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Potential of zero charge and interfacial capacitance values of w-mercaptoalkanoic acid monolayers
deposited on Au(111) are derived from immersion current transients, and are applied to the analysis
of their acid properties. Potential of zero charge and capacitance titration curves extend over six pH units,
and exhibit apparent pK;, values that vary with electrolyte concentration. Electrostatic adsorption of
protons at the monolayer-solution boundary provides a quantitative explanation of these observations,
and leads to a diffuse layer corrected pK, value of 4.3, which is independent of the thiol chain-length.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Self-assembly of functionalized alkanethiols monolayers on me-
tal substrates offers a convenient route to tailor surface properties
from predesigned molecular building blocks [1]. Among these
properties, the surface potential generated by the organic mono-
layer is a direct consequence of the dipolar alignment and degree
of ionization of its molecules, and it plays a central role in the
development of optoelectronic devices [2]. Within an electrochem-
ical environment, where the monolayer is sandwiched between a
metal surface and an electrolyte solution, the potential of zero
charge (pzc) contains the same information on the electrostatic
properties of the monolayer as the surface potential [3]. Control
of the pzc can be used to either favour or hinder a given adsorption
[4] or charge-transfer process [5] at the electrode surface.

Self-assembled monolayers of w-mercaptoalkanoic acids con-
stitute useful platforms for electrostatic and covalent immobiliza-
tion of biomolecules on electrodes [6]. Regardless of their
extensive use, there remains some controversy in literature regard-
ing the pK, value of surface-anchored carboxylic groups, with
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reported values ranging from 5 up to 10 [7-15]. Potential of zero
charge measurements are expected to be well suited to monitor
the degree of ionization of surface-anchored groups, since they
probe the overall potential drop across the interfacial region,
whereas alternative approaches such as contact force [8] or elec-
trokinetic [16] measurements sample part of the diffuse layer only.
We have recently proposed a new method for the determina-
tion of the potential of zero charge of gold electrodes modified
with thiol monolayers [17]. This method makes use of a vapour
deposition protocol, to prevent adsorption of ions and solvent mol-
ecules during the self-assembly process, and of the immersion
technique [18] to measure the free charge on the metal at a given
potential. Potential of zero charge (Ey,.) and interfacial capacitance
(Cq1) values are then derived from plots of the measured charge as a
function of the applied potential. Compared to previous methods,
this novel approach was shown to provide more accurate results
and to be applicable to any monolayer, irrespective of its degree
of hydrophilicity. In this communication we present for the first
time potential of zero charge and capacitance titration curves for
3-mercaptopropionic (MPA), 6-mercaptohexanoic (MHA) and 11-
mercaptoundecanoic (MUA) monolayers deposited on Au(111),
extending from pH ~ 2 to ~ 13, and show how the observed behav-
iour up to pH ~ 10 can be explained in terms of the electrostatic
adsorption of protons at the negatively charged organic surface.
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2. Experimental

3-Mercaptopropionic acid (MPA), 6-mercaptohexanoic acid
(MHA) and 11-mercaptoundecanoic acid (MUA) were purchased
from Aldrich. Sodium hydroxide (NaOH), phosphoric acid (H3POy4)
and sodium perchlorate (NaClO4) were purchased from Fluka.
Chemical reagents were used as received. Water was purified with
a Millipore Milli-Q system. Thiol monolayers were formed just be-
fore the measurement of each immersion transient. The freshly
flame-annealed gold surface was exposed to a thiol-saturated
atmosphere at 75 °C. Measurements were performed at room tem-
perature, 23 * 2 °C. Electrolyte solutions were deaerated with a
presaturated argon stream prior to the measurements. Chrono-
amperometric measurements were carried out with an Autolab
PGSTAT30 (Eco Chemie). All potential values are referred to the
Ag|AgCI|KCl (sat.) electrode. Further experimental details are de-
scribed in ref. [17].

