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ABSTRACT: Electrode surfaces modified with peptides or other biomolecules are
of great interest for applications in catalysis and separations. At the electrochemical
interface, the structure of biomolecular adsorbates may be sensitive to the applied
potential and the distribution of solvent and ions near the electrode surface. Herein,
periodic density functional theory (DFT) calculations are used to describe changes in
the adsorption structure of the L-cysteine amino acid on Au(111) as a function of
applied potential. This theoretical study reveals the fundamental mechanisms of
potential-dependent rearrangement of cysteine on electrode surfaces. These systems
are analyzed using a hybrid quantum−classical computational approach that
combines constant-potential periodic DFT with a classical representation of the
liquid electrolyte. In agreement with experimental measurements, grand canonical
thermodynamic analyses suggest that the cysteine exists primarily in its zwitterionic
form over a wide range of applied potentials. The structure of adsorbed zwitterionic
cysteine is dictated by the cationic ammonium and anionic carboxylate functional
groups, where these charged moieties experience competing Coulombic interactions with the charged Au(111) surface and the
electrolyte ions within the electric double layer. These competing interactions drive the rearrangement of cysteine with applied
potential, which in turn determines the nature of ion structuring at the interface. The potential-dependent free energies of cysteine
zwitterions are also significantly influenced by the ionic strength of the electrolyte because of the interactions between charged
zwitterion functional groups and oppositely charged electrolyte ions. Understanding the interplay between adsorption structure,
applied potential, and electrolyte ion structuring can guide the assembly of structured biomolecules on solid surfaces. The impact of
zwitterionic amino acids and peptides on near-surface electrolyte composition may be further exploited to tailor microenvironments
for various applications of interfacial electrochemistry.

■ INTRODUCTION
Peptide-based monolayers on metal surfaces are a promising
class of bioinorganic interfaces that can be used for applications
in catalysis, drug delivery, sensing, and separations.1−9 The wide
variety of applications in which peptide-functionalized interfaces
may be found implies a diverse array of chemical environments
that could impact the properties of peptides on solid surfaces. At
electrochemical interfaces, for example, applied potential and
electrolyte ionic strength influence peptide structure on metal
electrodes.10,11 Yet, a molecular-level understanding of such
electrolyte and potential effects on the structure and properties
of bioinorganic interfaces is limited. Thus, the prediction of the
chemical structure of surface-conjugated amino acids and
peptides under complex electrochemical environments requires
theoretical modeling approaches that account for the effects of
solvent, ions, and interfacial electric fields.
To understand more complex polypeptide structure on solid

surfaces, it is essential to first describe the adsorption behavior of
adsorbed amino acids under different chemical environments.
The amino acid cysteine is commonly used as a linker to
conjugate peptides to metal surfaces because it has a thiol
headgroup that enables the formation of strong metal−sulfur

bonds on solid surfaces.12−17 Cysteine can exist in either neutral,
zwitterionic, anionic, or cationic forms; however, cysteine is
typically a zwitterion at biological pH.18 Compared to neutral
cysteine which has no formally charged functional groups
(Figure 1A), zwitterionic cysteine contains both cationic
ammonium (NH3

+) and anionic carboxylate (COO−) functional
groups (Figure 1B). Although the cysteine zwitterion is also
charge neutral, we use the notation “neutral” to specifically refer
to the form that does not have formally charged functional
groups. Several theoretical and experimental studies have
characterized the properties of L-cysteine adsorbed on gold
surfaces, demonstrating adsorption occurs through sulfur at
moderate pH.19−26 Reflection anisotropy and surface-enhanced
Raman spectroscopy studies have shown that L-cysteine
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undergoes conformational changes with applied electric field
when adsorbed to metal electrodes.19,20 In one of these studies,
it was shown that the carboxylate group orients toward the
surface at positive potentials.20 Multiple experimental studies
have shown that cysteine primarily exists as a zwitterion when
adsorbed to metal surfaces in aqueous electrolytes.20,23−25,27

Yet, analogous theoretical modeling studies have focused on
neutral cysteine because these simulations have been performed
in vacuum, which cannot stabilize the charged zwitterion.21,22

