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Quantized double layer capacitance charging is observed for monolayers of nanometer-sized monolayer
protected gold clusters (Au MPCs) anchored to macroscopic gold electrodes. The clusters were anchored in
two ways. One method involves ligand place-exchange binding of an MPC covered with a butanethiolate
monolayer to a preformed, self-assembled monolayer 6ftHhidbisbenzenethiol (TBBT) on Au. In the second
method, an MPC with a mixed TBBT/heptanethiolate monolayer is prepared; this surface-reactive cluster
anchors itself onto a gold electrode surface. Differential pulse voltammetry (DPV) of these MPC monolayers
displays a succession of current peaks whose regular spacing on the potential axis is similar to that in DPV
of solutions of the same, nonanchored MPCs. AC impedance measurements of the MPC monolayers show
capacitance undulations that mirror the DPV results.

Introduction MPCs) coated with monolayers of butanethiolate or heptanethi-
olate ligands. The linker molecule is 4#hiobisbenzenethiol

(TBBT). The quantized electrochemical charging is detected by
the presence of current peaks in differential pulse voltammo-

The fabrication of nanometer-scale particles and arrays of
particles and electrodes and the study of their electrical and
electron-t_r;smsfer properties are S|gnn‘|cant th_emes of currentgrams (DPV) and by capacitance peaks in ac impedance
research2 In charging of nanoparticles by single electrons,

h it i hibited be distinctive f th measurements. The monolayers are prepared by two different
€ capacitance properties exnioited can . N 'f Inctive from Oseapproaches, with similar results. The results are compared to
of particles with larger % nanometer, “bulk”) and smaller

. . S those for the diffusion-controlled, quantized charging of dilute
dimensions (molecular characteristics). For example, passage

. X X ; solutions of MPCs.
of a single electron at a/Am radius metal microdisk electrode
immersed in a room-temperature electrolyte solut?on would Experimental Section
evoke an unobservable sipt change (1.3:V, assuming a 4 . .
uFlcr? electrical double layer capacitance) in its rest potential. ~ Preparation of Clusters and Modified Surfaces.Mono-
A readily observable change in rest potential (0.32 V) would, Iayerjprgtected Au clusters (MPCs) were prepared by the Brust
on the other hand, transpire for a one-electron transfer to (from) 'éaction Clusters prepared with butanethiolate monolayers
a 1.0 nm radius metal cluster dissolved in that solution. (C4Au MPC) were supplied by Dr. T. G. Schaaff and Prof. R.

Quantized (single electron) charging of nanoparticles has beent Whetten (Georgia Institute of Technology) and had been

observed in several ways. One experiment involves addrédsing fr_actionateélo soasto iiolate MPCs Writh monodisr;]) erse Al.J core
a single nanoparticle (which can range from ill-defined com- sizes (1.6 nm dia.). The C4 MPCs had been characterized by

ponents of nanogranular structures to relatively well-defined, ionization/desorption mass spectrometry to have core masses
isolated metal nanoparticles where combinations of Au and of 28 kDa and correspond, for an assumed truncated octahedral
organothiols have been popular) with a scanning tunneling ShaPe, to the formula ca. AgC4)ko The C4 MPCs were
microscope tip. In an electrochemical variant of this experiment, anchored by reaction (7 days, no change for longer exposures)
a nanometer-sized electrode was addressed with a redox-buffere@f @ €& 0.1 mM ,tolu_en_e solution of .MPC’ with a self-assembled
electrolyte solutiort. Large collections of nanoparticles also Monolayer of 4 4thiobisbenzenethiol (TBBT, or [HS-p-PR)]
exhibit quantized charging, provided they are reasonably mono-©N Au- The self-assembled monolayer was prepared by exposing

disperse ensembles. Quantized charging has been reported foft €l€an polycrystalline Au wire tip (0.017 énsealed in glass)
transferred Langmuir trough arrays of monolayer-protected Ag foal _mMethan(_)I sqlutlon of TBBT for 24 h. The sequence of
clusters (Ag MPCs), sandwiched as AI/MPC array/polymer St€PS is shown in Figure 1A,C.

