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The pKa value of arrayed carboxy groups and that of groups
dissolved in solution can easily be determined by electro-
chemical desorption of a self-assembled monolayer of
carboxy-terminated thiols in aqueous solutions.

Monolayers composed of closely packed organic species are of
great interest as models of biomembranes. In particular,
monolayers containing acidic and basic groups are useful for
understanding roles of those species in various functions of  cell
membranes, such as cell fusion, enzymatic catalysis, and ion
transfers. One of the well-known specific properties of closely
arrayed groups is that acidities of groups like carboxy and
amino are different from their original values. Such behaviour
has been first found by potentiometric titration of micellar
solutions of various surfactants.1 A self-assembled monolayer
(SAM) of alkanethiols adsorbed on a gold surface provides
another monolayer system. Ease of preparation of the organized
monolayer with high reproducibility and high stability of the
resulting monolayer facilitate investigation of the properties of
monolayers.2 If alkanethiols substituted by functional groups at
w-positions are used, one can prepare a surface in which the
functional groups are closely arrayed. In this case also,
determination of acidity of the arrayed groups is currently
attracting great attention. To detect properties of the delicate
monolayer surfaces special techniques must be adopted, paying
deliberate attention to such matters as measurements of contact
angles of water drops on the thiol-SAM,3 the double layer
interaction measurements using the atomic force microscope,4
double layer capacitance measurements by AC impedance
spectroscopy,5 and quartz crystal microbalance measure-
ments.6 In some cases, the help of difficult theory and
calculations is needed to determine the desired parameters. We
would like to show herein that electrochemical desorption
reaction of a thiol-SAM measured by conventional voltammetry
becomes a useful method to evaluate acidity, i.e. pKa, of the
groups substituted to the terminals of alkanethiols. This method
allows direct determination of not only pKa value of the arrayed
groups but also that of the groups dissolved in solution
simultaneously from the obtained titration curve. In this paper,
a typical method is introduced by showing the results obtained
for a SAM of 3-mercaptopropionic acid (MPA) formed on a
gold substrate.

The gold substrate used in this study was an Au-coated mica
having a quasi (111) surface [Au(111)], which was prepared by
vacuum evaporation of Au.7 The mica sheet was heated at
300 °C for at least 2 h prior to evaporation and heating was
maintained during deposition and post-annealing for 1 h.
Formation of a MPA-SAM on the Au(111) electrode was
conducted by immersion of the electrode in an ethanolic
solution containing 1 mmol dm23 MPA for 1 h. The resulting
electrode is denoted here as MPA/Au(111). Reductive deso-
rption experiments were carried out in 0.1 mol dm23 phosphate

buffer solutions prepared by using Milli-Q gradient A10 water
(r > 18.2 MW cm). The electrolysis cell was a one-
compartment cell having Ag/AgCl in KCl-saturated aqueous
solution and a Pt foil electrode as reference and counter
electrodes, respectively. The MPA/Au(111) electrode was
placed at the bottom hole of the cell with a Teflon-coated O-
ring, giving an effective surface area of 0.4 cm2.7

Fig. 1 shows linear sweep voltammograms of the MPA/Au
(111) electrodes taken at 200 mV s21 in buffer solutions having
pH 3.57, 5.98, 7.04, 8.04, 8.85, and 9.97. The cathodic waves
representing reductive desorption of MPA-SAM appeared and
their peak potentials were negatively shifted with increasing pH
of the electrolyte solution. In general, the reductive desorption
of an alkanethiol-SAM was made by using highly alkaline
solutions.8 In those cases, the reaction can be formulated as Au–
S–R + e2? Au + 2S–R where R denotes an alkyl group.
However, since pH values of the solutions chosen in this study
were smaller than pKa of thiol group in MPA, which is 11,9 the
group must be protonated when MPA is dissolved in the
solutions. As a result, the desorption reaction can be given by
eqn. (1).

