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Effect of electrolytes on the electrochemical behaviour of
11-(ferrocenylcarbonyloxy)undecanethiol SAMs on gold disk
electrodes
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The interfacial electrochemistry of mixed monolayers formed by self-assembly from a dilute
dodecanethiol-11—(ferrocenylcarbonyloxy)undecanethiol (FcSH) ethanolic solution at pre-treated Au electrodes
is reported. The effect of different electrolytes on the interaction among electrochemical products, the
interfacial capacitance and the heterogeneous electron transfer rate constant (k°), using fast cyclic voltammetry
and chronoamperometry, are examined. The anions have a strong influence on the kinetic and thermodynamic
parameters of the interfacial redox reaction through the formation of ion pairs with the oxidized ferrocenium.
The ion-pairing capability of various anions with immobilized ferrocenium is compared through evaluation of
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an effective formation constant. The electrolyte cation is shown to affect the thermodynamics of the
ferrocene—ferrocenium electrochemical reaction, with cations of lower mobility shifting the apparent formal
potential to more positive potentials, which is explained for the first time with the electric force by means of
Debye—Hiickel theory. A linear relationship between the apparent formal potential of the ferrocene redox
couple in self-assembled monolayers and cation mobility and concentration was observed.

Self-assembled monolayers (SAMs) have received considerable
attention recently because of their potential applications in
sensing,'~> corrosion inhibition and wetting properties® and
in the elucidation of heterogeneous electron transfer mecha-
nisms.1°2° Most of these reports have focused on alkanethiol
monolayers on gold surfaces owing to their ease of prep-
aration and stability.!#~1° The gold topography and surface
pre-treatment of the electrodes prior to self-assembly have
been shown to affect the quality (defectiveness) of the mono-
layers produced.®?! Mixed monolayers prepared by self-
assembly of redox-active ferrocenylalkanethiols and
alkanethiols are the most popular surfaces for studies of elec-
tron transfer mechanisms.!>2° Various ratios of redox-active
thiol to unsubstituted diluent alkanethiol and self-assembly
times have been examined for the production of stable, non-
defective, electroactive monolayers.!3:18:1° The effect of the
chain length of the alkanethiol on the redox kinetics of the
ferrocene-thiol couple in SAMs has been studied.!®?? The
effects of several anions, such as ClO,~, SO,2” and F~, on
the interfacial formal potential of ferrocenylalkanethiol SAMs
have also been reported.?32# The effect of anions on the formal
potential has been explained by ion pairing between the oxi-
dized ferrocenium cation and the anion. These reports show
that the interfacial microstructure and microenvironment of
SAMs play an important role in electron transfer processes,
but up to now the effect of the cation has not been noted.
Redepenning and Flood?’ described the influence of sup-
porting electrolyte activity on the apparent formal potential
and reported that proton and sodium ion activities have little
influence on the overall interfacial potential distribution.
White et al.?® presented a general theory for the driving force
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for reversible electron transfer on SAMs and proposed a
special case of the model concerning the influence of the inter-
facial potential distribution on the voltammetry of electro-
active molecular films. These results were based on some
simplifying assumptions different from the case of FcSH
SAMs. At the FcSH SAMs, the solvent, water molecules and
even anions and cations in electrolyte, may permeate into the
SAM,%27 and the ion-pair formation makes the interfacial
potential distribution more complex. Hence it is necessary to
investigate the influences of the cation and anion and to
search for the internal relationships between the electrochemi-
cal behaviours of attached molecules and the stability of
SAMs and electrolytes so as to understand in detail the role of
the electrolyte in redox processes and rotationally control the
interfacial redox behaviour of ferrocenylalkanethiol SAMs.

Here we report on the effects of the anion in the electrolyte
on the interaction among cation groups of ferrocenium
formed in redox processes and the electrochemistry of an
FcSH SAM-modified gold disk electrode. In this work the
effect of electrolyte cations is also presented. The results indi-
cate that cations strongly affect the thermodynamics of the
ferrocene redox reaction.

