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a b s t r a c t

The pKa of bicarbonate ion adsorbed on the surface of Pt(111), HCO3
�(ads), in CO2 -saturated KClO4/HClO4

aqueous solutions has been determined by judicious application of a theoretical model originally pro-
posed by Smith and White (Langmuir 1993, 9 (1), 1e3) to explain voltammetric features found for non-
redox active alkyl chain monolayers bearing carboxylic moieties irreversibly bound to gold surfaces. The
analysis herein presented relied on HCO�

3 ðadsÞ and CO2�
3 ðadsÞ coverages derived from in situ Fourier

transform infrared spectroscopy measurements as a function of potential and pH reported by Martinez-
Hincapie et al. (J. Phys. Chem. C 2016, 120 (29), 16191e16199), as input parameters, yielding a pKa for
HCO3

�(ads) of ca. 2.6 ± 0.2. This value is significantly smaller than that of HCO3
�(aq) in bulk solutions, a

phenomenon associated with the bonding of the species to the electrode surface, a factor that markedly
modifies its acid base characteristics.

© 2019 Published by Elsevier Ltd.
1. Introduction

In a recent paper, Martinez-Hincapie et al. [1] reported in situ
reflection-absorption Fourier transform infrared spectra for a
Pt(111) electrode in CO2-saturated KClO4/HClO4 aqueous solutions
of pH values ranging from 0.38 to 3.10 as a function of the applied
potential, E. Quantitative analyses of the data collected revealed
significant changes in the relative ratios of the integrated in-
tensities of the peaks, and thus in the coverage of adsorbed bicar-

bonate, HCO�
3 ðadsÞ, and carbonate, CO2�

3 ðadsÞ, with both E and pH.

Shown in scattered symbols in Fig. 1 are plots of log
h
GCO2�

3
=GHCO�

3

i
vs E, where GCO2�

3
and GHCO�

3
, are the surface concentrations of

HCO�
3 ðadsÞ and CO2�

3 ðadsÞ, respectively, for solutions of six different
pH reported in the cited reference, where the solid lines are linear
fits to the data. This procedure made it possible to determine po-

tential values for which log
h
GCO2�

3
ðadsÞ=GHCO2�

3

i
¼ 0, i.e. the in-

tersections of the solid lines with the x-axis line in Fig. 1, for each of
the solutions, which they then used to construct a plot of pH@

log
h
GCO2�

3
=GHCO�

3

i
¼ 0 vs E (see Fig. S1). A linear fit to the resulting

data (see line in Fig. S1 yielded, upon interpolation, a value of ca.
5 at the potential of zero free charge (pzfc), which they defined as
the pKa of HCO�
3 ðadsÞ under the conditions in which the experi-

ments were performed. It should be emphasized that the procedure
employed for determining this latter parameter is based on a
simple analysis of band intensities and mass balance, and, as such,
does not rely on any specific interfacial model.

The presence of these highly ionized adsorbed species in solu-
tions of such low pH, as well as the changes in the extent of ioni-
zation induced by the applied potential, represent a new
phenomenon not as yet fully understood.

This communication will show that these effects can be
accounted for by judicious application of amodel reported by Smith
and White [2] decades ago, aimed at explaining the presence of
voltammetric peaks for mixed 11-mercaptoundecanoic acid and 1-
decanethiol layers self-assembled on Ag(111) in aqueous electro-
lytes [3]. Additional experimental evidence in support of this model
was reported by Bryant and Crooks [4] for 4-mercaptopyridine and
4-aminothiophenol monolayers adsorbed on polycrystalline Au in
similar solutions. It may be noted that Fawcett et al. further refined
this theory by introducing discreteness of charge effects [5,6].
However, these factors will not be considered in our analysis. As
will be shown, the original model, can correctly predict the po-
tential dependence of the relative ratios of GCO2�

3
and GHCO�

3
in the

adsorbed layer on Pt(111) as a function of pH, assuming reasonable
values for the parameters involved. Particularly striking was the
much lower pKa for HCO�

3 ðadsÞ determined from this analysis
compared to that in bulk aqueous solutions, a phenomenon we
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Fig. 1. Plots of log
h
GCO2�

3
=GHCO�

3

i
(¼ log[f/(1 e f)]) vs E extracted from the spectroscopic

data (scattered symbols), where the solid lines are linear fits to the data collected at the
specific pH as reported by Martinez-Hincapie et al. [1].
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tentatively ascribe to the bonding of the adsorbate to the surface
and thus to changes in its electronic structure.
2. Theoretical aspects

