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Quantized capacitance charging of nanosized particle moleculesScheme 1
represents a new electrochemical charge-transfer phenomenon, as
is elegantly exemplified by monolayer-protected gold nanoparficles.
The fundamental chemistry behind these discrete charging/discharg-
ing processes is attributable to the attofarad scale molecular capaci-
tance of these nanoentities, which renders the energetic bafier (
2C) for single electron transfer larger than that of thermal kinetic
energy ksT). Previous research has been focused on nanoparticles
in solutiong or surface assembliésyhere multiple well-defined
voltammetric peaks were observed. From the peak potential spacing,
the nanoparticle molecular capacitance can be estimated. More
interestingly, in aqueous solutions, these charge-transfer processes
can be sensitively rectified by hydrophobic electrolyte i#hs, should be noted that, in this procedure, the electronic conductivity
which is ascribed to the manipulation of the electrode double-layer of the nanoparticle monolayers was probed in situ at the air/water
capacitance by the ion-pair formation between nanoparticles andinterface, in contrast to other reports using nanoparticle thin films
electrolyte ions. deposited onto an electrode surface (by the LangrBliodgett

By contrast, in solid-state electrochemistry, quantized charging method, for instance) where the measurements were complicated
features have not been observed. For instance, in dropeadt ( by the mechanical instability of the thin filn¥sin addition, this
thick films of gold nanoparticle? typically only ohmic current setup is different from that used by Majda et&lvhere they used
potential (V) responses are observed. This is interpreted on the a microband electrode and only observed negligible electronic
basis of the structural inhomogeneity in the particle thick films conductivity of the particle monolayers (they also used a 50 mM
where effective electron-transfer pathways might be facilitated by HCIO, subphase in contrast to the pure water used here).
film defects. Recently, using the Langmuir techni§ues measured Figure 1 shows the cyclic (A, CVs) and differential pulse (B,
the electronic conductivity of monodisperse nanoparticle monolayers DPVs) voltammograms of a C6Au nanoparticle monolayer at the
directly at the air/water interface with a vertically aligned inter- air/water interface at varied surface pressures (and hence interpar-
digitated arrays (IDA) electrode and observed drastic differences ticle spacings). The Langmuir isotherm is included in the Supporting
in terms of the +V profiles. For short-chain protecting layers, the Information. The surface pressures shown here correspond to an
particle ensembles exhibited linear (ohmieM responses, whereas  edge-to-edge interparticle separation from 1.6 nm at 2 mN/m to
with longer chainlengths, rectified features were observed, as aresultl.3 nm at 10 mN/m with varied degrees of ligand intercalation.
of the manipulation of interparticle electronic coupling. From the CVs (A), one can see first that the voltammetric currents

In this Communication, we report a novel finding of quantized are all much larger than that in the absence of the particle monolayer
charge transfer with nanoparticle monolayers at the air/water (“blank” curve). Second, at potentials near the zero volt position,
interface. Here, the particles, hexanethiolate-protected gold nano-there is a rather flat current gap, whereas at more negative and
clusters (C6Au), were synthesized by using the Brust protecal positive potentials, currents start to increase quite drastically. This
fractionated to reduce size dispersitifrom transmission electron  nonlinear currentpotential feature is analogous to that of a
microscopic measurements, the average particle core size isCoulomb blockadé.In other words, the nanoparticle ensemble

estimated to be ca. 2 nm with 30% dispersity. exhibits semiconductor-like electronic conductivity properties. More

The experimental setup (Scheme 1) was the same as thatimportantly, with increasing surface pressures (and decreasing
described previousl¥8In a typical experiment, 200L of a C6Au interparticle spacing), the central gap starts to shrink and the
particle solution (1 mg/mL in CHG) was spread dropwise onto  voltammetric currents at the extreme potentials increase concur-
the water surface of a LangmuiBlodgett trough (NIMA 611D; rently. Previously, with semiconductor nanopartides observed

subphase resistance 18 MQ, provided by a Nanopure water similar behaviors where the current gap shrank with increasing
system). At least 20 min was allowed for solvent evaporation prior surface pressure. It was interpreted on the basis of enhanced
to the first compression and between compression cycles. Compresinterparticle electronic coupling which led to the decrease of particle
sion speed was set at 10 #min. Prior to this, a gold IDA electrode  effective band gap energy.