Experimental

Materials

Gold electrodes were prepared by sealing polycrystalline gold
wires (>99.99%) in soft glass tubes using a gas—air flame. The
gold electrodes were abraded with successively finer grades of
SiC paper and polished to a “mirror-like” finish with 0.3 and
0.05 pm alumina slurry on microcloth pads (Buehler), followed
by rinsing with water and ethanol and removal of traces of
alumina from the surface by brief cleaning in an ultrasonic
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bath to yield gold disks with macroscopic areas of approx-
imately 7.0 x 10~ 3 cm?.

All reagents for preparing supporting electrolytes were of
reagent grade and were used as received. Electrolyte solutions
were prepared in de-ionized water from a Milli-Q purification
system. Decanethiol was obtained from Aldrich and used as
received. 11-(Ferrocenylcarbonyloxy)undecanethiol was syn-
thesized according to a literature procedure.!®> The product
was purified by chromatography on silica gel with methylene
chloride and recrystallized from enthanol. Its structure was
confirmed by 'H NMR spectroscopy and elemental analysis.
'H NMR (500 MHz, CDCl,): 6 1.29 (broad 14H, CH,), 1.35
(1H, SH), 1.61 (CH,CH,SH), 1.72 (2H, CO,CH,CH,), 2.52
(2H, CH,SH), 4.20 (5H, CsHs), 4.21 (2H, CO,CH,), 4.38 (2H,
C;H,) and 4.80 (2H, CsH,). Elemental analysis: calculated for
C,,H;,80,: C, 63.46; H, 7.75; S, 7.70; Fe, 13.41; O, 7.68.
Found: C, 63.52; H, 7.54; S, 7.93; Fe, 13.22; O, 7.43%.

Monolayer formation and electrochemistry

Monolayers were formed by soaking freshly pre-treated elec-
trodes in a coating solution containing various ratios of FcSH
to decanethiol with a total concentration of 1.0 mm thiol in
absolute ethanol for at least 48 h. With this self-assembly
period fewer defect monolayers were obtained.!>

All electrochemical measurements were performed using a
BAS-100B electrochemical analyzer. A conventional three-
electrode cell was employed with the SAM-modified electrode
as the working electrode. Pt wire as the auxiliary electrode,
and Ag/AgCl in 3.0 m NaCl (BAS) as the reference electrode.
All potentials are reported versus this reference electrode at
room temperature (24 °C). Oxygen was not excluded from the
cell.

The microscopic area of the unmodified polished gold elec-
trodes was determined by meauring the charge that evolved
during oxidation of the superficial gold in 0.1 M H,SO, .28
The ratio of microscopic to geometric surface area yielded a
roughness factor of 3.5 + 0.5.

Results and discussion

Choice of pre-treatment method and composition of coating
solution

The pre-treatment of polycrystalline gold electrodes prior to
self-assembly of thiols has been accomplished by treatment in
hot 2 M KOH for 1 h,'* chemical etching with dilute aqua
regia,®! hot piranha solution!® or hot concentrated nitric
acid,???* electrochemical etching in dilute H,SO, by cycling
between —0.2 and +1.4 V2° or by a combination of chemical
and electrochemical etching.!! At the same time, the ratio of
diluent alkanethiol to electroactive FcSH in the deposition
solution and the self-assembly period are also the important
factors for the preparation of ordered self-assembled redox-
active monolayers.!>3 In this work we used a self-assembly
period of 48 h (with this period an exchange equilibrium
between monolayer and coating solution was reached!) to
compare different pre-treatment methods and examine the
effect of the ratio of FSH to decanethiol in the coating solu-
tion on the wave shape and stability of the monolayer in 1.0 M
HCIO,. The results indicated that the FcSH-decanethiol
SAMs formed on gold electrodes pre-treated by etching in
dilute aqua regia gave improved stability and responses with a
small peak potential splitting (<28 mV for the coating solu-
tion with an FcSH to decanethiol ratio of 0.5:0.5) at scan
rates less than 10 V s~ !. Thus, the kinetics of the heter-
ogeneous electron transfer reaction to and from the ferrocene
moiety, qualitatively observed from the peak potential split-
ting of the CVs, is rapid. Furthermore, the cell resistance is
very low at an electrolyte concentration of 1.0 M (<100 Q
determined at rest potential). The cyclic voltammograms (not
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shown) of the SAMs produced from 0.1:0.9, \G%N%rgclaelgdn line
0.9 : 0.9 FcSH-decanethiol coating solutions at the same scan
rate displayed different peak shapes and potential separations.
The SAMs obtained by adsorption from 0.5:0.5 FcSH-
decanethiol solution yielded the most “ideal” electrochemical
responses. We therefore selected the aqua regia pre-treatment
and this ratio to prepare the SAMs for all subsequent studies.
In these SAMs the average coverage of ferrocene units is
(1.3 +£0.3) x 1071° mol cm ™2, calculated from the peak area

