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ABSTRACT: Many electrochemical processes are governed by the
transfer of protons to the surface, which can be coupled with electron
transfer; this electron transfer is in general non-integer and unknown a
priori, but is required to hold the potential constant. In this study, we
employ a combination of surface spectroscopic techniques and grand-
canonical electronic-structure calculations in order to rigorously
understand the thermodynamics of this process. Specifically, we explore
the protonation/deprotonation of 4-mercaptobenzoic acid as a function
of the applied potential. Using grand-canonical electronic-structure
calculations, we directly infer the coupled electron transfer, which we
find to be on the order of 0.1 electron per proton; experimentally, we
also access this quantity via the potential-dependence of the pKa. We
show a striking agreement between the potential-dependence of the
measured pKa and that calculated with electronic-structure calculations.
We further employ a simple electrostatics-based model to show that this slope can equivalently be interpreted to provide information
on the degree of coupled electron transfer or the potential change at the point of the charged species.

■ INTRODUCTION

The transfer of a proton to a surface or to a surface-adsorbed
species is one of the most common reactions in electro-
chemistry. For example, many electrocatalytic or photoelectro-
catalytic fuel formation reactionssuch as H2 evolution, CO2
reduction, and water oxidationinvolve proton-coupled
electron-transfer reactions. When a species reacts at a surface
held at a constant potential, an unknown and in general non-
integer number of electrons must also be transferred; that is, a
potentiostat keeps the potential constant by the flow of
electrons.1−3

The pKa of reacting species at the electrocatalyst surface is a
key parameter that determines reaction mechanisms, and as we
will show, the potential-dependence of the pKa can provide
direct information on the coupling of electron transfer to
proton transfer. Interfacial acid−base equilibrium has attracted
attention due to its importance in both fundamental research
and practical applications.4−10 Many intrinsic factors such as
surface coverage,11 substrate−molecule interaction,12 and the
curvature of the nanoparticles13 are known to affect the acid
dissociation at interfaces significantly. In an electrochemical
reaction, however, the applied potential provides an externally
controllable way to affect the acid dissociation.6 Techniques
such as voltammetry,14−18 electrochemical impedance spec-
troscopy,16 infrared spectroscopy,19−21 and surface-enhanced
Raman spectroscopy (SERS)22,23 have been applied to

investigate the effects of applied potential on acid dissociation.
Although it is now well established that the applied potential
affects interfacial pKa, the amplitude of this effect varies
significantly among different reports and the underlying
mechanism remains unclear.19,20 Both electrical field-driven
protonation/deprotonation16,18 and potential-induced change
of interfacial cation activity19,20,22 have been proposed to
explain the experimental observations.
While electronic-structure calculations have been used to

study electrochemical interfaces for decades now, recently
grand-canonical approaches have begun to gain popularity. In
these approaches, the potential (manifested as the work
function) is held constant by varying the number of electrons
in the simulation. These calculations directly predict the (non-
integer) number of electrons involved in elementary processes,
and to our knowledge these predictions have not been
validated against experiment. In this work, we attempt to
unify the understanding of acid dissociation at the electrified
interface, by combining experimental measurements using
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vibrational sum frequency generation (SFG) spectroscopy and
electronic-structure calculations carried out in a constant-
potential formulation. We will show how we can build on well-
established models in electrochemical theory1,24−32 with
simple electrostatic models. As a model system we employ
the potential-dependent acid−base equilibrium of 4-mercapto-
benzoic acid (4-MBA) monolayers immobilized on a planar
gold thin film, which experimentally allows us to use the
vibrational mode of the molecule’s ring as an internal reference
of relative surface density.8,33,34

