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Abstract

The electrochemical characteristics of a gold electrode modified with a self-assembled monolayer (SAM) of ferrocenylhex-
anethiol were investigated in aqueous and dichloromethane solutions containing various anions, i.e. HSO; (or SO3 ), ClO;, and
PF; . In all the cases, a pair of redox peaks corresponding to the redox of a ferrocene moiety in a SAM was observed. The peak
positions depended on the anions in the solution. While the redox potential measured in the aqueous solutions shifted more
positively in the anion order of PFy, ClO,, and HSO, , that measured in dichloromethane shifted more negatively in this order.
The origin of this anion effect on the redox potentials in the aqueous and dichloromethane solutions was discussed by comparing
the electrochemical characteristics of the results for ferrocene dissolved in dichloromethane. © 2001 Elsevier Science B.V. All

rights reserved.

Keywords: Self-assembled monolayer; Ferrocene; Alkanethiol SAM on gold; Anion effect; Organic solvent

1. Introduction

Ferrocene possesses many interesting properties and
attracts research workers in many fields including elec-
trochemistry. It is known that the redox reaction of
ferrocene (Fc)/ferricenium cation (Fc™) is completely
reversible and the redox potential of Fc/Fc* is not
significantly dependent on the solvent [1]. Thus, fer-
rocene is recommended by the IUPAC to be used as an
internal reference for electrochemical measurements in
various media [2] and has been used in various fields,
including the chemically modified electrodes where fer-
rocene is one of the most popular electrochemically
active groups [1].

The self-assembly (SA) technique has been very
widely used to construct molecular ordered layers with
various functionalities, and the self-assembled monolay-
ers (SAMs) of alkanethiols on gold have been the most
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well studied system in the last decade [3,4]. At the
beginning of the 1990s, Chidsey et al. [5] and our group
[6,7] reported the electrochemical properties of gold
electrodes modified with the SAMs of ferrocene-termi-
nated alkanethiols in aqueous solutions. After these
reports, many groups constructed similar systems con-
taining the ferrocene group and studied their electro-
chemical properties [8—11]. Although it is interesting
and important to investigate the electrochemical char-
acteristics of the SAM modified electrodes in organic
solvents both for fundamental science and for industrial
applications such as sensors and electronic molecular
devices, most of the studies on the electrodes modified
with SAM containing not only ferrocene but also other
electrochemically active groups were carried out in the
aqueous solutions. To extend the chemically modified
electrode to organic solvents, it is important to investi-
gate the effects of the solvents and ions on its electro-
chemical characteristics.

In this study, we employed ferrocene as an electro-
chemically active group fixed into the SAM and mea-
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Fig. 1. CVs of the gold electrode modified with the SAM of FcC,SH
measured in (a) 0.1 M HPF, aqueous solution and (b) CH,Cl,
containing 0.1 M tetrabutylammonium hexafluorophosphate with
scan rates of 500, 200, 100, 50, and 20 mV s— .

sured the cyclic voltammograms (CVs) of a gold elec-
trode modified with the SAM of ferrocenylhexanethiol
(FcC4SH) in aqueous and dichloromethane (CH,Cl,)
solutions containing various anions such as ClO,, PF¢
and HSO; (or SO3 ). We also observed the CVs in the
ferrocene dissolved CH,CI, solutions containing these
anions. Based on these results, we discussed the anion
effects on the electrochemical characteristics of the
ferrocene moiety fixed into the SAM in the aqueous
and CH,CI, solutions.

2. Results and discussion

Fig. 1 shows the typical CVs of the gold electrode
modified with the SAM of FcC,SH measured in (a)
aqueous solution and (b) CH,Cl, at various scan rates.
In all cases, symmetrical waves due to the redox of the
Fc/Fc* couple were observed around 200—-600 mV (vs.
Ag/AgCl), depending on the solvent and the electrolyte
(Table 1). In aqueous solutions, the redox potentials of
Fc/Fc* shifted more positively in the order of PFg,

Table 1
Redox potentials of Fc/Fc™t couples

Anion * Homogeneous ® CH,Cl, SAM

CH,Cl, Aqueous
PFy 525 460 285
ClO, 495 430 335
HSO, 480 320 480 ©

2 The concentration of anion was constant in all the cases to be 0.1
M.

® The concentration of ferrocene was constant in all the homoge-
neous solutions to be 1 mM.

¢In the case of aqueous solution, electrolyte solution was 0.05 M
H,SO,.

ClO;, and SO~ (HSO;). The results of ClO; and
SO2~ (HSO;) are in agreement with the one reported
previously [6]. Contrary to the results in the aqueous
solutions, the redox potentials of Fc/Fc* shifted more
negatively in the order of PF,, CIO, and HSO, in
CH,Cl,. Almost linear relationships between the anodic
peak current density and scan rate were observed for all
cases, indicating that the current observed in the
present study is due to the redox reaction of Fc/Fc*
fixed on the gold electrode. The surface concentration
of FcCSH estimated from the integrated anodic charge
of these redox peaks was almost the same for all cases
of ca. 5.0x 107" molecm~2 (=3.0x 10" mole-
cules cm ~?), which was in good agreement with our
previous results [6,7].

