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Abstract

The electrochemistry of ferrocene-modified monolayer-protected gold nanocluster (Fc-MPC) solutions at reduced

temperatures was studied.  Fc-MPC diffusion coefficients are estimated from macroelectrode cyclic voltammetry

(CV) and shown to decrease as the solution temperature is lowered.  Diffusion coefficients were also determined for

the ferrocenecarboxylic acid monomer (Fc-COOH) at reduced temperatures with similar effects.  The potential peak

spacing (∆E
p
) for both species increases as the solution temperature is lowered.  This effect is largely attributed to

the increased solution resistance rather than the increased solvent viscosity at lower temperatures.
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Introduction

Gold nanoparticles have received a great deal of

attention recently because of their dimensions and

properties between those of bulk materials and

molecules. Some recent applications of gold

nanoparticles include implementation as opto-

electronic devices, molecular catalysts, photovoltaic

devices, chemical sensors, multivalent redox

mediators, and fluorescent display devices (1). The

synthetic route developed by the Schiffrin group (2)

provided nanometer-sized gold particles that are

isolable, stable in solvent-free form, and resistant to

aggregation. Stabilization of the gold cluster core is

accomplished by the surrounding monolayer of

alkanethiolates and the synthetic conditions were

conductive to very small nanoparticles. Gold

nanoclusters with monolayers containing multiple

redox groups are interesting because of their multiple

electron-transfer properties. Examples of MPCs

containing multiple ferrocenes (3), anthraquinones

(4,5), and viologens (5) have been described

previously.

Ferrocene, Fe(C5H5)2, is one of the most studied

organometallic molecules. It has a sandwich structure

with the iron sandwiched between two

cyclopentadienyl rings. Additionally, it is a well-

established (6a,b) one-electron donor (n = 1). The

1951 discovery of ferrocene by Pauson and Miller

(independently) revolutionized the area of

organometallic chemistry (7). The 1973 Nobel Prize

in Chemistry was awarded to Wilkinson and Fischer

for elucidation of its structure (6). This led to greater

interest in d-block metal-carbon bonds and brought

about the development of organometallic chemistry.

While the previously described ferrocene-modified

MPCs were synthesized by a place-exchange

reaction with ferrocene-functionalized thiols, those

described here result from a sequence of place-

exchange and ester-coupling reactions (Scheme 1)

to incorporate a ferrocenecarboxylic acid derivative

(Fc-COOH) into the monolayer of the nanocluster.

In this report, these nanoclusters were studied

voltammetrically at reduced temperatures. The

effects of reducing the solution temperature are well-

established: diminished faradaic background

currents, smaller solute diffusion rates, improved

chemical stability of electrode reaction products, and

enlarged potential windows (8). The solution

temperature is reduced here (as opposed to increased)

to ensure the stability of the nanoclusters while

obtaining quantitative information over a broad

temperature range.

Experimental

Chemicals

HAuCl4•xH2O was synthesized according to

literature procedures (9).  All reagents were used as

received.  The electrolyte salts tetrabutylammonium
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perchlorate [Bu4NClO4], tetrahexylammonium

perchlorate [Hx4NClO4] (Fluka), tetrabutyl-

ammonium tetrafluoroborate [Bu4NBF4],

tetrabutylammonium trifluoromethanesulfonate

[Bu4NCF3SO3], and tetrabutylammonium hexa-

fluorophosphate [Bu4NPF6] (Fisher) were dried for

1 h at 105 ºC before use.  Water was purified with a

Barnstead NANO pure system.

Nanocluster Synthesis
Monolayer-protected nanoclusters with hexane-

thiolate monolayers (C6-MPC) were prepared using

a modification of the Brust-Schiffrin reaction (2,10),

in which the reactant thiol:AuCl4
- mole ratio was

3:1 and the reducing agent (NaBH4) was added at 0

ºC. After stirring at room temperature for 30 min.,

the solvent was removed under vacuum and the crude

MPC product collected on a medium porosity glass

frit and washed with copious amounts of ethanol,

dried, and weighed. Studies (10,11) of dodecane-

thiolate-MPCs have determined that MPCs produced

under these reaction conditions have an average core

composition near Au140 and an average monolayer

composition near 53 ligands (12).

Place-Exchange and Ester Coupling Reactions

Place-exchange (3a) was performed by stirring

CH2Cl2 solution mixtures of the desired alcohol-

terminated alkanethiol and hexanethiolate-MPC for

24 h at room temperature. Solvent was removed

under vacuum, and the exchanged MPC product was

collected on a frit where unreacted reagents were

removed by copious washing with acetonitrile. An

example is the place-exchange reaction between the

functionalized thiol 11-mercaptoundecanol (C11OH)

and the nanocluster hexanethiolate-MPC (C6-MPC),

whose product is designated as C11OH:C6 MPC.  The

mole ratio of C11OH and C6 in the mixed monolayer

of the MPC product depends on the mole ratio used

in the place-exchange reaction was determined by

NMR as described below.