Moreover, the effects of applied potential on adsorbate−
electrolyte interactions and the chemical state of L-cysteine
(neutral or zwitterionic) has not been investigated computa-
tionally. The applied potential and the associated interfacial
electric field can significantly impact the structure, energetics,
and reactivity of adsorbates on solid surfaces.28−34 Because the
chemical state of cysteine can impact adsorption strength,35 such
structural predictions are critical to understanding and
controlling the properties of biomolecular adsorbates on solid
surfaces.
Herein, periodic density functional theory calculations (DFT)

with the effective screening medium and reference interaction
site model (ESM−RISM) are used to model the chemical
structure of adsorbed cysteine on Au(111) under applied
potential and in the presence of electrolyte ions.36,37 Cysteine
and Au(111) are modeled with DFT, whereas the electrolyte is
modeled classically using the RISM approach. Charged surface
calculations are enabled by the ESM, where the fictitious
charged particle (FCP) method allows for charge fluctuations
and constant Fermi level calculations consistent with the
electronically grand canonical ensemble. This theoretical
approach enables a systematic study into the effects of applied
potential and electrolyte ions on the structure of adsorbed
cysteine, which in turn can affect electrolyte ion structuring at
the interface. Specifically, we have focused on the how applied
potential impacts the orientation of cysteine on the surface, as
well as energetics of the different chemical states of cysteine (i.e.,
neutral or zwitterion). Because the applied potential changes the
structure of the electrolyte near the interface, charged functional
groups have Coulombic interactions with both the charged
electrode surface and the electrolyte ions. Tailoring the structure
of bioinorganic interfaces in electrochemical environments can
be used to advance molecular-level understanding of bio-
molecules on solid surfaces, allowing for further development of
applied functional materials.

■ METHODS
Periodic DFT calculations were conducted using the Quantum
ESPRESSO code.38,39 The PBE exchange−correlation func-
tional with Grimme’s D3 dispersion correction (PBE-D3)40,41

was used for all calculations. We used PBE-D3 to account for
dispersion forces associated with the hydrogen bonding
interactions between the components of the cysteine zwitterion.
The atomic cores were modeled using projector-augmented
wave (PAW) pseudopotentials from pslibrary.42,43 The valence
states were expanded in a plane-wave basis set with kinetic
energy and charge density cutoffs of 60 and 360 Ry, respectively.
We employed Methfessel−Paxton smearing of the electronic
states with a smearing width of 0.01 Ry. We modeled the
adsorption of cysteine (neutral and zwitterion) to a four-layer 3
× 3 Au(111) slab, where the bottom two layers were fixed to
their bulk positions. The Brillouin zone was sampled using 4 × 4
× 1 Monkhorst−Pack k-point mesh. The system was placed in a
cell with sufficient distance between periodic images in the
direction normal to the slab (∼15 Å). The geometry of the
structures were optimized with a force criterion of 0.002 Ry/
Bohr.
The effects of applied potential and implicit solvation were

accounted for using the ESM−RISM method, which has been
implemented in Quantum ESPRESSO by Otani and co-
workers.36,37 The ESM−RISM method has been shown to
give accurate representations of solvation energies and
electrode−electrolyte interfacial properties.44−46 Here, we
have chosen to use such an implicit electrolyte model,47 rather
than a full atomistic representation of the electrolyte.48,49 While
a fully atomistic model may provide a more accurate
representation of the interactions between the electrode and
the electrolyte, the ESM−RISM model enables calculations to
be performed in a thermodynamic ensemble that is open to both
electrons and their corresponding countercharge species in the
electrolyte. We note that in contrast to a Poisson−Boltzmann
model of the electrolyte, the solvent and ions in the RISM
electrolyte model are represented using geometries, partial
charges, and force-field parameters, making the implicit
electrolyte sensitive to the local chemical and electrostatic
environment.36,37,50 In this hybrid quantum−classical modeling
approach, the atomic system (i.e., the solute) is treated using
DFT whereas the solvent molecules and electrolyte ions are
treated classically using the RISM implicit solvation. Any net
charge on the solute is compensated by an equal and opposite
electrolyte charge to maintain charge neutrality with the
vacuum/slab/solvent ESM boundary conditions.36,51,52 A 160
Ry kinetic energy cutoff for the solvent correlation functions was
employed. The solvation free energies were computed using the
Kovalenko−Hirata closure relation along with the Gaussian
fluctuation correction.53 The Laue-RISM method37 was used to
set the electrolyte region in an expanded unit cell of length 73 Å.
For more dilute electrolyte concentrations (<0.1 M), an
expanded unit cell of length 284 Å was used to ensure that the
counter charge goes to zero at the cell boundary. The aqueous
electrolyte contained Na+ and Cl− ions and was modeled with
the RISM method using Dang’s three-site polarizable water
model while the water molecules were described using the
simple point charge (SPC) model of water.54−56 Previous RISM
studies using the SPC water model have demonstrated accurate
radial distribution functions as well as hydration free energies
when compared to experiment.46 Furthermore, the atomic
density distributions in RISM can capture the redistribution and