The starting point of our analysis regards the two species in

theHCO�
3 ðadsÞ =CO2�

3 ðadsÞ layer, as attached to the surface through
a bidentate-type bond with the proton in HCO�

3 ðadsÞ bonded to the
oxygen facing the electrolyte, which, within the Smith and White
[2] model, defines the so-called plane of acid dissociation (PAD)
Fig. 2. Schematic diagram of HCO�
3 ðadsÞ =CO2�

3 ðadsÞ layer on a metal electrode, where
M, PAD and S define, respectively, the metal, the plane of acid dissociation and the
electrolyte solution.
(see Fig. 2). Based on their formalism, the problem so stated reduces
to finding solutions of a system of five non-linear algebraic equa-
tions with five unknowns i.e. sM, sPAD, DVF, DVS and pKa.

sM ¼ CFDVF (1)

E� Epzc ¼ DVF þ DVS (2)

sM þsPAD ¼ ε0εSk
2kT
e

sinh
�
eDVS

2kT

�
(3)

log
�

f
1� f

�
¼ pH � pKa þ eDVS

2:3kT
(4)

sPAD ¼ � GTFf (5)

where sM and sPAD are the charge densities on the electrode and at
the PAD (mC/cm2), respectively, DVF ¼ fM � fPAD and DVS ¼ fPAD �
fS, where the fi's are the electrostatic potentials at the metal, the
PAD, and in the electrolyte solution, S, respectively (see Fig. 2). pKa

is the acidity constant of HCO�
3 ðadsÞ. Furthermore, the symbol CF in

Eq. (1) is the capacitance of the adsorbed molecular film (mF/cm2), E
represents the potential at which each of the measurements was
collected and Epcz in Eq. (2) is the potential of zero charge of the
interface devoid of the adsorbates, (V), and GT in Eq. (5) is the
saturation coverage of the adsorbed species regardless of its extent
of protonation (mol/cm2). Eq. (3) represents the neutral character of
the interface, where its right hand side is the charge density of the
diffuse double layer, sS, (mC/cm2), written in terms of DVs, the
reciprocal Debye length, k, the dielectric constants of vacuum,
εo,and the electrolyte solution, εs. Lastly, f is defined as

GCO2�
3
=
h
GCO2�

3
þ GHCO�

3

i
, i.e. the fraction of adsorbed species in the

deprotonated state; hence, log
h
GCO2�

3
=GHCO�

3

i
¼ f =ð1� f Þ and other

quantities have their usual meaning (see Table 1). It is important to
note that some of the data at lower potentials collected by
Martinez-Hincapie et al. led to values of GCO2�

3
þ GHCO�

3
<GT , and, as

such, were excluded from this analysis.
The system of Eq. (1) through (5) was solved using Mathematica

11.3 using each of the f values extracted from the analysis of the
spectroelectrochemical measurements at the specified E and pH for
which the potential was high enough for the monolayer to achieve
its saturation value. Approximate values of the parameters
involved, i.e. CF,GT, k and Epzc. were obtained from literature data. In
Table 1
Symbols, definitions and magnitudes of the optimized parameters involved in the
model.

Symbol Name Value

T Temperature 293 K
Epzc Potential of Zero Charge (pzc) of Pt

(111)
0.33 V vs SHE

ε0 Permittivity of Vacuum 8.85� 10�8 mF/cm
εS Dielectric Constant of Water 78
k Reciprocal Debye length in 0.1M

aqueous electrolyte at 293 K
1.052� 107 cm�1

c0 Electrolyte Concentration 10�4mol/cm3

GT Saturation Surface Coverage of
Adsorbate

8.5� 10�10mol/cm2

CF Film Capacitance 140 mF/cm2

e Elementary Charge 1.602� 10�13 mC
F Faraday's Constant 9.6485� 1011 mC/mol
k Boltzmann's Constant 1.38� 10�19 cm2$kg$s�2$K�1

R Gas Constant 8.31� 104 cm2$kg$s�2$K�1$mol�1



Fig. 3. Plots of log
h
GCO2�

3
=GHCO�

3

i
(¼ log[f/(1 e f)] vs E extracted from the spectroscopic

data (scattered symbols) reported by Martinez-Hincapie et al. [1] The solid lines were
obtained from the application of the Smith and White model [2] for optimized values
of the parameters involved. i.e. Epzc ¼ 0.33 V vs SHE, CF¼ 140 mC/cm2,
GT¼ 8.5� 10�10 mol/cm2 (see text for details) assuming pKa¼ 2.6, the rounded average
of the entire set of data (see text for details).
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particular, CF was obtained from the voltammetric curves at po-
tentials positive to the rather broad peak centered at ca. 0.65 V (see
Fig. 1 in Ref. 1), GT was selected within the range of saturation