Ester coupling (13) of the ferrocenecarboxylic acid

(Fc-COOH, structure in Scheme 1) to the afore-

mentioned place-exchanged MPCs was performed

by reacting 10 equiv. (relative to moles of MPC

alcohol) of the acid and coupling reagents

(4-dimethylaminopyridine and N,N’-dicyclohexyl-

carbodiimide [Fisher]) with the place-exchanged

MPCs (100 mg) in THF. This mixture was stirred at

room temperature for 24 hours. The solvent was

removed under vacuum and the coupled MPC

product was collected on a frit where unreacted

materials were removed by copious washing with

acetonitrile. The abbreviation for the MPCs used in

this electrochemical study is as follows:

(Fc)10(C11OH)16(C6)27-MPC describes a mixed

monolayer composed of 10 ferrocenes (resulting

from the ester-coupling reaction), 16 alcohol-

terminated alkanethiols (26 before the ester-coupling

reaction), and 27 hexanethiolates (53 before the

place-exchange reaction). The composition of all

MPC products was determined by proton NMR as

previously described (13) in CDCl3 solutions with a

Varian 300 MHz FT-NMR spectrometer.

Electrochemical Measurements

Differential potential voltammetry and cyclic

voltammetry was performed using a CH Instruments

630A electrochemical analyzer. The Pt and Au

working macroelectrode (2-mm diameter, CH

Instruments) was polished with 0.05-µm alumina

(Buehler), rinsed with nanopure water, sonicated in

absolute ethanol and acetone, then potential-cycled

between –0.5 to 1.4 V vs. Ag quasi-reference

electrode (AgQRE) in 0.5 M H2SO4 for 15 minutes

Scheme 1. Schematic of place-exchange and ester coupling reactions of ferrocene-modified monolayer-protected

gold nanoclusters (Fc-MPC) synthesis.
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to further clean the electrode surface. In

electrochemical measurements, a Pt counter

electrode and either a Ag/AgNO3 reference electrode

(T > 233 K) or AgQRE (all temperatures) resided in

the same cell compartment as the working electrode.

Fc-MPC solutions in dichloromethane, containing

0.05 M electrolyte, were degassed and then blanketed

with N2. Reduced temperature voltammetry of

degassed solutions was performed by immersion of

the electrochemical cell in an acetone solvent bath

that was temperature-controlled with an immersion

cooler (ThermoNeslab, (Newington, NH) Model CC-

100). Voltammetry of the electrolyte solutions was

taken prior to each experiment to check for any

characteristics that might be attributed to insufficient

cleaning of the working electrode.

Results and Discussion

Macroelectrode voltammetry

Figure 1 shows Pt macroelectrode voltammetry of

the ferrocenecarboxylic acid (Fc-COOH) and of the

(Fc)10(C11OH)16(C6)27-MPC (Fc-MPC) at 238 K.

The peak potential spacing (∆Ep) is 0.169 V for the

Fc-MPC and 0.126 V for the Fc-COOH.  A fast,

reversible, one-electron transfer would ideally have

a ∆Ep = 0.059 V at 298 K (14). The discrepancy

from this ideal value is attributed to slow electron

transfers and solution resistance. Additionally, in the

case of the Fc-MPCs, a dispersity in the formal

potentials of the multiple ferrocenes on each

nanocluster is another contributing factor to the

deviation from a ∆Ep = 0.059 V at 298 K (15).

Similar results have been observed in the

voltammetry of chemically modified electrodes,

where the fraction of the redox sites that have been

oxidized or reduced can interact in a fashion that

alters the overall formal potential (16). Voltammetry

of redox-MPCs functionalized with phenothiazine

molecules exhibited weak adsorption on the

electrode (15), indicated by a low ∆Ep (30 mV).

However, Fc-MPCs freely diffuse to and from the

electrode surface, which is evident from the larger

∆Ep values (Figure 2). Fc-MPCs in several

electrochemical solvent systems show ∆Ep values

ranging from 120 – 200 mV at room temperature

(295 K). Additionally, there is a steady increase in

∆Ep for all of the solvent systems as the solution

temperature is reduced. This increase is likely due

to the increase in solvent viscosity, which increases

solution resistance (vide infra).

