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ABSTRACT

Rebecca L. Wolfe: Novel Gold Monolayer Protected Clusters: Synthesis,
Characterization, Separation, and Functionalization
(Under the Direction of Dr. Royce W. Murray)

Chapter One is an introduction to monolayer protected clusters (MPCs) and their
unique size-dependent properties.

This chapter also serves as an introduction to the

methods of synthesis, characterization, functionalization, and separation of MPCs that have
been explored in the literature.
Chapter Two demonstrates how the Brust synthesis of thiolate-protected gold clusters
has been modified to produce identifiable proportions of a hexanethiolate-protected Au225
core nanoparticle that display quantized double layer charging voltammetry consistent with
a Au225 core dimension. Transmission electron microscopy (TEM) and thermogravimetric
results indicate an average nanoparticle formula of Au225[(S(CH2)5CH3)]75. A simulated
pulse voltammogram that accounts for the TEM nanoparticle dispersity matches reasonably
well with that of the polydisperse synthetic sample containing the Au225 component. In
confirmation of the size determination, an HPLC analysis using ratiometric absorbance and
electrochemical detectors gives a core radius of 1.0 nm for the Au225 nanoparticle.
Chapter Three describes the synthesis and compositional analysis of four different gold
clusters with protecting monolayers comprised solely of ferrocene hexanethiolate ligands.
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The gold nanoparticles have average core diameters of 1.4, 1.6, 2.0, and 2.2 nm with
estimated average atom counts of 55, 140, 225, and 314 Au atoms and average monolayer
coverages of 37, 39, 43, and 58 ferrocenated ligands, respectively. The data show
unequivocally that the number of ferrocene hexanethiolate ligands bound to each core size
is constrained by the steric requirements of the ferrocene head group; the ligand numbers
are significantly smaller than those for hexanethiolate ligands bonded to analogoussized Au
cores. Voltammetry of dilute solutions of these nanoparticles shows a large ferrocene
oxidation wave and, at more negative potentials, smaller one-electron waves for the
quantized double-layer charging of the Au cores. Together, the ferrocenes and core of the
ferrocenated Au314 nanoparticle deliver 60 electrons at the ferrocene oxidation potential,
which amounts to a very large volume charge capacity, 7 x 109 C/m3, for an undiluted
nanoparticle sample.
Chapter Four describes how Au nanoparticles fully coated with ω-ferrocenyl
hexanethiolate ligands, with average composition Au225(ω-ferrocenyl hexanethiolate)43,
exhibit a unique combination of adsorption properties on Pt electrodes. The adsorbed layer
is so robust that electrodes bearing sub-monolayer, monolayer, and multilayer quantities of
these nanoparticles can be transferred to fresh electrolyte solutions and then exhibit stable
ferrocene voltammetry over long periods of time. The adsorption kinetics is quite slow and
monolayer and sub-monolayer deposition can be described by a rate law that is first order
in bulk concentration of the nanoparticles and in available surface of the platinum
electrode. The adsorption mechanism is proposed to involve ion-pair bridges between
oxidized (ferrocenium) sites and certain specifically adsorbed electrolyte anions on the
electrode. Adsorption is promoted by potential scanning through the ferrocene redox wave
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and by high concentrations of Bu4N+X− electrolyte (X− = ClO4−, PF6−) in the CH2Cl2
solvent; there is no adsorption if X− = p-toluenesulfonate or if the electrode is coated with
an alkanethiolate monolayer. The electrode double layer capacity is unchanged in the
presence of the ferrocenated layers, and the adsorbed nanoparticles can be gradually
desorbed by scanning to potentials more negative than the electrode’s potential of zero
charge. The full-width-half-maxima of the symmetrical voltammetric peaks of an adsorbed
monolayer of ferrocenated nanoparticles are considerably narrower (typical 35 mV) than
expected (90.6 mV, at 298 K) for a one electron transfer or for reactions of multiple,
independent redox centers with identical formal potentials.

The peak narrowing is

explicable by a surface activity effect involving large, attractive lateral interactions
between nanoparticles and by a proposed series of reactions of ferrocene sites whose
formal potential values become successively altered as ion-pair bridges are formed.
Chapter Five presents the use of anion-induced adsorbed Au225(ω-ferrocenyl
hexanethiolate)43 on carbon-paper-supported carbon aerogel (nanofoam) electrodes as
novel materials for supercapacitors. The specific capacitance (in F/g) of the carbon
nanofoam electrode increases by more than 8000% upon adsorption of the ferrocenyl
functionalized gold MPCs. This remarkable increase in capacitance can be attributed to the
pseudocapacitance derived from the redox charging of the monolayer as well as the doublelayer capacitance arising from the charging of the gold core. The carbon nanofoam
electrode is also ground into a fine powder to increase the surface area, and similar studies
with adsorbed ferrocenated MPCs are performed. While the capacitance of the powder
does increase upon adsorption of the MPC, it does not surpass that of the intact MPCmodified nanofoam electrode. Scanning electron microscopy shows that the powder is
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quite polydisperse in size and shape, and the dropcast method to analyze the powder
electrochemically leads to nonuniform distrubition of the powder onto surfaces.
Chapter Six investigates the catalytic properties of Pd, Au, Ag, and bimetallic AgAu
MPCs. A polar protecting monolayer shell consisting of N-(2-mercaptopropionyl)glycine
ligands (also known as tiopronin) is used to allow for solubility in water. The reaction that
is catalyzed by all four MPCs is the reduction of 4-nitrophenol in the presence of sodium
borohydride, which on its own does not reduce the substrate. The four MPCs all
successfully catalyze reduction, and first-order rate constants are derived and found to be
comparable with other literature values. Pd MPCs are not surprisingly significantly faster
than the other three MPCs, but, more interestingly, the bimetal AgAu MPC catalyzes the
reduction faster than that of the monometallic Ag and Au MPCs.
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CHAPTER I
INTRODUCTION TO MONOLAYER PROTECTED METAL CLUSTERS

1.1

Introduction

While study of the unique properties of colloidal gold has been an increasingly popular
field of scientific research, colloidal gold has actually been used for centuries, often as a
method of staining glass. The Lycurgus Cup, made of gold and silver colloids, is the
oldest example of manipulating the unique optical properties of metal colloids. The cup
dates back to the Romans in the fourth century AD and is well known for its unusual
coloring.1 When the cup is viewed in reflected light, for example in the daytime, it appears
green, however when light is shone through the cup and transmitted through the glass, the
cup appears red. In the seventeenth century, colloids of tin dioxide and gold, known as
“Purple of Cassius”, became a popular glass coloring agent.2 The creation of unusual
colors using metal colloids led to the investigations of Michael Faraday into the colors of
gold clusters in the middle of the 1800s, effectively beginning the field of colloidal
science.3
Despite the rich history of colloidal chemistry , it is still an exciting and constantly
evolving field. Increasingly the field, as well as much of science, is moving toward smaller
dimensions. When gold clusters can be reduced down to the lowest end of the nanoscale (<
10 nm), unique physical and chemical properties emerge that can be exploited in
applications including biolabeling,4,5 luminescent tagging,6,7 catalysis,8 sensing,9-11 and

release of chemical reagents in biological systems.12 Metal clusters require additional
support in the form of a chemisorbed monolayer shell, typically with organic thiolated
ligands owing to the strong gold-sulfur bond, and, as the clusters get smaller in size, these
stabilization supports become increasingly important in determining the structural and
chemical properties of the cluster system.13-16 The monolayer prevents aggregation of the
metal cores and allows for the nanoparticles to be dissolved, dried, and redissolved without
alteration or degradation. Ligand-capped gold clusters have been known for a number of
years,17,18 however only in the past decade has the practical formation of stable and
isolatable monolayer protected clusters (MPCs) been demonstrated.19
1.2

MPC Synthesis

In early 1994, Brust, Schiffrin, and coworkers19 developed a two-phase (water-toluene)
synthesis of stable 1 – 3 nm gold MPCs that penetrated the metal to molecule transition
range for this metal. In the original reaction, addition of dodecanethiol to organic phase
AuCl4- in a 1:1 mole ratio, followed by reduction by BH4-, leads to dodecanethiolateprotected gold MPCs:
AuCl4- (toluene) + RSH à (-AuISR-)n (polymer)
(-AuISR-)n + BH4- à Aux(SR)y

(1)
(2)

The “Brust-Schiffrin” synthesis is commonly believed to be a growth, nucleation, and
passivation process, however the mechanism is still not completely understood.
Our lab has embraced the Brust-Schiffrin synthesis while extensively modifying it over
the years. While the synthesis described usually results in MPCs with a core size
distribution, it has been shown that several factors can affect the average gold core size as
well as size monodispersity, incuding (i) larger thiol-gold ratios which give smaller average
gold cores,20,21 (ii) fast reductant addition and cooler reduction temperatures which result in
2

more monodisperse and smaller gold cores,20,22 and (iii) quenching of the reaction
immediately after reduction which produces larger amounts of smaller gold cores (≤ 2
nm).23,24
While the Brust-Shiffrin method is most well-known for creating alkanethiolate
protected gold clusters, much research interest has been in the modification of the
synthesis, both in terms of the metal core and the stabilizing monolayer. The synthesis has
been modified to produce MPCs with different metal cores such as palladium,25-27
platinum,8,27-29 copper,30 and silver27,31-34 as well as bimetal35 cores. The supporting
monolayer for organic-soluble MPCs can be made up of organothiolate,19,36-38
organophosphine,39-41 or organoamine42 ligands, which can undergo further modification
through place exchange reactions38,39,42-48 leading to heterogeneous ligand shells.
Monolayers have also been extensively functionalized, either through place exchange
reactions or as the incoming ligand in the Brust-Schiffrin synthesis, with various end
groups including redox-active groups49-53 to investigate multiple electron transfer, electron
donating and withdrawing groups54 to examine substituent effects on the metal core, and
polar groups26,32,55,56 to create water-soluble MPCs. As MPCs become increasing utilized
in the fields of catalysis, biosensors, drug delivery agents, and nanoelectronics their
synthesis and functionalization continues to be an active area of research.
1.3

MPC Size Dispersion and Separation

Gold MPC synthetic routes all lead to a distribution of metal core sizes that can be tuned
through a variety of synthetic conditions.20 The resulting gold nanoparticles are always
polydisperse in size, meaning more than one core size is present. Since the physical and
chemical properties of the smallest metal clusters are size-dependent, it is desirable to have
as monodisperse a sample as possible. Although it is virtually impossible to create a
3

sample that is completely monodisperse in size, several techniques have been developed
that significantly aid the size dispersion challenge. These methods include heating,57
etching,58 annealing,59,60 and vapor treating,61,62 however the detailed mechanism behind
these techniques are still not well understood. Another route to core size monodispersity is
through separation and isolation of the various core sizes. Diverse methods have been
developed including solubility solvent fractionation,22 gel electrophoresis,63,64 capillary
electrophoresis,52,65-67 size exclusion chromatography (SEC),68-71 ion exchange
chromatography (IEC),72 ion-pair73 and reverse phase HPLC,74-78 ultracentrifugation,79 and
molecular imprinting.80
While all of these separation techniques have been shown in specific examples to
successfully separate MPCs, many of them present significant problems. For example,
while solvent fractionation is an excellent method to isolate large amounts of certain cluster
sizes, it can be time-consuming, and it is not always possible to find a suitable solvent to
separate selected core sizes. Gel electrophoresis and capillary electrophoresis are also
favorable techniques, however they have only been shown to work with water-soluble
nanoparticles. Disadvantages of chromatographic separations include irreversible
adsorption to SEC packing materials and the inapplicability of IEC and ion-pair
chromatography for neutral MPCs. Reverse-phase HPLC has emerged as an excellent,
high-resolution method for separating organic-soluble MPCs in the 1 – 2 nm core size
range. The optimization of HPLC conditions for separating nanoparticles is still a growing
area of research owing to the complicated nature of the separation.
1.4

Core Size Dependent Properties of Gold MPCs

Much of the interest in gold MPCs is their size-dependent, or quantized, properties, most
evident in their optical and electrochemical traits. The optical properties are apparent in the
4

absorbance spectra of the different sized gold MPCs. For example, the smaller gold MPCs,
with cores originally presumed to be composed of ca. 38 gold atoms but later revealed to be
of 25 atoms,81 reveal step-like transitions over ca. 300 to 500 nm and a weaker band at ca.
700 nm,24,82,83 but as the gold core gets larger, these features become smeared out,84 until
eventually, at ca. 200 gold atoms, a surface plasmon band at ca. 520 nm appears.78,85,86 As
the gold core increases to even larger clusters, the surface plasmon band becomes more
well-defined until eventually the absorbance spectrum resembles that of the bulk metal.
The size-dependent electrochemical properties of gold monolayer protected clusters
have been fascinating scientists over the last decade or so and have been extensively
investigated by our lab59,78,82-84,87-90 and others.60,91-94 Voltammetry of MPCs with gold
core diameters smaller than ca. 1.6 nm displays a distinct, large space between the first
oxidation and the first reduction peak. This spacing has been assigned to the HOMOLUMO energy bandgap owing to the molecule-like properties of the very small gold
clusters.82,84
MPCs with gold core diamaters larger than or equal to ca. 1.6 nm exhibit very different
voltammetric behavior in that their voltammetry shows a series of evenly spaced peaks,
with each peak representing a one electron transfer to or from the gold core. We have
coined this phenomenon “quantized double-layer (QDL) charging” as it arises from the
cluster’s sub-attofarad capacitance (CCLU) associated with the ionic space charge that forms
around an MPC dissolved in a solution of electrolyte.36 Charging of the nanocapacitor by
single electrons occurs in potential intervals, ∆V = e/CCLU, where e is the electronic charge,
that exceed kBT.87,90 The potentials of the electrochemical current peaks seen in
voltammetry provide definitive evidence to the charge state of the gold core, and the
minimum in the overall capacitance profile presents information on the potential at which
5

the MPC gold core has zero charge (EPZC).95 Figure 1.1 shows the cyclic voltammogram,
with gold core charge states labeled, of a solution of highly monodisperse MPCs with an
average composition of 140 gold atoms and 53 hexanethiolate ligands (Au140(SC6)53).
When dissolved in an electrolyte solution, a gold MPC can be considered a concentric
sphere capacitor, as shown in Figure 1.2, where the metal core acts as the inner conducting
sphere, the organic monolayer as the dielectric, and the boundary of conducting ions as the
outer sphere.88 The equation for the concentric sphere capacitor model, which relates the
cluster capacitance (CCLU) to the core radius (r), is as follows:
r
C CLU = 4πε 0ε  (r + d )
d 

(3)

where ε0 is the permittivity of free space, and ε and d are the static dielectric constant and
the thickness of the monolayer, respectively. Because CCLU is inveresely proportional to
∆V, this equation dictates that as the gold core gets larger in size, the peak potential
spacing decreases until ∆V < kBT (thermal spreading, ca. 26 mV at 298 K), where the
voltammetry is seen as an unresolved current continuum more characteristic of bulk gold.
Electrochemical and optical analysis of gold MPCs continues to exploit the core-size
dependent properties and has lead to many interesting discoveries that should aid
researchers in their fundamental understanding of small metal clusters.
1.5

Determination of Number of Gold Core Atoms

With the smallest metal cluster sizes, very small changes in the core size and structure
can lead to dramatic changes in the electronic properties; thus there is a great importance in
determining clusters’ atom counts and configurations. Evidence supports that there are
specific closed-shell configurations that are favored by gold clusters and identified as
“magic numbers.”22,96-100 Much theory has been devoted to uncovering the number of
6

Figure 1.1. Cyclic voltammogram of 0.2 mM Au140(SC6)53 in CH2Cl2 with 0.1 M
Bu4NClO4 at 283 K with scan rate of 0.1 V/s.

7

1.00E-05
8.00E-06
6.00E-06

Current (A)

4.00E-06
2.00E-06

+4

+3

0

+1

+2

-2

-1

0.00E+00
-2

-2.00E-06
-4.00E-06

+4

+3

+2

+1

0

-1

-6.00E-06
-8.00E-06
-1.00E-05
-1.20E-05
1500

1000

500

0

-500

-1000

Potential (mV) vs. Ag QRE

8

-1500

-2000

-2500

Figure 1.2. Concentric sphere capacitor model for a monolayer protected gold cluster.

9

Metal Core
(Conductor)

Moniolayer
(Dielectric)

Electrolyte Solution
(Conductor)

r
C CLU = 4πε 0 ε  (r + d )
d 

10

atoms of small gold clusters and their structures including a series of gold clusters spanning
the size range from Au6 to Au147 with core diameters of 0.7 to 1.7 nm studied by Rösch et.
al.97 Their theoretical investigation was aimed to analyze the convergence of cluster
properties toward the corresponding bulk metal values. In their research, they calculated
positive gold 4f core level binding energy shifts for the surface sites, which distinguish
among the corner, edge, and face-centered sites, providing theoretical evidence of a
heterogeneous gold core surface.
In another theoretical study, Landman et. al. investigated slightly larger gold clusters,
analyzing the structures of clusters ranging from Au40 to Au20099 and reporting a discrete
sequence of optimal clusters with different structural motifs, in particular focusing on the
decahedral structures. Whetten et. al. showed, through atomistic modeling and x-ray
powder diffraction alaysis, that many of the MPC gold cores, including Au140 and Au225,
prefer the truncated octahedral (TO) shells, in particular the TO+ shape which is defined as
(0 < n – m ≤ 4), where n is the number of atoms between (111) facets, and m is the number
of atoms between (111) and (100) facets.100 Most analytical techniques are insufficient to
determine the extent of truncation so the actual atom count has some uncertainty, for
example it is likely that a sample of Au140 MPCs also contains some clusters with cores of
Au142 or Au144.
While theoretical studies of gold clusters have been well documented, there has also
been intriguing experimental work devoted to learning more about the atom counts and
structures of gold clusters. Although electron microscopy has been a valuable tool in the
study of large metal colloids, at the sub-2-nm scale the technique is insufficient in
distinguishing clusters that differ only by several core atoms.101-104 Single crystal X-ray
diffraction is a more effective method of precisely determining the cluster atom count and
11

structure of both the metal cluster and organic monolayer with which electronic properties
can be correlated.105-115 However, most clusters of recent interest have not been
successfully crustallized owing to the polydispersity, or size distribution, of the cluster
samples.116
Several other analytical techniques are showing promise in the determination of precise
cluster core stoichiometry and structure. One such technique is mass spectrometry, both
with matrix-assisted laser desorption ionization (MALDI) and electrospray ionization
(ESI).63,64,81,116-118 Despite the fact that mass spectrometry is emerging as a valuable
technique in core size determination, the analysis still has several difficulties to overcome,
including resolving multiple core sizes in polydisperse samples. Another promising new
technique, quantitative high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), is being employed by Nuzzo et. al. to determine atomic
compositions and monodispersity of monolayer protected gold clusters.119,120 HAADFSTEM has the ability to provide both images as well as atom counts of individual
monolayer protected clusters with sub-nanometer gold cores. While great strides have been
made in the search for analytical techniques that can provide precise atomic and structural
information of polydisperse cluster samples, it is still very much an active area of research.
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CHAPTER II
ANALYTICAL EVIDENCE FOR THE MONOLAYER PROTECTED CLUSTER
Au225[S(CH)2CH3]75
2.1

Introduction

Metal nanoparticles have been of great interest over the past decade, due in part to the
entry they offer to the bridge between bulk and molecular behaviour of chemical
materials.1 Nanometer-scale materials present new chemical, electronic, and physical
properties, which can be size-dependent,1 and which have been useful in applications
including instrumentation improvement,2,3 biological detection,4,5 and catalysis
promotion.6,7 When surrounded by self-assembled monolayer shells, the stability of
nanometer-sized clusters can be dramatically improved, thereby increasing the accessibility
of chemical experimentation with the clusters. In the case of thiolate monolayer-coated Au
cores, such nanoparticles have been dubbed monolayer-protected clusters (MPCs).1
The initial report by Brust et. al8 of the organic-phase synthesis of thiolate monolayerprotected Au MPCs has been followed by growing interest in their exploration. Much
literature has been produced on Au MPCs with cores ranging from 11 to 140 Au atoms, but
little about relatively “larger” Au cores. It is known that very small metal clusters (with
core diameters < ~ 1.6 nm) display molecule-like properties, while relatively larger clusters
(with core diameters > ~ 10 nm) demonstrate properties of a bulk sample of the core
metal.9 Exploring the intermediate sizes of metal cores offers a better understanding of the
properties lying between molecular and bulk behaviour.