Figure 1. (A) Neutral and (B) zwitterionic forms of L-cysteine
considered for the calculations in this work. S, O, C, N, and H atoms are
shown in yellow, red, brown, blue, and white, respectively.
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reorientation of solvent and ions with applied potential
(Supporting Information, Figures S6B and S8). The solute−
electrolyte interactions were accounted for using the Lennard−
Jones parameters from the Universal force field model.57

The fictitious charged particle (FCP) method is used to
control the Fermi energy (i.e., the computational electrode
potential) in the DFT/ESM−RISM calculations.58 In this
approach, a target Fermi level is specified as an input. The FCP
iterations are performed after each self-consistent field iteration,
where the FCP method adjusts the system charge to ensure
convergence to the target Fermi level within a 0.01 eV
convergence threshold. In this approach, the electronic grand
potential (Ω) is calculated as

= A n( )e e e (1)

whereA is theHemholtz free energy,Δne is the excess number of
electrons, and μe is the chemical potential of the electrons. Note
that μe = −εF, where εF is the Fermi energy relative to the bulk
RISM electolyte electrostatic potential energy. In the present
study, the calculations of A do not include zero point and
entropic effects and we therefore assume A to be approximately
equal to the DFT energy. We made this approximation because
we assume that the zero point energy (ZPE) and entropic terms
will cancel when comparing relative energetics between systems
with same stoichiometry. We note that differences in ZPE and
vibrational entropy could become more significant at very
negative or very positive potentials where the vibrational energy
levels of polar bondsmay be sensitive to the local electric field via
the vibrational Stark effect.59−65 Yet, we expect these changes in
ZPE and TS to be small and systematic for the phases studied
herein.

■ RESULTS AND DISCUSSION
We first analyzed the adsorption configurations of cysteine on
Au(111) in vacuum. Because previous theoretical and
experimental studies have shown that the adsorption occurs
by thiolate bond dissociation and Au−S bond forma-
tion,22−24,26,63,64,66,67 we considered different adsorption
configurations involving Au−S bond formation on the
Au(111) surface (Figure S1). We considered adsorption to
different surface sites (i.e., top, bridge, and hollow sites), as well
as different configurations as defined by bond angles of cysteine,
informed by previous studies of this system in vacuum.21,22

Initial configurations were generated by specifying adsorption
sites and bond angles in the Atomic Simulation Environment.68

Note that more high-throughput automated tools may be
needed to exhaustively enumerate over possible adsorption
configurations of more flexible adsorbates (e.g., longer
biomolecules such as polypeptides).69,70 Further details are
provided in the Supporting Information, Section S1. Starting
from these different cysteine configurations, we performed
geometry optimizations to sample the energetics of various local
minima. The different local minima can be viewed as analogous
to energetically feasible dihedral angles represented in
Ramachandran plots of amino acid residues in proteins.71 All
geometry optimizations in vacuum converged to the neutral
cysteine configuration; we did not identify a local minimum for
zwitterionic cysteine in vacuum. Although the present study
focuses on low-coverage models, we note that the zwitterion
could also be stabilized by intermolecular hydrogen bonding at
high coverages.72,73 In vacuum, the most energetically favorable
cysteine adsorption configuration is to the bridge site with a tilt

angle of 58° and adsorption energy of −0.82 eV. The tilt angle is
defined as the angle between the S−C bond and the surface
normal. The bridge (br) site has also been identified as the most
thermodynamically favorable adsorption site for thiols on
Au(111).21,22,24,26,66,74,75 We also identified a metastable
cysteine adsorption structure to the fcc site with a tilt angle of
3.1° and adsorption energy of −0.65 eV (Table S1). The tilt
angles and adsorption energies for these two most stable
configurations are in close quantitative agreement with previous
DFT studies of cysteine adsorption on Au(111), as shown in the
Supporting Information, Table S1.21,74