The electrochemical characteristics of ferrocene dis-
solved in CH,Cl, containing both 1 mM Fc¢ and 0.1 M
ClO;, PF, or HSO, were also measured for compari-
son. The redox potentials of Fc/Fc* in CH,Cl,, which
are shown in Table 1, are in good agreement with the
literature values [1,12]. The redox potential depended
only slightly on the anion and shifted more positively in
the order of HSO,, CIO; and PF;.

The redox process of dissolved ferrocene is believed
to be expressed by:

Fc—>Fc* +e~ (1

In this case, the anion should not affect the redox
potential. The small anion effect on the redox potential
indicates the small degree of ion-pair formation be-
tween Fc'™ and anion in solution, which makes the
redox potential more positive, as described below.
When the ferrocene moiety in the FcC,SH SAM
becomes Fc* upon oxidation, the anions are required
to compensate the electric charge on the gold surface
and ion-pairs are formed as having already been well
proved [6,11]. Thus, the redox reaction of the ferrocene
moiety in the SAM can be described as follows:

-Fc+X; »>-Fc*X™ 4+e¢~ +solv. (2)

where —Fc¢ and —Fc* are the reduced and oxidized
states, respectively, of a ferrocene moiety in the
FcC,SH SAM, X; is a solvated anion, -Fc*X~ is an
ion-pair between Fc* and the attached anion, X, and
solv. is a solvent molecule. This electrochemical reac-
tion (2) can be finally divided into three processes
[13,14]:

X: - X +solv. 3)
-Fc—>-Fct +e~ 4)
~Fc* + X~ »-FctX~ (5)

Therefore, when the anion effect on the redox potential
was discussed, the energetics of reactions (3) and (5),
i.e. the desolvation energy of the anion (— AGZ,, ) and
the formation energy of the ion-pair (AGY,,., ), should
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be considered for the SAM modified electrodes as
follows:

— ( — AAG;’olv. — AAG?orm.
nkF

where AE, — AAG?,, and AAGS,,,, are the differences
of the redox potential, of the desolvation energy, and of
the formation energy of the ion-pair, respectively, be-
tween the anions used as electrolytes, # is the number of
charge (=1, in the present study), and F is the Faraday
constant.

As a classical theory [13,14], the change in the Gibbs
free energy upon solvation of an ion, AGZ,, is known

to be approximately equal to the difference between its
potential energy in vacuum and in solution, i.e.:

AG?,, = — Nz%*(1 — 1/e)/r @)

solv.

AE =

(6)

where N is Avogadro’s number, e is the elementary
electric charge, ¢ is the dielectric constant, and r is the
radius of the ion. Based on the & of water (78.4) and
CH,Cl, (8.93) [15], AGS,, in an aqueous solution
should be larger than that in CH,Cl,. However, there
was no contribution of the structural changes in the ion
and solvent, i.e. the entropy term, in Eq. (4). Although
many new types of theoretical calculations about
AG,, were reported [13,14], generally because the
anions are solvated in aqueous solutions more than the
cations and the cations are solvated in organic solution
more than the anions [13], we postulated here that
AGZ,, of the various anions is one of the key factors to
explain the anion effect on the redox potential in the
aqueous solutions, but it can be negligible in CH,Cl,.

For the SAM modified electrodes in CH,Cl,, when
we discuss the anion effect on the redox potential, we
should consider only AG%Y,,,,, because the contribution
of —AG?,, to this anion effect should be negligibly
small in CH,Cl, as mentioned above. Although AG¢,...
includes both the electrostatic and van der Waals inter-
actions between Fc™ and the anion, the former interac-
tion should be much larger than the latter, and then, we
consider only the former to explain the anion effect on
the redox potential at the FcC,SH SAM modified
Au(111) electrodes in CH,Cl,. The electrostatic interac-

tion, Wy, can be given by:

qFc+Yanion
We = 2meyed ®
where, ¢, and ¢,,;,, are the number of charge of Fc™
(+ 1) and the anion (— 1), respectively, and d is the
distance between Fc™ and the anion. Thus, the smaller
the r, the larger the Wy, i.e. the larger the AGY,,,,, value.
According to the literature values for the thermochemi-
cal radius (ClO;, r=2.36 A; HSO;, r=2.06 A) and
the ionic radius (P>*+, r=0.34 A;F,r=136 A; Cl-,
r=181 A; S, r=1.84 A) [14], we can estimate the
order of the anion size as PF; > ClO; > HSO,, i..

the order of the electrostatic interaction with Fct, i.e.
AGY,.., should be HSO; > ClO; > PF;. Thus, the
redox potential shifted more positive in the order of
HSO,, ClIO, and PF; in CH,Cl,. As an example, the
redox potential for HSO, was compared with that for
ClO; . When the r values of a ferrocene ring are 0.83 A,
which is the ionic radius of Fe2*, or 1.5 A, which is the
radius of the cyclopentadienyl ring of ferrocene, AE
becomes ca. — 105 and — 70 mV, respectively. The
former value matches well with the observed value
(— 110 mV), indicating that the anions are placed much
closed to Fc™ when the ion-pair formed. When a value
of 0.83 A was used as the r value of the ferrocene ring,
we can estimate the r of PFg from the observed AE
(—30 mV) to be 2.49 A. This value is reasonable as
concerned with the literature values described above.