Many properties of Au MPCs are quantized, or size-dependent; consequently, gaining
knowledge on different core-sized MPCs will be valuable in understanding these
properties. Size-dependent MPC properties particularly appear in electrochemical and
optical properties. The latter vary greatly with the size of the Au core;10-18 the absorbance
spectra of MPCs with small Au cores (diameter <1.6 nm) exhibit distinct step-like
transitions over ~300 to 500 nm and a weaker band at ~700 nm. These features are lost
with increasing size—Au140 cores have nearly featureless spectra, and for larger Au cores, a
surface plasmon resonance absorbance peak appears at ~520 nm. This band’s intensity is
strongly correlated with the size of the metallic core,9 increasing with core size until the
spectrum resembles that of the bulk metal.
The electrochemical properties of Au MPCs have been investigated by us19-27 and
others.28-31 Au MPCs with core diameters less than about 1.6 nm display molecule-like
electrochemistry with a clear energy gap that can be related to their optical absorbance
band edge. MPCs with core diameters = 1.6 nm (Au140) display capacitor-like quantized
double-layer (QDL) charging in their voltammetry. The potentials of one electron core
charge increments are separated by ∆V = e/CCLU where e is the electron charge and CCLU is
the electrostatically-governed double layer capacitance of individual MPCs. CCLU grows
with MPC core size, so that ultimately, ∆V spacings between adjacent one electron steps
become too small to resolve when their values approach kBT (which at 298 K equals ca. 26
mV). Besides Au140,20,21 there has been only one previous description31 of QDL of very
large core clusters (diameter 3.7 nm, ca. 1400 Au atoms), and judging from the pulse
voltammetry peak widths reported (50-55 mV), achieving voltammetric resolution was in
part because of surface adsorption effects.32 Thus, Au MPCs in the size range above 140
Au atoms are of continuing interest.
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Presented here is the synthesis and investigation of hexanethiolate-protected MPCs with
225 Au atom cores. These nanoparticles, like Au140 MPCs, display size-dependent
properties, notably quantized double layer charging in their voltammetry. The behaviour
of these MPCs, with core radii of 1.0 nm, thus differs from that of bulk metal. The
determination of the size and exploration of the properties of these MPCs are performed
using transmittance electron microscopy (TEM), thermal gravimetric analysis (TGA),
electrochemical voltammetry, UV/vis absorbance spectrophotometry, and high
performance liquid chromatography with absorbance and electrochemical detection. This
report constitutes a more exacting study than our previous, unrefined preparation of
dodecane thiolate-protected MPCs,9 that was modelled as producing a mixture of Au225 and
Au314 that displayed no QDL features.
Our laboratory has previously described using high performance liquid chromatography,
with columns of stationary phase C8 and phenyl in series, to separate Au MPCs of varying
core sizes.22 The MPCs can be detected optically, using a photodiode array (PDA)
detector,22 and amperometrically, using an electrochemical flow cell detector25,33 to
measure currents due to electronic charging of the cores. In the latter detector, the MPCs
in eluted bands transfer electrons so as to equilibrate their Fermi levels with that of the
applied electrode potential. The peak current detected depends on the potential applied to
the flow cell working electrode and on the double layer capacitance of the nanoparticle,
which in turn depends on the MPC monolayer thickness (d) and core radius (r). We have
shown that the PDA and electrochemical detectors can be used in a ratiometric manner to
determine the size of the eluted MPCs,33 and here apply this method to the Au225 MPCs.
2.2

Experimental Section
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Chemicals. Hexanethiol (HSC6, >99%), tetraoctylammonium bromide (Oct4NBr,
>98%), sodium borohydride (NaBH4, >98%), and tetrabutylammonium perchlorate
(Bu4NClO4, >99%) were used as received from Aldrich, as were toluene (Fisher, reagent
grade), acetonitrile (Fisher, Optima), methylene chloride (Fisher, HPLC grade), and ethanol
(HPLC grade). HAuCl4·xH2O (from 99.999% pure gold) was synthesized using a
literature procedure34 and stored in a freezer at -20 oC. Water was purified using a
Barnstead NANOpure system (18 MO).
Synthesis of MPCs. MPCs were prepared as in previous work.9 Briefly, 3.19 g of
HAuCl4·xH2O in 100 mL of deionized water was added to a vigorously stirred solution of
5.20 g of Oct4NBr in 200 mL of toluene. The HAuCl4·xH2O aqueous solution changed
from yellow to clear and the toluene solution from clear to orange-brown as the AuCl4- was
transferred from the aqueous to the organic phase. A 2-fold molar excess, relative to gold,
of hexanethiol (2.29 mL) was added to the isolated organic phase which was then stirred
for 20 minutes at room temperature. Reduction to a dark solution was accomplished—
while rapidly stirring at 0 oC—by quickly adding 10 mL of an aqueous solution containing
3.8 g of NaBH4. Stirring was continued for 1 hour at 0 oC; the organic phase was then
collected and the solvent removed on a rotary evaporator at room temperature. The black
product was suspended in 200 mL of ethanol for 2 hours. Using a glass frit, the product
was collected and cleaned with 600 mL of ethanol and 200 mL of acetonitrile.
Thermal Analysis. Thermogravimetric analysis (TGA) was performed with a Seiko
RTG 220 robotic TGA. The MPC sample of 6 mg was placed in an Al crucible within a Pt
crucible. The sample was heated from 30 oC to 600 oC at 15 oC per minute.
High-Resolution Transmission Electron Microscopy (TEM). TEM measurements
were performed on MPC samples that were dropcast (from ~1 mg/mL in CH2Cl2 solution)
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onto standard carbon-coated (200-300 Å) Formvar films on copper grids (600 mesh) and
dried in air for at least 1 hour before imaging. Phase-contrast images of the particles were
obtained using a side-entry Phillips CM12 electron microscope operating at 120 keV.
Images were obtained at 580,000 X magnification. Au core diameters were measured
using Scion Image Release Beta 3b (1998) software on enlarged TEM image photographs.
Spectroscopy. UV-vis spectra were collected with a Shimadzu UV-Vis (Model UV1601) spectrometer. MPC solutions in CH2Cl2 were freshly prepared before each
measurement.
Electrochemistry. Voltammetry was done with a Bioanalytical Systems, Inc. (BAS)
Electrochemical Analyzer, Model 100B, in 0.1 M Bu4NClO4 in CH2Cl2 solutions that were
degassed and blanketed with high-purity Ar during the experiment. The working electrode
was a 0.4 mm Pt disk, the counter electrode a Pt wire, and the reference electrode a
Ag/AgCl (aqueous) electrode. The working electrode was polished with 0.05 µm Al2O3
slurry and cleaned electrochemically by potential cycling in 0.1 M H2SO4 solution. Cyclic
voltammetry was done at 100 mV/s, and Osteryoung square wave voltammetry was done
with potential steps of 4 mV, square wave amplitude of 25 mV, square wave frequency of
15 s-1, and quiet time of 2 s.
High-Performance Liquid Chromatography (HPLC). HPLC was performed on
CH2Cl2 solutions containing ca. 1.0 mg/mL Au140 and ca. 0.5 mg/mL Au225 using a Waters
600 controller pump and a Rheodyne 7725 injection valve with a 50-µL loop. Two
different configurations were used, one being a stainless-steel silica-bonded BioBasic C8
stationary phase column (250 x 4.6 mm i.d.) in series with a stainless-steel silica-bonded
BioBasic phenyl column (150 x 4.6 mm i.d., Thermo Hypersil, Keystone Scientific
Operations). Both columns had particle sizes of 5 µm with 300 Å pore size. The second
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configuration, performed to test for reproducibility of MPC core size results, was a serial
combination of stainless-steel inorganic/organic hybrid particle-bonded XTerra C8
stationary phase column (250 x 4.6 mm i.d.) and a stainless-steel inorganic/organic hybrid
particle-bonded XTerra phenyl column (150 x 4.6 mm i.d., Waters Corporation), both with
particle sizes of 5 µm and 125 Å pore size. Columns were at room temperature. The
mobile phase for both column sets was CH2Cl2 (with 0.1 M Bu4NClO4 as supporting
electrolyte for the amperometry) at a flow rate of 0.7 mL/min.
To measure optical absorbance, a Waters 996 PDA detection system was used to display
absorbance at 400 nm. For electrochemical detection, a cross-flow LC-44 thin-layer
electrochemical cell (Bioanalytical Systems, Inc.) was connected in-line after the Waters
HPLC PDA detector. The working electrode was a ~3-mm diameter glassy carbon, the
reference electrode was Ag/AgCl (aqueous), and the counter electrode was the stainless
steel electrochemical cell body itself. Signals were read by a locally constructed batterypowered potentiostat (UNC chemistry department electronics shop), converted through a
Waters A/D converter, and monitored by the same software used to record the PDA
chromatograms. Current responses were collected in successive, repeated chromatograms
with the detector working electrode set at varying potentials, so as to define, point-bypoint, one-electron hydrodynamic voltammetric steps for each eluted nanoparticle peak.
2.3

Results and Discussion

Synthesis and Analytical Characterization of Au225 MPCs. In the original Brust
reaction,8 reaction of a 1:1 molar ratio of dodecanethiol and AuCl4- followed by reduction
with BH4-, led to dodecanethiolate-protected Au MPCs having core diameters of 1 – 3 nm.
The general reaction is
HAuCl4·xH2O + RSH à (—AuISR—)N(polymer)
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(1)

(—AuISR—)N + BH4- à AuX(SR)Y

(2)

That initial report has been followed by many others, using different alkanethiols and
varied reaction conditions. While the complexity of the Brust reaction still defies a truly
detailed understanding, and reaction products are invariably poly-disperse in core size, its
importance is in facile production of a range of smaller nanoparticle sizes than other
synthetic routes. Factors important in the nanoparticle size(s) produced are9 the
temperature of the reduction step (lower temperature reduces average size), the thiol-to-Au
atom ratio (larger ratios reduce average size), and the rate of addition of NaBH4 (faster
addition reduces poly-dispersity). The reaction described here using hexanethiolate ligands
produces, according to analytical data presented below, MPCs with a Au225 core size using
a ligand-to-Au ratio of 2:1, 0 oC reduction reaction temperature, and a fast (~10 s) addition
of NaBH4. The ethanol-insoluble reaction product contained the Au225 component.
Generally, ethanol-soluble MPCs have smaller cores20 than their ethanol-insoluble
counterparts; by collecting the ethanol-insoluble fraction and using a 2:1 thiol:Au
reaction—rather than the 3:1 feed favored9 in preparation of Au140 MPCs, a somewhat
larger average core size MPC was produced.
Transmission electron microscopy measurements are shown in Figure 2.1a and b. The
histogram in Figure 2.1b (a TEM composite from three synthetic batches) indicates a mean
core diameter of 2.0 nm with a standard deviation of 0.4 nm. The 2.0 nm diameter is
consistent with that of a “closed shell” truncated octahedral structure (1.96 nm) previously
modelled.9 Thermogravimetric analysis of the reaction product gave the result in Figure
2.1c, where upon heating from 30 oC to 600 oC, the MPC sample lost 17% of its mass—this
represents the organic fraction as previously shown.9 Taking a core mass corresponding to
Au225, the TGA result indicates the presence of 75 hexanethiolate ligands per gold core.
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Figure 2.1. (a) TEM image of Au225[(S(CH2)5CH3)]75 in CH2Cl2; (b) Size-distribution
histogram for several TEM images of Au225[(S(CH2)5CH3)]75 in CH2Cl2 (118 MPCs in total
from three different batches synthesized separately); (c) TGA analysis of organic mass lost
for a sample of Au225[(S(CH2)5CH3)]75; (d) UV/Vis absorbance spectrum for
Au225[(S(CH2)5CH3)]75.
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We thereby take the average formula for the MPC product as Au225[(S(CH2)5CH3)]75.
While this must be emphasized as an average formula, in light of the evident polydispersity, the analytical ligand count is not far from the modelled9 number of 71.
Some comments on the model Au225 dimensions are in order at this point. Through
extensive theory35-37 and experimental evidence from both x-ray diffraction (XRD)35,36 and
high resolution electron microscopy (HREM), 35,36 it has been suggested that Au MPC
cores prefer truncated octahedral (TO) shapes and closed shell structures (so-called “magic
numbers”). Many proposed MPC cores, including Au140 and Au225, are truncated
octahedrons, referred to as TO+ because the shapes are (0 < n - m = 4), where n is the
number of atoms between (111) facets and m is the number of atoms between (111) and
(100) facets.9 Generally, the actual analytical data are insufficient to distinguish the extent
of truncation, which leaves a necessary uncertainty in the atom count. Thus, it is possible
that a sample of Au140 contains some Au142 or Au144, etc. The same uncertainty must be
noted for Au225, whose truncated octahedral shape is illustrated in Figure 2.2. The Figure
2.2 ideal core model has 85 internal atoms and 140 surface atoms, of which 24 are at the
truncated vertexes, 36 are edge atoms, and 80 are terrace atoms.
As mentioned in the introduction, larger MPCs exhibit surface plasmon bands at ca. 520
nm, similar to that of bulk Au. The UV/vis absorbance spectrum of the isolated ethanolinsoluble fraction, in a CH2Cl2 solution, displays in Figure 2.1d a steep decay of
absorbance from low to higher wavelength interrupted only by a weak, broad surface
plasmon band at ~520 nm. The presence of the latter feature signals a somewhat larger
core diameter than the 1.6 nm diameter of Au140 MPCs, where this band was largely
extinguished9,14 by damping effects.12 There is a population of larger core size MPCs in
the present samples that might contribute to the plasmon band in Figure 2.1d, but evidence
29

Figure 2.2. (a) Model of Au225 core with vertex, terrace, and edge atoms labeled; (b)
Osteryoung square wave voltammogram (OSWV) of 0.2 mM Au225[(S(CH2)5CH3)]75 in
CH2Cl2 with 0.1 M tetrabutylammonium perchlorate. OSWV measured with step potential
of 4 mV, square wave amplitude of 25 mV, square wave frequency of 15 s-1, quiet time of 2
s, sensitivity of 1 µA/V, and sampling rate of 256 samples per point; (c) Oxidation scan
only of OSWV of polydisperse Au225[(S(CH2)5CH3)]75; the solid line represents the same
experimental data as in part (b) of this figure. The shaded line represents a simulation
which includes currents weighted according to proportions of various sizes from TEM
histogram (Figure 2.1b), as shown in Ref. 32.
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presented below, in which the sample has been chromatographically fractionated, shows
that the Au225 MPC does display a weak plasmon absorbance similar to that in Figure 2.1d.
Electrochemical Measurements. A small-core Au alkanethiolate-protected MPC that
is not small enough to have developed a molecule-like homo-lumo energy gap, can still
exhibit a size-dependent electrostatic property owing to its sub-attofarad (aF) cluster double
layer capacitance (CCLU). The small MPC capacitance can be attributed to a combination of
small core radius and low dielectric of the surrounding hydrocarbon-like monolayer.20 The
capacitances, CCLU, of individual MPCs dissolved in an electrolyte solution are sufficiently
small that the voltage intervals (∆V) between sequential single electron changes in their
core charges are voltammetrically detectable.20 This phenomenon has been called
quantized double layer (QDL) charging,18,20,23 and the voltage interval is given by20
∆V =

e
C CLU

(1)

where e is the electronic charge. Thus, the electronic charging of the MPC core is a
strongly size-dependent, or quantized, process, in which macroelectrode differential pulse
and cyclic voltammetry of MPC solutions yield a series of observable one-electron current
peaks with diffusion-controlled20 characteristics. The electrochemical current peaks are
termed quantized double-layer charging (QDL) peaks.23,38 The location of these current
peaks on the potential axis gives definitive information on the nature of the MPC core
charging process, and the minimum in the overall capacitance profile gives38b clues as to
the potential at which the MPC has zero electronic charge (EPZC).
The electrochemical principles of QDL are basically the same as those of
macroscopically large electrified interfaces coated with alkanethiolate selfassembled monolayers39 in electrolyte solutions, except for small radius of
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curvature effects that compress the diffuse double layer.40

The MPC capacitances

are dominated by dielectric properties of the monolayer shell, and are remarkably
well predicted20 by the relation for a concentric sphere capacitor, in which the Au
core surface and the monolayer/electrolyte interface, separated by the dielectric of
the alkanethiolate monolayer (of thickness d and
static dielectric constant e), form the concentric spheres. The relevant relation is
r
C CLU = 4πε 0ε  (r + d )
d 

(2)

where CCLU is cluster capacitance, e0 is the permittivity of free space, and r is the radius of
the core. A convenient combination of equations (1) and (2) can be used to calculate an
apparent core radius (r) from ∆V data, provided e can be estimated.



ed
 = 0
r 2 + (rd ) − 
 4πε 0 ε∆V 

(3)

Assuming that the hexanethiolate chains are fully extended, the thickness, d, of the
hexanethiolate monolayer is 0.8 nm. We have taken e = 3.0 for the static dielectric
constant for a hexanethiolate monolayer21 on a small Au cluster, which is close to the value
(2.6) estimated from data on self-assembled alkanethiolate monolayers,39 where it was
assumed that e does not change with chain length. When ∆V has been determined, the only
remaining variable in equation (3) is the radius of the core, r, which can then be calculated.
QDL effects are advantageously seen using pulse voltammetry, which has the general
virtue of magnifying current-potential features that may be weak in the more common
cyclic voltammetry method. Osteryoung square wave voltammetry (OSWV) of the Au225
product is shown in Figure 2.2b. The results are typical—as previously evaluated32 by
simulations—of an MPC sample that has a dominant size population, but which has
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numerous other sizes present that constitute background currents and blur the QDL picture.
Figure 2.2c shows that the experimental OSWV correlates well, especially near EPZC, with
a simulated OSWV of an equally polydisperse sample of Au225[(S(CH2)5CH3)]75. The
simulated voltammogram takes into account the various fractions of different sized MPCs
in the experimental sample as assessed from the TEM results discussed above (Figure
2.1b). The OSWV oxidation scan of simulated and experimental Au225 MPCs correspond
well. The evenly-spaced current peaks, with ∆V = 183 ± 5 mV, are best-defined around
ca. -0.6V vs. Ag/AgCl which should32 be near the EPZC. Using Equation 3, an estimate of r
= 1.0 nm is obtained. This result is consistent with the average core dimension obtained
from TEM data (vide supra), and with a 225 atom core. The QDL results are thus
consistent with the average formula Au225[(S(CH2)5CH3)]75.
The ratio of the peak currents to overall current can be used to estimate the sample
purity. We calculate that the sample in Figure 2.2 is about 20% monodisperse, meaning
that 20% of the MPCs are actually Au225 core-sized MPCs. The pulse voltammetry
gradually becomes less distinct at higher and lower electrode potentials, which is expected
from simulations32 for a background current generated by the charging of the mixture of
larger MPC sizes present in the poly-disperse sample.32
High-Performance Liquid Chromatography with Absorbance and Electrochemical
Detection. The HPLC experiments used optical absorbance PDA and electrochemical
detectors in series. The photodiode array detector detects the optical absorbance of the
MPCs in each eluted peak at their concentration Cconc. Theoretically, the optical
absorbance (Abs) of a solution of uniform spheres that are much smaller than the
wavelength of the detecting light is proportional to the volume fraction of nanoparticles,
Q,12,41,42 which in turn is related to MPC concentration as Q α Cconcr3 (where r is core
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radius and assuming that the monolayer does not contribute to Q). These two relationships
can be combined and simplified to show33 that the MPC absorbance (Abs) is proportional
to the product of MPC concentration and MPC core radius cubed,33
Abs α Cconcr3

(4)

The electrochemical detector is a channel flow cell. The general equation for the current
that arises from a one-electron step (determined as described below) in the electrochemistry
in the channel-like setup in the electrochemical detector is43
ilim

 DA 
= 1.467 nFC conc 

 b 

2/3

Uv

1/ 3

(5)

where n is one, F is Faraday’s constant, A is the area of the working electrode, Cconc and D
are the concentration and diffusion coefficient (cm2/s), respectively, of the MPCs, b is the
height of the channel, and Uv is the volume flow rate (cm3/s). D is inversely proportional
to MPC hydrodynamic radius (r + d) through the Stokes inversely proportional to MPC
hydrodynamic radius (r + d) through the Stokes equation.44
Both the optical and electrochemical signals are related to the size of the cluster, but
neither alone can be used to determine cluster size because each also depends on the
unknown concentration, Cconc, in the eluted band. However, if their ratio is taken,33 MPC
size determination can be achieved since Cconc cancels, giving
A
ilim

a

C conc r 3
2/3
= r 3 (r + d ) ≈ r 11 / 3
2/3
C conc D

(6)

The absorbance-to-current ratio can be used to determine r of an unknown MPC, provided
another MPC of known r is also eluted in the chromatogram, and similarly measured.
The ratiometric experiment was performed with a deliberate mixture of
Au225[(S(CH2)5CH3)]75 and Au140[(S(CH2)5CH3)]53 MPCs, and was also done on two
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different sets of serial columns as described in the Experimental Section. All other
experimental conditions were held constant for both experiments. Figure 2.3a and b, solid
line, show the chromatography of the mixture, using the XTerra columns, giving both
optical and electrochemical outputs. The chromatography of the individual Au140 and
Au225 MPC samples is shown by the dashed and dotted lines in Figure 2.3a and 3b.

There

is a slight difference (~0.2 s) in the retention times in Figure 2.3a and b due to the flow
delay time between the two detectors. The ratios of the Abs and current responses differ,
as expected from Equation 6, since the MPC core radii differ.
Each chromatogram consists of two peaks. From the corresponding absorbance spectra,
Figure 2.3c and d, it is evident that the larger Au225 MPC sample elutes before the Au140
MPC sample, indicating a size-exclusion-like separation mechanism in these small-porediameter columns. While the columns are selective enough to separate the Au140 and Au225
MPCs, they are not sufficiently selective to separate any slightly differently sized MPCs
within the Au225 MPC sample. Thus, although the Au225 MPC sample is poly-disperse,
only one peak appears in each chromatogram for the Au225 sample. (It is also possible that
some larger MPCs are irreversibly retained by the column.)
The double layer charging of the electrochemically detected MPCs is detected without
interference from double layer charging of the working electrode itself because the working
electrode is at a fixed potential. That potential determines the potential to which the MPC
cores are charged, as a kind of pseudoredox process.23,38 It is desirable to define ilim as a
single electron current (n =1 in equation 5), which makes it necessary to map out complete
hydrodynamic voltammograms of the eluted MPCs, to find the current corresponding to a
one electron charge change, as for example, Au225 to Au2251+ . Thus, in Figure 2.3,
repeated chromatograms were performed using serially adjusted changes in the
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Figure 2.3. HPLC chromatograms for a solution of a mixture of Au225[(S(CH2)5CH3)]75
and Au140[(S(CH2)5CH3)]57 (solid line), Au225[(S(CH2)5CH3)]75 alone (dotted line), and
Au140[(S(CH2)5CH3)]57 alone (dashed line) from (a) the PDA absorbance detector and (b)
the electrochemical detector taken at a potential of 350 mV. The corresponding absorbance
spectra are shown for the (c) Au225[(S(CH2)5CH3)]75 and (d) Au140[(S(CH2)5CH3)]57 peaks
obtained from the absorbance chromatogram of the mixture.
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electrochemical detector’s working electrode potential, from +50 to +850 mV, in 50 mV
increments. Figure 2.4 shows the results for the two MPCs. The current peak heights
change in a step-like pattern corresponding to single electron ilim increments in the MPC
core charge.
Table 2.1 gives the results for Abs and ilim for the two MPCs, and on the two sets of
serial columns. When Equation 6 is applied to these results, the relative radii can be
calculated and are reported in Table 2.1. The core radius (0.8 nm)9 of Au140 MPCs is taken
as the calibrant, giving the indicated results for the actual radius of the Au225 MPCs. The
results are very consistent with those from TEM and ∆V evaluations above. The ∆V values
evident in the hydrodynamic voltammetry of Figure 2.4 are larger than those in Figure 2.2.
This is attributed to the large IR drop associated with the channel-like flow cell
electrochemical detector, which affects potential values, but not limiting currents.
2.4

Conclusions

Using various analytical techniques and calculations that take advantage of the oneelectron charging properties of monolayer protected clusters, the core size of a newly
synthesized MPC sample was identified to be 225 Au atoms with a radius of 1.0 nm.
Through multiple analytical techniques the formula for this new MPC was determined to be
Au225[(S(CH2)5CH3)]75. It is interesting to see that although Au225 MPCs are larger than
most previously reported, they still exhibit double layer charging peaks consistent with a
simple concentric sphere capacitor model, which pushes the boundary of nanoparticle and
bulk metal further into larger sized clusters. The HPLC separation with optical and
electrochemical ratiometric detection proved to be an extremely useful method of
confirming the Au225 MPC core size. In the future, this technique should continue
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Figure 2.4. Current vs. potential curves for the single electron charging event of the 0 to +1
state of the eluted bands of (a) Au225[(S(CH2)5CH3)]75 and (b) Au140[(S(CH2)5CH3)]57 with
limiting current shown (ilim).