To account for solvent and ion effects on the adsorption
configuration of cysteine, the electrolyte is modeled classically
using the ESM−RISMmethod, which is described further in the
Methods section. The ESM−RISM approach has been applied
in previous studies to predict potential-dependent adsorption
configurations and surface thermodynamics.46,76−80 The ESM−
RISM calculations were performed using 1 M NaCl in water as
the classical implicit electrolyte, where any charge on the solute
is compensated by the electrolyte ions. Figure 2 shows a subset

of the neutral (n) and zwitterion (zw) adsorption configurations
that were analyzed: zw-br(58°), zw-fcc(7°), zw-br(55°)′, zw-
top(59°) and n-br(57°). Figure 2 also shows the corresponding
grand potentials Ω calculated at zero total charge (i.e., the
potential of zero free charge).81 The free energy of the zw-
top(59°) configuration at zero total charge is taken to be zero by
construction. The notation for these adsorption configurations
denotes the form of adsorbed cysteine (neutral or zwitterion),
the adsorption site (top, br, or fcc), and the tilt angle.
Additionally, to distinguish the configurations in the bridge
site, the zw-br(55°)′ configuration is accompanied by a prime
symbol (′) to denote that its NH3

+ functional group is oriented
toward the surface. Additional configurations were also
analyzed, and these structures are shown in the Supporting
Information, Figure S2.
To understand the effect of applied potential on the stability

of these different configurations, we calculated the grand
potentials of different adsorbed cysteine configurations on
Au(111) at different applied potentials (Figure 3). All electrode
potentials are presented relative to the potential of zero charge
(PZC) of the clean Au(111) slab in aqueous electrolyte
containing 1 M NaCl, and are thus denoted U − UPZC. The

Figure 2. Optimized geometries and grand potentials at zero total
charge in 1 M NaCl electrolyte) for zwitterionic (zw) and neutral (n)
cysteine, adsorbed at different tilt angles to the Au(111) surface (given
in parentheses). Yellow, red, brown, blue and white represent S, O, C,
and H atoms, respectively. Br (bridge), fcc, and top denote the different
adsorption sites on Au(111). The ′ in zw-br(55°)′ notation denotes
that the NH3

+ functional group is oriented toward the surface, as
opposed to the zw-br(58°) structure where the COO− functional group
is oriented toward the surface. Other optimized geometries obtained
are shown in the Supporting Information, Figure S2. By construction,Ω
is taken to be zero for the zw-top(59°) at zero total charge.
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UPZC reference is calculated for a Au(111) slab with zero total
charge. This value is chosen as a common absolute reference
potential even though each configuration has a different
potential of zero free charge,81 as suggested by the free energy
maxima at different values of U − UPZC for each config-
uration.82−85 The different potentials of zero free charge can be
attributed in part to the different dipole moments of the cysteine
configurations considered.86,87 The effect of the dipole moment
perpendicular to the surface for these optimized configurations
in vacuum is discussed in the Supporting Information, Section
S4. The relative electrode potential is therefore calculated asU−
UPZC = −(μe − μe,PZC)/e, where e is the electronic charge. This
approach was used to calculate the grand potential Ω as a
function of electrode potential for the different cysteine
configurations shown in Figure 2. The data in Figure 3 are fit
to a cubic polynomial as has been done in previous work.78 As
also observed in previous work,82 a quadratic polynomial fits the
data well near the potential of zero free charge (i.e., the
maximum of the free energy curve), and the cubic terms are only
necessary to fit the data at very high or low potentials
(Supporting Information, Figure S4).
The subset of configurations shown in Figure 3 represent the

most stable binding configurations of the cysteine zwitterion at
each adsorption site, in addition to the most stable adsorption
configuration of neutral cysteine. The results in Figure 3
demonstrate that over the range of potentials studied, the zw-
br(58°) and zw-br(55°)′ configuration have the lowest free
energy for the potential ranges considered. Notably, the zw-
br(58°) configuration has the lowest free energy at positive
potentials, whereas the zw-br(55)′ configuration has the lowest
free energy at negative potentials. The zw-br(58°) and zw-
br(55)′ adsorption configurations have the same adsorption site
(br) and similar tilt angles to the low-energy adsorption
configuration of neutral cysteine in vacuum as calculated in the
present work (Supporting Information, Table S1) and in
previous studies.21 The prediction of a similar adsorption
geometry to that which was obtained in vacuum suggests that
the low-energy adsorption geometries obtained using the ESM−
RISM method are chemically reasonable. Although the
adsorption studies in vacuum show that cysteine exists in its