■ RESULTS AND DISCUSSION
We first describe how we used SFG to determine the apparent
pKa in the absence of applied external potential. Self-assembled
monolayers (SAM) of 4-MBA were synthesized and measured
with SFG in buffers at varied pH values; these SFG spectra and
analyses are shown in Figure 1. Full methodological details are
contained in Supporting Information sections S1.1−S1.3. The
peaks around 1400, 1585, and 1670 cm−1 are assigned to the

symmetric stretch mode of COO−, the phenyl ring mode, and
the COOD mode, respectively.35,36 It can be seen that with
increasing buffer pH, the intensity of the COOD band
decreases and the intensity of the COO− band increases, while
the intensity of the ring band shows much less pronounced
changes. The amplitude ratio, f COO−, between the COO− and
ring bands is used to quantify the fraction of deprotonated
carboxylate groups at different pH values, and thus find the
apparent interfacial pKa (pKa

ap). Although the fraction of
protonated/deprotonated species can also be obtained from
the COOD band, there is a larger error in the determination of
its amplitude because of its much broader width. A similar
procedure has been used in previous studies.8,22,33,34

The data are fit to the following equation,37−39

α− =
−

+
−

− −

−

−

K
f

f f

f

f
pH p loga

ap COO

COO
max

COO

COO

COO
max

(1)

Figure 1. pH-dependent SFG spectra of 4-MBA SAM in D2O buffer solutions without applying bias. (a) SFG spectra at indicated pH values. The
spectra have been offset vertically for clarity. (b) SFG amplitude ratio between COO− and ring modes and (c) frequency of COO− as a function of
bulk pH.

Figure 2. (a) Amplitude ratio (COO−:ring) as a function of bulk pH at 0.1 V and −0.5 V vs Ag/AgCl. Symbols are experimental results; curves are
fits according to eq 1. (b) pKa

ap as a function of applied potential.
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where α is a dimensionless number equivalent to − E̅/(ln
10×RT), where E̅ is the energy of interaction between charged
molecules;38 f COO−

max is the maximal fraction of the deprotonated
4-MBA molecules. A best-fit procedure gives pKa

ap ≈ 4.5 and α
≈ 0.9, for these no-bias conditions. Deviations between the
experimentally determined titration curves and the fit curves
may in part be caused by the heterogeneity of the
polycrystalline surfaces and the resulting SAM layers. The
reported12 pKa of free 4-MBA is ∼4.2; this shift is consistent
with the reported shift of pKa

ap between free and surface-
immobilized carboxylic acids.11−13,34

To measure the effect of potential on the pKa, we performed
in situ SFG measurements as a function of applied potential at
14 pH values and repeated the above analysis. Figure 2a shows
example data of the amplitude ratio as a function of pH at
potentials of 0.1 and −0.5 V vs Ag/AgCl. The data were again
fit to eq 1 and the fitted pKa

ap values are shown in Figure 2b.
We enforced that α take on a single value across all potentials
rather than regressing this at each potential individually, since
we physically expect this term to only be affected by the
strength of the interaction between the charged groups. The
pKa

ap shifts from ∼4.3 at 0.1 V to ∼5.1 at −0.5 V; that is, the
pKa

ap of the 4-MBA immobilized on Au increases at more
negative applied potentials.
What is the origin of this potential response? We will first

note that a potentiostat keeps the potential at a fixed value ϕ
by supplying or removing electrons, and the appropriate
chemical reaction is written as

* + → * +
ϕ− + − +nAH e A Hn(1 ) (2)

where n need not be an integer and can take on either a
positive or negative sign. *A indicates the species bound to the
surface. We note that the superscript “(1+n)−” refers to the
net charge difference on the electrode−adsorbate system, and
does not imply where the charge may localize. This electron
transfer from the external circuit is sometimes referred to as
the “electrosorption valency” or “formal partial charge
transfer”.1,27−30,40