40

41

Table 2.1. Estimation of Core Size of Au225[(S(CH2)5CH3)]75 MPCs Using
HPLC and Ratio of Optical Absorbance Detector Signal and One-Electron
Charging Currents of MPCs in Two Separate Experiments
retention time absorbance peak height ilim Abs / ilim
(min)
(nA)
(at λ = 400 nm)

rel core radii est core radius
[Abs / ilim]3/11 (r) of MPCs
(nm)

Experiment 1 (BioBasic Columns)
5.9

0.37

4.72

0.078

0.50

1.1

7.4

0.70

28.4

0.025

0.36

0.8

Experiment 2 (XTerra Columns)
5.8

0.71

25.1

0.028

0.31

1.0

6.5

1.94

115

0.017

0.26

0.8
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to prove helpful, for example in studying how or whether core sizes change during various
nanoparticle reactions, such as ligand-exchanges.
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CHAPTER III
FULLY FERROCENATED HEXANETHIOLATE MONOLAYER-PROTECTED
GOLD CLUSTERS

3.1

Introduction

There has been substantial recent interest1-3 in the optical, electronic, and chemical
properties of metal nanoparticles, including the dimensional sensitivity of their properties.
Stable protecting monolayer coatings offer the advantages of facilitating purification,
permitting the investigation of properties according to nanoparticle size, and enabling
analytical characterization and chemical modification of the monolayer, so that an initial
chemically simple monolayer can be transformed into an elaborately functionalized one.
We have reported on the properties of stable gold nanoparticles coated with monolayers of
thiolate ligands, dubbed monolayer protected clusters (MPCs),4 and having various (closed
shell) average atom counts.5 Additionally we have investigated how the MPC monolayer
can be chemically changed by functional group coupling reactions6 or by exchange of one
ligand for another7 to create MPCs with mixed monolayer compositions. Au MPCs have a
core size-dependent set of properties and a protecting monolayer-dependent set of
properties. Further, via dielectric8 or electron-inductive characteristics9 of the monolayer,
core properties can become monolayer-dependent.

Presented here is an investigation of monolayer-protected Au nanoparticles which, for
the first time, have monolayers composed exclusively of ω-ferrocenyl hexanethiolate
ligands, and the cores have, variously, average atom counts of 75, 140, 225, or 314 Au
atoms. These novel MPCs have monolayers that exhibit strong steric effects, and this
paper presents a unique analysis of these effects as a function of core size.
These new ferrocenated Au MPCs undergo electrochemical reactions both by the redox
chemistry of the monolayer’s ferrocene units and by the charging of the Au cores of the
nanoparticles. The result is a capacity to store or release many equivalents of
electrochemical charge over a small potential range. Having a full monolayer of the redox
moiety on the MPC core in particular enhances the number of charges stored per
nanoparticle. Because the MPCs are nanoscopic objects, they exhibit large volume
charge-densities (i.e., volume-based energy densities). The charge is further stored in a
spatially organized manner, in effect being on two spherical surfaces—one being the sphere
of the Au-thiolate bond interface (the core charging), and the other the sphere of ferrocene
termini of the thiolate ligands (the redox charging). This study demonstrates how a fully
electroactive protecting monolayer can combine with the intrinsic, size-dependent
electrochemistry properties of the Au core to create nanoparticles that can transfer as many
as 60 electrons over a small range of electrochemical potential. This charge storage ability
leads to a volume charge density of ca. 7 x 109 C/m3 which is significantly larger than the
previous largest volume charge density (ca. 5 x 109 C/m3) among earlier reported10
electroactive mixed monolayer MPCs.
A further influence on redox charge storage capacity is the steric requirements of the
redox moiety on the spherical outer surface of the MPC. Redox functionalities (ferrocenes
and other moieties) have been previously introduced to Au MPC monolayers10-18 as a
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second step, either by ligand exchange or by coupling reactions with functionalized
monolayers. All previous studies have lead to mixed monolayer MPCs with less than
100% surface loading with the redox moiety. As is presented in this paper, synthesizing
MPCs using only redox-labeled thiols for the protecting monolayer raises the potential
issue of steric interactions during the assembly of the fully functionalized redox-active
monolayer. There have been reports that show that bulky ligands can affect the core
size,19,20 size dispersity,19 core shape,20 stability,21,22 and chemical reactivity18,21,23,24 of
nanoparticles. While the steric hindrances of bulky ligands have been shown before, this
study is unique in that it investigates the steric effects of a fully functionalized monolayer
on the MPCs as a function of core size. Qualitatively, the severity of steric interactions
between redox sites should decrease for smaller and smaller nanoparticles, owing to their
steeper surface curvature. There are no previous data demonstrating this, so the
investigation included a range of small average Au core sizes.
The preponderance of the charge storage capacity of a fully redox labeled MPC lies in
the redox monolayer charging rather than in core charging. The redox capacity, in
charge/volume terms, given the surface area/volume properties of a sphere, is expected to
increase inversely with the overall MPC radius. The double layer charge capacity—for
which the relevant spherical surface area is the core-thiolate interface—is similarly
expected to increase inversely with the overall MPC radius (at least down to where
molecule-like properties emerge). One is therefore driven to examine small MPCs,
leading to choices of Au MPCs with 75, 140, 225, or 314 average atom count cores.
A third factor possibly influential on redox charge storage capacity is the degree to
which a diversity of electrochemical potentials is generated by electrostatic (or other)
interactions between redox sites. These interactions are well-known in electrochemistry of
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chemically modified electrodes25 and self-assembled monolayers.26,27 While the charge
capacity may be un-diminished, its availability becomes spread over a wider span of
electrochemical potentials.
These fully ferrocenated Au MPCs markedly enlarge the growing field of dissolved
nanoscopic materials that can accept or release multiple equivalents of charge of which
several noteworthy examples are discussed here. The electrochemical oxidation28 of a
dissolved redox polymer molecule like poly-vinylferrocene can release as many as 75
electrons per molecule, for example. The poly-vinylferrocene oxidation, and that of the 64
peripheral ferrocenyl moieties29 bound to a fifth generation poly-(propylenamine)-based
ferrocenyl dendrimer, act as independent redox centers so that the reaction has the
voltammetric characteristics of multiple single electron transfers. Nanocomposites of
metal-oxide nanoparticles30 incorporated into conducting polymers like polypyrrole can be
prepared and electrochemically charged and discharged. Conducting polymers31 like
polyaniline can be doped with polyoxometalate anions (e.g., phosphomolybdate) and can
intercalate cations while taking advantage of the reversible multielectron reduction
processes of the anion to electrochemically charge and discharge the polyaniline. Although
an electrostatic rather than chemical phenomenon, the electrical double layers of metal
colloids32 require multiple electrons for charging. C60 fullerenes33 undergo six successive
reductions owing to the triple degeneracy of their LUMO. These examples expose the
diversity of known multi-electron nanoscopic materials.
Comment is needed on the core charging of Au MPCs (with electroinactive protecting
thiolate monolayers), whose electrochemistry8,14,34-47 has been shown over the past several
years to exhibit interesting, size-dependent properties. Very small Au nanoparticles with
core radii below ca. 0.8 nm display molecule-like behavior in their voltammetry by the
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spacing seen between the potentials of the first one-electron reduction and the first oneelectron oxidation peaks. The spacing reflects a HOMO-LUMO energy gap between
molecular orbitals.36,40 Au MPCs with larger core radii (between ca. 0.8 nm and ca. 2.0
nm) and with a low dielectric monolayer shell, so that they have a very small double layer
capacitance (CCLU), display single-electron double layer charging voltammetry in a
phenomenon called “quantized double-layer (QDL) charging”.4 These MPCs have a
more-or-less continuous density of electronic states. For example, charging of the double
layer of an MPC having a capacitance of 1 aF occurs in one-electron current peaks evenly
spaced by an easily detected 160 mV on the potential scale (according to the expression ∆V
= e/CCLU where e is the electron charge).

Core double layer charging of course also

occurs for large nanoparticles, but when ∆V < kBT (thermal spreading, ca. 26 mV at 298
K), it is seen as an unresolved current continuum.32 While these core-based
electrochemical processes are expected to continue to occur when the monolayer is
functionalized with electroactive or other groupings, in previous reports where larger Au
cores were protected by mixed monolayers containing functionalized ligands, the sizedependent core charging electrochemistry could not be discerned. Here, for the first time,
we show that the core charging features are indeed retained in the MPC electrochemistry.
3.2

Experimental

Chemicals. Hexanethiol (HSC6, >99%), tetra-octylammonium bromide (Oct4NBr,
>98%), sodium borohydride (NaBH4, >98%), and tetra-butylammonium perchlorate
(Bu4NClO4, >99%) from Aldrich, and toluene (reagent grade), acetonitrile (Optima),
methylene chloride (HPLC grade), and ethanol (HPLC grade) from Fisher were used as
received. HAuCl4·xH2O (from 99.999% pure gold) was synthesized using a literature
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procedure48 and stored in a freezer at -20 oC. Water was purified using a Barnstead
NANOpure system (18 MO).
Ferrocene hexanethiol (HSC6Fc) was synthesized as follows. Alkyl bromide substituted
ferrocene, synthesized by a published method,49 was converted to the corresponding thiol
by refluxing it (1.106 g, 3.17 mmol) with thiourea (0.600 g, 7.88 mmol) in ethanol (50 mL)
overnight. Aqueous sodium hydroxide was added to the reaction mixture and refluxed for a
further 3h, followed by acidification with HCl to pH ~ 2. The reaction mixture was diluted
with water and extracted with CH2Cl2, and the combined organic phase washed copiously
with water. The material obtained after rotary evaporation of the CH2Cl2 was
chromatographed on silica gel with ethyl acetate/hexanes to give spectroscopically
satisfactory ferrocene hexanethiol.
MPC Synthesis. Four MPC sizes were synthesized. Three of the syntheses were
completed as in previous work,5,42 but with ferrocene hexanethiol as the sole ligand. The
only difference between the three syntheses is the feed mole ratio of thiol-to-gold. Briefly,
3.19 g HAuCl4·xH2O in 100 mL deionized water was vigorously mixed with a solution of
5.20 g Oct4NBr in 200 mL toluene. The aqueous phase changed from yellow to clear and
the toluene phase from clear to orange-brown. Ferrocene hexanethiol was then added to
the isolated organic phase —in 3:1, 2:1, and 1:1 ligand-to-gold mole ratios, and the
colorless reaction mixture was stirred for 20 minutes at room temperature. Cooling it to 0
o

C, and rapidly stirring, 3.8 g of NaBH4 in 10 mL water was quickly added, producing a

dark solution that was further stirred for 1 hour at 0 oC. The organic phase was collected
and the solvent removed on a rotary evaporator at room temperature. The black solid was
suspended in 400 mL of acetonitrile for 6 hours. Using a glass frit, the solid product was
collected and cleaned with excess acetonitrile.
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The fourth synthesis performed was a ligand exchange reaction between ferrocene
hexanethiol and Au55(PPh3)12Cl6 MPCs. The Au55(PPh3)12Cl6 synthesis and ligand
exchange reaction of other, non-electroactive thiols has been described elsewhere.40
Transmission Electron Microscopy (TEM). TEM was performed on a Hitachi HF2000, operated at 200 kV. Samples for TEM were prepared by dispersing the MPCs in
CH2Cl2 and drop casting onto grids with ultrathin carbon films supported by holey carbon
(Ted Pella). The MPC sizes were measured using ImageJ.
Electrochemistry. Voltammetry was done with a Model 100B Bioanalytical Systems,
Inc. (BAS) Electrochemical Analyzer, in 0.1 M Bu4NClO4 in CH2Cl2 solutions that were
degassed and blanketed with high-purity Ar during the experiment. The working electrode
was a 0.4 mm Pt disk, the counter electrode a Pt wire, and the reference electrode a
Ag/AgCl (aqueous) electrode. The working electrode was polished with a 0.05 µm Al2O3
slurry and cleaned electrochemically by potential cycling in 0.1 M H2SO4 solution. Cyclic
voltammetry was done at 100 mV/s, and Osteryoung square wave voltammetry with
potential steps of 4 mV, square wave amplitude of 25 mV, square wave frequency of 15 s-1,
and quiet time of 2 s.
Bulk electrolysis of MPC solutions was performed on the same BAS instrument in 0.050
M Bu4NClO4 in CH2Cl2 solution degassed with high-purity Ar. The working electrode was
a Pt mesh electrode, the counter electrode a Pt wire (in a separate cell compartment), and
the reference electrode a Ag/AgCl (aqueous) electrode.
Other Measurements. 1H NMR of Au MPCs in CD2Cl2 was obtained using a Bruker
400 MHz Avance spectrometer, with a 5 s relaxation delay time. UV-vis spectra of freshly
prepared MPC solutions in CH2Cl2 were taken on a Shimadzu UV-Vis (Model UV-1601)
spectrometer. Thermogravimetric analysis (TGA) was performed with a Seiko RTG 220
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robotic TGA. Samples of 5 mg were placed in an Al crucible within a Pt crucible. The
samples were heated from 30 oC to 600 oC at 15 oC per minute.
3.3

Results and Discussion

Synthesis of Ferrocenated MPCs. In the original Brust et al50 report, reaction of a 1:1
mole ratio of dodecanethiol and AuCl4- followed by reduction with BH4-, led to
dodecanethiolate-protected Au MPCs with core diameters of 1 – 3 nm. The general
reaction can be stated as
HAuCl4·xH2O + RSH à (—AuISR—)N(polymer)

(1)

(—AuISR—)N + BH4- à AuX(SR)Y

(2)

There have been numerous applications and modifications of this basic procedure, one
virtue of which is that it gives synthetic access to very small MPC core sizes. Ligand
exchange procedures16 have also been frequently employed to create MPCs with mixed
monolayers of alkanethiolate and other thiolate ligands; mixed reaction feeds also
accomplish this. There have been relatively fewer reports51-54 on direct synthesis of MPCs
using solely functionalized thiols in the reaction feed, to produce fully functionalized
monolayers, and even fewer involving electroactive thiols.55
To prepare MPCs with fully ferrocene-functionalized ferrocene monolayers, we
employed a modified Brust procedure in which the usual alkanethiol was replaced by
ferrocene hexanethiol, in either 3:1, 2:1, or 1:1 mole ratios to Au. In previous work5,35,42
with hexanethiol, these proportions produced nanoparticles in which Au MPC core sizes
Au140, Au225, and Au314 were present. Evidence is given below that these average core
sizes are retained in the new fully ferrocenated MPCs, but that the average number of
ligands in the protecting monolayers is diminished by steric constraints.
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A fourth synthesis of fully ferrocenated MPCs was based on reaction of the ferrocene
hexanethiol with an already synthesized Au55 cluster that was protected56 by a
triphenylphosphine/chloride monolayer. We have shown40 that such a reaction, using
hexanethiol, is accompanied by a core size change to an MPC with an average atom count
of Au75. The same result was obtained when using the ferrocene hexanethiol.
Completeness of the ligand replacement was determined from the 1H NMR spectrum of the
MPC product, in which triphenylphosphine resonances were found to be absent.
Determination of Core Sizes of Ferrocenated MPCs. The cyclic voltammograms of
dilute solutions of all four samples of ferrocenated Au MPCs exhibit a well-defined anodic
peak and a cathodic peak that is larger, showing that some oxidized product tends to
accumulate on the working electrode. The voltammetry of Au75(SC6Fc)37 shown in Figure
3.1A is a typical example. This voltammetric result is consistent with the previously
reported voltammetry of a dilute poly-vinylferrocene solution by Flanagan et al.10 and
Merz et al.,57 where the oxidized species also accumulated on the electrode. The ferrocene
voltammetry in Figure 3.1A was not investigated in detail, but it is notable that the wave is
not broadened or split as would be the case with strong interactions between the redox
sites. Such splitting is seen in self-assembled monolayer ferrocene voltammetry27 if the
monolayer is not severely diluted with alkanethiolate sites.
Au MPCs with average core counts of Au140 and of Au225 and protected by
hexanethiolate monolayers exhibit8,34,37,58 size-dependent electrostatic properties owing to
their attofarad (aF) cluster double layer capacitances (CCLU). The small MPC capacitance
arises from the combination of a small core radius and the low dielectric constant of the
surrounding hexanethiolate monolayer.8 When dissolved in electrolyte solution, these
MPCs display nearly evenly spaced (by ∆V = e/CCLU, where e is the charge of an electron)
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Figure 3.1. (A) Cyclic voltammogram of 0.2 mM Au75(SC6Fc)37 in 0.1 M
Bu4NClO4/CH2Cl2 under Ar atmosphere, at 284 K, potential scan rate 500 mV/s, sample
interval of 1 mV; (B) Osteryoung square wave voltammogram (OSWV) of Au314(SC6Fc)58;
(C) OSWV of Au225(SC6Fc)43; (D) OSWV of Au140(SC6Fc)39; (E) OSWV of
Au75(SC6Fc)37 (asterisks indicate first one-electron oxidation and reduction peaks of gold
core). For all four MPC core sizes, OSWV was performed on 0.2 mM MPC in 0.1 M
Bu4NClO4/CH2Cl2 with step potential of 4 mV, square wave amplitude of 25 mV, and
square wave frequency of 15 s-1.
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one electron charging peaks which have been termed quantized double layer (QDL)
charging.37,58,59 Hexanethiolate-protected Au140 MPCs have core diameters of 1.6 nm and
∆V = 265 ± 14 mV,35 while similarly protected Au225 MPCs (core diameter 2.0 nm) exhibit
peak spacings of 183 ± 5 mV42. Smaller, molecule-like Au MPCs, such as Au11,60,61
Au38,38,39 and Au75,40 display a HOMO-LUMO energy gap in the electrochemistry58 by a
larger spacing between the first one-electron oxidation and the first one-electron reduction.
This spacing is 0.74 V for Au75(hexanethiolate)40.
Thus, for Au75, Au140, and Au225 cores, the spacing of core charging voltammetric peak
currents is diagnostic for hexanethiolate-protected MPC core sizes. Since the hexyl
segment offers a similar dielectric shell for the core in the ferrocenated MPCs, a similar
spacing is expected for charging of Au cores of the same size. Quantized double layer
charging peaks cannot be discerned on the compressed current scale of Figure 3.1A,
against the much larger currents for the multiple ferrocenes that are present, but on an
expanded scale and at potentials negative of the ferrocene peak, square wave voltammetry
reveals charging peaks as shown in Figure 3.1B-E. Voltammetry of the ferrocenated
MPCs made by the reaction of ferrocene hexanethiol with the Au55 nanoparticle, and by the
3:1, 2:1, and 1:1 mole ratio syntheses, are shown in Panels E, D, C, and B, respectively.
The charging peaks are reasonably evenly spaced, with different ∆V values. The average
∆V is compared to previous results in Table 3.1; the agreement is rather good for the Au75,
Au140, and Au225 cores. QDL for MPCs produced in a 1:1 mole ratio synthesis had not
been previously reported. The smaller ∆V in Figure 3.1B suggests a larger core; we
preliminarily assign this to a Au314 core, the next truncated octahedron closed shell core
size above 225 Au atoms.
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Table 3.1. Voltammetric Quantized Double Layer Charging Results for Ferrocenehexanethiolate Protected Au Clusters (Figure 3.1) and Literature Values for
Hexanethiolate Protected Au Clusters
Avg.

Aux(SC6Fc)y MPCs

Aux(SC6)y MPCs

Core size

Expt. ∆V, mV

Lit. ∆V, mV

Au75

740 ± 10

740 ± 10

40

Au140

256 ± 22

265 ± 14

35

Au225

184 ± 2

183 ± 5

42

Au314

100 ± 20

n/a

not previously
reported
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Ref.

The square wave voltammetry peaks in Figure 3.1 are small, and lie atop a substantial
background current which presumably reflects unresolved charging peaks of a mixture of
other MPC core sizes. The specific core atom counts assigned to the different synthesis
products thus simply represent a small but electrochemically recognizable sub-population
of the total. The assignments as average core sizes coincide, however, with other results,
given below.
Thiolate-protected Au MPCs have distinctive, size-dependent electronic spectra.54,58,62-68
Au MPCs with core radii < ca. 0.7 nm (such as Au38 36) give optical spectra with a step-like
pattern over ca. 300 to 500 nm, and a weaker band at ca. 700 nm. This fine structure is
damped and largely featureless for MPCs with ca. 0.7 and 0.8 nm core radii (including
Au7540 and Au14035). Au cores with radii > ca. 1.0 nm (including Au22542 and Au3145)
exhibit a surface plasmon resonance (SPR) absorbance band at ca. 520 nm that grows in
intensity with further increase in core size, approaching the spectrum of bulk metal.5
Against this literature background, the UV-vis absorbance spectra (Figure 3.2) for the
four ferrocenated MPCs are consistent with the electrochemical core size assignments. The
presumed ferrocenated Au314 MPC has the strong SPR band expected for a larger Au core
size, and the Au225 core size assignment is consistent with the weak SPR band seen for the
2:1 thiol-to-Au synthetic product. Both the assigned Au140 and Au75 core sizes are
consistent with the nearly featureless absorbance spectra observed in the figure.
The TEM images and histograms shown in Figure 3.3 confirm and complete the
assignments of average core size for the four MPC samples. The samples are seen to have
roughly ±10% poly-dispersity and have average core diameters that match the dimensions
expected for Au75, Au140, Au225 and Au314 cores. Lattice plane spacings of 2.2 ± 0.1 Å,
which we assign to the <111> planes of Au, can be seen in a high-resolution image of one
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Figure 3.2. UV/Vis absorbance spectra for the four separately synthesized ferrocene
hexanethiolate protected Au clusters in CH2Cl2.
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Figure 3.3. TEM images of (a) Au314(SC6Fc)58, (b) Au225(SC6Fc)43, (c) Au140(SC6Fc)39,
and (d) Au75(SC6Fc)37. Corresponding core diameter histograms with average core
diamteters labeled, each from 100 sampled MPC cores, are inset in the bottom right corner
of each image. Inset in the top left corner of (b) is a high-resolution image of a
Au225(SC6Fc)43 core clearly showing lattice planes.
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of the MPCs (Figure 3.3b).