dielectric/Al device$, and in electrochemical voltammetry in In a sepond procedgre,. MPCs With mixed monolayers of
which dissolved Au MPCs diffused to a (macroscopic) electrode/ heptanethiolate and 4:thiobisbenzenethiol (TBBT) (C7'TBBT'
solution interface:® Au MPCs) were prepared by the Brust reactidsy reacting a

This paper demonstrates the electrochemical quantized Charg-m'xture of heptanethiol and TBBT (9:1 mole ratio) with

ing of ensembles of nanoparticles that are chemically anchoredChloro""urate (overall mole ratio of thiol to Au was 3:1) in

: B toluene solution, followed by reduction using a 10-fold excess
at a macroscopic gold electrode/electrolyte solution interface. L -
. of borohydride. The isolated C7-TBBT-Au MPCs were ascer-
Th I I - ted Au clust Au .
e nanoparticles are monolayer-protected Au clusters (Au tained to be free of excess reagents by proton NMR. The C7-

- - - TBBT-Au MPCs were used in both unfractionated and frac-

* Corresponding author e-mail: rwm@email.unc.edu. . . . .
* Present address: Department of Chemistry, Southern lllinois University, tionated forms in comparative experiments. The C7-TBBT-Au
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impedance plofs were fitted using the instrument’s software
(ZPlot) to produce values of charge transfer resistance and
double layer capacitance according to the equivalent circuit
shown in Figure 1D.

Results and Discussion

The monolayers of MPCs were anchored to Au surfaces using
the two approaches outlined in Figure 1. In one, a butanethiolate-
protected cluster (C4Au MPC, with monodispéfsau cores)
is reacted (step C) with a thiol surface prepared by forming
(step A) a self-assembled monolayer (SAM) on Au (i.e., the
electrode) of the bifunctional thiol (4:4hiobisbenzenethiol,
TBBT). The anchoring reaction (step C) was calculated to occur
as a ligand place-excharigén which one (or more) thiols on
(C7-TBBT-Au the TBBT SAM replace a butanethiolate ligand on the C4Au
MPC) MPC. This reaction was successful, although quite slow.

The second approach relied on preparing a surface-reactive
MPC by mixing in a small proportion of TBBT with hep-

RsoLn @ tanethiol in a Brust reaction proced@&he mixed-monolayer
MPC (C7-TBBT-Au MPC) was partially fractionated to de-
Req crease its core size dispersity. Anchoring of this surface-active

MPC to a clean Au electrode surface is depicted in Figure 1,
step B, and in principle produces an MPC monolayer linked to

‘ the Au surface in the same manner as that produced in steps A
Figure 1. Cartoon reactions for anchoring MPCs to a Au electrode gng C.

surface by two approaches: (A and C) reaction of a core-monodisperse : . .
butanethiolate-protected MPC (C4Au MPC), with a'4fdobisben- The heptanethiolate ligands were calculated to be of sufficient

zenethiolate (TBBT) self-assembled monolayer on Au, and (B) reaction Ie_ngth asto Ster'ca"y_m'n'm'ze TBBT'ba_Sed COUp“n_g of MPCs
of a clean Au surface with an MPC with a mixed heptanethiolate/TBBT With one another during the Brust reaction. The mixed mono-
protecting monolayer (C7-TBBT-Au MPC, either unfractionated or layer C7-TBBT-Au MPCs are interesting materials, being
partially fractionated). The anchored MPC monolayer in (C) shows isolable, reasonably stable, and soluble in a variety of organic
only the linker TBBTs for simplicity; the other TBBT units are  gplyents, unlike the aggregated products obtdfhacsing
presumed to still be present. (D) shows the assumed electrochemicaln_alkanedithiols_ Clusters that are stable and have built-in