3. Results and discussion

Fig. 1 depicts the variation of E,. and Cq; with solution pH for a
MUA monolayer in contact with 1 M and 0.2 M NaClO4 solutions.
As the solution pH is changed from 2 to 13, a negative shift of ~
0.4V in the E,,. value and an increase of Cy by ca. 50% are ob-
served. Two steps of ~ 0.2 V are evident in the Ep,. titration curves.
The first step extends from pH 3 to 9 and parallels the variation of
Cq1, whereas the second step is rather abrupt and has no counter-
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Fig. 1. (a) Ep;c and (b) Cy titration curves of the MUA monolayer in the presence of
(O) 1 M NaClO4 + 10 mM sodium phosphate buffer and (A) 0.2 M NaClO4 + 5 mM
sodium phosphate buffer solutions. Solid and dashed lines are theoretical fits to Egs.
(1) and (3) for Ep,, and to Egs. (2) and (3) for Cy, taking into account dielectric
saturation in the diffuse layer. Dotted lines correspond to A¢qirr computed from
classical Gouy-Chapman theory. (c) Degree of dissociation of the carboxylic groups
as a function of solution pH, the arrows indicate the location of the apparent pKj,
values for the two electrolyte concentrations.

part in the Cy, titration curve. These differences strongly suggest
a different physical origin for the two E,. steps. Both the first E,,¢
step and the Cy titration curve can be accounted in terms of a pH
induced dissociation of the surface carboxylic groups, while the
second E,. step is more likely to originate from the adsorption
of hydroxide anions, presumably on the cationic layer that com-
pensates the monolayer charge. A similar behaviour is displayed
by the Ep,. and Cy titration curves of MPA and MHA monolayers,
as illustrated in Fig. 2.

In order to attempt a quantitative description of these titration
curves, the contributions of the organic monolayer and the diffuse
layer to the E,,c and Cg' values are considered to be additive. By
further assuming that the potential drop across the thiol mono-
layer (Aymon) varies linearly with the degree of dissociation (o)
of the carboxylic groups, the pzc value can be expressed as

_ pac
— Lpz mon i
Epze(0) = Ejpe + AAjmon - % + Adpyige () (1)

where E;ic is the acid limit of E,,c, AA)mon is the change in surface
potential across the monolayer at complete dissociation of the car-
boxy groups and A¢gisr is the potential drop across the diffuse layer.
Analogously, the interfacial capacitance at the pzc can be expressed

das

Ca () = (C& + ACmon - 0) " + Cafp 10r(®) 2)

where Cj is the low pH limit of Caq, ACpon is the change in the

monolayer capacitance due to the full ionization of the carboxy
groups, and Cgierror(0) is the total diffuse layer capacitance, which
includes a contribution due to the dissociation process itself [19].
It should be noted that for the relatively high electrolyte concentra-
tions used in this work, Cq is very sensitive to dielectric changes
that occur in the thiol monolayer, but does not contain information
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Fig. 2. (a) Ep,c and (b) Cy titration curves of the (O) MUA, (A) MHA and (O0) MPA
monolayers in the presence of 1M NaClO4+ 10 mM sodium phosphate buffer
solution. Lines as in Fig. 1.
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Table 1
Parameter values describing the E,,. and Cy titration curves

E;ic/v CS?/HF cm ? AAXmon/V ACmon/“l: cm-
MUA (1 M) 0.06 2.2 —0.02 13
MUA (0.2 M) 0.06 27 —0.02 1.3
MHA 0.10 43 —-0.06 2.1
MPA 0.14 10.3 -0.10 6.5

on the diffuse layer, since Cgifrror > C3i + ACmon. Moreover, protons
are electrostatically attracted towards the negatively charged
monolayer, so that their surface concentration differs from the bulk
value, and the equilibrium condition leads to [19]

o FA¢: o
PH = pKi /2 +log (1 - oc) =P — 2.30(/)3d1gT +log (1 - oc) (3)

where K, is the acidity constant of the surface-anchored carboxy
groups, and Kj, is its apparent value obtained by neglecting diffuse
layer effects. It may be worth mentioning that the electrochemical
titration of these w-mercaptoalkanoic acid monolayers is expected
to differ markedly from those reported for metal oxide adlayers due
to the absence of charge exchange processes between the adsorbed
film and the electrode [20], and to the availability of a single pro-
tonation equilibrium [21], so that the thiol monolayer charge den-
sity can only be either negative or zero.