The histograms show that the 1.4, 1.6, 2.0, and 2.2 nm core

diameter MPCs comprise between 1/4 and 1/3 of the overall MPC population, which is
consistent with the peak to background current ratios in the square wave voltammetry of
Figure 3.1. Comparable TEM information for hexanethiolate-protected Au75, Au140, Au225
and Au314 MPCs is found in Figure 3.4.
Voltammetric Artifacts. As part of a careful examination of the patterns of QDL
charging currents of the three larger MPCs, their CV curves were differentiated, with the
(initially surprising) results of Figure 3.5. QDL peaks expected from the square wave
voltammetry of Figure 3.1 appear as the larger derivative peaks, but there is an additional
underlying pattern of smaller, evenly spaced peaks. Remarkably, the pattern of smaller
peaks is also seen in the differentiated CV (Panel D, at two different sampling intervals) of
an MPC-free electrolyte solution of composition identical to that used in the MPC
voltammetry. The phenomenon was traced to the data sampling protocol of the
electrochemical instrument. The small peaks in Figures 3.5A, B, C, and, for the top
voltammogram, D are spaced by 30 – 40 mV. Upon closer investigation, it became clear
that the smaller peak spacing is dependent on the sampling interval. The smaller peak
spacing increases to 100 mV when the CV sweep data sampling interval is changed from
the default of 1 mV to 4 mV, as shown in the lower voltammogram of Figure 3.5D.
We report the instrumental artifacts in Figure 3.5 as a caution; the use of digitally
controlled potential scanning (e.g., staircase rather than linear potential sweep) and timed
data-sampling associated with staircase sweeps are a common feature of modern
electrochemical instrumentation. Searching for QDL voltammetry of larger MPCs, where
peaks become naturally more closely spaced, is an important pioneer topic.47,48 Figure 3.5
for the present ferrocenated Au MPCs could hypothetically have been interpreted as
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Figure 3.4. TEM images of (a) Au314(SC6)91, (b) Au225(SC6)75, (c) Au140(SC6)53, and (d)
Au75(SC6)40. Corresponding core diameter histograms with average core diameters
labeled, each from 100 sampled MPC cores, are inset in the bottom right corner of each
image.
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Figure 3.5. First derivative of the CV of (A) Au314(SC6Fc)68, (B) Au225(SC6Fc)43, and (C)
Au140(SC6Fc)39 done under Ar atmosphere at 284 K with potential scan rate of 100 mV/s
and sample interval of 1 mV. First derivative of the CV of (D) 0.1 mM Bu4NClO4 in
CH2Cl2 (no MPC) under identical conditions (blue, upper line, corresponding to left y-axis)
and under identical conditions except with a sample interval of 4 mV (red, lower line,
corresponding to right y-axis). The difference in sample interval is shown to demonstrate
the dependence of peak spacing with sample interval and to show that 100 mV spacing can
be achieved as in other references which attribute this spacing as QDL peaks.46,47
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signaling the presence of Au MPCs with significantly larger cores, and thus larger
quantized double layer capacitances and smaller ∆V spacing between one-electron peaks.
That interpretation (which we never made!) can be demonstrated as erroneous by changing
the data-sampling interval and by observations in MPC-free solutions, as done above.
Determination of Number of Ferrocenated MPC Ligands. Our usual procedure for
determining the average ligand count on Au MPCs is thermogravimetric analysis (TGA), a
process in which the organic thiol fraction of the MPC is thermally evolved as disulfide,
leaving elemental gold. This experiment proved inconclusive when applied to the
ferrocenated Au MPCs. Instead of the usual roughly step-like mass loss seen when the
thiolate ligands are thermolyzed, the mass loss was quite gradual and occurred over a large
temperature range (100 – 600 oC). The TGA trace for the ferrocenated Au225 MPC is
compared to that for hexanethiolate-coated Au225 in Figure 3.6B and C. Figure 3.6A shows
that the TGA trace of the ferrocene-hexanethiol itself displays a sharp mass loss at a higher
temperature (ca. 350 oC), but only ca. 28% of the thiol was vaporized, and a significant
amount of visible rust residue was seen upon post-measurement inspection of the
aluminum sample crucible. The incomplete vaporization of the ferrocene hexanethiol most
likely causes the unexpectedly sluggish reaction of the ferrocenated clusters, and the TGA
data proved not useful for these MPCs.
The average ligand count could, however, be assessed by direct constant potential
coulometry (electrolysis). This experiment measures the redox capacity of the ferrocenated
MPCs. The charge-time curves from bulk electrolysis of each MPC sample at a potential
more positive than the Fc/Fc+ formal potential are shown in Figure 3.7. The electrolysis
was slow due to an inefficient cell design, but went to suitable completion. When the
solution had been electrolyzed to a rest potential more positive than the Fc/Fc+ formal
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Figure 3.6. Thermogravimetric analysis (TGA) traces of (A) HSC6Fc, (B) Au225(SC6Fc)43,
and (C) Au225(SC6)75, for comparison.
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Figure 3.7. Bulk electrolysis charge vs. time curves for Au75(SC6Fc), Au140(SC6Fc)39,
Au225(SC6Fc)43, and Au314(SC6Fc)58 at concentrations of 0.05 mM, 0.11 mM, 0.10 mM,
and 0.04 mM, respectively, and over potential differences of 462 mV, 447 mV, 260 mV,
and 230 mV, respectively. All measurements were performed in 50 mM Bu4NClO4 in
CH2Cl2 using a Pt mesh working electrode, a Pt wire counter electrode (in a separate cell
compartment), and a Ag/AgCl (aqueous) reference electrode.
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potential, the solution had turned a blue-green color and a precipitate was observed. After
the electrolysis was reversed (data not shown) by applying a potential more negative than
the Fc/Fc+ formal potential, in a dark brown solution similar to the original one resulted,
with no precipitate remaining. The observed changes in color are consistent with ferrocene
and ferrocenium colors, and the precipitation observed at positive potentials is due to the
low solubility of oxidized ferrocenated MPCs in methylene chloride.
At the positive applied potential, both ferrocene and the Au core undergo electron loss,
so that the total electrolysis charge (Q) can be expressed as:
Q = (nCORE + nLIGAND )FNMPC

(3)

where nCORE is the total number of Au core electrons transferred (judged by the number of
QDL peaks encompassed), nLIGAND is the total number of ligand electrons transferred (from
the Fc/Fc+ redox centers), F is Faraday’s constant, and NMPC is moles of MPC present.
Since the molecular weight of the clusters could not be determined without the ligand
count, the number of ligands and corresponding cluster molecular weight were assessed
iteratively. For the electrolysis potentials used, nCORE = 1, 1, 2, and 2, respectively, for the
Au75, Au140, Au225 and Au314 cores. The equation assumes that the ferrocene sites react
exhaustively; the CV behavior of the ferrocene wave of the MPCs gives no indication that
the formal potentials have become widely distributed.
The results for nLIGAND are given in Table 3.2, along with the ligand-to-surface Au atom
ratio for each MPC. The analogous numbers for hexanethiolate-protected MPCs are listed
for comparison. It is evident that the nanoparticle surface coverages of ferrocene
hexanethiolate ligands are less dense than those of hexanethiolate ligands. This is
unsurprising given the relative bulkiness of ferrocene as a head group. It is striking,
however, that the hexanethiolate/ferrocene-hexanethiolate ligand ratio is small (1.1) for the
75

Table 3.2. Ligand Counts and Ligand/Surface Atom Coverages for Hexanethiolate
and Fully Ferrocenated Hexanethiolate Monolayers, for Au MPCs of Varying Core
Size
Avg. Core

# –SC6 Ligands,

# –SC6Fc

# –SC6Fc

Refs.

Size (#

Lit.a

Ligands, Expt. b

Ligands, Calc.c

Surface

(Ligand/Surface

(Ligand/Surface

(Ligands/Surface

Atoms)

Atom ratio)

Atom ratio)

Atom ratio)

Au75 (60)

40 (0.67)

37 (0.62)

36 (0.60)

40,69

Au140 (96)

53 (0.55)

39 (0.41)

41 (0.43)

5,35

Au225 (140)

75 (0.51)

43 (0.31)

48 (0.34)

5,42

Au314 (174)

91 (0.52)

58 (0.33)

57 (0.33)

5

a

Results of thermogravimetric analysis (TGA).

b

nLIGAND results of constant potential coulometric electrolysis, not including nCORE.

c

Numbers calculated based on surface areas of Au cores and of ferrocene molecules (as

described in the text).
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smallest Au core (Au75), and rises to a rough plateau (1.6) for the two larger Au cores
(Au225 and Au314). This behavior is qualitatively plausible; the Au75 core surface has the
strongest curvature and allows thereby a more acutely cone-shaped space for a ligand that
has a large cross-section at its terminus. Said somewhat differently, recalling that the usual
ligand/surface atom ratio for self assembled monolayers on flat Au(111) terrace surfaces is
0.33, the Au75 core has a larger proportion of vertex and edge binding sites—relative to
terraces. The relative proportion of terrace sites for Au225 and Au314 cores is larger, and
changes by only a modest factor between these two core sizes.
The ferrocenated MPCs maximize the redox capacity by the design of a fully occupied
monolayer shell, but at the same time encounter constraints imposed by the steric bulk of
the redox moiety. That the ligand surface coverages in Table 3.2 do reflect steric
limitations is supported by modeling of the ferrocenated monolayer shell to estimate the
number of ferrocenes that could theoretically fit around each core size. Using a 1.5 nm2
“headprint” of Fc molecules (based on70 a Fc C-C bond length of 1.43 Å and a Fc Fe-C
bond length of 2.06 Å) arranged as a sphere of radius equal to the average Au core radius
plus the –SC6Fc chainlength, the number of Fc molecules that can fit into such a sphere
was calculated as given in Table 3.2. The calculations are in excellent agreement with the
experimental results for electroactive ferrocene hexanethiolate ligands. Thus, it would
seem possible that redox capacities for other fully redox-labeled MPCs could be anticipated
from simple model calculations assuming steric constraints dominate the coverage.
Preliminary Results in the Investigation of the Electrochemical Properties of the
Ferrocenated Au MPCs. These novel ferrocenated MPCs are unique in that they are
stabilized by full monolayers of redox moieties despite the obvious steric hindrances of the
bulky ligands. The shape of the cyclic voltammogram of Au75(SC6Fc)37 shown in Figure
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3.1A shows a multiple one-electron transfer, indicating that the Fc redox groups act
independently and do not influence each other. However, in preliminary studies that
investigate more thoroughly the electrochemical properties of these fully ferrocenated
nanoparticles, several interesting electrochemical phenomena have been observed.
Presented here is a preview of the upcoming electrochemical studies performed on these
unique clusters.
At high supporting electrolyte concentrations, the ferrocenated Au MPCs adsorb
strongly onto the Pt working electrode, and very sharp peaks are observed in cyclic
voltammetry (Figure 3.8A). The adsorbed film is typically a monolayer thick and is highly
stable. Electrochemistry can be performed on the adsorbed clusters in a blank electrolyte
solution with the film on the electrode which also leads to distinct, sharp peaks (Figure
3.8B). The shape of the cyclic voltammagrams of the solution as well as the film of
ferrocenated Au MPCs seems to be highly scan rate dependent. These new observations
are intriguing and will not be discussed further in this chapter, but they do offer some
insight into the novelty of these nanoparticles.
3.4

Conclusions

Notable in the syntheses of ferrocenyl-hexanethiolate Au MPCs is that a synthetic
protocol known to deliver hexanethiolate coated MPCs of a certain average Au core atom
count, delivers the same average Au core atom count for ferrocenated MPCs. This occurs
in spite of substantial changes in the surface coverage of ligands (Table 3.2) prompted by
steric interactions between the ferrocene head groups. This result informs about processes
occurring during the complex reduction reaction, thought to be a sequence of core
nucleation, growth, and passivation. The core growth kinetics must be quite non-uniform,
pausing at the thermodynamic minima represented by the closed shell atom counts
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Figure 3.8. (A) Cyclic voltammogram of solution of 0.1 mM Au225(SC6Fc)43 in 1 M
Bu4NPF6/CH2Cl2 under Ar atmosphere, at 284 K, potential scan rate 25 mV/s. (B) After
solution electrochemistry is performed, electrode is rinsed with 1 M Bu4NPF6/CH2Cl2 and
used to take cyclic voltammogram of MPC-free solution of 1 M Bu4NPF6/CH2Cl2 under Ar
atmosphere, at 284 K, potential scan rate 25 mV/s.
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discussed above (ignoring probabilities for variability of truncation at vertices). One might
expect, based on the diminished ligand/surface atom coverage results, that the passivation
kinetics attained by a ferrocene hexanethiolate ligand might be more sluggish than those of
unlabeled hexanethiolates. The thermodynamics favoring closed shells seem however, to
dominate any change in passivation dynamics.
The redox capacity of these ferrocenated Au MPCs depends on several variables. In
terms of charge/volume, the redox capacity, measured in surface area/volume, is expected
to increase inversely with the overall MPC radius, meaning the Au core radius plus the
linker chain length. Similarly, the double-layer charge capacity also increases inversely
with the Au core radius. Thus, the choice of the four average core sizes of nanoparticles
that were discussed is a logical one based on their size regime. The smallest Au cores
studied have the highest radii of curvature, and also have the highest ligand-to-surface ratio
due to the lessening of the steric hindrances of the bulky redox species. As the gold core
increases in size, the radius of curvature decreases, and, consequently, the ligand-to-surface
ratio declines. Finally, as seen in the voltammetry of the ferrocenated Au nanoparticles,
each of the multitude of redox moieties on the Au cores exhibits the same electrochemical
behavior. Combining the quantized double-layer charging of the gold core within a certain
size regime (ca. 0.8 to 2.0 nm core radius) and the high redox capacity of the Fcfunctionalized monolayer, these new MPCs have the ability to transfer many electrons
within a small potential range, up to 60 per Au core for the largest sized MPC discussed.
The impact of this ability remains to be further explored in the energy storage context, such
as supercapacitors and batteries, and is under continued study.
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CHAPTER IV
ANION INDUCED ADSORPTION OF FERROCENATED NANOPARTICLES

4.1

Introduction

Adsorption of ions and molecules from solutions onto electrodes and electrified
interfaces is a common chemical phenomenon. During a study1 of the electrochemistry of
Au nanoparticles capped with monolayers of ferrocene alkanethiolate ligands (monolayer
protected clusters, MPCs), we noticed an uncommon aspect—a nearly irreversible
adsorption of a monolayer of ω-ferrocenyl hexanethiolate-functionalized MPCs from
CH2Cl2 solutions onto Pt electrodes. Further study of this adsorption has been carried out
and the present report will show that the adsorption of the MPC (Au225[(S(CH2)6Fc)]) is a
slow, cooperative process, requiring the presence of high concentrations of particular
electrolytes.
While studying the adsorption of the ferrocenated MPCs, several unusual properties of
the electroactive film were discovered. Firstly, the monolayer is robust, persisting after
rinsing, soaking, or sonication of the electrode in solvent (with or without dissolved
electrolyte). After transferring the electrode to a nanoparticle-free CH2Cl2 electrolyte
solution, well-defined stable voltammetry of the ferrocene ligands (ca. 43 per nanoparticle)
can be observed. The full-width-half-maximum (EFWHM) of the voltammetric peak (for
monolayer and sub-monolayer coverage, ca. 35 mV) is considerably narrower than the
value expected (90.6 mV at 298 K) for an electroactive monolayer. Interestingly, the

electrode's double layer capacitance is virtually unchanged by the adsorbed layer of MPCs.
The adsorbed nanoparticles can be removed by applying potentials estimated to be more
negative than the electrode’s potential of zero charge, and the adsorption is completely
blocked by the presence of a dodecanethiolate self-assembled monolayer. This paper will
analyze the above, collectively unusual, effects.
The charge under the peaks of a cyclic voltammogram of an electroactive film on a
electrode, i.e. a chemically modified electrode,2-9 gives the total surface coverage, ΓT
(mol/cm2). Many adsorbed species display near-ideal behavior, but reactions with slow
monolayer electron transfer kinetics are known,10-12 as are voltammetric waveshapes
attributed to non-ideal surface activities,13,14 environmental or dipolar heterogeneity of
redox sites,15-18 ion-pairing between redox species and electrolyte counter ions,19,20 and
interfacial potential distribution.21 In the particular case of ferrocene, there are examples of
adsorption from solutions that are either concentrated22,23 or involve a poorly solvating
medium (aqueous),24 adsorption of ferrocenated dendrimers,25 precipitation of
poly(vinylferrocenium),15,26-29 electrodeposition of biferrocene derivative-attached gold
nanopartilces,30-35 and binding through alkanethiolate16 or siloxane linkages.16,36 Amongst
all these reports, however, there is none of a slow, electrolyte-induced, irreversible
adsorption of a monolayer of a ferrocenated species that yields a voltammetric surface
wave that is more narrow than the ideal EFWHM = 90.6 mV.
The ferrocenated Au MPC used has an average Au225(ω-ferrocenyl hexanethiolate)43
composition and is one of a series1 of MPCs with average 75, 140, 225, and 314 Au atom
core sizes with ca. 37, 39, 43, and 48 ferrocenyl ligands, respectively. These nanoparticles
all display the size-dependent voltammetry known for their non-ferrocenated alkanethiolate
analogs—quantized one-electron double layer charging37-47 for the three larger cores and a
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molecule-like energy gap43,48 for the Au75 case. However, for these nanoparticles, the
currents associated with the quantized charging are dwarfed by the much larger and more
quantitatively definable currents associated with the oxidation or reduction of the multiple
(ca. 43) ferrocene sites in the protecting monolayer surrounding each Au225 core. We focus
on the latter currents in this study of ferrocenated MPC adsorption.
4.2

Experimental

Chemicals. Hexanethiol (HSC6, >99%), dodecanethiol (HSC12, >99%), toctylammonium bromide (Oct4NBr, >98%), sodium borohydride (NaBH4, >98%), tbutylammonium perchlorate (Bu4NClO4, >99%), t-butylammonium p-toluenesulfonate
(Bu4NC7H8O3S, puress), and t-butylammonium hexafluorophosphate (Bu4NPF6, puress)
from Aldrich, and toluene (reagent grade), acetonitrile (Optima), methylene chloride
(HPLC grade), tetrahydrofuran (HPLC grade), and ethanol (HPLC grade) from Fisher were
used as received. HAuCl4·xH2O (from 99.999% pure gold) was synthesized using a
literature procedure49 and stored in a freezer at -20oC. Water was purified using a
Barnstead NANOpure system (18 MO).
Ferrocene hexanethiol (HSC6Fc) was synthesized by refluxing a mixture of (1.11 g,
3.17 mmol) ω-bromohexane ferrocene (prepared by a published method50) and thiourea
(0.600 g, 7.88 mmol) in ethanol (50 mL) overnight. The reaction mixture was neutralized
with NaOH (aq), refluxed for a further 3 h, and then acidified with HCl to pH ~ 2, diluted
with water and extracted with CH2Cl2, washing the organic extract phase copiously with
water. The material obtained after rotary evaporation of the CH2Cl2 product solution was
chromatographed on silica gel with ethyl acetate/hexanes. 1H NMR (400 MHz, CD2Cl2) of
the thiol gave the appropriate NMR peaks: d = 4.0 (m, 9 H), 2.49 (q, J = 7.2 Hz, 2 H), 2.30
(t, J = 7.6 Hz, 2 H), 1.56 (m, 2 H), 1.46 (m, 2 H), and 1.32 (m, 5 H) ppm with no dithiol
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peaks present and no significant broadening, indicating that the majority of the ferrocenyl
groups were in the reduced state.
MPC synthesis. Au225(SC6Fc)43 was synthesized as previously described.1 Briefly,
vigorous mixing of 3.19 g HAuCl4·xH2O in 100 mL deionized water with 5.20 g Oct4NBr
in 200 mL toluene, gave a clear aqueous phase and an orange-brown toluene phase.
Adding ω-ferrocenyl hexanethiol to the isolated organic phase (2:1 ligand-to-Au mole
ratio) gave a colorless reaction mixture that was stirred for 20 minutes and then cooled to 0
o

C. 3.8 g of NaBH4 in 10 mL water was added with very rapid stirring and reacted for 1

hour at 0 oC, after which the dark organic phase was collected and the solvent removed on
a rotary evaporator at room temperature. The black solid suspension was stirred in 400 mL
of acetonitrile for 6 hours and the solid product collected and washed with acetonitrile on a
fine glass frit. Determination of the average Au core size and number of ligands has been
presented elsewhere,1 based on transmission electron microscopy, UV/Vis absorbance
spectroscopy, cyclic and differential pulse voltammetry, and constant potential coulometry.
A mixed monolayer MPC with a lower ferrocene population (average composition, by
NMR, Au225(SC6)58(SC6Fc)17) was prepared by a ligand place exchange between
Au225(SC6)75 (prepared as previously described41) and HSC6Fc at a 1:1 mole ratio of ωferrocenyl hexanethiol to hexanethiolate ligand. A 10-mL tetrahydrofuran solution of
0.020 g Au225(SC6)75 and 0.0089 g HSC6Fc was stirred for 1 hr, the solvent removed, and
the mixed monolayer MPCs rinsed with acetonitrile to remove excess thiols. The relative
number of the two thiolate ligands on the exchanged product was analyzed in CD2Cl2
solution with 1H NMR on a Bruker 400 MHz Avance spectrometer with a 5 s relaxation
delay time.
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Electrochemistry. Voltammetry of typically 0.1 mM MPC degassed CH2Cl2 solutions
containing varying concentrations of electrolyte was done at 1.5 mm Pt disk (working), Pt
wire (counter), and Ag/AgCl/3 M KCl (aq) electrodes using a Model 100B Bioanalytical
Systems (BAS) Electrochemical Analyzer. The Pt working electrode was polished (0.25
µm diamond, Buehler) and cleaned electrochemically by potential cycling in 0.10 M H2SO4
solution. Its roughness factor (2.9) was determined from the charge under the hydrogen
desorption peak in voltammetry of 0.1.0 M H2SO4, using the standard9 210 µC/cm2.
In survey experiments probing the general features of the adsorption, clean Pt electrodes
were exposed to 0.05 mM Au225(SC6Fc)43 MPC solutions in CH2Cl2 containing given
concentrations of Bu4N+X− electrolyte (X− = ClO4−, PF6−, or p-toluene sulfonate-) while
cyclically scanning the electrode at 0.50 V/s twenty-five times between 0.2 and 1.0 V (vs.
Ag/AgCl) (a total scanning time of 80 seconds), followed by rinsing the electrode with
MPC-free solvent/electrolyte and placing it in an MPC-free solution of the same electrolyte
concentration. Electrodes were also exposed to 0.05 mM MPC solutions in 1.0, 0.10, or
0.010 M Bu4NClO4/CH2Cl2 for three minutes without potential scanning; the electrode was
then rinsed with and immersed in an MPC-free solution of the same concentration of
Bu4NClO4.
Surface coverages, ΓMPC (mol MPC/cm2), of adsorbed MPCs were calculated from the
charge, Q, under the voltammetric current peaks in MPC-free electrolyte solution, using
Q = nFAmΓMPC