of the cyclic voltammograms at 1 Vs~ 1.

Influence of electrolyte on interaction parameters and
capacitance

Fig. 1 shows the cyclic voltammograms of a SAM in 1.0 M
HCIO,. A symmetric waveshape with a small peak-to-peak
potential separation (AE, < 20 mV for scan rates <1 V s Y
was obtained for the ferrocene/ferrocenium (Fc®/Fc™) redox
couple within the SAM. The shape of the voltammogram and
AE, were independent of scan rate (v) for scan rates less than 1
V s1 and the peak currents increased linearly with increas-
ing scan rate, as expected for a rapid reversible electrode
process to an immobilized redox couple. Both peak potential
splitting and its change were also very small in the scan rate
range 1-10 V s~ 1. When the scan rate was more than 10 V
s~1, the splitting obviously increased with increasing of scan
rate. These behaviours are similar to the model of Brown and
Anson.?® According to Brown and Anson, the small peak
potential separation at low scan rate can be interpreted in
terms of an interaction parameter. The interaction parameter
describes the perturbing influence experienced by a given mol-
ecule of attached oxidant or reductant due to the presence of
the other attached oxidant and reductant molecules. The
interaction parameter equation is expressed as>°

. n?F2Alv
.=
P RT[4 — I'(yo + 78)]

where y, and yg are the non-ideality parameters of attached
oxidant and reductant, respectively, which result from the
interaction between attached molecules, and the other param-
eters have their usual meanings. At scan rates less than 1 V
s~1, the slopes of plots of peak current versus v in various
electrolytes of HCIO,, LiClO,, NaClO,, NaBF,, NaNO,
and Na,SO, were 1.00, 1.04, 1.06, 0.83, 0.45 and 0.19 pA s V™1,
respectively, yielding the (yo + yg) of —(6.1, 5.8, 5.6, 8.1, 17 and
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Fig. 1 Cyclic voltammograms of FcSH SAM
[l = (1.4 4 0.5) x 107 mol cm~2] at (1) 300, (2) 100, (3) 60, (4) 30
and (5) 10 mV s~ in 1.0 M HCIO, .
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Table 1 Redox and ion-pairing properties of the FcSH monolayers
(prepared according to the text) in various electrolyte solutions

Electrolyte EqQm/ Cn¥/ k%¢/ Kf/
(1.0 M) mV puFem™2 s71t Ky /[Kg-© w71
HCIO, 520 1.1+£05 648+29 — —
NacClO, 576 1.7+£05 654423 475 1785
NaBF,* 606 1.8 +0.8 551+22 420 413
NaNO, 630 28+10 510+26 58 77
NaCl 675 3.0+ 04 482+ 26 1.0 —
Na,SO, 700 20+05 488 +25 1.2 8
CH,;COONa 680 31401 — 0.8

NaF 684 34+05 — 0.7

PB? 674 29+06 — 1.0

* Concentration 0.35 M. ® Phosphate buffer (pH 7.2), prepared from
1.0 M solutions of Na,HPO, and NaH,PO, salts. ¢ Evaluated from
the average CV peak potentials at 10 V s~*. ¢ Evaluated from CV
currents approximately 400 mV negative of E,y. ¢ Evaluated from
the intercept of the anodic portion of a Tafel plot, constructed from
results obtained by chronoamperometry at various overpotentials
[eqn. (2)].  Relative ion-pairing ability of electrolyte anions with
respect to that of a separate solution of containing chloride anions
[eqn. (6)]. ¢ Effective ion-pair formation constants for the electrolyte
anions determined from mixed solutions of the anion in 1.0 M NaCl

Leqn. (7)].