Figure 1.  Macroelectrode voltammetry at 238 K for

150 µM (Fc)
10

(C
11

OH)
16

(C
6
)

27
-MPC/0.052 M Bu

4
NClO

4
 in

CH
2
Cl

2
 (solid line) and 5.4 mM Fc-COOH/0.058 M

Hx
4
NClO

4
 in CH

3
CN (dotted line) at 2-mm diameter Au

working electrode, Pt counter electrode, and Ag/AgNO
3

reference electrode at v = 0.1 V/s.  Current scale of Fc-

MPC voltammogram is scaled up by 5-fold for

comparison purposes.  Fc-MPC: E
pa

 = 0.467 V, E
pc

 =

0.298 V, ∆E
p
 = 0.169 V.  Fc-COOH: E

pa
 = 0.411 V, E

pc
 =

0.285 V, ∆E
p
 = 0.126 V.

Figure 2. Potential peak spacing (∆E
P
) as a function of

temperature for (Fc)
10

(C
11

OH)
16

(C
6
)

27
-MPC solutions in

CH
2
Cl

2
 at 2-mm diameter Pt working electrode, Pt

counter electrode, and Ag/AgNO
3
 reference electrode

(T > 233 K) or Ag quasi-reference electrode (T < 233 K)

at v = 0.1 V/s: 52 µM Fc-MPC/0.052 M Bu
4
NClO

4
 (solid

circle, •••••; solid line, — ), 46 µM Fc-MPC/0.053 M Bu
4
NPF

6

(open circle, οοοοο; dashed line, - - -), 51 µM Fc-MPC/0.050

M Bu
4
NCF

3
SO

3
 (solid square, �����; dashed-dotted line,

- • - ), 91 µM Fc-MPC/0.052 M Bu
4
NBF

4
 (open square,

�����; dotted line, • • •).  The potential peak spacing as a

function of temperature for a 5.4 mM ferrocene-

carboxylic acid (Fc-COOH)/0.058 M Hx
4
NClO

4
 solution

in CH
3
CN at 2-mm diameter Au working electrode, Pt

counter electrode, and Ag/AgNO
3
 reference electrode

at v = 0.1 V/s is also shown for comparison purposes

(solid diamond, �����; dashed-dot-dotted line, - • • -).
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The difference in peak potential spacing between

Fc-COOH and Fc-MPC is roughly 40 mV in Figure

1. This observation is related to the difference in

diffusion coefficient between the two species (major

contributor), with the diffusion coefficient of the Fc-

COOH being an order of magnitude larger than that

of the Fc-MPC at room temperature (295 K).

Additionally, there is a difference in the viscosity of

the two electrochemical solvents (minor contributor),

which is related to solution resistance (a more viscous

solvent will have a higher solution resistance).

Solution resistance increases as the temperature

decreases (8), which leads to an increase in ∆Ep.  At

298 K, the viscosity of dichloromethane is 0.413

mPa.s, while that of acetonitrile is 0.369 mPa.s (17,

18). Thus, the voltammetry of the Fc-MPC solution

exhibits a larger ∆Ep than the Fc-COOH solution

near room temperature.  However, at 250–260 K,

acetonitrile (Fc-COOH solvent) becomes more

viscous than dichloromethane (Fc-MPC solvent).

This change is attributed to acetonitrile nearing its

freezing point (229 K), and thus having a dramatic

change in its viscosity. Dichloromethane has a gentler

increase in viscosity than acetonitrile around this

transition temperature (Figure 3), and does not reach

its freezing point until 178 K. However, the ∆Ep

values for the Fc-COOH are consistently smaller than

observed for the Fc-MPC over the range of

temperatures observed. Therefore, the major

contributor of the difference in peak potential is the

disparity in the diffusion coefficient of the species

and the minor contributor is the viscosity of the

electrochemical solvents used.

MPC diffusion coefficients

The cyclic voltammetric peak current of the Fc-

MPC at a macroelectrode is related to the MPC

diffusion coefficient (DMPC) by (14), equation (1):

( )   C  DA n
RT

F
 4463.0i 2121

MPC

23

SITES 

21
3

P νθ





=

where iP is the peak current (in Amperes), F the

Faraday constant (96485 C mol–1), R the gas constant

(8.314 J mol–1 K–1), T the temperature (in degrees

Kelvin), n the number of electrons transferred (= 1),

θSITES the average number of reacting ferrocenes on

the MPC, A the electrode area (in cm2), C the

concentration of MPC solution (in mol cm–3), and v

the scan rate (in V s–1).  The MPC diffusion

coefficient is approximated (19) by the Stokes-

Figure 3. Solvent viscosity curve for dichloromethane

(CH
2
Cl

2
) and acetonitrile (CH

3
CN). The temperature

dependence of ηηηηηCH
2
Cl

2
values (solid triangle, >; solid

line, —) was established from Ref. 17.  The equation

ln ηηηηηCH
2
Cl

2
 = 2.247 – 0.010 • T(K) was determined from

the best-fit line of the plotted data (R2 = 0.967).  The

temperature dependence of ηηηηηCH
3
CN 

values (open

triangle, ∆; dashed line, - - ) was established from Ref.

