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We report here the electron transfef) (oehavior (Figure 1)
of highly purified, 28 kDa core mass, hexanethiolate-protected
gold cluster moleculés® and the remarkable correspondence
between tip-based tunneling spectroscopy sihgleAu cluster
molecule physisorbed on a metal surfa@nd cyclic and
differential pulse voltammetry &fnsemblesf the same clusters

at a metal/solution interface. This study establishes new ground
in three ways: (1) the samples studied are “monodisperse” in

core size and structure; thus the obsereegroperties can be
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Figure 1. Panel A: Au STM tip addressing a single cluster adsorbed

assigned to a specific number and arrangement of gold atoms°" &n Au-on-mica substrate (inset) and Coulomb staircasedurve

(2) theet comparison of single molecules to a thermodynami-

cally relevant ensemble of the same molecules demonstrate
correspondence of results across these vastly different regimes

and (3) the voltammetry provides the first example of a solution-
phase coulomb staircase of an ensemble of nanoparticles.
Alkanethiolate monolayer protected Au clusters (MPGsg

at 83 K; potential is tip-substrate bias; equivalent circuit of the double
sIunnel junction gives capacitancespfer= 0.59 aF and wer = 0.48

aF. Panel B: voltammetry (CV¥, 100 mV/s; DPV==s, % are current
peaks, 20 mV/s, 25 mV pulse, top and bottom are negative and positive
scans, respectively) of a 0.1 mM 28kDa cluster solution in 2:1 toluene:
acetonitrile/0.05 M HYNCIO, at a 7.9x 1073 cm? Pt electrode, 298

K, Ag wire pseudoreference electrode.

air-stable, nonaqueous soluble, and separable according to core . . .

size, properties arising in large part from the dense ligand Coulomb staircase” with six charging steps regularly spaced
monolayer. The thin monolayer dielectric skin surrounding the &t 0-34 V increments betweenl V bias. Each “step” in the
Au core also influences its ability to store electronic charge (i.e., Stircase occurs at a particular bias voltage where it is energeti-
its capacitance). The 28 kDa cluster samples used here argally possible for an additional electron to reside on the cluster,
obtained by organic solvent-phase reductfof gold and have and the current is very sensitive to the charge on this “middle
been purified of other core sizes by recrystallization, as €lectrode”. The constant spacing between the staircase steps
demonstrated by mass spectrometry, X-ray diffraction, and othern Figure 1A is consistent with the semiclassical théafa
method$ Compositional and structural evidence are consistent double-tunnel junction, which only considers coulombic interac-
with a highly stable quasi-crystalline A core (1.64 nm tions and predicts a constant spaciny/(= e€/C) between each

diameter) of truncated-decahedral morphology, stabilized by a Staircase step, wheess the electron charge a@ithe combined

ligand shell ofca. 56 hexanethiolate group$. Details of
sample preparation are given in Supporting Information.

capacitances of the tip/monolayer/Au-core and Au-core/mono-
layer/substrate junctions. Based on the equivalent circuit in

The inset of Figure 1A schematically represents the tunneling Figureé 1A, inset, the determined capacitances of the two
experiment, in which an STM tip addresses individual cluster Junctions are 0.59 and 0.48 aF, respectively.

molecules adsorbed on a gold-on-mica substrate under ultrahig
vacuum at 83 K. The experimentatV curve observed for a
single cluster (Figure 1A) is a reversible, highly repeatable
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h The Au cores of MPCs also exhibit capacitive charging when
dissolved in solutions, as first detectdd rotated disk volta-
mmetry of solutions of octanethiolate Au MPCs (2.2 nm core
size, 25% of the ligands functionalized wihtferrocenyl). In
addition to the ferrocene oxidation wave, transport-controlled
sloping current baselines, evident in both pre- and post-ferrocene
wave potential regions, were ascribed to the capacitive (double
layer) charging of clusters as they are transported to and
equilibrate their core potentials with the electrode interface.
These currents ga¥anaveragecapacitance of reduced cluster
of 0.56 + 0.06 aF/cluster, independent of the number of
ferrocenes present.

Irrespective of differences in core size and alkanethiolate
chain length, the above tunneling (Figure 1A) and electrochemi-
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caF capacitances are remarkably similar. Correlation of solution previougP result and to an octanethiolate monolayer on a flat
electrochemistry of metal clusters with bulk metal/vacuum Au(111) surfac€. The electrochemical staircase diverges from
interface behavior has preced&ior (much smaller) Pt-carbonyl ~ the STM result, however, in that the observAY decreases
clusters. These points opened the questicetécting discrete  from 0.4 V near the center of the DPV voltammogram (roughly
charging events in solution electrochemistry experimestace near PZ@®) to ca. 0.2 V on the extreme wings. This may be
the estimated coulomb energies:(= €%/2C) greatly exceed due to the presence of electrolyte or to a change in cluster

the ambient thermal energy. The absence of preYidatect- capacitance but requires further study.
able discrete charging is attributable to the core size dispersity The above analysis, based on a double layer capacitance
in the samples used. model, must break down at a sufficiently small cluster core,

Cyclic (CV) and differential pulse (DPV) voltammetries of for which electrochemistry will take on a chemical redox
a 28 kDa hexanethiolate cluster solution are illustrated in Fig- character. Photoelectron spectroscopy of mass-selectgd Au
ure 1B. The CV shows several current peaks, the cathodic/ cluster§ suggests that bulklike properties become dominant on
anodicAEpeak potential separations are due at least in part to the ca. 0.1 eV scale foN > 40 atoms. Indeed, the multiple
the large iRnc in the mixed solvent. More significant is the  voltammetric waves observed in preliminary DPV experiments
obvious presence ahultiple CV and DPV waves; the DPV  on other, similarly prepared, cluster core s#ese core size-
experiment, which is superior for resolving small current dependent, and that of the smallest ¢§§uwhich is in the same
features, reveals as many as nine current peaks (above backsize range as Pt-carbonyl clustersy(M = 19, 24, 38§ and
ground). Indeed, the DPV voltammogram qualitatively mirrors Cy¢ fullerenestO displays recognizable redox-like electrochemi-
the STM KV curve in Figure 1A; both represent cluster cal behavior. Those results will be reported in a future paper.
charging responses but are obtained in very different ways. A core size-dependent transition of yAwelectrochemistry

In the Figure 1B voltammetry, a huge number of cluster between double-layer capacitance and redox berais
molecules in the 0.1 mM solution lie at any instant very near potentially regarded, for metal surfaces, as simply exposing
the electrodeda. 2 x 10 /cm? within 3 nm), but are not in different facets of the same phenomenon whose appearance is
continuous contact with one another (av cenignter spacing determined by the scale of matter on which charge transfer is
~ 26 nm). Thus, by rough analogy with the STM experiment, being effected.
electrochemical charging can be viewed as a huge number of Fan and BarH have recently achieved an electrochemical
separately coexisting, electrolyte solution/cluster/Pt electrode coulomb staircase based on nanometer-sized electrodes.
junctions. If clusters arriving at such junctions are uniformly
charged initially, then their charging by successetesteps
requires excursions of e/C in the Pt electrode potential. In this
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picture, electrochemical charging is ansemble coulomb Supporting Information Available: Details of sample preparation
staircase which will be cleanly observed when all of the clusters  and purification and MALDI characterization (3 pages). See any current
exhibit the same capacitancg)( masthead page for ordering and Internet access information.
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