(1)

where n is the number of ferrocenes per MPC (average 43, by previous coulometry1) and
Am is the Pt electrode area corrected for roughness. The experimentally determined values
of ΓMPC are compared to estimates of a model MPC monolayer, based on an overall 2.4 nm
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MPC radius (summing Au core radius and length of the monolayer chain, including the
ferrocene), giving 18.1 nm2/MPC, or ΓMONO,MPC ~ 9 x 10-12 mol MPC/cm2. In all cases,
the clean-electrode double layer current background was subtracted in determining the
voltammetric charge.
Adsorption Kinetics. Three different protocols were employed to measure the rate of
MPC adsorption. In one, called the fixed-time experiment, a clean Pt electrode was
exposed to a CH2Cl2 electrolyte solution containing either 1.0 M Bu4NClO4 or 1.0 M
Bu4NPF6 electrolyte and eight different concentrations of ferrocenated MPC ranging from
0.030 mM to 1.0 mM. The electrode potential was cyclically scanned between 0 and 0.8 V
(vs. Ag/AgCl) twenty-five times at 0.50 V/s (a total scanning time of 80 seconds); the
electrode was then rinsed with MPC-free 1.0 M electrolyte and placed in MPC-free 1.0 M
electrolyte/CH2Cl2. Five preliminary CV scans at 0.10 V/s were done to remove any
loosely adsorbed MPCs. Surface coverages were assessed by cyclic voltammetry of the
ferrocene wave in the MPC-free electrolyte; ferrocene wave charges assessed in 0 to 0.80
V vs. Ag/AgCl scans at six different potential scan rates (0.025 – 2.000 V/s) were
independent of scan rate. The Pt working electrode was then re-polished (0.25 µm
diamond paste, Buehler), rinsed, and exposed to the next concentration of ferrocenated
MPCs.
In a second adsorption-kinetics protocol, called the no-scan protocol, the Pt disk
electrode was exposed at open circuit to 0.05 mM Au225(SC6Fc)43 in 1.0 M
Bu4NClO4/CH2Cl2 for chosen periods of time. (The typical open circuit electrode potential
was 0.2 to 0.3V vs. Ag/AgCl). The electrode was rinsed with and immersed in MPC-free
1.0 M Bu4NClO4/CH2Cl2, and ΓMPC was determined by scanning over the ferrocene wave
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at 0.025 V/s (after preliminary scans as above). The electrode was polished as above and
returned to the MPC solution for another period of (no-scan) exposure.
In the third adsorption kinetics protocol, called the scanning protocol, the potential of
the Pt disk electrode, in 0.05 mM Au(SC6Fc)43 in 1.0 M Bu4NClO4/CH2Cl2, was scanned
at 0.50 V/s from 0 to 0.80 V vs. Ag/AgCl for chosen periods of time. Then, the electrode
was rinsed with and immersed in MPC-free 1.0 M Bu4NClO4/CH2Cl2 solution and the
surface coverage determined as above. The electrode was then returned to the MPC
solution for a further period of potential scanning time. (In this last protocol, the electrode
was not polished in between exposures to the MPC solution, so the adsorption coverages
represent an accumulated quantity. Doing the no-scan experiment in this way gave results
agreeing with those involving polishing the electrode in between solution exposures.)
Self-assembled monolayer formation. Self-assembled monolayers (SAM) of
dodecanethiolate were prepared by soaking a clean Pt electrode for 20 hours in 1 mM thiol
in degassed, absolute ethanol.
4.3

Results and Discussion

Adsorption of fully ferrocenated Au225 MPCs; Survey Experiments. Cyclic
voltammetry (Figure 4.1A – C) of 0.1 mM solutions of Au225(SC6Fc)43 MPCs in 1.0 M
Bu4NPF6/CH2Cl2 shows obvious product adsorption effects; the reduction peak currents are
larger than the oxidation currents. The appreciable ∆EPEAK values—growing larger
with increasing scan rate—are substantially accountable in simulations by iRUNC effects;
we can identify no obvious heterogeneous electron transfer components in it.
Remarkably, after exposure to the MPC-containing electrolyte solution, the electrode
can be removed, rinsed with MPC-free 1.0 M Bu4NPF6/CH2Cl2, and placed in MPC-free
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Figure 4.1. Cyclic voltammetry of: Curves A-C, 0.1 mM Au225(SC6Fc)43 (MPC) in 1.0 M
Bu4NPF6/CH2Cl2 solution at potential scan rates 0.025, 0.20, and 2.0 V/s, respectively, and
of Curves D-F, an adsorbed Au225(SC6Fc)43 film on electrode (ΓMPC = 7.1 x 10-12 mol/cm2)
formed by potential scanning in 0.1 mM MPC in 1.0 M Bu4NPF6/CH2Cl2 solution and
transferred to an MPC-free 1.0 M Bu4NPF6/CH2Cl2 solution, at potential scan rates of
0.025, 0.20, and 2.0 V/s, respectively.
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1.0 M Bu4NPF6/CH2Cl2 to produce the very stable voltammetry shown in Figure 4.1D – F.
While the currents in the MPC-free electrolyte solution decay slightly upon initial potential
scanning, they quickly stabilize as illustrated in Figure 4.2. The tenacity of the adsorption
is illustrated by its nearly quantitative persistence after rinsing, soaking, or sonication in
electrolyte-containing or electrolyte-free CH2Cl2; with minor variations, the same stable
voltammetry (Figure 4.1D – F) was seen thereafter in MPC-free electrolyte solutions. The
adsorbed MPCs could be removed by polishing the electrode.
While the adsorption of the ferrocenated Au225 MPCs produces robust monolayers under
the above circumstances, the adsorption process is shown to be sensitive to a range of
factors, including the choice and concentration of electrolyte anion, the state of the Pt
electrode surface, the population of ferrocene sites in the MPC monolayer, and whether the
electrode’s potential is scanned or not during exposure to MPC solution. Also, the
adsorption does not appreciably change the Pt electrode double layer capacitance at
potentials on the wings of the ferrocene wave. These features, the evidence for which
follows, collectively point to an electrolyte anion-induced adsorption mechanism.
The extent of ferrocenated MPC adsorption, ΓMPC, is strongly dependent on the
particular electrolyte anion used, as shown by the surface coverage data in Table 4.1. The
ΓMPC results in Table 4.1, taken under survey experiment conditions (See Experimental)
with potential scanning, are all less than the model estimate for a full MPC monolayer, ca.
9 x 10-12 mol/cm2. This result shows that the adsorption phenomenon is
not trivially a precipitated film; charges equivalent to many MPC monolayers were passed
during potential scanning in the MPC-containing electrolyte solution (i.e., under the waves
of voltammograms like Figure 4.1B), yet less than one monolayer is retained on the
electrode. The importance of the chosen electrolyte anion is seen by comparing results
96

Figure 4.2. First 10 cyclic voltammograms (1.0 V/s) of an adsorbed MPC layer formed in
a 0.1 mM MPC, 1.0 M Bu4NPF6/CH2Cl2 solution after transfer to an MPC-free 1.0 M
Bu4NPF6/CH2Cl2 solution. Inset: blow-up of oxidation current peak, showing slight initial
change. Thereafter, peak currents are stable and reproducible.
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when the electrolyte is 1.0 M Bu4NPF6, Bu4NClO4, or Bu4NC7H7SO3. More
adsorption is seen when using Bu4NPF6 than with Bu4NClO4, but none occurs with
Bu4NC7H7SO3 electrolyte. The reason(s) for differences between ΓMPC in Bu4NPF6 and in
Bu4NClO4 electrolytes are not clear; they may reflect differences in contact ion-pair
formation constants, the counter anion size, lateral electrostatic forces, and/or differences in
specific adsorption of the anion.
Table 4.1 further shows that the adsorption is promoted by larger concentrations of
electrolyte; increasing Bu4NClO4 concentration from 0.1 M to 1.0 M in the MPCcontaining solution from which adsorption is induced increases ΓMPC by ca. 2-fold (as
observed upon transfer to MPC-free solution). Adsorption from MPC-containing 0.010 M
Bu4NClO4 was weak and non-persistent; the ferrocene currents dissipated quickly after a
few potential scans in MPC-free 0.010 M Bu4NClO4/CH2Cl2.
Adsorption does not require scanning of potential, but its amount is enhanced by
oxidizing the ferrocenated MPC to its multi-cationic state. Using the survey experiment
procedure, a clean Pt electrode, either at open circuit (for three minutes) or with potential
scanning (See Experimental), was exposed to a 0.05 mM MPC solution of varying
concentrations of Bu4NClO4 in CH2Cl2. The electrode was rinsed with and then immersed
in the corresponding MPC-free electrolyte solution to assess the extent of adsorption by
cyclic voltammetry. Table 4.2 shows that a smaller surface coverage is observed when the
potential is not scanned in the MPC solution; the voltammetry of the
lower coverage adsorption is however, equally persistent in MPC-free electrolyte solution.
One might infer from Table 4.2 that ferrocene sites need not be oxidized for adsorption
to occur. Ferrocenated dendrimers do adsorb without oxidation.25 However, a small
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Table 4.1. Effect of type and concentration of supporting electrolyte on coverage ΓMPC of
ferrocenated MPCs adsorbed on Pt electrode from a 0.05 mM MPC solution, during survey
potential scanning (between 0.2 and 1.0 V at 0.50 V/s).
Supporting Electrolyte

[Supporting Electrolyte], M

ΓMPC, mol MPC/cm2

Bu4NC7H7SO3

1.0

no film formed

Bu4NPF6

1.0

6.3 x 10-12

Bu4NClO4

1.0

2.9 x 10-12

Bu4NClO4

0.10

1.4 x 10-12

Bu4NClO4

0.010

no film formed
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Table 4.2. Effect of potential scanning (between 0.2 and 1.0 V at 0.50 V/s) on adsorption
of ferrocenated MPCs from Bu4NClO4/CH2Cl2 solution in survey experiment.
[Bu4NClO4],

ΓMPC with Potential Scanning,

ΓMPC without Potential Scanning,

M

mol MPC/cm2

mol MPC/cm2

1.0

2.9 x 10-12

1.0 x 10-12

0.10

1.4 x 10-12

3.0 x 10-13

0.010

no film formed

no film formed
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fraction of the 43 ferrocene sites in the native MPC solution are oxidized, and cationic,
since the 0.20 to 0.30 V rest potentials of ferrocenated MPC solutions are not far from the
ferrocene formal potential (0.40 V). These oxidized ligand sites can aid adsorption by
providing the bridging ion-pair interactions described in the ion-induced adsorption model
discussed below.
The three minute exposure in the non-scanning experiments reported in Table 4.2 is
more than sufficient (assuming D ~ 3 x 10-6 cm2/s)51 to yield a complete MPC monolayer
were the adsorption to occur at a diffusion-controlled rate. Also, no attempt was made to
control convective effects of placing the electrode in the solution. This low coverage and
the irreversibility of the adsorption suggest slow adsorption kinetics, as studied in a later
section.
The ferrocenated MPC adsorption is weaker when there are fewer ferrocene sites in the
MPC monolayer. Evidence for adsorption has been noticed previously52,53 in voltammetry
(in 0.10 M Bu4NPF6/CH2Cl2) of hexanethiolate-coated MPCs (average 4.8 nm core dia.)
where a small fraction (10-15%) of the original thiolate ligands had been replaced (by
ligand exchange) by ferrocenated ligands. Those adsorbed MPCs could be removed from
the Pt electrodes simply by rinsing with fresh CH2Cl2 solvent. This observation was
probed further here, using a higher electrolyte concentration (1.0 M Bu4NClO4/CH2Cl2)
and Au225 MPCs bearing ca. 17 ferrocene alkanethiolate ligands (see Experimental).
Figure 4.3 shows the oxidation peak of the cyclic voltammogram of this
adsorbed MPC in MPC-free 1.0 M Bu4NClO4/CH2Cl2 solution. The surface coverage is
small—about 10% of that seen in Figure 4.1 and less persistent than that of fully
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Figure 4.3. Oxidation peak (solid blue line) from cyclic voltammetry (2.0 V/s) of partly
ferrocenated, Au225(SC6)58(SC6Fc)17, adsorbed MPCs in 1.0 M Bu4NClO4. The dashed
pink line is a simulated waveshape for a reversible one-electron transfer with no lateral
interactions and with Eo’ the same for all ferrocenes (Equation 4). ΓMPC = 2 x 10-13
mol/cm2.
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ferrocenated MPCs; the adsorption redox peaks gradually decreased during voltammetry in
MPC-free electrolyte solution. These results show that the robust adsorption of Figure
4.1D – F is facilitated by a dense coverage of ferrocene sites on the Au MPC.
The Table 4.1 ΓMPC results indicate that the adsorption of fully ferrocenated Au MPCs
depends on specific adsorption of the electrolyte anion on the Pt surface in the CH2Cl2
medium. This was further demonstrated by coating the Pt electrode surface with a self
assembled monolayer (SAM) of dodecanethiolate ligands, whereupon, in 1.0 M
Bu4NPF6/CH2Cl2, the MPC adsorption was almost completely eliminated (Figure 4.4).
In the course of evaluating the values of ΓMPC, cyclic voltammetric background
currents were recorded on clean Pt electrodes in Bu4NClO4/CH2Cl2 and Bu4NPF6/CH2Cl2
solutions. Remarkably, as shown in Figure 4.5, the double-layer charging currents at
potentials more positive and negative of the ferrocene wave are substantially unaffected
by the ferrocenated MPC adsorption. Our prior experience with non-ferrocenated
alkanethiolate-coated MPCs in CH2Cl2 solutions has been that they readily physisorb on
electrodes and substantially suppress (by a factor of 2 or 3) double layer charging currents,
presumably by forming a hydrocarbon-like film.52 The adsorbed fully ferrocenated Au225
MPCs are unique in our experience with MPC voltammetry in that they do not disturb the
electrode double layer capacitance. An additional implication is that small electrolyte ions
can facilely access the electrode surface through the interstices in the layer of relatively
large (avg. overall dia. near 5 nm) adsorbed MPCs.
The persistence of Au225(SC6Fc)43 MPC adsorption in MPC-free 1.0 M
Bu4NClO4/CH2Cl2 was evaluated by cyclically scanning the potential of an adsorbatecoated electrode between 0.20 and 0.55 V at 0.20 V/s. Over 1840 scans of the ferrocene
redox states provoked only a 16 % loss in MPC coverage. On the other hand, scanning to
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Figure 4.4. (A) Cyclic voltammetry (blue curve, 0.20 V/s) of an adsorbed Au225(SC6Fc)43
film formed on a clean Pt electrode from a 0.1 mM MPC, 1.0 M Bu4NPF6/CH2Cl2 solution
and transferred to an MPC-free 1.0 M Bu4NPF6/CH2Cl2 solution. (B) Cyclic voltammetry
(red curve, 0.20 V/s) of an identically treated Pt electrode, except that the Pt electrode had
been first coated with a dodecanethiolate self-assembled monolayer (SAM).
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0

Figure 4.5. Cyclic voltammograms of an MPC-free 1.0 M Bu4NClO4/CH2Cl2 solution at
(A) a bare Pt electrode and (B) a Pt electrode with an adsorbed film of Au225(SC6Fc)43
(made in 0.1 mM MPC solution). The cyclic voltammograms were collected at 0.20 V/s.
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Figure 4.6. Potential cycling on 1 M Bu4NClO4/CH2Cl2 of a Pt electrode with an adsorbed
film of Au225(SC6Fc)43 (made in 0.1 mM MPC/1.0 M Bu4NClO4/CH2Cl2 solution). A 90
% loss in coverage was observed over the course of 280 scans that included the negative
potential region. The cycling was performed at 0.2 V/s with a Pt wire auxilary electrode
and a Ag/AgCl (aq) reference electrode.
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a more negative potential limit (-0.80 V) caused a rapid decrease in ΓMPC as shown in
Figure 4.6; after only 280 scans ΓMPC decreased ca. 90 % of its original value. The -0.8 V
limit of the voltammetric scan is more negative than the -0.1 V potential of zero charge
(EPZC) for Pt in an organic medium.54 The significance of this statement is that anions
should be driven off the Pt electrode at such potentials—an observation in harmony with
the results in Figures 4.4 and 4.6. At the same time, we note that the MPCs are not
immediately desorbed at negative potentials, which is consistent with the slow adsorption
kinetics discussed later.
While further aspects of ferrocenated MPC adsorption are evaluated below, we pause
here to outline how the above results suggest a mechanism for the ferrocenated MPC
adsorption. We propose that its origin involves electrolyte anions in the electrochemical
double layer forming bridging ion-pairs between the electrode and ferrocenium sites on the
MPC, as cartooned in Figure 4.7. Ion-pairing has been detected previously between
ferrocenium and ClO4- and PF6- in aqueous voltammetry of ferrocenated SAMs,19 in
intervalent charge transfer of acetylene bridge biferrocene,55 and in NMR56 and QCM22
experiments. The present results show the importance of a) the electrolyte anions and their
concentrations, b) their largely unchanged retention in the electrode double layer following
MPC adsorption, c) the population of ferrocene sites on the MPC, and d) the nullifying of
anion specific adsorption on the Pt surface with a hydrophobic SAM.
A likely essential aspect of Figure 4.7 is the multiplicity of the ion-pair bridges made
possible by the concentrated ferrocenium population on the MPC. We propose that the
strong persistence of the adsorption is at least partially due to entropic stabilization, akin to
the well-known chelate effect.57 Probably, ionic bridges also form laterally between
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Figure 4.7. Cartoon of ion-induced adsorption, where ferrocenium cations on the MPC
form ion-pair bridges with electrolyte anions specifically adsorbed to the Pt electrode. It
can be imagined that the ligand shell may become deformed to form ion-pair bridges of
similar dimensions. Formation of ion-pair bridges shown stabilizes successive ion-pair
bridges and can cause a successive shift in Fc/Fc+ formal potentials ( E jmax scheme, see
later). It is also possible to imagine lateral ion-pair bridges between adsorbates (not
shown).
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neighbor adsorbates. Such a stability picture would rely heavily on a combination of ionpair formation constants (which increase when multiple bonds to one species are formed),
the anion structure, the population of anions in the double layer, and the population of
ferroceniums on the MPCs; effects all seen in the experimental behavior. There may be
some consequent ordering in the monolayer, causing the overall process of producing a
robust adsorption, and of desorbing it, to be kinetically slow. The model of Figure 4.7 is a
nanomaterials reincarnation of the “anion-induced adsorption” model proposed many years
ago by Anson, et al.58 to account for the (much weaker) adsorption of small metal
complexes on Hg electrodes.
The ferrocenated MPCs are not soluble in most electrochemically useful solvents. Less
comprehensive tests in tetrahydrofuran showed adsorption effects similar to those in
CH2Cl2. MPCs adsorbed from 1.0 M Bu4NPF6/CH2Cl2 solutions could be rinsed with
MPC-free 1.0 M Bu4NPF6/CH2Cl2 and placed in 1.0 M Bu4NPF6/CH3CN where stable
voltammetry similar to that discussed above could be observed (results not shown).
Adsorption Kinetics. As noted above, the apparently slow adsorption of the fully
ferrocenated Au MPCs prompted a study of adsorption kinetics. Three different protocols
(See Experimental section) were used in assessing adsorption kinetics. The fixed-time
protocol involved exposure, while scanning the electrode potential for a uniform time, of a
clean Pt electrode to 1.0 M Bu4NClO4 or 1.0 M Bu4NPF6/CH2Cl2 solutions containing
varied concentrations of ferrocenated MPCs. In a second, no-scan protocol, the Pt
electrode was exposed at open circuit to a 0.05 mM MPC solution in 1.0 M
Bu4NClO4/CH2Cl2 for varying periods of time. A third, scanning kinetics protocol,
involved cyclically scanning the electrode potential in a 0.05 MPC/1.0 M
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Figure 4.8. Panel A: Fractional coverages (θ) of MPCs measured in fixed-time
experiments at different MPC concentrations (lower horizontal axis) in 1.0 M Bu4NClO4
(open black circles, ΓMONO = 0.7 x 10-11 mol/cm2) and 1.0 M Bu4NPF6 (filled black circles,
ΓMONO = 1.3 x 10-11 mol/cm2) electrolytes. The upper horizontal axis is normalized MPC
concentration*time (tc), where t = 80 s for all data points. Panel B: Coverage of MPCs
(ΓMPC) measured as a function of log(tc) in no-scan (open red circles), scanning (filled red
circles), and fixed-time (ClO4- open black circles, PF6- filled black circles) protocol
experiments. No-scan and scanning experimental protocols used a fixed (0.05 mM) MPC
concentration in 1.0 M Bu4NClO4/CH2Cl2. The solid lines in both Panels are fits to the
first-order rate expression, Equation 3, for the rate constants displayed in Table 4.3. No fit
was performed on the scanning protocol as it leads to multilayers and does not appear to
attain a saturation coverage.
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Bu4NClO4/CH2Cl2 solution through the ferrocene potential for varying periods of time.
There were thus four sets of kinetic results.
The results of the four experiments are displayed in Figure 4.8. Panel A displays the
data of the fixed-time experimental protocol for the two electrolyte systems as plots of
fractional coverage, θ = ΓMPC/ΓMONO, where ΓMONO is the apparent saturation monolayer
coverage, versus MPC concentration, c (lower x-axis), and versus time multiplied by
concentration, tc (upper x-axis), where the exposure time was constant at 80 s. Panel B
displays the MPC coverages, ΓMPC, for all four sets of data (fixed-time, no-scan, and
scanning protocols) plotted versus log [tc] (in which MPC concentrations in the scanning
and no-scan protocols were constant at 0.05 mM). Apparent adsorption rate constants can
be derived from these experimental data using the Langmuirian rate equation
dθ
= kc(1 − θ )
dt