18.  The equation ln ηηηηηCH
3
CN

 
= 2.916 – 0.013 • T(K) was

determined from the best-fit line of the plotted data

(R2 = 0.805).  The dotted line (•••••) is shown for the

ηηηηη
CH

3
CN

values with the omission of the lowest

temperature data point, which improves the linearity

of the plot (R2 = 0.963).

Figure 4. MPC diffusion coefficient (D
MPC

) as a function

of temperature for (Fc)
10

(C
11

OH)
16

(C
6
)

27
-MPC solutions

in CH
2
Cl

2
 at 2-mm diameter Pt working electrode, Pt

counter electrode, and Ag/AgNO
3
 reference electrode

(T > 233 K) or Ag quasi-reference electrode (T < 233 K)

at v = 0.1 V/s: 52 µM Fc-MPC/0.052 M Bu
4
NClO

4
 (solid

circle, •; solid line, ——), 46 µM Fc-MPC/0.053 M

Bu
4
NPF

6
 (open circle, o; dashed line, - - -), 51 µM Fc-

MPC/0.050 M Bu
4
NCF

3
SO

3
 (solid square, �����; dashed-

dotted line, -  • -), 91 µM Fc-MPC/0.052 M Bu
4
NBF

4
 (open

square, �����; dotted line, •••••).
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Einstein equation:

H

 B
MPC

d   2

Tk
D

ηπ
=          (2)

where kB is the Boltzmann constant (1.38 x 10–23 J

K–1), T the temperature, η the solvent viscosity (in

mPa.s), and dH the MPC hydrodynamic diameter (in

cm). DMPC values for Fc-MPCs decrease as the

solution temperature is lowered (Figure 4) for several

electrochemical solvent systems. Reducing the

solution temperature allows quantitative information

to be obtained over a broad temperature range

without concern of nanocluster decomposition.

DMPC values for the Fc-MPCs in Bu4NClO4 (5.1 x

10–6 cm2/s), Bu4NPF6 (4.2 x 10–6 cm2/s), and

Bu4NCF3SO3 (3.7 x 10–6 cm2/s) electrolytes were

slightly larger at room temperature (295 K) than

previously observed (15) for a phenothiazine-

functionalized nanocluster (2.2 x 10–6 cm2/s).

However, the room-temperature DMPC for Fc-MPCs

in Bu4NBF4 was smaller (1.1 x 10–6 cm2/s) than the

previously observed value. The DMPC values in

Bu4NBF4 electrolyte solution is significantly smaller

than the other electrochemical solvent systems over

the temperature range studied. It is unclear what

property of the Bu4NBF4 electrolyte makes the Fc-

MPCs more sluggish in solution than the other

electrochemical solvent systems.  One possibility is

correlated to the relative sizes of the electrolyte

anions.  The BF4
- anion has the smallest ionic radius

(0.218 nm) among the electrolytes studied here (20).

Because of its smaller size, it is possible that more

BF4
- anions can intercalate between the alkane-

thiolates surrounding the nanoclusters, impeding the

movement of the nanoclusters in solution.

Additionally, the geometry of the different electrolyte

anions was compared to correlate the difference in

DMPC values. The BF4
- and ClO4

- anions are both

tetrahedral in shape and similar in size, however, the

DMPC values vary widely between these two

electrolytes. It would be expected that if the geometry

of the Bu4NBF4 electrolyte had a dramatic effect on

the diffusion coefficient of the Fc-MPCs, then the

Bu4NClO4 electrolyte should have a similar impact

on the observed voltammetry.

Ferrocenecarboxylic acid monomer

Macroelectrode voltammetry of the ferrocene-

carboxylic acid monomer (Fc-COOH) was

performed at reduced temperatures. The diffusion

coefficient (DFc-COOH) of the monomer is determined

voltammetrically using a variation of Equation (1)

(θSITES is omitted and DFc-COOH replaces DMPC).  The

diffusion coefficient of the monomer becomes

smaller as the temperature is decreased (Figure 5),

as was observed with the Fc-MPCs.  Additionally,

DFc-COOH is smaller than reported for ferrocene (21)

at room temperature (2.4 x 10–5 cm2/s). The

molecular mass of Fc-COOH is slightly larger than

that of ferrocene, thus supporting the observed

difference in diffusion coefficient.
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