As noted earlier, the value of n can readily be found by
performing electronic-structure calculations in the (electroni-
cally) grand-canonical ensemble; that is, constant-potential
calculations. We perform these calculations in the density
functional theory formalism, using the solvated jellium (SJ)
approach41 to control the potential. Since the potential is kept
constant in the calculations and number of electrons in the
system is variable, n is inferred a posteriori simply by comparing
the number of electrons in the acid and anion simulations at a
given potential; that is, we neither assume n nor do we rely on
arbitrary charge-partitioning methods.42−44 When we perform
such calculations, as described in more detail in Supporting
Information section S1.4, we find n to be in the range of −0.05
to −0.3, depending upon the SAM density and tilt angle.
The SJ-DFT calculations also provide us with ΔGrxn° (ϕ); that

is, the potential-dependent free-energy change of reaction.
With these values, we can calculate the apparent pKa vs
potential for differing surface packings and tilt angles, which is
shown in Figure 3. Here, we see that the trends in the model
systems nicely bracket those observed via SFG. The dominant
potential-dependence of ΔGrxn° (ϕ) comes from the term −neϕ,
as shown in Supporting Information section S3.1. We can
therefore readily estimate the slope of pKa vs applied potential;
this slope is approximately

ϕ
≈

×
K ne

k T
dp

d ln 10
a

B (3)

The slopes approximated with the above equation closely
match those calculated from ΔGrxn° (ϕ), indicating the
potential-dependence can be attributed to the electron transfer
n.
Previous literature has offered a different interpretation of

the experimentally observed change in pKa
ap with the applied

potential.14,15,22,45 In this interpretation, eq 4 represents the
equilibrium between a neutral (*AH) and a charged (*A−)
species at an interface, which may react differently in energy
when the applied potential is changed.

* → * +− +AH A H (4)

The third species, H+, is assumed to be in equilibrium with the
bulk reservoir and is thermodynamically independent of the
applied potential. However, the charge in *A− sits some
distance off of the electrode surface, where the local potential
does not change with the full affect of the applied potential
that is, its energy will respond only to that portion of the
applied potential felt at the point of the charge. From this
viewpoint the response of pKa to applied potential can be
derived (Supporting Information section S3.2) to be

ϕ
δ= −
×

K e
k T

dp
d ln 10

a

B (5)

where δ is that fraction of the applied potential change
manifested at the point charge. From the experimentally
measured slope, we calculate δ ≈ 0.1, which we can interpret to
mean that the point charge feels about 10% of changes to the
surface potential; that is, the fraction of the potential drop
across the dielectric 4-MBA monolayer is about 90%.
We can analyze this interpretation in the context of

electronic-structure calculations. We compare *AH and *A−

at two different simulated applied potentials, as shown in
Figure 4. The potential-drop profile is very similar for the
protonated and deprotonated SAM. Three distinct regions can
be identified in the potential profile. Starting from the
electrode’s surface to the right a high-field region appears
which is a consequence of the less dense (nearly vacuum-like)
layer of S-anchors. This region is followed by an intermediate
field region, which can be envisioned as a dielectric arising
from the backbone of the 4-MBA molecule. Finally, the double
layer/diffuse layer region shows a comparatively low electric
field as a consequence of the high screening due to the
(implicit) solvent. It is at the interface between the
intermediate- and low-field regions where the reaction center
is located. If we take the reaction plane to be the center of the
O−H bond (20.5 Å), we find a potential drop of 89%. These

Figure 3. pKa
ap versus the applied potential. θ indicates the surface

coverage density, while φ indicates the tilt angle as shown.
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results are also in close agreement with the experimental
prediction.
Thus, two very different interpretations yield very similar

expressions for the slope, and both can claim very strong
agreement between experimental observations and differing
aspects of the electronic-structure calculations. Can we unite
the two interpretations, thus potentially giving broader insight
into proton-transfer reaction thermodynamics at electro-
chemical interfaces?
In the remainder of this work, we develop a simplified purely

electrostatic model to relate the approaches, following the
precedent of many historical interpretations.2,24,25,28,46,47