For the SAM modified electrodes in aqueous solu-
tions, using the r value of PF¢ estimated above, the AE
between PF, and ClO; was calculated from Eq. (8) to
be only — 3 mV and the direction of the potential shift
was different from the observed value (+ 50 mV). In
this case, we can neglect the contribution of AE,,,,,, and
we should consider the contribution of the desolvation
energy, —AGZ,,, as mentioned above. According to
Eq. (7), — AG¢,, depends not only on the size of the
anions but also on the charge number. The smaller and
the larger the size of the anion and the charge number,
respectively, the larger the — AGZ,,, i.e. the more
difficult it is to release the hydrated water molecules
from the anion, and then, the more positively the redox
potential shifted in the order of PFg, ClO;, and SO3 .
As an example, using the literature values of — AGZ,,,.
(ClO;, 254.4 kJmol~—'; SO3—, 676.1 kJmol~"') [13],
we can calculate the values of AE between CIO, and
SO;~ to be +4.4 V, which is the same potential shift
direction as is much larger than the observed value
(+ 145 mV). This large discrepancy between the calcu-
lated and observed values should be due to the ratio of
SO~ and HSO, placed at the interface due to the pK,
value of the following reaction:

HSO; 2 H* +S02~ )

should be different from that in the bulk. Another
possible reason for the discrepancy is the difference in
the values of — AGZ,, in the bulk solution and at the
interface because ¢ at the interface should be different
from that in the bulk.

In conclusion, based on the above results, the desol-
vation energy of the anion and the electrostatic interac-
tion between the ferricenium cation and the anion
affected the shifts of the redox potential for the fer-
rocene moiety in the SAM. More details about the
anion and solvent effects on the redox potential and
kinetics in the organic solutions are now under
investigation.
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3. Experimental

3.1. Materials

Ferrocenylhexanethiol (FcC,SH) was synthesized by
previously reported procedures [6]. Ultrapure water was
obtained using a Milli-Q water purification system
(Yamato, WQ-500). Suprapure grade CH,Cl, used as
the solvent was obtained from Wako Pure Chemicals
and was distilled twice before use. HCIO, (suprapure
reagent grade), H,SO, (suprapure reagent grade), hex-
ane (reagent grade), and EtOH (reagent grade) were
obtained from Wako Pure Chemicals, HPF, (reagent
grade) and tetrabutylammonium hexafluorophosphate
(reagent grade) were from Aldrich, and tetrabutylam-
monium perchlorate (electrochemical grade) and tetra-
butylammonium hydrogen sulfate (electrochemical
grade) were from Nacalai Tesque and they were used
without further purification. The gold wire ( > 99.95%,
¢ = 0.8 mm) was obtained from Nilaco Co. The pure
Ar gas (99.99%) was obtained from Air Water.

3.2. Sample preparation

The gold single crystal used as a substrate was pre-
pared by Clavilier’s method [16] from a gold wire, by
cutting to expose the (111) face, by mechanically polish-
ing, and by annealing at 800 °C for 10 h in an electric
furnace under pure Ar atmosphere. Prior to the surface
modification, the gold substrate was annealed by a
hydrogen—oxygen flame for a few seconds, and then,
quenched in Ar saturated Milli-Q water. Surface mod-
ification of the gold substrate was carried out by dip-
ping the substrate into hexane containing 1 mM
FcC¢SH for 12 h at room temperature. After the mod-
ification, the sample was separately washed with hex-
ane, EtOH, and pure water.

3.3. Electrochemical measurements

The electrolyte solutions were prepared using ultra-
pure water or distilled CH,Cl, as the solvent and using
HCIO,, HPF,, H,S0, TBACIO, TBAHSO,, or
TBAPF; as the electrolyte. Prior to the electrochemical
measurements, the electrolyte solutions were deaerated
by passing pure Ar through them for more than 1 h. A

three-electrode cell was used for the electrochemical
measurements. Ag/AgCl (saturated NaCl) and Pt wire
were used as the reference and counter electrodes,
respectively. The hanging meniscus method was em-
ployed. The electrode potential was controlled by a
potentiostat (Hokuto Denko, HA-151), external poten-
tial modulation was provided by a function generator
(Hokuto Denko, HB-111), and a CV was recorded
using an X- Y recorder (Graphtec, WX-1200). The real
surface area of the Au(l11) electrode was estimated
from the reduction charge of gold oxide.
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