neutral form, the ESM−RISM results in Figure 3 are in
agreement with various experimental studies that show cysteine
is a zwitterion in aqueous electrolytes.26,27,66,67 Furthermore,
these results are also consistent with previous studies showing
that thiols preferentially adsorb to bridge sites on close packed
metal surfaces.74 The grand potentials of the other config-
urations studied are shown in the Supporting Information,
Figure S3.
The thermodynamic information in Figure 3 can be used to

determine the relative population (popi) of given cysteine
configuration i as a function of applied potential. Figure 4 shows

how the relative populations of different adsorbed cysteine
configurations vary with applied potential. Note that these
relative populations do not represent the surface coverage of
cysteine, but rather the probability that an adsorbed molecule
adopts a given configuration. As such, the relative population of
a given cysteine configuration iwas calculated from a Boltzmann
distribution:

=
( )

( )
pop

exp

exp
i

kT

j kT

i

j

(2)

where the sum in the denominator is taken over all
configurations studied. Configurations with negligible relative
populations over the range of potentials studied are not included
in Figure 4 for clarity. As the grand potential calculations in
Figure 3 suggest, Figure 4 also shows that zw-br(58°) is the
dominant configuration at potentials positive of ∼0.33 V,
whereas zw-br(55°)′ is the dominant configuration at potentials
negative of ∼0.33 V. At a potential of ∼0.9 V, however, the
calculated equilibrium populations suggest that about 20% of
the adsorbed cysteines will adsorb in the neutral form in the n-
br(54°) configuration. The results at high potentials align with
experimental studies that showed an adsorbed monolayer of
cysteine composed of zwitterions (∼76%) and neutral (∼24%)
cysteine.27

Although the zw-br(58°) and zw-br(55°)′ configurations are
the most thermodynamically stable for the range of potentials
studied, the free energies of the other adsorbed cysteine
configurations each exhibit distinct potential dependencies. For
example, the free energy of the neutral n-br(54°) structure is

Figure 3. Grand potential (Ω) of adsorbed cysteine configurations as a
function of applied potential (U − UPZC) in water with 1 M NaCl. The
grand potentials were calculated relative to the grand potential of the
zw-top(59°) configuration (red) calculated at zero total charge. The
points marked by filled circles indicate the energies obtained from the
DFT/ESM−RISM calculations. The solid lines are a cubic polynomial
fit to the computed data. Further discussion about the cubic polynomial
fits is given in Section S2 of the Supporting Information.

Figure 4. Relative population of adsorbed cysteine configurations as a
function of applied potential (U − UPZC) in water with 1 M NaCl.
These data are shown only for configurations with significant coverage.
The zw-br(38°) structure is shown in the Supporting Information,
Figure S2.
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high relative to other configurations at negative potentials;
however, it is nearly degenerate to the low-energy zw-br(58°)
configuration at more positive potentials. This trend is also
reflected in Figure 4, which shows an appreciable population of
neutral cysteine adsorbed to the surface at positive potentials.
Overall, Figure 3 shows that applied potential has a significant
impact on the relative free energies of the different adsorption
configurations, especially at negative potentials where many of
the free energy curves intersect.
Because the zw-br(58°) and zw-br(55°)′ configurations are

thermodynamically favored at positive and negative potentials,
respectively, the potential-dependent thermodynamic predic-
tions in Figures 3 and 4 suggest that the applied potential can
drive reorientation of adsorbed cysteine on the electrode
surface. We hypothesize that the underlying mechanism is the
potential-dependence of the Coulombic attraction/repulsion
between the chargedmoieties of the zwitterion and the electrode
surface. These electrostatic interactions are depicted by the
schematic in Figure 5. At more negative potentials, the electrode

surface adopts a negative surface charge stabilizing zwitterionic
configurations with the NH3

+ functional group oriented toward
the surface (i.e., the zw-br(55°)′ configuration in Figure 5A). At
positive potentials, the electrode is positively charged and
cysteine is stabilized by the COO− functional group being
oriented toward the surface (i.e., the zw-br(58°) configuration in
Figure 5B). These results are in qualtiative agreement with
experimental studies of cysteine on gold, which demonstrate the
same general trend.20