(2)

where k is the first-order adsorption rate constant, t is the time the electrode spent in the
MPC solution, and c is the MPC concentration (mol/cm3). The solid curves shown in
Figure 4.8 are fits to this first-order rate law where Equation 2 was rearranged to form
θ = 1 − exp(−ktc)

(3)

The corresponding rate constants are listed in Table 4.3. This first-order rate law assumes
that the Langmuir isotherm applies with the concomitant presumption that there
is a maximum monolayer surface coverage, that the adsorption coefficient is so large that
the adsorption is effectively irreversible, that the kinetics for adsorption are slow, and that
there is no concentration polarization of the MPC near the electrode.
Figure 4.8A presents the fixed-time results, where ΓMPC adsorption occurred from varied
MPC concentrations for a fixed time. It is apparent that although ΓMONO is
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Table 4.3. Rate constants for MPC adsorption derived from fixed-time and no-scan
experimental protocols. GMPC was measured as a function of MPC concentration in fixedtime experiments and as a function of time in no-scan protocol. (All scans were taken
between 0 and 0.8 V/s.)
k, cm3/mol⋅s

Experimental Protocol
(1.0 M Bu4NClO4/CH2Cl2)

9 x 103

Fixed-time (1.0 M Bu4NClO4/CH2Cl2)

9 x 104

Fixed-time (1.0 M Bu4NPF6/CH2Cl2)

9 x 104

No-scan
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somewhat larger in 1.0 M Bu4NPF6/CH2Cl2 (ΓMONO = 1.3 x 10-11 mol/cm2) than in 1.0 M
Bu4NClO4/CH2Cl2 (ΓMONO = 0.7 x 10-11 mol/cm2), the rates of MPC adsorption are
identical in the two electrolyte media. Calculated from Equation 3, a single value of k
(Table 4.3) serves to fit the results in both media.
Figure 4.8B plots all four sets of data on the same graph so as to compare them. The noscan results are well-fit (solid line) by Equation 3 and produce an adsorption rate constant
(Table 4.3) that is ca. 10-fold slower than seen in the fixed-time experiment (Figure 4.8A).
This rate difference is consistent with the results of Table 4.2 and the model of Figure 4.7,
and we believe it reflects the influence of potential scanning in the latter (fixed-time)
experiment, provoking a more rapid accumulation of adsorbed nanoparticles by generating
larger populations of ferrocenium sites.
The results for the scanning protocol in Figure 4.8B reveal an additional aspect of the
ferrocenated MPC adsorption, namely that adsorbed multilayers can form under the
combined impetus of long exposure times (over 3 hours) and potential scanning. The
largest ΓMPC attained was 2.9 x 10-11 mol/cm2, which is equivalent to about 3 monolayers,
and the adsorbed MPCs do not appear to have reached a saturation point. From the plot, it
is evident that as long as ΓMPC < ΓMONO, the rate of accumulation of ΓMPC is roughly similar
to that seen in the other experimental protocols, and presumably occurs with a similar rate
constant. However, when ΓMPC > Γ MONO, the adsorption rate profile changes. Because of
the increased complexity of multilayer formation, we did not attempt to extract a rate
constant from the scanning protocol data.
The voltammetry of the adsorbed ferrocenated MPCs throughout the preceding
experiments continued to exhibit quite narrow peaks, as illustrated in Figure 4.1D, at all
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monolayer or sub-monolayer coverages. When multilayers were formed in the scanning
kinetics protocol (Figure 4.8B), however, the current peaks broadened by a factor of two in
EFWHM (although remained narrower than the ideal 90.6 mV). Additionally, the behavior
illustrated in Figure 4.2—where a small loss of MPC coverage occurred upon preliminary
potential scanning after transfer to MPC-free solution—was seen in all experiments
involving sub-monolayer adsorption, but not when MPC multilayers formed. There is
apparently no “loosely adsorbed” component of a multilayer film.
Although the kinetic slowness of the MPC adsorption is striking, we have only
speculation regarding the underlying reason(s). The adsorption kinetics is much slower
than the realm of diffusion-controlled adsorption, as was noted above. Some kind of slow
surface reaction59 must be involved; examples mentioned in a recent discussion59 include
surface precipitation, surface site bonding energy heterogeneity, and formation of ordered
surface structures. The conversion of the MPC to the ferrocenium form—which is not
very soluble in CH2Cl2 and the specific adsorption of and ion-pair bridging by presumably
multiple electrolyte anions must play important roles in the slow surface reaction(s). We
also speculate that the MPCs may slowly generate ordered domains on the Pt electrode, and
it is solely these slowly-formed domains that survive the transfer to MPC-free electrolyte.
Voltammetric Waveshape Analysis. We turn lastly to the narrowed voltammetric
peaks noted above for adsorbed ferrocenated MPCs (Figure 4.1D, EFWHM = 35 mV). A
one-electron reaction of an ideal adsorbed layer has in contrast a voltammetric EFWHM =
90.6 mV and a waveshape following the equation14,60-62
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where b is the number of ferrocenes per MPC, ΓT is adsorbed MPC coverage (ΓMPC,Red +
ΓMPC,Ox), and ν is potential scan rate. Equation 4 assumes that all redox sites react
independently, have the same formal potential, E0’, and have adsorbate activities
proportional to ΓRed and ΓOx. Figure 4.1D shows that one or more of these assumptions fail
for the adsorbed ferrocenated MPCs.
We offer two alternative interpretations of the narrow voltammetric waveshape based on
failures of the above assumptions. The first considers that ferrocene formal potentials are
not all equal, but instead E0’ gradually becomes less positive (by increments ∆ E0’) as
successive ferrocene sites become oxidized. The shift is promoted by the successive
stabilization of the adsorbed ferrocene MPC ligand through ion-pair bridging between
ferrocenium sites, electrolyte anions, and the electrode (and possibly, laterally between
MPCs). For example, the cartoon in Figure 4.7 shows five ion-pair bridges; as each of the
five ferrocenes was oxidized, formation of an ion-pair bridge stabilizes the adsorbed MPC,
so that the next ferrocene site can be oxidized at a slightly less positive E0’.

The scheme

comprises j max sequential reversible electron transfers which we will refer to as the E jmax
scheme. We assume that E 0j ' − E 0j −' 1 is negative and constant.
In the E jmax scheme, each sequential electrochemical reaction is accompanied by
formation of ion-pair bridges (IB) between the electrode, counter anion, and individual
ferroceniums. The number of steps that involve ∆Eo’ changes (j) is undoubtedly < ca. 43
and may involve only the ferrocene sites closest to the electrode (Figure 4.7). The reverse
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Figure 4.9. Simulations of E jmax scheme voltammetry for sequential electron transfer
reactions of 10 ferrocene ligands per adsorbed MPC, where each successively reacting
ferrocene’s formal potential is incrementally shifted by ∆E0’ = -4 mV. The numbers by the
curves are values of j; i.e., j = 3 is the voltammetry predicted for reaction of the first three
ferrocenes only and j = 10 for overall current after the tenth ferrocene has reacted.
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occurs during reduction. To our knowledge, this type of effect has not been previously
considered. Statistical aspects of many-electron transfer reactions of redox polymers9,26
have been presented, but that theory does not predict peak-narrowing, and the statistical
shifts predicted are opposite to those proposed here.
The voltammetric peak-narrowing of adsorbed MPCs with the E jmax scheme is illustrated
by the simulations in Figure 4.9 for ∆E0’ = -4 mV and j max =10. (Curve 10 is thus an
overall 10 electron wave.) The extent of peak narrowing for j max = 10 is larger for smaller
∆E0’, as shown by Figure 4.10. Our choice of j max = 10 and ∆E0/ = -4 mV is only
illustrative of the peak narrowing effect, but in Figure 4.11 these parameters do yield a
good fit to the observed adsorbed MPC voltammetry in both 1.0 M Bu4NPF6/CH2Cl2 and
1.0 M Bu4NClO4/CH2Cl2 solutions (Curves B, D). Other combinations of j and ∆E0’ may
however fit the data equally well; we do not propose that the Figure 4.11 comparisons are
unique. The main point is that a model based on progressive formation of ion-pair bridges,
causing formal potential changes, can well-represent the peak narrowing experimental
results. It is important to note that the model implicitly assumes that surface activities of
all species are proportional to their surface concentrations.
A second analysis of the narrowed MPC voltammetric waveshapes is based on a known
surface activity model invoking attractive lateral interactions between adsorbed
nanoparticles, so that activities of the adsorbates do not scale linearly with their surface
coverages. There have been several theoretical analyses9,14,15,63-68 of how activity effects
change surface waveshapes using a quantity-dependent activity, a parameterized interaction
between Ox and Red sites, or other theoretical models.62 For a one-electron
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Figure 4.10. Simulations of a 10 e- transfer with 10 successive Eo’ values, each less
positive (by ∆Eo’) than the previous one ( E jmax scheme); each simulation has a different
∆Eo’, with the numbers by the curve representing the values of ∆Eo’ ranging from -1 mV
(the sharpest peak) to -11 mV (the broadest peak).
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Figure 4.11. Simulations of the oxidative peak of a one electron transfer of an ideal
adsorbed ferrocene monolayer (blue dashed line) and E jmax scheme with j = 10 and varied
∆Eo’ (pink dashed line), compared to experimental voltammetry (green solid line, 0.025
V/s) of ferrocenated MPCs adsorbed from a 0.1 mM MPC solution in 1.0 M
Bu4NPF6/CH2Cl2 (Curves A – C) and 1.0 M Bu4NClO4/CH2Cl2 (Curve D). Varied ∆Eo’
fits (blue dashed line) for Curve A has ∆Eo’ = -1 mV (FWHM = 23 mV), for Curve B and
D ∆Eo’ = -4 mV (FWHM = 35 mV), and for Curve C ∆Eo’ = -6 mV (FWHM = 53 mV); the
best fit for both electrolytes is at ∆Eo’ = -4 mV. To compare the curves, all are normalized
to the experimental Eo’ and peak current.
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reaction, representing interaction parameters between Ox and Red as rOx and rRed yields the
equation14
bF 2 Γ Tνf (1 − f )
i=−
RT [1 − fΓ T (rOx + rRe d )(1 − f )]

(5)

where f is the fraction of the molecules on the surface in their oxidized form. For rOx = rRed
= 0 (i.e., no interactions), Equation 5 reduces to Equation 4. The interaction parameter is
signed positive and negative for attractive and repulsive interactions, respectively;
attractive interactions in Equation 5 lead to voltammetric peak narrowing.
The experimental data seems to support the idea that the adsorbed layers of ferrocenated
MPCs are stabilized by lateral interactions, possibly involving the counter
ions, and it is also likely that the activities of the ferrocene moieties are changing during
the redox process. Figure 4.12 compares Equations 4 and 5 (dashed pink lines, Curves A,
B, respectively) to MPC adsorption data (green solid lines) taken in a survey experiment in
1.0 M Bu4NClO4/CH2Cl2 solution. Curve A shows that the experimental oxidative peak is
substantially more narrow than predicted by Equation 4, while Curve B shows an excellent
fit for Equation 5 using (quite large) attractive interaction parameters rOx = rRed = 2 x 1011
mol-1cm2. Although not shown, the fits for Equations 4 and 5 to the experimental
oxidation peak of ferrocenated MPCs in 1.0 M Bu4NPF6/CH2Cl2 gave identical results as
shown in Figure 4.12 but required slightly larger interaction parameters: rOx = rRed = 6 x
1011 mol-1cm2. These comparisons show that an activity-based model can also be used to
represent the voltammetric peak narrowing.
The comparisons of experimental results to theory in Figures 4.11 and 4.12 are based on
two rather different models, both of which are physically plausible. The E jmax scheme is
physically appealing because it can be related to the chemical binding interactions
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Figure 4.12. Ferrocene oxidation peak in experimental voltammetry (green solid line, 0.10
V/s) of ferrocenated MPCs adsorbed from a 0.1 mM MPC solution in 1.0 M
Bu4NClO4/CH2Cl2 compared to waveshapes (pink dashed lines) predicted from Equations
4 (Curve A) and 5 (Curve B for rOx = rRed = 2 x 1011 mol-1cm2). Experimental data
collected from 1.0 M Bu4PF6/CH2Cl2 (not shown) gave a similarly good fit to Equation 5,
using rOx = rRed = 6 x 1011 mol-1cm2. Predicted curves are normalized to the experimental
Eo’ and peak current.

131

1 µA
A

1 µA

B
0.5
0.3
0.2
0.6
0.4
Potential vs. Ag/AgCl (aq), V

132

proposed in the model for ion-induced adsorption (Figure 4.7). Its weakness is the
presumption of surface activity-concentration proportionality, and it is possible that the
peak narrowing may reflect concurrent contributions from both of the above explanations.
Notably, when the number of ferrocene sites is diluted on the monolayer, as for the
mixed monolayer Au225(SC6)58(SC6Fc)17 MPC in Figure 4.3, the peak narrowing is not
observed. Instead, the experimental waveshape shown in Figure 4.3 (blue solid line) is
well represented by the ideal electroactive monolayer Equation 4 fit (pink dashed line).
This result shows that peak narrowing is provoked by close proximity of the
ferrocene/ferrocenium sites to each other in the MPC ligand shell.
It is worth in closing to contrast the fully ferrocenated MPC adsorption described here to
other examples of adsorption of multi-ferrocenated entities. A close example is that of
Abruña, et al.25 who observed significant adsorption, from 0.10 M Bu4NClO4/CH2Cl2, of
diaminobutane-based poly(propylene imine) dendrimers bearing 8, 32, and 64 peripheral
ferrocenyl moieties. The adsorption followed a Langmuir isotherm and was strong, being
observable from sub-micromolar concentrations, however, the voltammetric peak shapes
were normal. A more distant comparison can be made with adsorption of
poly(vinylferrocene) (PVF).15,26-29 These multilayer films showed interesting complexities,
including narrowed peak shapes, however they were inferred to be caused by different
environments of oxidized (and reduced) sites within the film and conversions between
them.
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CHAPTER V
REDOX FUNCTIONALIZED MONOLAYER PROTECTED GOLD CLUSTERS AS
ELECTROCHEMICAL CAPACITORS

5.1

Introduction

Currently much investigation is focused on electrochemical capacitors, or
supercapacitors, owing to their widespread use as storage devices complementary to
conventional batteries in a variety of applications requiring large amounts of power.1,2
New applications for supercapacitors are constantly emerging including portable
electronics, power quality devices, and low-emission hybrid cars, buses, and trucks.3
Supercapacitors generate electrical energy via the formation and release of an
electrochemical double layer comprising of electrolyte ions at the electrode/electrolyte
surface,3 and they are generally composed of high surface area materials such as carbon,4,5
conductive polymers,6,7 and noble8-10 and transition metal-oxides.11-28 Metal oxide particles
supported on porous carbon electrodes11,13,29-33 have become increasingly popular owing to
the combination of double-layer capacitance from the porous carbon and the redox-induced
pseudocapacitance of the metal oxides.
Recently we have reported the synthesis and characterization of gold clusters surrounded
by ω-ferrocenyl hexanthiolate ligands with average core radii of 1.0 nm.34 In solutions
with high concentrations of supporting electrolyte, the fully ferrocenated clusters are found

to undergo anion induced adsorption to platinum, gold, and carbon electrodes.35 Our group
has reported in the past that gold monolayer protected clusters (MPCs), within a certain
size regime (core radii of ca. 0.8 to ca. 2.5 nm), exhibit quantized one-electron doublelayer charging, where the gold core undergoes a series of one-electron transfers separated
by an evenly spaced voltage interval (∆V). The capacitance of the cluster (CCLU) can be
related to this voltage spacing as
C CLU =

e
∆V

(1)

where e denotes the charge of an electron. The sub-attofarad capacitance of the MPC is
sufficiently small enough to produce voltammetry with detectable ∆V.
The capacitance of the gold MPC is dominated by the dielectric properties of the ligand
shell and is remarkably well predicted by the concentric sphere capacitor model in which
the gold core serves as the inner conducting sphere, the organic monolayer as the dieletric,
and the supporting electrolyte forms the outer conducting sphere. Following this
relationship, the capacitance of the cluster can be correlated to both the thickness (d) and
static dielectric constant (ε) of the organic monolayer in the relationship
r
C CLU = 4πε 0ε  (r + d )
d 

(2)

where ε0 is the permittivity of free space and r is the gold core radius.
The goal of this work is to demonstrate how redox-functionalized MPCs can be utilized
in the energy storage domain by exploiting the double-layer capacitance of the gold core
with the pseudo-capacitance of the redox active ligands. It has been shown34 that over a
small potential range, up to 60 electrons can be transferred onto a single ferrocenefunctionalized MPC, with the majority of the electrons being transferred through the redox
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charging of the ferrocenes and the rest through the double-layer charging of the gold core.
Practical supercapacitors of ferrocenyl-functionalized Au clusters are created here by
taking advantage of the anion induced adsorption35,47-52 of the clusters onto carbon surfaces.
When commercially available carbon nanofoam electrodes, supported mesoporous carbon
aerogels already having significant specific capacitances, are coated with the adsorbed
ferrocene-functionalized MPCs, the specific capacitance is shown to increase dramatically.
The resulting specific capacitances are comparable and in some cases superior to those of
other supercapacitor materials, thus redox-functionalized Au MPCs can be added to the
growing number of exciting new materials suitable for supercapacitor application.
5.2

Experimental

Experimental
Chemicals. Hexanethiol (HSC6, >99%), dodecanethiol (HSC12, >99%), toctylammonium bromide (Oct4NBr, >98%), sodium borohydride (NaBH4, >98%), tbutylammonium perchlorate (Bu4NClO4, >99%), t-butylammonium p-toluenesulfonate
(Bu4NC7H8O3S, puress), and t-butylammonium hexafluorophosphate (Bu4NPF6, puress)
from Aldrich, and sodium sulfate (NaSO4, ACS certified), toluene (reagent grade),
acetonitrile (Optima), methylene chloride (HPLC grade), methanol (HPLC grade),
tetrahydrofuran (HPLC grade), and ethanol (HPLC grade) from Fisher were used as
received. HAuCl4·xH2O (from 99.999% pure gold) was synthesized using a literature
procedure53 and stored in a freezer at -20oC. Water was purified using a Barnstead
NANOpure system (18 MO).
Ferrocene hexanethiol (HSC6Fc) was synthesized by refluxing a mixture of (1.11 g,
3.17 mmol) ω-bromohexane ferrocene (prepared by a published method54) and thiourea
(0.600 g, 7.88 mmol) in ethanol (50 mL) overnight. The reaction mixture was neutralized
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with NaOH (aq), refluxed for a further 3 h, and then acidified with HCl to pH ~ 2, diluted
with water and extracted with CH2Cl2, washing the organic extract phase copiously with
water. The material obtained after rotary evaporation of the CH2Cl2 product solution was
chromatographed on silica gel with ethyl acetate/hexanes. 1H NMR (400 MHz, CD2Cl2) of
the thiol gave the appropriate NMR peaks: 4.0 (m, 9 H), 2.49 (q, J = 7.2 Hz, 2 H), 2.30 (t, J
= 7.6 Hz, 2 H), 1.56 (m, 2 H), 1.46 (m, 2 H), 1.32 (m, 5 H) with no dithiol peaks present
and no significant broadening, indicating that the majority of the ferrocenyl groups were in
the reduced state.
MPC synthesis. Au225(SC6Fc)43 was synthesized as described previously.34 Briefly,
vigorous mixing of 3.19 g HAuCl4·xH2O in 100 mL deionized water with 5.20 g Oct4NBr
in 200 mL toluene, gave a clear aqueous phase and an orange-brown toluene phase.
Adding ω-ferrocenyl hexanethiol to the isolated organic phase (2:1 ligand-to-Au mole
ratio) gave a colorless reaction mixture that was stirred for 20 minutes and then cooled to 0
o

