec = e2/2C) is greater than 
the thermal energy fluctuation, kRT, where A 2 x  10 '~ohms c 
e is the electron charge, C is the junction 
capacitance, kB is the Boltzmann constant, 
and We T is achieve the absolute such a temperature. two-junction struc- E~~ - electrodes I l t g ~  f:?qJJP A 
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coup1e. A representation Fig. 1. (A) Experimental setup for the current or voltage measurements. (B) Schematic representaton 

of two (electrode/solution) nterfaces coupled in seres through the solution. C,, double-ayer capac- 
Department of Chemistw and Biochemistry, The Univer- itance; R,, faradac impedance of each interface; R,, soluton resistance; Va,,, voltage source The 
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aA even though the concentration of the 
electroactive species is 10 times that of the 
ferrocene couple. The estimated staircase 
width is 0.07 i- 0.01 V, which is near the 
value seen with the ferrocene couple. This 
result is consistent with the predictions of 
the semiclassical coulomb staircase model 
and the much slower heterogeneous elec- 
tron-transfer kinetics. On the basis of the 
semiclassical model of the coulomb stair- 
case, the step height (Ai,,) is, to the first 
approximation, inversely proportional to 
the charge transfer resistance, R ,  at the 
interface. Rf controls the charge-transfer ki- 
netics of the electrochemical system, and 
hi', is given by 

Ai,, = e/ [Rf(C~l  + CJ)l (3)  

Rf at lo\\, overpotential is given by 

in which R is the gas constant, k, is the 
heterogenous electron-transfer rate constant, 
and A is the electrode area. Thus, the step 
height depends on A, k,, Ch, and Cd, whereas 
the step width depends mainly on Cd as 
given by Eq. 2. The results shown here sug- 
gest that ks for the Fe(CN)64p/Fe(CN),3p 
couple is at least two orders of magnitude 
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Fig. 2. (A) Experimental i-V characteristic of a 
two-interface system consisting of a pair of elec- 
trodes with radii of 2.5 and 3.2 nm immersed in a 
deaerated sol~~t ion containing 1 p M  each of 
Cp2FeTMA+, Cp,FeTMA2+, NH4+, and SO,'- 
and 2 p M  PF,-. (B) The corresponding differential 
conductance (di/dV)-V plot. (C) i-Vcurve taken to 
more posit~ve potentials. 

smaller than that for the CpzFeTMAf/ 
Cp2FeTMA2+ co~~ple ,  which has a kS = 2.5 
cm/s as calculated from hi,, = 60 aA, Cdl  + 
Cd2 = 4.4 x lOpl8 F, Cb = 1 p.M, and A = 

2.0 X 10-l3 cm2. The i-V curve for a pair of 
large Pt microdisk electrodes with radii of 5 
and 12.5 uin is shown in Fig. 3B. The cou- 
lomb ene& of one electron ?or electrodes of 
this size is verv small (<50 nV), so that a 
smooth and linear respdnse of the current as 
a function of voltage at low bias (for exam- 
ple, <0.3 V) is seen. At higher bias voltage, 
the current is expected to reach a diffusion- 
limited plateau. 

Another approach to the single electron 
charging phenomenon is through a coulo- 
static-type experiment based on a single 
nanometer-size electrode (Fig. IC).  In this 
case, the other electrode was a saturated 
calomel electrode or a large Pt quasirefer- 
ence electrode (area, 0.2 cm'). The two 
electrodes were immersed in a cell contain- 
ing the K,Fe(CN),/K,Fe(CN), redox cou- 
nle. The nanometer-size electrode notential 
;as displaced by about 85 mV irom the 
equilibrium potential when this voltage was 
applied for 30 to 60 s between the two 
electrodes. After the applied voltage was 
switched off, the cell voltage, measured 
with a high input impedance electrometer, 
relaxed back to the equilibrium value. Be- 
cause the electrometer i n ~ u t  im~edance is 
smaller than the faradaic impedance (14), 
the discharge of the cell voltage is governed 
by the input RC of the electrometer. In 
curve a of Fig. 4A, we sho~v the observed 

u 

uncorrected cell voltage (V,,) as a function 
of discharge time for an electrode (radius, 7 

u 

nm). A distorted staircase can be seen over 
an envelope of a smooth discharge back- 

I 1 
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Fig. 3. (A) Smoothed experimental i-V character- 
istic of the same pair of electrodes as in Fig. 2 
immersed in a deaerated solution containing 10 
p M  K,Fe(CN), and 10 p M  K,Fe(CN),. (B) Experi- 
mental i-V characteristc of a pair of microdisk 
electrodes (radii, 5 and 12.5 pm) in the same 
solution. 

ground. In Fig 4A, curve b, the smooth 
discharge curve for a larger disk microelec- 
trode (radius, 1 p.m) is shown for compari- 
son. This discharge curve is nearly coinci- 
dent with the background discharge curve " " 

(V,) associated with the shunt capacitance 
of the electrometer alone. V ,  after correc- 

LL, 

tion for Vl,, based on the relation VCorr = 

2V,, - VIn (15), is shown in Fig. 4B. As 
shown in Fig. 4B, when the discharge time 
is longer than 200 s, successive stenwise 

u 

discharge steps become apparent and are 
clearlv resolved. The steD height was about 