(25 pairs of gold fingers of 3 mm 5um x 5um, from ABTECH) Using differential pulse voltammetry (DPV, B), we took a more
was coated with a self-assembled monolayen-biutanethiol (to careful look at this central gap and discovered that the voltammetric
render the electrode surface hydrophobic) and aligned perpendicu-currents actually arose from the nanoparticle quantized charge
larly at the air/water interface. The two lead contacts were connectedtransfer. Several rather visible voltammetric waves start to emerge
to an EG&G PARC 283 potentiostat, and the currgmitential within the potential range betweerD.7 and+0.7 V (indicated by
responses at varied surface pressures were collected using comasterisks), and the peaks are quite evenly separated with a spacing
mercial softwares from EG&G (PowerCV and PowerPulse). It of about 150 mV. These are ascribed to the quantized charging of
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Figure 2. DPV of a C10Au nanoparticle monolayer at the air/water
interface at 13 mN/m. About 5% of the C10 ligands are terminated with an
aminooxy moiety. Core size dispersity ca. 5%. Other conditions are the
same as those in Figure 1B.
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that with proper control of the particle structure, lateral single elec-
tron transfer can also be achieved with these nanoparticle assem-
blies. This may pave the way toward the development of nanoscale
electronic devices based on nanoparticle organized strucfures.
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Figure 1. (A) Cyclic and (B) differential pulse voltammograms of a AuC6
nanoparticle monolayer at the air/water interface at varied surface pressure
(shown as the legend in mN/m). Particle concentration 1mg/mL in GHCI
volume spread 20@QL. Scan rate in (A) 50 mV/s, and in (B) 20 mV/s,

pulse 50 mV. Asterisks indicate the charging peak positions. Supporting Information Available: C6Au particle Langmuir

isotherm and solution voltammograms (PDF). This material is available
the nanoparticle ensembles that are trapped between the IDAfree of charge via the Internet at http:/pubs.acs.org.

fingers. It should be noted that this is the first observation of single
electron transfer with nanoparticle organized assemblies in the solid references
state under ambient conditions. Furthermore, the potential spacing
is very comparable to that obser¢ed with electrode-supported
nanoparticle monolayers in aqueous electrolyte solutions. By
contrast, in solutions, the same batch of C6Au particles exhibits a
series of voltammetric charging peaks with a peak spacing of about
270 mV (Supporting Information). Again, this can be attributed to
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the ligand intercalation and electronic coupling between the particle
cores and hence an increase of the effective molecular capacitance
per particle. The quantized charging feature is much better defined
when more monodisperse particles are used as shown in Figure 2
where the potential spacing is ca. 420 mV for decanethiolate-
protected gold (C10Au) nanoparticles of similar core size.

One should note that the voltammetric currents are a result of
charge propagation from one electrode to the other, most probably,
by a hopping mechanism (Scheme® The fact that discrete charge
transfer can be observed indicates that the particle patches between
the IDA electrodes exhibit semiconductor-like electronic conductiv-
ity. In addition, the electronic coupling between neighboring
nanoparticles should be relatively weak within the present experi-
mental context and consequently the particles behave individually.
Previous worR has shown that with strong coupling the conductivity
profile exhibited a linear (ohmic) character, and the transition from
linear to nonlinear charge transfer was found to coincide with a
protecting chainlength of hexanethiolate (C6).

At very negative and positive potentials, the much larger current
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It has been observed previousSiy?that the nanoparticle mono-
layers at the air/water interface undergo a metal-to-insulator transi-
tion upon mechanical compression. The present study demonstrates
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