As stated before, Fig. 1 illustrates the influence of electrolyte
concentration on the Ep,. and Cy titration curves of a MUA mono-
layer. The AEp,. variation associated with the first step in Fig. 1a is
significantly stronger than the A¢q;r potential drop estimated from
the classical Gouy-Chapman theory for a fully ionized monolayer
(see the dotted line), but interestingly AE,, is quite close to the va-
lue computed when dielectric saturation effects are incorporated
into the electrostatic description of the diffuse layer. Dielectric sat-
uration effects have been invoked previously by Smalley et al. [12]
to explain the ILIT response of w-mercaptoalkanoic acid monolay-
ers as a function of the solution pH, and they are an inevitable con-
sequence of the high charge density (~ 80 uC cm~2) that prevails at
a fully ionized monolayer. Therefore, dielectric saturation effects
were incorporated (as described in Ref. [12]) in the A¢qi values
used to fit the E,c and Cy titration curves. The remaining parame-
ters used for these fits are listed in Table 1.

The fact that the fit parameters are independent of electrolyte
concentration indicates that the E,,. and Cq changes observed in
Fig. 1, in the presence of 1 M (solid lines) and 0.2 M (broken lines)
NaClO, solutions, can be quantitatively accounted for by the calcu-
lated differences in A¢qie only. This diffuse layer potential drop af-
fects both Ep,. and the proton surface concentration in Fig. 1a and
only the proton surface concentration in Fig. 1b. It is interesting to
note that the apparent pKj; value varies from 6.5 (1 M solution) to
7.2 (0.2 M solution), whereas the corrected value pK, remains inde-
pendent of the electrolyte concentration and equal to 4.3, which is
close to the pK, value of carboxylic groups in solution. On the other
hand, a systematic trend in the fit parameter values with the thiol
chain-length is obvious from Table 1. In the low pH limit, the Ep,.
value increases upon decreasing the hydrocarbon chain-length, as
expected from the molecular dipole contribution to Ay mon [17],
thus confirming the presence of monolayers that are well-ordered
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in the direction perpendicular to the electrode surface. However,
this specific contribution to Ay mon is gradually lost as the mono-
layer becomes more extensively ionized and, finally, a common ba-
sic limit of —0.16 V is reached for the three monolayers. This loss of
molecular order most likely involves only the outer part of the
monolayer, since the capacitance values in basic solutions (though
higher than in acidic solutions) still retain typical values of densely
packed organic monolayers. A single value of pK, = 4.3 was found
to reproduce the complete set of Ep,. and Cy titration curves dis-
played in Fig. 2, thereby indicating that the acid strength of the ter-
minal carboxylic group is independent of the thiol chain-length.

4. Conclusions

Potential of zero charge measurements have been shown to
provide useful information on surface ionization process, and it is
easy to envisage their application to a variety of processes (such
as surface redox or complex formation) that occur on a sufficiently
short time scale (<1 s) and that give rise to a significant change in
the surface dipole. Our results illustrate the importance of the sur-
face concentration of protons, rather than its bulk value, as the var-
iable that determines the extent of ionization under well defined
electrostatic conditions. The lack of an adequate control of either
the local proton concentration, or the electric field experienced
by the acid groups, are likely to be the source of some of the dis-
crepancies between the surface pK, values reported in litereature.
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