46) x 10'° cm? mol ™!, respectively. Negative values for all
interaction parameters are an indication that the process
responsible for the non-ideality is a repellence between
attached reactants. Similar (yy + yg) values obtained in
HCIO,, LiClO, and NaClO, electrolytes indicate little effect
of cations on the response. Larger negative values of inter-
action parameters are obtained in electrolytes containing
anions that do not strongly ion-pair with the oxidized fer-
rocenium ion (see below). The stabilizing nature of the strong
ion pair on the oxidized form of ferrocene thus decreases the
non-ideal interactions between adjacent redox active mol-
ecules adsorbed on the surface.

Measurement of interfacial capacitance has frequently been
used to verify the quality of packing of SAMs.123! For FcSH
SAMs, ions and solvent can permeate the monolayer depend-
ing on the length of the diluent alkanethiol.!®?! Ton per-
meation through the monolayer results in a dependence of
capacitance on the electrolyte. In this work, capacitance was
evaluated from the cyclic voltammetric charging currents at
rest potential (determined under open circuit, typically
between 0 and 100 mV), far from the ferrocene formal poten-
tial. For a SAM electrode the double layer structure may be
considered as an ideal compact monolayer capacitor (C,,) and
a diffuse double layer capacitor (C,;) connected in series.®! Cy
can be estimated from Gouy—Chapman theory,*? and is much
larger than the monolayer capacitance and can therefore be
neglected.®! Therefore

&g,

d

Ctotal x Cm =

@

where ¢ is the dielectric constant of the monolayer, ¢, = 8.85
x 107'* F cm ™! and d is the monolayer thickness [2.5 nm
for FcCOO(CH,),;SH and 1.7 nm for decanethiol].!® The
results of capacitance measurements are summarized in Table
1. The capacitance is dependent on both cation and anion in
solution. In HCIO, ¢ = 3.24, which is close to the literature
value of 3.1? The value in NaClO, is 4.96, which is larger than
that in HCIO, owing to the smaller cationic radius of the
sodium ion. The smaller the effective cationic radius, the
higher is the capacitance because more cations permeate into
the SAM, increasing the dielectric constant. A lower SAM
capacitance in ClO,~ solution compared with other anions
indicates that ClO,~ causes the monolayer to be much more

iewArithee%nline

.. . W
compact, containing less solvent and being less permea
the supporting electrolyte.

Electron transfer kinetics in various electrolytes

The standard heterogeneous electron transfer rate constant,
k®, for irreversibly adsorbed redox-active molecules can be
conveniently evaluated from chronoamperometric experi-
ments if the RC cell time constant is sufficiently short. In this
work the electrode potential was stepped from an initial
potential (rest potentials of the SAM in various electrolytes) to
a final potential to drive the oxidation of ferrocene groups. At
a given overpotential (1 = E — Eduy, where EQyy, is the formal
potential estimated from the mean of the anodic and cathodic
peak potentials in slow-scan cyclic voltammetry), the Faradaic
current I follows a simple exponential decay given by2°

I(t) = kapp Q exp( - kapp t) (3)

where k,,, is the apparent rate constant and Q is the electro-
lytic charge passed. From the slope of a plot of In i versus t at
electrolysis times of 0.5-3.5 ms [here the RC cell time con-
stants are typically less than 0.03 ms and the effect of ohmic
drop (<2 mV) can be neglected], average rate constants at
different overpotentials in various electrolytes can be esti-
mated. The k° values can be evaluated from the intercept of a
semilogarithmic plot (Tafel plot) of k,,, versus overpotential,
n, according to the Butler—Volmer formalism described by the
equation3?