equivalent circuit of the modified Au interface, whdReon is solution hori hemist d h licati
resistanceCo, is electrode double layer capacitance, Raglis cluster/ anchoring chemistry aré uncommon and may have application

solution electron transfer resistance. (E) shows a schematic top view!0 areas such as chemical sensors and catalysis.
of anchored monolayer in whicthis taken as average centarenter The electrochemistry of the monolayers of anchored MPCs
core separation. is shown in Figure 2. The topmost panels (Figure 2A,B) compare
the differential pulse voltammetry (DPV) of the anchored MPCs
solution by addition of an equal volume of acetone. Following to that of their solution counterparts. The DPV responses of
previous worki® the MPCs which did not precipitate from the  toluene:acetonitrile solutions of C4Au and C7-TBBT-Au MPCs
more polar solvent mixture were smaller-core materials and were (Figure 2A,B (- - -), respectively) display well-defined, roughly
characterized by transmission electron microscopy (TEM) and evenly spaced, current peaks (which in Panel B are labeled with
preparation of histogranfs? as having two major populations  *). The spacingAV between adjacent single-electron charging
of Au core size: ca. 40% were 1.6 nm in diameter (ca;44u peaks reflects the capacitanGg y (farads/cluster) of MPCs
and ca. 60% were 2.8 nm in diameter (avg. ca.g/u diffusing to the electrode through the simple relatiah' =
Combining results from TEM, NMR, and thermogravimetry as e/Cc y, wheree is the electronic charge. The DPV responses
beforé indicate aroverall averagemonolayer composition of  for the MPCs anchored at the electrode/solution interface (Figure
the partially fractionated MPC sample of ca. 92 C7 ligands and 2A B —) also show roughly evenly spaced peaks. These peaks
ca. 5 TBBT ligands per cluster. C7-TBBT-Au MPCs were are smaller and less distinct than those of the diffusing MPCs,
anchored by reaction (Figure 1B) of a 0.1 mM toluene solution because the quantities of MPCs being electrochemically charged
with a clean polycrystalline Au wire tip (0.17 énfor 7 days. in the anchored monolayers are smaller, but on expanded scale
The above procedures are not the only conceivable chemicaldiagrams they are readily seen as either peaks or inflections,
pathways to immobilize MPCs. For example, Schiffrin et?al.  well above background. The DPV of a Au surface that had been
have recently described the binding of “naked” Au clusters to reacted withunfractionatedC7-TBBT-MPCs is, in contrast,
a thiolated indium thin oxide electrode surface. relatively featureless as shown in Figure 2B-) In the
Electrochemical MeasurementsDifferential pulse voltam- unfractionated material, the polydispersity in cluster core size
metry of MPC electrolyte solutions (0.1 mM MPC, in 0.05M corresponds to a range of different cluster capacitances and
HxsNCIO, toluene:acetonitrile, 2:1 v:v, not degassed) was consequenAV values; the overldjof differently spaced peaks
carried out using a BAS 100B electrochemical analyzer. The in the mixture obviates resolution of individual peaks.
typical dc potential sweep rate was 10 mV/sec and the pulse Each successive current peak in Figure 2A,B corresponds to
amplitude 50 mV. AC impedance measurements (10 mV single electron chargings of MPCs that diffuse to the electrode
amplitude, 1 to 200 kHz) were conducted at a series of applied or are anchored there. The displacements between the current
dc potentials using a Solartron Si 1287 electrochemical interface peaks in positive- and negative-going dc potential scans are
and a Solartron Si 1260 impedance/gain-phase analyzer. Thehought to be a trivial result of uncompensated solution
partial semicircles produced by the frequency scans on theresistance; averaging of those peak potentials gives a “formal
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Figure 2. Differential pulse voltammograms (DPV, Panels A and B) and ac impedance-derived double-layer capaCijafeasels C and D)