coverages of the HCO�
3 ðadsÞ =CO2�

3 ðadsÞ layer reported by Iwasita
et al. [7], i.e. 6.6e8.3� 10�10mol/cm2, and Epzc was taken from a
reported value of ca. 0.3 V vs SHE [8]. Lastly, the reciprocal Debye
length, k, was calculated based on the 0.1M electrolyte concen-
tration used in the experiments (see Table 1). Initial attempts to
obtain numerical solutions failed to converge, a problem that was
traced to the simultaneous use of two non-linear functions as
Fig. 4. Plots of DVF (Panel A), sM (B), DVS (C), sPAD (D) and pKa (E) as a function of potential b
Table 1.
provided by Mathematica, log(x) and sinh(x). These difficulties
could be overcome by approximating the latter by a 5th degree
Taylor expansion, which reproduced the analytical function within
0.1% percent (see Fig. S2 in the Supplementary Material). Shown in
Fig. S3 in the Supplementary Material, as means of illustration, are
plots of sM (Panel A), sPAD (B), DVF (C), DVS (D), and pKa (E), as a
function of the rational potential, i.e. E - Epzc, for the six solutions
with different pH values reported in Ref. 1, assuming
GT¼ 7.5� 10�10mol/cm2, CF¼ 150 mF/cm2, and Epzc¼ 0.3 V vs SHE.
The solid lines in Fig. S4 were calculated by solving the system of
equations for f, and setting pKa¼ 3.2, which corresponds to the
average value determined from the entire set of data collected for
this specific set of parameters.

While the overall trends do track the experimental data, the
quantitative agreement is rather poor. As shown in Fig. 3, signifi-
cant improvement was achieved by setting GT¼ 8.5� 10�10mol/
cm2, CF¼ 140 mF/cm2 and Epzc¼ 0.33 V vs SHE, which are still
within the expected uncertainty ranges, while keeping the rest of
the parameters fixed (see Table 1).

The corresponding plots of sM (Panel A), sPAD (B), DVF (C), DVS

(D), and pKa (E), as a function of E in this case, are shown in Fig. 4. In
particular, the spread of pKa values (see Panel E, Fig. 4) was reduced
to less than ca. one unit, and the fit of the predicted to the exper-
imental data in Fig. 3 (see solid lines) was vastly improved.

Further support for this proposed model was obtained from the
normal probability plot of the entire set of pKa values shown in
Fig. 5, where the red line represents a normal distribution and the
black lines embrace a 95% confidence interval, which yielded a
mean of 2.6 and a standard deviation of 0.2. Moreover, evidence
that the pKa value is indeed unique, as prescribed by the Smith and
White model, was obtained from the analysis of the dependence of
pKa on pH and also on E. As shown in the Supplementary Material
(see Fig. S5), the ANOVA test yielded, for the first case, a value of
p¼ 0.95, and an adjusted R2¼ 0.001, suggesting that it is extremely
unlikely that the data is represented by a linear fit. The same con-
clusions were drawn from the analysis of the pH values as a
ased on the model herein proposed. The parameters used in the simulation are listed in



Fig. 5. Normal probability plot of the entire set of pKa values. The red line represents a
normal distribution and the black lines embrace a 95% confidence interval. This
analysis yielded a mean of 2.6 and a standard deviation of 0.2. Insert: Histogram of the
pKa data. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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function of E (see Fig. S6), for which the ANOVA test yielded
p¼ 0.41, and R2¼ 0.03, meaning that the slope of the linear fit is not
significantly different from 0, and that a linear fit is also not
representative of the data.

In conclusion, application of the Smith and White model to the

HCO�
3 ðadsÞ =CO2�

3 ðadsÞ layer on Pt(111) can successfully account for
the changes in the extent of dissociation of HCO�

3 ðadsÞ with po-
tential and solution pH, as determined from the analysis of in situ
Fourier transform infrared spectra. As evidenced from the results
obtained, the pKa of HCO�

3 ðadsÞ ¼ 2.6± 0.2, is significantly shifted
toward lower values compared to that of the same species in bulk
solution. Interestingly, this effect is opposite to that found for alkyl
thiol monolayers bearing carboxylic groups at the terminus facing
the aqueous electrolyte, inwhich case the pKa of themonolayer was
found to shift up over three units compared to, for example, acetic
acid [9]. Extensions of this approach to the adsorption of other acid-
base ions, such as phosphate, are now being considered, and will be
reported in due course.
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