Au–S–R + e2 + H+? Au + HS–R (1)

This equation including one proton and one electron predicts
negative shifts of the reaction potential with an increase in pH
of the electrolyte solution. The integration of each current peak
shown in Fig. 1 gave a charge density of 71 (± 4) 3 1026 C
cm22, allowing an estimate of the amount of adsorbed MPA to
be 0.74 (± 4) 3 1029 mol cm22. The obtained values were close
to the coverage (0.77 3 1029 mol cm22) expected for a (A 3 3
A 3)R30° overlayer structure of alkanethiols on a Au(111)
surface.8

Plots of cathodic peak potentials as a function of pH of the
electrolyte solution gave the relationship shown in Fig. 2. Since
the obtained graph has two distinct bending points at pH = 4.3
and 7.5, the pH regions of pH < 4.3, 4.3 < pH < 7.5, and 7.5

† Electronic supplementary information (ESI) available: titration curves
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Fig. 1 Linear sweep voltammograms of MPA/Au(111) electrodes taken at
200 mV s21 in 0.1 mol dm23 phosphate buffer having pH of (a) 3.57, (b)
5.98, (c) 7.04, (d) 8.04, (e) 8.85, and (f) 9.97.
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< pH are denoted here as the regions (A), (B), and (C),
respectively. At the regions (A) and (C), linear relations were
observed and the same slope of 250 mV per pH unit was
estimated. If the eqn. (1) occurs, the experimentally obtained
slope was a little smaller than the value (259 mV per pH unit)
expected from the Nernst equation. In the case of the reductive
desorption of the thiol-SAM, protons in the electrolyte solution
need to penetrate through the closely packed alkyl chains of the
thiols in the initial stage. It is then suggested that some time is
required for the pH around the sulfate groups to become the
same as that of the solution bulk. Such kinetic factors seem to be
the cause of differences between the experimentally obtained
slope and the theoretical one.

The finding that one of the bending points appeared at pH =
4.3 coincident with the pKa value of carboxy group of MPA,9
allowed us to regard R in eqn. (1) as (CH2)2–COOH and
(CH2)2–COO2 at the regions (A) and (C), respectively.
However, a small pH dependence of 210 mV per pH unit was
observed at the region (B). As mentioned in the introductory
remarks, closely arrayed carboxy groups possess pKa values
that differ from the original. In the case of the MPA-SAM on
Au(111) electrode, values ranging from 5.8 to 8 were evaluated
by atomic force microscopy,4 AC impedance,5 and quartz
crystal microbalance measurements.6 If such a phenomenon is
considered, one can imagine that there is a pH region where
carboxylic acid groups in MPA-SAM are protonated but
deprotonated in the solution. By combining this idea with the
reductive desorption reaction given by eqn. (1), the reaction
given in eqn. (2) is appropriate at that pH region.

Au–S–(CH2)2–COOH + e2 ? Au + HS–(CH2)2–COO2 (2)

The deprotonation of the carboxy group and protonation of
the generated thiolate take place simultaneously, resulting in the
exclusion of protons from the reaction. The reaction having
lower pH dependence observed at the region (B) is attributable
to the reaction given by eqn. (2) and pH = 7.5 where another
bending point appeared can be regarded as the pKa value of the

carboxy groups in MPA-SAM. Nevertheless a pH dependence
of 210 mV per pH unit was observed at this region, but this
might be also due to the kinetic factors mentioned above.

The desorption experiments were made at 10, 50, and 200
mV s21. The peak potential was positively shifted with a
decrease in the sweep rate because of abatement of potential
drop in the monolayer, as already shown in our previous
paper.10 Interestingly, however, the titration curves obtained
from the voltammograms taken at different sweep rates (see Fig.
S1) exhibited bending points at the same pH within experi-
mental errors of ± 0.1, indicating that the above-mentioned
kinetic factors did not affect pKa values estimated by this
method. The investigations aiming to elucidate the kinetic
factors and applicability of the method developed in this study
are underway.
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Fig. 2 Plots of peak potentials of cathodic waves due to reductive desorption
of MPA as a function of pH of the electrolyte solution.
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