k.., = k° exp[(1 — a)nFy/RT] @

app

The values of k° for SAMs together with their formal poten-
tials in various electrolytes are listed in Table 1. A k° value of
648 s~ ! evaluated from the anodic intercept of the Tafel plot
in 1 M HCIO, is similar to the value of 665 s~ ! estimated by
extrapolation of data (Fig. 11 in ref. 16) obtained by an indi-
rect laser induced temperature jump method. The values of k°
obtained in HCIO, and NaClO, electrolyte are extremely
close. The value of k° seems to be dependent on the electrolyte
anion, with a maximum decrease of 26% obtained in NaCl
electrolyte compared with that for the perchlorate electrolytes.
However, the instability of the FcSH monolayers in chloride
electrolyte should be noted.® The observed decrease in k° in
the chloride or sulfate electolyte may be attributed to a
gradual decrease in their ion-pairing ability with the fer-
rocenium cation. In any event, the relatively rapid rates of
heterogeneous electron transfer at these SAMs allow us to use
the Nernst equation to evaluate ion-pair formation in various
electrolytes at scan rates where the surface reaction yields
reversible behaviour.

Ion-pair formation

In the cyclic voltammetric experiments, the formal redox
potential of the ferrocene groups in the monolayer shifts nega-
tively with increasing anion concentration. This phenomenon
has been reported previously.?3:25:27:2° The effect can be
explained by the need to neutralize the excess charge that
builds up at the interface upon oxidation and to stabilize the
ferrocenium ion in the non-polar environment of the
assembled monolayers.?® The formation of a 1 :1 ion pair can

be expressed as
F"=Fc* +e Edy
5
Fct + X" =Fc™X™ K = Iperx-/Tre+ Cx- ©

According to the Nernst equation, the potential for the above
half-reaction can be written as follows:

RT  Tpex

Egum = Esan + F log - K
Fco

RT
-7 log Cx- (6)
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Hence there is a quantitative relationship between the ion-
pairing ability (formation constant K) and the formal poten-
tial, EQyy . The linear relationship observed between E,y and
the logarithm of the C1O,~ concentration in NaClO, electro-
Iyte is shown in Fig. 2. The slope of —65 mV, close to the
Nernstian value of —59 mV predicted from eqn. (6), agrees
with the hypothesis that there is the formation of a single ion
pair with the ferrocenium in the SAMs. A negligible difference
in the slope is obtained if activities are used instead of concen-
trations (slope of —67 mV).

Ion-pairing tendencies of various anions with the fer-
rocenium cation could be quantitatively compared using eqn.
(6) if the standard potential of ferrocene in the SAM was avail-
able. We can compare the relative ion-pairing ability between
solutions of individual electrolytes by use of eqn. (7) and selec-
ting the chloride anion as reference.

F(Eg- — EY))
P RT

& = & e (7)
Kqo-  Cx-

The results shown in Table 1 (we neglected the formation of
Fc¢,"S0,?~ for Na,SO, as a supporting electrolyte) indicate
that BF,~ forms almost as strong an ion pair as ClO,~ with
the ferrocenium cation. The ClO,~ and BF,~ anions can be
transported with almost no associated solvent, water, and are
thus hydrophobic anions which ion-pair strongly to fer-
rocenium. NO;~, Cl-, SO,%~, HPO,?>~, H,PO, ", and par-
ticularly F~, more hydrophilic anions, are transported with
large amounts of solvent,?” and thus may interact less with
the ferrocenium cation. In the ClIO,~ and BF,~ electrolytes
no loss of ferrocene adsorbate is apparent upon repeated
cycling for long times, demonstrating the high stability
imparted by ion-pair formation between the desolvated anions
and the oxidized FcSH monolayers. The ferrocene redox peak
currents decrease slightly upon continuous cycling in the
NaNO,, Na,SO,, NaCl electrolytes and disappear rapidly in
CH;COONa, Na phosphate and NaF electrolytes. Hence the
formation of ion pairs greatly improves the stability of FcSH
SAMs.