C. 3.8 g of NaBH4 in 10 mL water was added with very rapid stirring and reacted for 1

hour at 0 oC, after which the dark organic phase was collected and the solvent removed on
a rotary evaporator at room temperature. The black solid suspension was stirred in 400 mL
of acetonitrile for 6 hours and the solid product collected and washed with acetonitrile on a
fine glass frit. Determination of the average Au core size and number of ligand analyses
has been presented elsewhere,34 based on transmission electron microscopy, UV/Vis
absorbance spectroscopy, cyclic and differential pulse voltammetry, and constant potential
coulometry.
A mixed monolayer MPC with a lower ferrocene population (average composition, by
NMR, Au225(SC6)58(SC6Fc)17) was prepared by a ligand place exchange between
Au225(SC6)75 (prepared as previously described40) and HSC6Fc at a 1:1 mole ratio of ω142

ferrocenyl hexanethiol to hexanethiolate ligand. A 10-mL tetrahydrofuran solution of
0.020 g Au225(SC6)75 and 0.0089 g HSC6Fc was stirred for 1 hr, the solvent removed, and
the mixed monolayer MPCs rinsed with acetonitrile to remove excess ligand. The relative
number of ligands on the exchanged product was analyzed in CD2Cl2 solution with 1H
NMR on a Bruker 400 MHz Avance spectrometer with a 5 s relaxation delay time.
Carbon nanofoam electrodes and films. Sheets of pyrolyzed carbon nanofoam
electrodes were received from MarkeTech International Inc. (Grade I, 0.4 – 0.5 g/cc
density, ca. 400 m2/g surface area, ca. 60 nm average pore size). To practically utilize the
carbon nanofoam electrodes, a square of the carbon nanofoam sheet was cut out with
scissors, and a wire coated in a protective plastic jacket was cut on either end to expose the
metal wire. One end of the wire was attached to the carbon nanofoam square using silver
paste, which led to an electrical connection between the wire and the electrode material.
The electrode was then left in an oven set to 70 oC to cure the silver paste overnight. The
following day, the silver paste was coated completely with an epoxy to prevent
electrochemistry from occuring at the metal junction. Again the electrode was allowed to
cure overnight in an oven at 70 oC. Once the epoxy was dry, the electrode was used for
electrochemical measurements.
To make the carbon nanofoam powder, the carbon-paper-supported carbon nanofoam
was manually ground up into a fine powder using a pestle and mortar. Adsorption of
Au225(SC6Fc)43 MPCs onto the powder was achieved by dissolving ca. 50 mg of
Au225(SC6Fc)43 MPCs and ca. 50 mg of carbon nanofoam powder in a 2 mL solution of 1.0
M Bu4NClO4/CH2Cl2. The solution was then sonicated owing to the insolubility of the
carbon nanofoam powder in CH2Cl2 and allowed to sit for one hour in darkness. Using a
glass frit, the excess Bu4NClO4 was removed by rinsing the MPC-modified carbon
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nanofoam powder with methanol. To cast the powder as a film on a glassy carbon
electrode, the carbon nanofoam powder (bare or MPC-modified) was dissolved in CH2Cl2,
then dropcast onto a glassy carbon electrode surface and allowed to dry for several minutes.
Electrochemistry. Voltammetry was performed using a Model 100B Bioanalytical
Systems (BAS) potentiastat. The three electrode system for investigating the voltammetry
of the carbon nanofoam electrode consisted of the carbon nanofoam electrode as the
working, vitrous carbon as the counter, and Ag/AgCl/3 M KCl (aq) as the reference
electrodes. For the carbon nanofoam powder voltammetry, the powder was dropcast onto a
1.5 mm glassy carbon electrode, and the other two electrodes were a Pt wire as the counter
and Ag/AgCl/3 M KCl (aq) as the reference electrodes. The same three electrode system
(without the dropcast powder film) was used to investigate adsorption of the MPCs onto
the glassy carbon electrode. Non-aqueous electrochemistry was performed in 0.1 mM
MPC degassed CH2Cl2 solutions containing 1.0 M Bu4NClO4. Aqueous electrochemistry
was performed in 1.0 M NaSO4 solutions in degassed Nanopure water. Electrochemically
adsorbed MPC films were generated by potential cycling at six different scan rates (0.1,
0.05, 0.025, 0.010, 0.005 and 0.002 V/s from 0 to 0.8 V vs. Ag/AgCl, to also investigate
MPC solution electrochemistry) in a 0.1 mM MPC solution of CH2Cl2 containing 1.0 M
Bu4NClO4, followed by rinsing the carbon nanofoam working electrode with MPC-free
CH2Cl2/1.0 M Bu4NClO4.
Rotated disk electrochemistry (RDE) was performed on a BAS Model 100B potentiastat
and a BAS RDE-1 rotator system. The three electrode cell used a 3 mm Au electrode
(working), Pt wire (counter), and Ag/AgCl/3 M KCl (aq) (reference) and a sonicated
solution of 50 mg of bare or MPC-modified carbon nanofoam powder in 10 mL of 1.0 M
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NaSO4/H2O. Despite being insoluble in H2O, after sonication the powder forms a
suspension that can be analyzed.
Capacitance calculations. Capacitance, C, measured in Farads (F), can be calculated
from a cyclic voltammogram by integrating the area of the voltammetry (both redox peak,
when applicable, and double-layer capacitance are included) to calculate the charge, Q in
Coulombs (C). The charge can be related to the capacitance by
C = Q/V

(3)

where V is the potential range of the voltammetry over which the charge was calculated.
Scanning electron microscopy (SEM). The bare carbon nanofoam electrode and the
manually ground bare carbon nanofoam powder were analyzed via scanning electron
microscopy (Hitachi model S-4700). The bare carbon nanofoam electrode sample was
prepared by taping a piece of the carbon-paper-supported carbon aerogel down to a glass
slide with SEM double-sided tape, and the ground up carbon nanofoam powder sample was
prepared by dropcasting a solution of the powder in CH2Cl2 (concentration ca. 20 mg/mL)
onto a glass slide. The samples were analyzed inside the vacuum chamber of the scanning
electron microscope at a pressure of 10-6 Torr.
5.3

Results and Discussion

Recently we have reported on the synthesis of novel Au monolayer protected clusters
with average core radii of 1.0 nm (average 225 Au atoms) and on average 43 ω-ferrocenyl
hexanethiolate ligands34 (Au225(SC6Fc)43). Intriguingly, these clusters have been shown to
adsorb irreversibly to platinum, gold, and carbon electrodes in the presence of high
concentrations of certain counter anions (PF6-, ClO4-).35 The adsorption of the
Au225(SC6Fc)43 MPCs was found to be kinetically slow and nearly irreversible; the only
way to remove the film of clusters was to polish the electrode with diamond paste or scan
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the electrode potential negative of the electrode’s potential of zero charge (EPZC) for
hundreds of scans. The mechanism of the adsorption is believed to be an ion-pairing effect
between the counter anions adsorbed onto the electrode surface and the oxidized
ferroceniums on the monolayer of the MPCs.35 This paper will demonstrate the creation of
novel supercapacitors that exploit this strong adsorption by means of adsorbing the fully
ferrocenated Au MPCs, capable of transferring 47 electrons per cluster in a small potential
range of 0.8 V, to a material that is already high in double-layer capacitance.
As mentioned previously, Au clusters within a certain size range (core radii of ca. 0.8 to
ca. 2.5 nm) demonstrate quantized one-electron double-layer charging where the potentials
of one-electron core charge increments are separated by ∆V = e/CCLU, where e is the charge
of an electron, and CCLU is the electrostatically governed double layer capacitance of
individual MPCs. It has been shown previously40 that hexanethiolate-protected Au225
MPCs exhibit ∆V values of 185 mV, which has been demonstrated not to change
significantly when redox groups are added to the monolayer.34 Assuming a Au core of 225
atoms and a monolayer of 43 ω-ferrocenyl hexanethiolate ligands, the ideal specific
capacitance for charging a sample of pure Au225(SC6Fc)43 MPC, over a potential range of
0.8 V, can be calculated to be 79 F/g (Table 5.1). While the ideal specific capacitance of
pure ferrocenated Au MPC cannot be reached, not least because of the problem of rapidly
intercalating counter ions into it, it can be assumed that adsorbing the clusters on a material
already high in capacitance will improve the chances of reaching its full capacitive
potential.
Because carbon, in its various forms, is the most extensively used and widely
investigated material in supercapacitor electrodes,29,55 a similar experiment to the survey
experiment of adsorption of the ferrocenated MPCs on a platinum electrode described
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previously35 was performed with a glassy carbon disk electrode. Under identical
conditions, 1.0 M Bu4NClO4 in CH2Cl2, the ferrocenated MPCs adsorbed irreversibly on
the glassy carbon electrode. Figure 5.1A shows the cyclic voltammogram of the MPCmodified glassy carbon electrode in an MPC-free 1.0 M Bu4NClO4/CH2Cl2 solution. It is
evident from the sharp ferrocene redox waves that the clusters have adsorbed strongly onto
the glassy carbon electrode. Figure 5.1B compares the adsorbed ferrocenated MPCs on the
glassy carbon electrode to that of the same adsorbed MPCs on a platinum electrode under
identical conditions. By comparing the charge under the ferrocene redox waves, both the
glassy carbon electrode and the Pt electrode lead to MPC adsorption coverages (ΓMPC) of
~3 x 10-12 mol/cm2 (one monolayer of MPCs is equal to ~9 x 10-12 mol/cm2), indicating that
the same anion-induced mechanism of adsorption studied previously35 can be applied to the
fully ferrocenated Au clusters adsorbing on a carbon surface. The increase in double-layer
capacitance seen in the more positive potential region with the glassy carbon electrode can
be attributed to the electrode itself, not the MPCs.
Utilizing the strong adsorption of the ferrocenated MPCs onto carbon surfaces,
commercially available carbon aerogel substrates (also called “nanofoams”) were used in
the presence of 1.0 M Bu4NClO4 and ferrocenated MPCs. The MPC-modified hybrid
electrodes take advantage of the high double-layer capacitance of the carbon aerogel as
well as the double-layer capacitance of the gold MPC core and the pseudocapacitance of
the ferrocene redox headgroups of the monolayer. To make the carbon nanofoam
electrodes, a plastic-protected wire with exposed metal ends was connected to the carbonpaper-supported carbon aerogel (nanofoam) electrodes (Marketech International Inc., 254
µm thick) through one metal end with silver paint and cured overnight. The silver paint
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Figure 5.1. (A) Cyclic voltammogram (0.025 V/s) of an adsorbed Au225(SC6Fc)43 film
formed on a clean glassy carbon electrode from a 0.1 mM MPC, 1.0 M Bu4NClO4/CH2Cl2
solution and transferred to an MPC-free 1.0 M Bu4NClO4/CH2Cl2 solution. (B)
Comparison of cyclic voltammograms of two electrodes treated identically to (A) except
that the blue curve is for a Au225(SC6Fc)43 film formed on a clean glassy carbon electrode
(same as (A)) and the maroon curve is for a Au225(SC6Fc)43 film formed on a clean
platinum electrode. ΓMPC for Pt and glassy C electrodes ~ 3 x 10-12 MPC/cm2.
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was then covered with epoxy and cured for another 24 hours. A cartoon of the resulting
electrode is shown in Figure 5.2 where the area of the electrode could easily be controlled
by cutting the desired size of the carbon-paper-supported carbon nanofoam.
To study the enhancement of capacitance resulting from the adsorbed ferrocenated
MPCs onto the carbon nanofoam electrodes, cyclic voltammograms of the bare carbon
nanofoam electrode and the MPC-modified carbon nanofoam electrode in solutions of 1.0
M NaSO4/H2O were compared. The cyclic voltammograms of either the forward or
reverse scan can be integrated to calculate the charge (Q) passed over the potential range
scanned (V), and the capacitance (C) can then be calculated according to Equation 3 (C =
Q/V). The procedure for adsorbing the MPCs onto the carbon nanofoam electrodes
involved potential cycling the bare carbon nanofoam electrode at six different scan rates
(0.1, 0.05, 0.025, 0.010, 0.005 and 0.002 V/s from 0 to 0.8 V vs. Ag/AgCl so as to compare
solution MPC electrochemistry at different scan rates) in a 0.1 mM MPC solution of 1.0 M
Bu4NClO4/CH2Cl2, followed by rinsing the carbon nanofoam working electrode with a
solution of MPC-free 1.0 M Bu4NClO4/CH2Cl2. As can be seen in Figure 5.3A, the
resulting cyclic voltammogram of the Au225(SC6Fc)43-modified carbon nanofoam electrode
exhibits significantly higher current than the bare carbon nanofoam electrode over the same
potential range. The calculated specific capacitance is listed in Table 5.1.
Two separate similar experiments were performed in which lightly ferrocenated Au
MPCs (average composition of Au225(SC6)58(SC6Fc)17) and hexanethiolate protected Au
MPCs with no ferrocenes (average composition of Au225(SC6)75) were used. For the mixed
monolayer MPCs, the clusters were found to adsorb onto the carbon nanofoam electrodes
in the same procedure as the fully ferrocenated Au clusters, leading to increased currents in
cyclic voltammetry measurements in 1.0 M NaSO4/H2O solutions (results not shown).
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Figure 5.2. Cartoon schematic of the carbon nanofoam electrode used. A plastic-protected
wire with exposed metal ends is connected to a square cut-out from a carbon-papersupported carbon nanofoam sheet through one metal end with silver paint (cured overnight)
and sealed with epoxy (cured overnight).
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Figure 5.3. (A) Cyclic voltammogram of bare carbon nanofoam electrode (maroon line)
and Au225(SC6Fc)43-modified carbon nanofoam electrode of the same size (blue line) in 1.0
M NaSO4/H2O. Scan rate was 0.005 V/s and counter electrode was vitreous carbon. (B)
Cyclic voltammogram of bare carbon nanofoam electrode (maroon line) and Au225(SC6)75modified carbon nanofoam electrode of the same size (blue line) in 1.0 M NaSO4/H2O.
Scan rate was 0.050 V/s and counter electrode was vitreous carbon.
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Table 5.1. Specific capacitances of bare and MPC-modified carbon nanofoam electrode
and powder.
Material

Specific

Volumetric

Area-Normalized

Capacitance

Capacitance

Capacitancea

(F/g)

(F/cm3)

(F/cm2)

79

130

n/a

Bare carbon nanofoam electrode

3.9

2.7

0.053 (9.7 x 10-7)

Au225(SC6)75-modified carbon

3.7

2.2

0.053 (9.7 x 10-7)

28

19

0.37 (7.0 x 10-6)

71

48

1.3 (1.8 x 10-5)

3

n/a

n/a

57

n/a

n/a

Theoretical pure, undiluted
Au225(SC6Fc)43 MPC

nanofoam electrode
Au225(SC6)58(SC6Fc)17-modified
carbon nanofoam electrode
Au225(SC6Fc)43-modified carbon
nanofoam electrode
Bare carbon nanofoam powder
(dropcast film)
Au225(SC6Fc)43-modified carbon
nanofoam powder (dropcast film)
a

Values outside parenthesis are area-normalized capacitance in F/cm2 using the physical area of the electrode,
while values within parenthesis indicate area-normalized capacitance in F/cm2 if the total surface area
available is used (from manufacturer, 400 m2/g).
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While the specific capacitance of the mixed-molayer MPC-modified carbon nanofoam
electrode did not increase to the same extent as that of the fully ferrocenated MPCs, most
likely owing to the smaller number of redox active sites, a significant amplification of the
specific capacitance is observed still (Table 5.1).
When the same experiment was also performed using hexanethiolate protected Au MPCs
of the same size but with no ferrocene headgroups,the resulting cyclic voltammograms of
the bare and MPC-modified carbon naofoam electrodes, shown in Figure 5.3B, exhibit
no notable change in the capacitance of the nanofoam electrode before and after
introduction of the Au225(SC6)75 MPCs. This lack of an increase in capacitance is most
likely due to the inability of the hexanethiolate protected MPCs to adsorb to the carbon
surface, despite the presence of the high electrolyte concentration. As demonstrated
previously,35 the adsorption of the ferrocenyl hexanethiolate protected Au clusters is
believed to be caused by ion-pair interactions between the positively charged ferrocenium
head groups and the negatively charged counter anions adsorbed on the electrode surface.
Without these ferrocenium groups, as is the case with the hexanethiolate protected Au
clusters, strong adsorption to the electrode surface does not take place.
The specific capacitances (F/g) of the bare and MPC-modified carbon nanofoam
electrodes are listed in Table 5.1. Modification of the carbon nanofoam electrode with the
mixed monolayer MPC (Au225(SC6)58(SC6Fc)17) causes a nearly ten-fold increase in
specific capacitance, while the adsorption of the fully ferrocenated MPCs (Au225(SC6Fc)43)
to the carbon nanofoam electrode leads to a nearly twenty-fold increase in specific
capacitance. This huge increase is an exciting result in that it demonstrates that a simple
procedure of adsorbing fully ferrocenated Au MPCs onto a carbon nanofoam electrode
produces a novel electrode material of very high specific capacitance.
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The stability of the fully ferrocenated MPC-modified carbon nanofoam electrode was
also investigated in a 1.0 M NaSO4/H2O solution. Figure 5.4 shows cyclic voltammograms
of a Au225(SC6Fc)43-modified electrode potential cycled fifty times between 0 and 0.8 V at
0.025 V/s, corresponding to ca. 53 minutes of potential scanning time. The electrode
demonstrates a 34% loss in capacitance over the fifty cylces. This loss in capacitance is not
ideal, however it is also not grave for approximately one hour of use.
One issue the Au225(SC6Fc)43-modified carbon nanofoam electrode does appear to
present is that upon adsorption of the MPCs, along with the desired increase in capacitance
to the electrode, an undesired increase in uncompensated resistance (iRunc) across the
electrode appears. This increase in ohmic drop can be improved through several methods,
including decreasing the physical area of the electrode as well as carefully drying the
electrode between the CH2Cl2 cycling step (to generate adsorbed MPCs) and the H2O
cycling step (to measure capacitance). Figure 5.5A and B show the effect of decreasing the
carbon nanofoam physical size on uncompensated resistance, using two differently sized
(areas of 9.5 and 2.3 cm2) (A) bare carbon nanofoam electrodes and (B) ferrocenated MPCmodified carbon nanofoam electrodes in 1.0 M NaSO4/H2O solutions. The natural log of
current vs. time curves and corresponding RC time constant values of the differently sized
electrodes are shown in Figure 5.1A and listed in Table 5.1A of the Appendix, respectively.
Even without adsorbed MPCs, the larger bare carbon nanofoam electrode has significantly
higher resistance than the smaller electrode demonstrating that the electrode size, as one
would expect, has a considerable effect on the uncompensated resistance. However, there
is still an increase in capacitance observed when the ferrocenated Au MPCs are adsorbed
onto the carbon nanofoam electrodes, regardless of the size of the electrode.
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Figure 5.4. Fifty cyclic voltammograms of Au225(SC6Fc)43-modified carbon nanofoam
electrode in 1.0 M NaSO4/H2O taken at scan rate 0.025 V/s. After fifty cycles, there is ca.
34% loss in current. Counter electrode was vitreous carbon.
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Figure 5.5. Cyclic voltammograms of (A) bare and (B) Au225(SC6Fc)43-modified carbon
nanofoam electrodes in 1.0 M NaSO4/H2O at 0.010 V/s with vitreous carbon counter
electrode. The larger blue curves are for a carbon nanofoam electrode with area 9.5 cm2,
and the smaller maroon curves are for a carbon nanofoam electrode with area 2.3 cm2. (C)
Cyclic voltammograms of the same Au225(SC6Fc)43-modified carbon nanofoam electrode
(A = 9.5 cm2) in 1.0 M NaSO4/H2O at 0.002 V/s with (maroon curve) and without (blue
curve) the drying at 70 oC for one hour step between cycling in 0.1 mM MPC/1.0 M
Bu4NClO4/CH2Cl2 (for MPC adsorption) and cycling in 1.0 M NaSO4/H2O (for capacitance
measurements). The counter electrode used for both was vitreous carbon.
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The resistance that appears in the 1.0 M NaSO4/H2O solutions using the MPC-modified
carbon nanofoam electrodes is to a large extent owing to the lingering organic CH2Cl2
solvent and Bu4NClO4 electrolyte molecules. In an effort to remove these organic species
from the MPC-modified carbon nanofoams, the electrode was allowed to dry for one hour
in an oven set to 70 oC, and then the typical cycling in the 1.0 M NaSO4/H2O was
performed. Figure 5.5C shows cyclic voltammograms of the same MPC-modified carbon
nanofoam electrode with and without this drying step. From these voltamograms it is
apparent that the drying significantly decreases the uncompensated resistance. Moreover, it
is assumed that further drying in between organic and aqueous voltammetry, and even
drying under vacuum, would greatly improve the performance of these MPC-modified
carbon nanofoam electrodes in terms of ohmic effects.
In another effort to enhance the performance of the ferrocenated MPC-modified carbon
nanofoam electrodes, the electrode material was manually ground up into a fine powder.
Figure 5.6 shows scanning electron microscopy (SEM) images of the bare carbon
nanofoam electrode (a, c) and the ground up bare carbon nanofoam powder (b, d). The
SEM images of the electrodes show platelets of carbon nanofoam firmly attached to
random carbon fibers, interspersed with macro-porosity (the ratio of carbon fiber is ca.
80% by weight). From the images it is apparent that, upon grinding, the microscale
structure of the carbon aerogel is altered, and, along with the random carbon fibers,
polydisperse particles with diameters ranging from several to 50 µm are formed.
Au225(SC6Fc)43 MPCs were adsorbed onto the carbon nanofoam powder by allowing the
ground up carbon nanofoam (ca. 50 mg) to sit in a 2 mL solution of 1.0 M
Bu4NClO4/CH2Cl2 containing the ferrocenated MPCs (ca. 50 mg) for one hour in the dark.
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Figure 5.6. Scanning electron micrographs of (a and c) bare carbon-paper-supported
carbon nanofoam electrode and (b and d) manually ground bare carbon nanofoam powder.
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It has been shown previously35 that the Au225(SC6Fc)43 adsorbs onto a Pt electrode in the
presence of 1.0 M Bu4NClO4 in CH2Cl2 with no applied potential. (Because the rest
potential of the ferrocenated MPCs lies near the ferrocene oxidation potential, it is believed
that several of the 43 redox moities are actually in the oxidized ferrocenium state, thus the
adsorption mechanism, believed to be an ion-pair formation between the adsorbed
counteranions on the electrode surface and the oxidized monolayer ferroceniums, can still
occur with no applied potential.35)
Figure 5.7 shows the cyclic voltammograms in 1.0 M NaSO4/H2O of the bare and
ferrocenated MPC-modified carbon nanofoams dropcast as films onto a glassy carbon
electrode. Clearly the adsorption of the Au225(SC6Fc)43 MPCs increases the capacitance of
the carbon nanofoam in the powder form just as it did in the intact carbon nanofoam
electrode. The specific capacitances of the bare and MPC-modified carbon nanofoam films
on the glassy carbon electrode are listed in Table 5.1. While the specific capacitance of the
nanofoam powder does increase, the effect is not as great as the intact nanofoam electrode.
One can speculate that the decrease in specific capacitance of the powder as compared to
the intact electrode may arise from some discontinuity within the material dropcast on the
electrode. As seen in the SEM images in Figure 5.6, the carbon nanofoam powder particles
are quite polydisperse in size and shape, and the dropcasting method (used for
SEM images as well as for electrochemical measurements) appears to lead to a nonuniform film of the powder.
The cyclic voltammograms, normalized by mass, of a film of MPC-modified carbon
nanofoam powder on a glassy carbon electrode and an MPC-modified intact carbon
nanofoam electrode are compared in Figure 5.8. From the two voltammograms it is
evident that the intact carbon nanofoam electrode has a higher specific capacitance than the
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Figure 5.7. Cyclic voltammogram of bare carbon nanofoam powder dropcast on a glassy
carbon disk electrode (maroon line) and Au225(SC6Fc)43-modified carbon nanofoam
powder dropcast on the same glassy carbon disk electrode (blue line) in 1.0 M NaSO4/H2O.
Scan rate was 0.002 V/s and counter electrode was platinum wire.