L u 

9 m ~ ,  in agreement with the expected 
change in the ~otential  of an electrode of 

u 

radius of 7 nm when it gains one electron. 
The step near the starting portion of the 
discharge curve (between 100 and 200 s) 
may be a two-electron step that is not well 
resolved. These data suggest that the tem- 
poral relation of the voltage of the electro- 
chemical systetn, V,,,,, can be represented 

+ terms independent of n(t) (5)  

in which n is the discrete number of elec- 
trons gained by the electrode during the 
discharge process and C is its capacitance. 
This relation describes the discontinuous 
jump in Vco,, during an electron-transfer 
event because the change in n(t) is quan- 
tized. The step width progressively increases 
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Fig. 4. (A) Curve a: Discharge curve (V,) of an 
electrode (radius, 7 nm) in a deaerated solution 
containing 2 p M  each of K4Fe(CN), and 
K,Fe(CN), after biasing at 85 mV versus the equi- 
librium cell voltage, V,, for -60 s. Curve b: The 
corresponding curve for a microdisk electrode (ra- 
dius, 1 pm) (shifted down by 4.8 mVfor clarity). (B) 
Corrected discharge curve (V,,,,) based on the 
relation V,,,, = 2V, - V,,, (15). V,, is the back- 
ground discharge curve of the shunt capacitance 
of the electrometer. 
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as the cell voltage decreases during dis- 
charge. The discharge behavior is governed 
here by the long time constant of the elec- 
trometer, but with slower redox couples it 
would also be governed by the heteroge- 
neous electron-transfer kinetics. For exam- 
ple, at an electrode of radius a (nanometers) 
in a solution containing C"micromo1ar 
concentrations) redox couple with a hetero- 
geneous electron-transfer rate constant k ,  
(centimeters per second), the nurnber of 
net oxidative charge-transfer events, NCTE 
(hertz), at low overpotential q, assuming the 
transfer coefficient a = 0.5, is given by 

Thus for a 1 p.M redox couple having slow 
charge-transfer kinetics, for example, k5 = 

0.001 cm/s, it takes an average of -25 s for 
a single electron-transfer event to occur at 
n = 9 mV at an electrode of radius 2.5 nm. 

These coulornb staircase measurements 
show that nanometer-size structures can be 
produced without high-resolution litho- 
graphic processing or precise positioning of 
electrode tips. As with other single mole- 
cule processes, they, may find use in the 
studv of environmental effects on electron 
transfers and in determination of the heter- 
ogeneous kinetics of rapid electron-transfer 
reactions. 
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Solvophobically Driven Folding of 
Nonbiological Oligomers 

James C. Nelson," Jeffery G. Saven,? Jeffrey S. Moore, 
Peter G. Wolynes 

In solution, biopolymers commonly fold into well-defined three-dimensional structures, 
but only recently has analogous behavior been explored in synthetic chain molecules. 
An aromatic hydrocarbon backbone is described that spontaneously acquires a stable 
helical conformation having a large cavity. The chain does not form intramolecular 
hydrogen bonds, and solvophobic interactions drive the folding transition, which is 
sensitive to chain length, solvent quality, and temperature. 

Proteins and polynucleotides epitomize in- lecular helix-forming oligomer. 
trarnolecular self-organization in solution, Much emphasis has been placed on the 
as is evidenced bv their montaneous and role of H bonds in stabilizine secondarv 
reverstble folding into well'-defined confor- structures, ever since these strGtures weri 
mations ( 1 ) .  A flexible biopolymer may predicted in proteins on that basis (5). 
assume many conformations, and entropic Many have argued that the primary reason 
effects favor the absence of internal order. that proteins fold is due to intramolecular H 
The folded state, however, is stabilized by a bonding of the backbone (6). Similarly, 
variety of noncovalent cohesive forces, in- most attelnDts to create synthetic ~olvmers 
cludiig hydrogen (H)  bonds, electrosiatic with seconiary structure have invdlveh the 
forces, steric packing, and hydrophobic ef- engineering of H bonds, where the back- 
fects (2) .  Given the complexity of biopoly- bones used have been closely related to 
mers, unraveling the respective roles of the peptides (7, 8). However, H-bonded struc- 
entropic and energetic interactions remains tures that are stable in nonpolar solvents 
a challenging area of theoretical 13) and often disintegrate in aaueous solution be- - - " 
experimental (4 )  research. Nonbiological cause of solvent competition (7). In pro- 
~nacromolecules, however, mav ~rovide teins, hvdro~hobic interactions and com- 

1 .  , A 

simpler systems for investigating self-orga- paction due to hydrophobic collapse un- 
nization and allow researchers to isolate doubtedly also play a role in guiding helix 
particular interactions. In addition, the formation (9 ,  10). Unlike H bonds, hydro- 
folding of linear ~olvmers lnav ~rovide svn- ohobic and van der Waals interactions are " A ,  , L 

thetically simple means of generating archi- less selective and directionally specific, 
tectures that could ~otentiallv rival the which discourages their use to confer con- 
biopolymers in their colnplexitG and func- formational uniqueness. Given the substan- 
tionality. One of the best studied folding tial experimental focus on understanding H 
motifs is the single-stranded helix, which bonds in proteins and engineering them in 
can also serve as the basis for more compli- synthetic polymers, we have chosen to in- 
cated structures, as it does in proteins. In vestigate the extent to which nonspecific 
this reoort, we theoreticallv and exoerimen- forces alone can guide intramolecular self- 
tally characterize a nonbiological, supramo- organization. 

- 
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