A simple model of a charged interface is shown in Figure 5.
In this one-dimensional model, the plane at z = 0 represents

the electrode surface, which is physically where charge
accumulates in a perfect conductor. A uniform charge density
(that is, charge per area) of σ1 is assigned to the z = 0 plane.
This is balanced by a counter charge at z = L, which achieves
charge neutrality. We will start by examining solely this system,
shown in part (a) of the figure.
Gauss’s law gives us the electric field emanating normal to

any plane in our one-dimensional system as

σ
ε

=E
2 (6)

where ε is the dielectric constant. This field emanates infinitely,
in both directions from the plane. Fields from multiple charged
planes are additive. Recall that the field is the (negative)
gradient of the electric potential ϕ, so in the one-dimensional

case (normal to the plane) E = − ϕ
z

d
d
, and we can find the

potential change by integrating against the field. Thus, in this
simple case a net field exists solely in 0 < z < L, and we can
readily obtain the potential at z = 0, as shown by the blue curve
in Figure 5. This simple modelwhich is just a capacitor
allows us to readily see how the injection of a charge density σ1
affects the potential at z = 0. (Capacitor models have been
used elsewhere to understand electrochemical phenom-
ena.48−50)
Now consider the case where a charge σ2 is added at

position r; this is our simple model of the negative charge on
an adsorbed surface species. This is balanced by a charge of
−σ2, also at z = L. If we sum these fields shown in Figure 5b,
we see there are now two distinct regions of field. Integrating
the field gives the green curve shown in Figure 5c, where we
can immediately see that the presence of the charged adsorbate
perturbs the surface potential (at z = 0).
To relate this to our first interpretation, we will start with a

question: By how much do we need to adjust σ1 in order to
keep the electrode potential constant when the charge σ2 is
introduced? We can quickly deduce that in this simple model,

where the required charge is n = − −L r
L
, as shown in

Supporting Information section S3.3. The second interpreta-
tion asks, How much of an applied change in potential does
our charge (σ2) “feel”? This is equivalent to the partial
derivative,

δ ϕ
ϕ

= ∂
∂ σ

r( )
(0)

r L, , 2

i
k
jjjj

y
{
zzzz

(7)

We can quickly work out this derivative for our model, finding
d = −L r

L
, also shown in Supporting Information section S3.3.

Thus, we can now identify that δ = −n, and the two
interpretations (expressed earlier in eqs 3 and 5) are
equivalent. Therefore, studying the potential-dependence of
the pKa allows us to deduce the amount of electron transfer
that is coupled with the protonation, as well as to understand
the potential drop at the point of the charge.
Interestingly, this model implies that if the charged species

were moved closer to the electrode, then we should expect the
non-integer charge transfer (n) to be larger. The mercapto-
benzoic acid molecule lends itself to such inquiry: for example,
if the functional group is moved from the para- to the ortho-
position we expect n to increase. An experimental measure-
ment of 2-MBA exists in the literature22 (albeit on a Ag, not
Au, surface) which provides a natural test of this model
prediction. To complete this comparison, we also performed
grand-canonical electronic-structure calculations on 2-MBA,
and we found n to increase in magnitude to about −0.6, from
about −0.1 for 4-MBA. We found the prediction of the pKa−
potential slope to again be in close agreement with that
measured. Details are included in Supporting Information
section S2.8, and a slope comparison is given in Figure S10.

Figure 4. Electrostatic potential change at a potential difference of 0.1
V for both the protonated (black solid) and deprotonated (red
dashed) SAMs at a coverage of θ = 0.25. The proton absent in the
anionic SAM structure is highlighted in blue.

Figure 5. (a, b) Fields emanating from charged planes at 0, r, and L.
(c) The potentials that result from integrating the net fields.
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■ CONCLUSION
In summary, this study gives us a simple and unified means to
interpret the thermodynamics of proton transfer at the
electrified surface. By studying a system where the potential-
dependence of the pKa can be spectroscopically observed, we
can deduce the thermodynamics of the coupled proton−
electron transfer process for the general case where the
electron is not necessarily an integer. The agreement between
the experimental measurements and electronic-structure
calculations should give confidence in the use of electronic-
structure calculations in reactions where the intermediates are
not readily measurable, such as in the kinetically relevant steps
H2 evolution or CO2 reduction. Further, the unified agreement
between the two interpretations gives us an intuitive means to
understand charge transfer at the electrified interface.
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