To investigate this phenomenon further we performed
experiments in which the ionic strength of the electrolyte was
maintained high, with a background electrolyte of 1.0 M NaCl,
during the addition of NaClO,, to avoid liquid junction and
activity effects. A chloride electrolyte was selected because of
its low ion-pairing ability compared with other anions. A
semilogarithmic plot is shown in Fig. 3, giving a slope of —59
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Fig. 2 Dependence of the formal potential of FcSH SAM, from
cyclic voltammograms at 10 V s™%, on sodium perchlorate electrolyte

concentration. I' = (1.2 + 0.2) x 1071 mol cm 2.
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Fig. 3 Dependence of the formal potential of FcSH SAM on sodium
perchlorate concentration in solutions containing 1.0 M NaCl as back-
ground electolyte. Other conditions as in Fig. 2.

mV as expected for ion pairing of the ferrocenium cation by a
single perchlorate anion upon oxidation of the SAM.

Rowe and Creager?? have described the ion-pairing ability
of anions Y~ in the presence of excess X~ electrolyte anions
with an effective formation constant, K, evaluated using the
following equation:

E,=E, — (RT/nF)In(1 + K C,) 8)

where E, and E;, are the anodic peak potentials in electrolytes
with and without anion Y~ present, respectively, and K 4 =
K, /(1 + K, C,). If the assumption is made that the predomi-
nant ion-pairing anion is Y-, then K. C, > 1 and eqn. (8)
becomes

E, = E, — (RT/nF)In(K  C,) 9)

Effective ion-pair formation constants were determined for the
sodium salts of the C10,~, BF,~ and NO;~ anions in NaCl
solutions and the results are given in Table 1. The sequence of
K for various anions is similar to that of the ratios observed
in individual solutions and again reflects the dependence of
the solvation and hydrophilicity of the various anions on their
ion-pairing ability with the ferrocenium cation.

Comparing ion-pairing ability with the peak separation and
wave shape of cyclic voltammograms, the interaction param-
eters, the capacitance, the stability and the electron transfer
kinetics, it can be found that all parameters show the same
tendency for change, which is identical with the change in ion-
pairing ability.

Electrolyte cation effects

In the electrochemical process, the ferrocenium cation formed
upon oxidation of the FcSH monolayer will establish an elec-
tric field that repels the electrolyte cations and attracts the
electrolyte anions. According to the Debye—Hiickel
theory,333# in a solution of low concentration electrolytes the
work done during ion transport of cations from the mono-
layer surface to the bulk solution upon oxidation is the
change in the Gibbs energy, AG ..., glven by

N;z;e’K

A(;elec!ric = iz T

j

(10)

where j is the kind of ion in solution, N; is the total number of
ion j, e is the elementary charge, z is the charge of ion j, ¢ is
the dielectric constant of the medium and 1/K is the Debye—
Hiickel reciprocal length representing the effective radius of
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Fig. 4 Dependence of the formal potential of FCSH SAM, evaluated
from cyclic voltammograms in 1.0 M perchlorate (@) or chloride ()
electrolytes, on the cation mobility. The cations are Li*, Na*, K*
and H from left to right, respectively. I' = (1.5 4 0.3) x 10~ 1° mol
cm ™ %; other conditions as in Fig. 2.

the ionic atmosphere around a given ion in an electrolyte
solution. In aqueous solution a is the effective radius of ion,
taking into account all the H,O molecules which the ion
carries in its hydration sphere (hydrodynamic radius). The
relationship between the ion radius a and the ionic mobility,
U, is given by33

u = ze/6bmna (11)

where # is the viscosity of the medium. The radius of the ionic
atmosphere surrounding an ion is related to both its charge
and its hydrodynamic radius. If one makes a simplistic
assumption, replacing K with ¢/a for qualitatively associating
AG eorric With the mobility (where ¢ depends on the ionic
charge, temperature, dielectric constant and ionic strength of
the medium), then eqn. (10) becomes