and charge transfer resistané®s (Panels E and F) of 0.1 mM MPC solutions (in 0.05 M4sNKIO, 2:1 toluene:acetonitrile) and anchored MPCs.
Left panels are based on preparations according to Figure 1A,C. Panel A: DPV of C4Au MPC solution (- - -) and anchored C4Au meiolayer (
Panel C: Cp, results for anchored C4Au monolayer)(and for TBBT monolayer self-assembled on /) (Panel E: Rcr results for anchored
C4Au monolayer ¥). Right panels are based on preparations according to Figure 1B. Panel B: DPV of anchored monolayers of fractipnated (
and unfractionated{-) C7-TBBT-Au MPCs and solution of fractionated C7-TBBT-Au MPCs (- - -), for which the current peaks are labeled with
an asterisk (*) and the experimental time of ca. 20 min is too short for surface attachment reaction of Figure 1B to be significant. Eanel D:
results for anchored monolayer of fractionat® and unfractionatech¢co) C7-TBBT-Au MPCs and naked Au electrode.(Panel F: Rcr results

for anchored, fractionated, C7-TBBT-Au MPC monolaye).(The sharp changes @ andRcr at the most negative potentials in panels D and

F may be artifacts due to concurrent reduction of oxyd&#ac is thought to lie at the arrows in Panels-E.

potential” that is characteristic of a certain change in the charge for DPV results in MPC solutions and are given in Figure 3 for
state ¢) of the MPC core. The formal potentials for successive the Figure 2A,B results of solutions (Figure G, v) and
quantized double layer capacitance chargizfis:- 1, can be anchored MPC monolayers (Figure®8 v) of C4Au and C7-

showr? to vary with charge state as TBBT-Au MPCs. Except at the most positive charge sfdtes
(z— 1/2e of the C4Au MPCs, the plots are Iingar and have mostly similar

E(L)z& =Eppet ——— (1) slopes. The results fdCcy for solution and anchored C4Au
Cewu MPCs are 0.59 and 0.75 aF/cluster, respectively; for solution

and anchored C7-TBBT-Au MPCs, the results are 0.55 and 0.53
aF/cluster, respectively. It is clear that MPCs have similar double
layer capacitances whether dissolved in solution or surface
the Co. results from ac impedance (Figure 2C,D, see arrows). an_cho_re_d, i.e., surface anchoring has_a minor effect on the nature
Double layer capacitance is well known to exhibit a minimum of individual cluster/electrolyte solution interfaces.

near the potential of zero charge of an electrified interfdce. Figure 2C-F (v) shows results of ac impedariéeneasure-
Equation 1 predicts linear plots of charging peak potentials ments on the two kinds of anchored MPCs. In ac impedance,
(Egz,l) against charge state change. The charge state changeurrents and their phase angles with applied voltage are
z= 0/+1 is, for example, assigned to the first DPV peak that measured as a function of ac potential frequency, the results
is positive of—0.2V (Epzc). Such plots have been shown before  being presented as impedances vectorially resolved into zero

whereEpzcis the MPC potential of zero charge=< 0), which
is taken to be about0.2 V versus Ag/AgCl according to the
pronounced minima in the DPV traces (Figure 2A,B) and in
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Figure 3. Plots of eq 1 for DPV formal potentials for C4Au and C7-TBBT-Au MPC solutions and anchored monolayers. Valiigs vbm the

slopes are 0.75 aF (C4 Au monolayer; 0.66 aF if the points in the curving, most positive potential part of the plot are omitted), 0.59 aF (C4 Au
solution), 0.53 aF (C7-TBBT-Au monolayer), and 0.55 aF (C7-TBBT-Au solution). Calculati@zef from the potential differencAV between

thez = +1/0 and 0+1 DPV peaks gives 0.42 and 0.53 aF/cluster for solution C4 Au and C7-TBBT-Au MPCs, respectively, and 0.46 and 0.55
aF/cluster, respectively, for the anchored MPCs.