166

75

Current, µA

45
15
-15
-45
-75
0.55 0.50 0.45 0.40 0.35 0.30 0.25 0.20
Potential, V (vs. Ag/AgCl)

167

Figure 5.8. Mass normalized cyclic voltammograms of Au225(SC6Fc)43-modified carbon
nanofoam electrode (red line) and Au225(SC6Fc)43-modified carbon nanofoam powder
dropcast on a glassy carbon disk electrode (black line) in 1.0 M NaSO4/H2O. Scan rate was
0.005 V/s. Counter electrode was vitrous carbon for the MPC-modified nanofoam
electrode and platinum wire for the MPC-modified nanofoam powder film.
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powder (Table 5.1), and it can also clearly be seen that the uncompensated resistance of the
intact electrode is smaller than that of the nanofoam powder. This increase in resistance
upon mechanical stress to the material is also most likely owing to the polydispersity of the
particles and the discontinuity of the dropcast film on the electrode. The corresponding
natural log of current vs. time curve and RC value for the carbon nanofoam powder can
also be seen in the Appendix in Figure 5.1A and Table 5.1A, respectively.
While it was completely expected to see large increases in capacitance within the
potential range of the ferrocene/ferrocenium redox wave owing to the large increase in
pseudocapacitance from the 43 ferrocenes per MPC, the large increase in capacitance that
is observed at potentials more positive and more negative than the redox wave is not
straight forward. One can speculate that on the carbon nanofoam material, the Au cores of
the MPCs are being charged through the double-layer charging phenomenon discussed
previously. However, in previous experiments where the Au225(SC6Fc)43 MPC were
adsorbed to a disk electrode,35 no increase in double-layer capacitance was observed
outside the ferrocene redox wave for Pt or glassy carbon electrodes. Because the carbon
nanofoam is such a high surface area material, much more cluster is able to adsorb onto it
than that of a typical disk electrode, therefore perhaps the increased amount of adsorbed
MPCs leads to a more visible effect of the charging of the Au cores at the potentials more
positive and more negative of the ferrocene redox wave. Another possibility is that the
adsorption of the ferrocenated MPCs on the high-surface area electrode leads to an
enhancement of specific adsorption of counter ions, which would also significantly
increase the double-layer capacitance of the electrode.
Previously our group has reported on the mass-transport control of the double layer
charging of Au MPCs with mixed monolayers of octanethiolate and ω170

ferrocenyloctanethiolate.56 Rotated disk voltammetry for the mixed monolayer MPCs
exhibited a ferrocene oxidation wave with a limiting current under hydrodynamic mass
transport control, however the current-potential curves preceding (“prewave”) and
following (“postwave”) the ferrocene wave, also responded to the electrode rotation rate.
The slopes (∆i/∆E) of the pre- and post-wave regions were found to be proportional to the
square root of the electrode rotation rate (ω1/2), indicating that the charging occurring in
those potentials were also under hydrodynamic control. The charging was attributed to the
charging of the double layers of the MPCs, leading the authors to characterize the Au
clusters as diffusing, molecule-sized “nanoelectrodes”.
In an effort to further understand the charging occuring outside the ferrocene wave in the
fully ferrocenated MPCs adsorbed on the carbon nanofoam material presented here, a
similar experiment was attempted. A three electrode system of a rotating disk Au
electrode, Ag/AgCl (aq) reference electrode, and Pt wire electrode were used in a sonicated
slurry of ca. 50 mg of Au225(SC6Fc)43-modified carbon nanofoam powder in 10 mL of 1.0
M NaSO4/H2O. The hydrodynamic wave was collected at 0.010 V/s at a series of rotation
rates (400 – 10000 rpm). The goal of the experiment was to not only observe the ferrocene
oxidation wave but to also observe the “prewave” and “postwave” slopes as a function of
the square root of the electrode rotation rate in hopes that the double-layer charging of the
MPCs would be observed.
Unfortunately, the experiment could never be completed as the carbon nanofoam
powder particles were simply too big to undergo fast enough hydrodynamic mass transport
to the electrode to be measured. As was shown in the SEM images in Figure 5.6, the
carbon nanofoam particles are quite polydisperse in size and shape with diameters ranging
from several to 50 µm. This slow particle transport is evident in Figure 5.9 which shows
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Figure 5.9. Rotated disk voltammetry of bare carbon nanofoam powder sonicated in 1.0 M
NaSO4/H2O at 0.010 V/s and rotation rates of (A) 400 (teal curve), 625 (purple curve), 900
(black curve), 1600 (blue curve), and 2500 (maroon curve) rpm and (B) 1600 (maroon
curve), 2500 (blue curve), and 3600 (teal curve) rpm. Counter electrode for all scans was a
platinum wire.
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five voltammograms of the bare carbon nanofoam powder slurry recorded at rotation rates
ranging from 400 – 2500 rpm (A) and 2500 – 3600 rpm (B). The limiting current does not
appear to change with rotation rate, and the small changes that are observed are not in any
particular direction. In Figure 5.9, one particular scan (rotation rate of 2500 rpm) gives a
very large peak which can be attributed to aggregation of the nanofoam particles at the Au
electrode. Since the nanofoam particles are insoluble in H2O, it is hard to prevent
aggregation of the particles in the solution. Because this experiment worked so well
previously,56 it should be pursued, once the obstacle of carbon nanofoam particle size is
overcome. A method to improve the particle size and shape monodispersity may be to use
a ball mill to grind the nanofoam into a powder automatically rather than manually as it
was done here.
5.4

Conclusions

In conclusion, it has been convincingly demonstrated that the simple anion-induced
adsorption of ferrocenated Au MPCs onto carbon-paper-supported carbon aerogel
(nanofoam) dramatically increases the specific capacitance of the material. The increase
can be attributed to both the double-layer charging of the Au core of the MPCs as well as
the redox charging of the on average 43 ferrrocenyl ligands per MPC. The fully
ferrocenated MPC-modified nanofoam electrodes have decent stability, losing ca. 34%
capacitance over a little under one hour of nonstop usage. The uncompensated resistance
of the MPC-modified electrode can be improved by decreasing the size of the electrode as
well as thorough drying of the electrode to remove all excess organic solvent and
electrolyte molecules prior to aqueous electrochemistry.
The carbon nanofoam material was investigated as both a carbon-paper-supported
electrode and as a ground up powder. While both undergo adsorption of MPCs onto the
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surface, the fully ferrocenated MPC-modified intact electrode gives a higher specific
capacitance and a lower uncompensated resistance than that of the powder, most likely
owing to the polydispersity in size and shape of the powder particles and the
inhomogeneity of the dropcast films of the powder. Attempts were made to utilize rotating
disk voltammetry to further investigate the increased double-layer capacitance at potentials
more positive and more negative than the ferrocene redox wave, however the experiments
are inconclusive owing to the slow mass transport of the large, bulky nanofoam powder
particles.
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5.7

Appendix of Chapter V

In an effort to calculate the uncompensated resistance values (R) present in the various
bare and MPC-modified carbon nanofoam electrodes and powders, natural log current vs.
time was plotted for the reverse scans of the corresponding cyclic voltammograms. From
these voltammograms, resistance times capacitance (RC) time constants were calculated.
Because the capacitances (C) of the material are so big, this attempt was unsuccessful in
determining the individual resistance values. The plots for the small (physical area = 2.3
cm2) bare carbon nanofoam electrode (A), large (physical area = 9.5 cm2) bare (B) and
Au225(SC6Fc)43-modified (C) carbon nanofoam electrodes, and Au225(SC6Fc)43-modified
carbon nanofoam powder (D) are shown in Figure 5.1A with the corresponding RC values
in Table 5.1A. RC values were derived from the slopes of the first five points, shown in the
insets of the plots in Figure 5.1A, using the equation1A
 −t 
i = exp

 RC 

(1A)

where i is the current measuerd.

1A

Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Fundamentals and Applications; Second ed.; Wiley:
New York, 2001.
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Figure 5.1A. Plots of natural log of current (ln(I)) vs. time (t) for the small (physical area =
2.3 cm2) bare carbon nanofoam electrode (A), large (physical area = 9.5 cm2) bare (B) and
Au225(SC6Fc)43-modified (C) carbon nanofoam electrodes, and Au225(SC6Fc)43-modified
carbon nanofoam powder (D). The insets in each plot are of the first five points of the
larger plot in which the RC values were derived from the slopes using Equation 1A.
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Table 5.1A. RC time constant and capacitance values for different carbon nanofoam
electrode materials.
Electrode Material

RC Time Constant (s)

Capacitance (F)

Small bare carbon nanofoam

2.2

0.46

2.4

4.4

1.7

52

1.4

0.049

electrode (physical A = 2.3 cm2)
Large bare carbon nanofoam
2

electrode (physical A = 2.3 cm )
Au225(SC6Fc)43-modified large
carbon nanofoam electrode
Au225(SC6Fc)43-modified carbon
nanofoam powder (dropcast film)
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CHAPTER VI
CATALYSIS WITH MONOLAYER PROTECTED METAL CLUSTERS

6.1

Introduction

The synthesis, characterization, and applications of monolayer protected clusters (MPCs)
of metal atoms have been hot topics in the recent scientific literature1-6 owing to the unique
size-dependent properties of the metal cores, bridging molecular and bulk, and the stability
and reusability of the MPCs as a result of the protecting monolayer. While there are
numerous routes to synthesizing MPCs,7 the Brust-Schiffrin two-phase synthesis,2 which
includes a reduction of the gold salt, growth of the gold core, and passivation of the core by
the alkanethiolate monolayer, has proved to be the most successful in producing air- and
solvent-stable, robust, and reusable small metal clusters. The original synthesis, for
example, creates an octanethiolate monolayer, however much research has been done in
functionalizing the metal core with various moities,8-14 which has led to captivating science
as well as numerous applications. Among the applications is the investigation of metal
MPCs in biological systems which led to the development of a modified Brust-Schiffrin
synthesis to create water-soluble metal clusters. To make these clusters soluble in aqueous
solutions, the synthesis used polar ligands such as N-(2-mercaptopropionyl)glycine (also
known as tiopronin),15 mercaptoammonium,16 N-acetyl-L-cysteine,17 and glutathione,18
among others. Further modifications to the synthesis have included changing the core
metal from gold to other metals such as silver and palladium.16

Another intriguing application that has come out of the MPCs studies is their use in
catalysis. While naked colloidal metals and supported clusters still dominate the catalysis
literature, there has been more recent interest in examining the catalytic reactivity of metal
MPCs.10,11,19-28 While those metals whose catalytic properties are well established,
particularly those of periodic Groups 8–10, and most particularly nickel, palladium, and
platinum, have a marked ability to activate the hydrogen molecule by dissociative
chemisorption and to catalyze a wide variety of reactions in which hydrogen atoms are
intermediates,29 Au had been generally considered catalytically inactive until 1989 when
Haruta et. al. reported supported gold nanoparticles being extremely active in the catalytic
oxidation of CO.30 Following that report, quantum chemical calculations revealed an
energetically reasonable reaction path for CO oxidation on gold particles containing 10
atoms.31-33 Now it is known that supported gold also catalyzes other oxidation reactions, as
well as hydrogenation, water-gas shift, and nitrogen oxide reduction.32
Catalytic activity has been shown to depend strongly on the method of synthesis, the
nature of the support, the size of the metal nanoparticles, and the thermal history of the
catalyst. While supported metal clusters have been shown to make respectable
heterogeneous catalysts, reaction rates can be slow owing to the molecules having to
diffuse to a surface as opposed to homogeneous catalysis in which both the catalyst and the
substrate are in the same phase. This paper aims to demonstrate that monolayer protected
metal clusters offer the advantage of being homogeneous catalysts over the heterogeneous
catalysts of supported nanoparticles while retaining the unique catalytic ability of small
metal clusters.
While Pd, Pt, and Au clusters continue to be studied for their catalytic activity, some
researchers have also turned to studying bimetal clusters in catalysis.34-39 For example a
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common catalyzed reaction studied is that of the hydrogenation of olefins. Research has
been done using polymer-stabilized Pd, Pt, Rh, and Ir nanoparticles40-43 as well as Pdincluding bimetallic nanoparticles, such as PdPt,44,45 AuPd,46 and PdRh.47 Another bimetal
catalyst used is that of CuPd nanoparticles in the hydration of acrylonitrile.48-50 Finally the
photo-induced hydrogen generation from H2O catalyzed by Pt,51 AuPt,51 and PtRu52
nanoparticles has also been investigated. In all of these studies it was found that the
bimetal clusters had higher catalytic efficiency than that of their monometal counterparts,
although the rationale for this phenomenon has yet to be understood.
6.2

Experimental

Chemicals. HAuCl4.xH2O was synthesized according to literature.53 Silver nitrate
(AgNO3, 99%), potassium tetrachloro-palladate (II) (K2PdCl4, 99%), N-(2mercaptopropionyl)glycine (tiopronin, 99%), sodium borohydride (NaBH4, 99%), and 4nitrophenol (4-NP, 99%) were purchased from Aldrich. House-distilled water was purified
on a Barnstead NANOpure system (= 18MΩ). All other chemical were reagent grade and
used as received.
Synthesis of MPCs. Au and Ag Tiopronin MPCs were synthesized as reported
previously.15,54 For Au Tiopronin MPCs,15 tetrachloroauric acid (0.50 g, 1.5 mmol) and N(2-mercaptopropionyl)glycine (0.63 g, 3.9 mmol) were codissolved in 63mL 6:1
methanol/acetic acid, producing a ruby red solution. NaBH4 (0.95 g, 25 mmol) in 12.5 mL
of H2O was added, immediately resulting in a black solution. Solution was stirred for
30min. The solvent was removed under vacuum (= 35 oC). The black product was
dissolved in 25 mL H2O and with drop wise addition of concentrated HCl adjusted to pH 1
and dialyzed (8 in. Spectra/Por CE, MWCO = 5000) for three days. The water was
removed under vacuum resulting in the final product.
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For Ag Tiopronin MPCs54 AgNO3 (1.0 g, 5.89 mmol) in 50mL H2O, N-(2mercaptopropiony)glycine (2.8 g, 17.6 mmol) in 20 mL of H2O, and NaBH4 ( 0.6 g, 15.9
mmol) in 15 mL of H2O were all cooled to 0 oC. Solutions were mixed resulting in a black
solution and stirred for 30 min. The Ag MPCs were precipitated with 300 mL of methanol
then filtered and washed with methanol, ethanol and acetone. The black powder product
was dissolved in H2O and dialyzed ( 8 in. Spectra/Por CE, MWCO = 5000) for three days.
Water was removed under vacuum resulting in the final product.
For Pd Tiopronin MPCs the same procedure used for Ag Tiopronin MPCs was adapted.
K2PdCl4 (0.49 g, 1.5 mmol) in 12.5 mL of H2O, N-(2-mercaptopropiony)glycine (0.96 g,
5.9 mmol) in 7 mL of H2O, and NaBH4 ( 0.15 g, 3.9 mmol) in 3.8 mL of H2O were all
cooled to 0 oC. Solutions were mixed resulting in a black solution and stirred for 30 min.
The Pd MPCs were precipitated with 50 mL of methanol then filtered and washed with
methanol, ethanol and acetone. The black powder product was dissolved in H2O and
dialyzed ( 8 in. Spectra/Por CE, MWCO = 5000) for three days. Water was removed under
vacuum resulting in the final product.
For AgAu Tiopronin MPCs a similar procedure was followed, AgNO3 (0.06 g, 0.35
mmol) in 10 mL of H2O and tetrachloroauric acid (0.12 g, 0.35 mmol) in 10 mL of H2O
were cooled to 0 o C then mixed. Then 5 mL of N-(2-mercaptopropiony)glycine (0.15 g,
0.92 mmol) in 10 mL of H2O cooled to 0 o C was added to the salt solutions. The solutions
were combined and NaBH4 (0.13g, 3.4 mmol) in 5 mL of H2O cooled to 0 o C was added.
The resulting solution was stirred for 30min. The AgAu MPCs were precipitated with 50
mL of methanol then filtered and washed with methanol, ethanol and acetone. The black
powder product was dissolved in H2O and dialyzed ( 8 in. Spectra/Por CE, MWCO = 5000)
for three days. Water was removed under vacuum resulting in the final product.
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Spectroscopy. UV-vis spectra were collected with a Shimadzu UV-Vis (Model UV-1601)
spectrometer. To keep samples oxygen-free, all solutions were kept under argon gas during
data collection.
6.3

Results and Discussions

To study the catalytic properties of the tiopronin-protected Pd, Au, Ag, and AgAu
clusters, 4-nitrophenol was utilized as the substrate to be reduced.1 In the presence of
NaBH4 alone, 4-nitrophenol does not undergo reduction so the system is ideal for analyzing
the catalytic activities of four tiopronin-protected water-soluble metal clusters. Three of
the clusters were synthesized in a modified Brust-Schiffrin method starting with three
different metal salts. The resulting MPCs had tiopronin monolayers and metal cores of Pd,
Au, and Ag. The fourth MPC synthesized was a bimetal AgAu cluster which was
synthesized again using the Brust-Schiffrin method but starting with equal parts Au and Ag
salts. The UV/visible absorbance spectra of the four tiopronin-protected clusters are shown
in Figure 6.1.
In an aqueous solution of NaBH4 (with pH > 12), the λmax of 4-nitrophenol is red shifted
377 nm to 400 nm owing to the formation of the 4-nitrophenolate ion.55 When the
metal cluster is introduced to the aqueous system, the peak at 400 nm disappears and a peak
at 290 nm, corresponding to the reduced species, 4-aminophenol,55 appears
concurrently. Because of the very low concentration of the metal nanoparticles, their
characteristic UV-Vis absorbance spectra do not interfere with that of the 4-nitrophenol.
Figure 6.2 shows the UV-Vis absorbance spectra taken at 1 minute intervals for the
reduction of 4-nitrophenol with NaBH4 in the presence of the tiopronin-protected AgAu
1

The idea to use the reduction of 4-nitrophenol to study the catalytic activity of the MPCs arose from a talk
by Yuichi Negishi, Hironori Tsunoyama, and Tatsuya Tsukuda at the 2005 International Chemical Congress
of Pasific Basin Societies (Pacifichem) in Honolulu, HI.
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Figure 6.1. UV/visible absorbance spectra of tiopronin-protected clusters with metal cores
of (a) Pd, (b) Au, (c) Ag, and (d) AgAu.
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Figure 6.2. UV-Vis absorbance spectra of 0.1 mM 4-nitrophenol in H2O (pH = 12) with 1
x 10-2 M NaBH4 and 2.0 x 10-4 M tiopronin-protected AgAu clusters over a time period of
one to 125 minutes with spectra taken every one minute.
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bimetal cluster. The spectrara for the other reactions of the other three clusters are not
shown here but have identical features. Figure 6.3 displays a plot of absorbance vs. time
for all four reactions. It is apparent that the different metal cores all demonstrate different
catalytic rates with the tiopronin-protected Pd clusters catalyzing the reaction much faster
than the other clusters.
In the cuvette where the catalyzed reduction of 4-nitrophenol took place, the NaBH4
concentration was kept high so as to keep the BH4- be in excess. This excess was needed
for two reasons, the first being that the increased BH4- concentration caused the pH to
increase, thus slowing down the degradation of BH4-, and, as the liberated hydrogen purged
out air, minimized aerial oxidation of the reduced product.56 The other motivation for
having an excess of BH4- is that its concentration remains constant so that pseudo firstorder kinetics with respect to 4-nitrophenol could be used in this case to study the catalytic
rate of the tiopronin-protected metal clusters.56 To determine the apparent rate-constants
for the catalytic reduction of 4-nitrophenol with the four different metal clusters, ln(Abs)
vs. time, where Abs is the absorbance at 400 nm at any time, was
plotted (Figure 6.4), and a good linear correlation was observed for all four reactions
indicating that the catalyzed reactions were first order in substrate.
The apparent rate constants of the catalyzed reduction of 4-nitrophenol with the four
different metal clusters are listed in Table 6.1 and compared to the published values of the
slightly larger generations 3.0 and 5.0 poly(amidoamine) (PAMAM) and 3.0 and 4.0
poly(propyleneimine) (PPI) dendrimer-protected Au clusters catalyzing the same reduction
reaction.56 The catalytic rate constants from the tiopronin-protected MPCs are comparable
to the dendrimer-protected Au clusters, with the tiopronin-protected Pd cluster clearly
resulting as the superior catalyst. This result is not surprising considering
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Figure 6.3. Absorbance at 400 nm vs. time plot of the reduction of 4-nitrophenol using the
tiopronin-protected clusters with metal cores comprised of (a) Pd, (b) AgAu, (c) Ag, and
(d) Au. Absorbance was monitored in H2O (pH = 12) with 1.0 x 10-2 M NaBH4, and 2.0 x
10-4 M MPC.
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Figure 6.4. Plot of ln(Abs) vs. time, where Abs is absorbance monitored at 400 nm, of the
reduction of 4-nitrophenol using as catalysts the tiopronin-protected clusters with metal
cores comprised of (a) Pd, (b) AgAu, (c) Ag, and (d) Au. Absorbance was monitored in
H2O (pH = 12) with 1.0 x 10-2 M NaBH4, and 2.0 x 10-4 M MPC. The straight black lines
through the curves were used to determine the apparent rate constant.
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the abundant use of Pd as a catalyst for organic reductions. The more intriguing result is
that the rate constant for the bimetallic AgAu cluster is faster than both the single metal Ag
and Au core nanoparticles. While it is beyond the scope of this study to determine why the
bimetal cluster has a higher catalytic activity than the monometallic clusters, it should be
noted that this has been observed for other systems.44,46,50
6.4

Conclusions

It can be concluded that all four tiopronin-protected water soluble metal clusters acted as
efficient catalysts in the reduction of 4-nitrophenol in the presence of NaBH4 in an aqueous
solution (pH > 12) under Ar atmosphere. The cluster with the highest catalytic activity
proved to be the Pd cluster which was not surprising knowing that Pd is a common metal
used in catalysis owing to its ability to activate hydrogen. A more exciting result is that the
AgAu bimetal cluster demonstrated a much higher catalytic activity and faster overall rate
constant than either the Ag or the Au monometal cluster.
While it is beyond the capacity of this paper to explain this result, we find it intriguing
and believe it will be useful in the sizeable catalysis industry.
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Table 6.1. Apparent rate constants for the reduction of 4-nitrophenol in the presence
of NaBH4 and tiopronin-protected metal clusters.
Literature Values56

Experimental Values
Tiopronin-Protected

Apparent Rate

Dendrimer

Apparent Rate

Metal Core

Constant (10-3, s-1)

Protecting Au Corea

Constant (10-3, s-1)

Pd

16.0

PPI G4

10.6

AgAu

6.0

PPI G3

9.49

Ag

3.0

PAMAM G3

3.70

Au

1.0

PAMAM G5

2.40

a

PPI symbolizes poly(propyleneimine) dendrimers, PAMAM represents poly(amidoamine)

dendrimers, and G followed by a number indicates the number of generations in the
dendrimer
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