AG 21réN 2nlN;np;e

electric — +Z (12)
Hence transport of cations from the monolayer to the bulk
solution upon oxidation of the attached ferrocene to fer-

rocenium requires free energy of transfer. Considering the dif-
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Fig. 5 Cyclic voltammograms of a FcSH SAM in 1.0 M NaClO, at
10 V s~ on addition of (1) 0, (2) 0.001, (3) 0.011, (4) 0.115, (5) 0.604
and (6) 1.06 M HCIO, to the cell. Inset: plot of formal potential versus
proton concentration. I' = (1.2 + 0.2) x 107 mol cm™~2.
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ference between thermodynamic and transport parameters
correction factor, {, is given for qualitatively associating the
change in the Gibbs energy with the additional potential, AE,
and then

¢ 2né{N;nu;e
AE=FY 7“;: I (13)

J
If other conditions are constant, an additional potential is
necessary to drive this transport. The negative additional
potential indicates the repulsion between monolayer fer-
rocenium cation and electrolyte cations. Hence there is a
linear relationship with a negative slope value between appar-
ent formal potential and cation mobility or concentration (N).

In order to rectify the formal potentials obtained, the liquid
junction potentials, E;, in these systems were determined by
using two Ag/AgCl (3 m NaCl) reference electrodes to create
two half cells which were contacted by a salt bridge of 3 m
KCl in agar. 3 M NaCl and the above solutions were used in
the two half cells as the electrolytes. The results showed that
the E; between 3 M NaCl and 1 m LiCIO,, NaClO,, HCIO,,
LiCl, NaCl, KCl or HCI was 2.1, 2.3, 3.7, 2.0, 2.2, 2.5 or 3.5
mV, respectively. All these values and the differences among
them were very small because high concentration electrolytes
were used in our experiments, as in those reported in the liter-
ature.3®

The experimental relationship between formal potentials of
FcSH monolayers and cation mobility®3 in both perchlorate
and chloride electrolytes is shown in Fig. 4. A linear relation-
ship with a correlation coefficient of 0.9991 between two
parameters for these monolayers is obtained. The slope of line
is the same in 1.0 M electrolytes of both perchlorate and chlo-
ride anions, so supporting quantitatively eqn. (13).

In perchlorate electrolyte the formal potential also shifts in
proportion to the proton concentration (Ny-), as can be seen
in Fig. 5. Although the concentration of the ClO,~ anion
changes only from 1.0 to 1.02 M (calculated from the acid dis-
sociation constant of 1.78 x 10~ 2 M for HCIO, 35), the FcSH
formal potential shifts negatively by approximately 77 mV.
Furthermore, there is a linear relationship between the FcSH
formal potential and proton concentration from 0.0018 to
0.018 m with a correlation coefficient of 0.9994 (inset in Fig. 5).
It is conceivable that when the electrolyte solution includes
several cations, the migration of cations during oxidation is
mainly undertaken by those cations with high mobilities once
present in sufficiently high concentrations. These two effects
confirm that eqn. (13) represents a simplistic qualitative model
of the system.

Conclusion

We have found that stable and well behaved redox-active
monolayers can be prepared on gold disk electrodes pre-
treated with dilute aqua regia from a mixed ethanolic solution
of 0.5 mm FcSH-0.5 mm decanethiol. The electrolyte anions
have a strong effect on the thermodynamics of the ferrocene
interfacial redox reaction. This effect can be modelled on their
relative abilities to form ion pairs with the oxidized fer-
rocenium ion. The effective ion-pair formation constant for
various anions are reported, with perchlorate yielding the
largest value. The electrolyte type affects the interactions
between the ferrocene redox species in the monolayer, the
interfacial capacitance, the stability of SAMs and the heter-
ogeneous electron transfer rate constants, and their tendency
for change is identical with the change in ion-pairing ability.
The electrolyte cations are also shown to affect the thermody-
namics of the ferrocene redox reaction, postulated to be due
to electrostatic effects upon oxidation of the ferrocene to a
ferrocenium form. The results presented yield information on
the optimum conditions for producing and maintaining stable,

Phys. Chem. Chem. Phys., 1999, 1, 1549-1554 1553


http://dx.doi.org/10.1039/a809754b

Published on 01 January 1999. Downloaded on 26/06/2013 16:55:03.

reproducible electroactive monolayers and provide a basis for
future studies on their application as sensing materials.
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