and 90 phase angle elements, which represent the resistive and The z = 0/+1 capacitance charging peaks in Figures 2C,D
capacitative characteristics, respectively, of the electrode/ (¥) can be considered as parallel charging of a number of MPC
electrolyte interface. The capacitance and resistance results botlcapacitors equal to the coverage of surface-anchored MPCs.
show undulations, with maxima and minima. We next consider Assuming that the capacitances of individual surface-anchored
the origin of the undulations in capacitance and resistance andC4Au and C7-TBBT-Au MPCs (i.e., 0.75 and 0.53 aF, from
the significance of the individual values of resistance and Figure 3) are the same as solution-dissolved ones yields
capacitance. The results for capacitance will be considered first.estimates of their coverages 06810/cn¥ and 5x 104%/cn¥

The maxima and minima of the undulations in capacitance (°f 1-3x 107**and 0.8x 107 mol/cn?), respectively. These
in Figure 2C,D ) lie (within the resolution of the results) at cOVerages correspond to average MPC footprint diameters of
the same potentials as the DPV current peaks in Figure 2A,B abou.t 4 aﬂd 5 nm, respectlvgly (assumlng hexagonal close-
(—). It seems evident that the spacing between the capacitancé)aCk'ng’ Figure 1E cartqon), dimensions which exce_ed the sum
undulations, as in DPV, manifests the spacing between theof actual average core diameters and monolayer chainlength and

“formal potentials” (eq 1) of successive charge state changesW:élc(Z(;mply that the monolayers are, on average, not tightly

of the ensembles of anchored MPCs. The capacitance undulaP ) . . . I

tions are formally analogous to redox pseudocapacitance We turn last to interpretation of the resistance data in Figure
2E,F. Note that the undulations of the measiReflvalues seem

peakst®18that is, the capacitance maximum at é#0.4 V in to mirror th Fi 2CD)i i but i
Figure 2D () is az = 0/+1 charging peak for removal of a O mirror those seen ( Igure 2, ) in capacitance, u W‘&h
rising to maxima at potentials whet@p_ drops to minima.

ingle electron from h anchor 7-TBBT-Aucl r, which _ ; -
single electron from each anchored C u cluster, ¢ Figure 1D presents an equivalent circuit of the electrode

is formally analogous to the single electron oxidation of a . ! . . - .
ferrocene monolaver. mterface_ Whl_ch contains a _para_llel reS|stance/capaC|tqr combina-
y

s o ) tion (which is measured in Figures—F) in series with the
~ Other results in Figure 2C,D provide important supporting yncompensated solution resistance (the latter is eliminated
information. (a) The_ capacitances of a Au electrode bearing a during the impedance analysis). The observed parm@#eCo.
TBBT monolayer (Figure 2Cl) and of a naked Au electrode  equivalent circuit could be one of two possible combinations.
(Figure 2D,®) are both smaller than that of surface-anchored |n one, theRer charge transfer resistance element could represent
MPC monolayers (Figure 2C,Dy). (b) The capacitance  the resistance3cr, ik, of the 4,4-thiobisbenzenethiolate linker
minimum for the TBBT monolayer (Figure 2@) is shallow molecule(s) between the electrode and MPC,@gndrepresents
(as is typical of SAM surfacé3 and lies near-0.2 V, consistent  the capacitanc€p_g. of the electrode/MPC interface. In the
with assignment of this value as tBgzc of the MPC clusters.  second possibility, th€p, term represents the double layer
(c) AnchoringunfractionatedC7-TBBT-Au MPCs (Figure 2D,  capacitance of the anchored MP@g(u, measured above) in
O) produces none of the charging peak fine structure seen fortheir electrolyte bath, anBcr represents the resistance to charge
the fractionated MPC (Figure 2Dy), consistent with the transfer Rcrwmpo) of the MPC interface with the solution, or
analogous comparison in Figure 2B, and with simulations of with surrounding MPCs. We will conclude, below, that the
effects of core size dispersity on the appearance of quantizedresistance element of the latter RC combination is probably that
charging responses of diffusing MPEs. which is detected in Figure 2E,F.
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