The electrostatic interactions between cysteine and the
electrode surface can justify the reorientation of zwitterions
relative to the surface; however, such surface−cysteine
interactions cannot explain some of the other thermodynamic
trends in Figures 3 and 4. Because the zw-br(58°) configuration
contains a negatively charged carboxylate group oriented toward
the surface (Figure 2A), for example, it is reasonable to expect
that this structure would be higher in free energy than the n-
br(54°) configuration at more negative potentials when the Au
surface is also more negatively charged.20 Instead, the data show
that zw-br(58°) has a lower free energy than its n-br(54°)
neutral analogue at negative applied potentials. These trends

imply that other effects beyond Coulombic repulsion between
the Au surface and the charged functional groups of zwitterionic
cysteine impact the potential-dependent adsorption thermody-
namics.
To elucidate possible chemical mechanisms beyond surface−

cysteine electrostatics that may underly the potential-dependent
thermodynamic trends, we examined the ensemble-averaged
concentration profiles of different species in the classical
electrolyte determined from the ESM−RISM calculations.
Ions distribute within the electric double layer at the
electrode−electrolyte interface to maintain local charge neutral-
ity.88 In the case of adsorbed cysteine, however, electrolyte
structuring in the double layer can also be influenced by the
charged COO− and NH3

+ functional groups of the cysteine
zwitterion that are embedded in the electric double layer. In
turn, we analyze the ion concentration profiles to better
understand the relationship between electrolyte structuring
within the electric double layer and the structure and energetics
of adsorbed cysteine.
Figure 6 shows the concentration, represented as the number

density ρsolv, of Na+ (in blue) and Cl− ions (in orange) in the
aqueous implicit solvent near the electrode surface. The density
is calculated as an integral over the xy plane for a given z-
coordinate normal to the Au(111) surface. Continuum electric
double layer theories would suggest that Na+ should accumulate
at the electrode surface at negative potentials (i.e., negative
electrode surface charge) and that Cl− ions should accumulate
near the electrode at positive potentials (i.e, positive electrode
surface charge).88−90 Some of the concentration profiles in
Figure 6 are in line with these expectations from continuum
theory; however, additional complexities in the concentration
profiles arise due to the presence of the cysteine adsorbate on the
electrode surface. Beyond a continuum model of the electrolyte,
the RISM approach employed herein also accounts for
interactions between the solute (i.e., Au(111) and the adsorbed
cysteine) and the implicit electrolyte through force-field
parameters. Thus, the variance in near-surface ion concentration
profiles for different cysteine adsorption configurations suggest
that molecular interactions with cysteine significantly impact
double layer structuring. Figure 6 also shows that the charged
COO− and NH3

+ moieties of cysteine zwitterions impact the
distribution of electrolyte species near the Au(111) surface.
The cysteine zwitterion affects double layer structuring

because the charged COO− and NH3
+ functional groups attract

the oppositely charged ion in the electrolyte. As a reference, the
optimized geometries of each configuration are overlaid on the
concentration profiles in Figure 6. Compared to the clean
Au(111) surface (Figure 6D,H), the concentration of the
counterions is lower in the presence of cysteine, which covers
part of the surface. Although we focus on adsorbed cysteine at
low coverages in the present work, we note that high-coverage
adsorption motifs have been reported. This suggests that at high
coverages of adsorbed cysteine, the effects of ions may attenuate
as cysteine−cysteine interactions become more dominant.91

At a given potential, the concentration of sodium ions for the
zw-br(58°) configuration is higher than for the n-br(54°)
configuration near the Au surface at z∼ 6 Å. For example, Figure
6A,C shows that at −0.45 V vs PZC the near-surface Na+
concentrations peak at 0.28 and 0.19 Å−1 for the zw-br(58°) and
n-br(54°) configurations, respectively. We observe two peaks in
Na+ concentration for the zw-br(55°)′ configuration at −0.45 V
(Figure 6B), in contrast to the two other configurations shown.
Of the two Na+ peaks for zw-br(55°)′, the peak farther away

Figure 5. Schematic of the electrostatic interactions between the
charged NH3

+ and COO− moieties of zwitterionic cysteine and the
charged Au surface. Coloumbic interactions between these functional
groups of different charges are hypothesized to drive the potential-
dependent reorientation of cysteine that is suggested by thermody-
namic analysis.
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from the surface at ∼10.7 Å is slightly larger than the peak closer
to the surface at∼6 Å. Notably, the larger Na+ peak at∼10.7 Å is
positioned <2 Å away from the negatively charged COO−,
suggesting favorable Coulombic interactions may be increasing
the local Na+ concentration near this functional group. At more
positive potentials of 0.40 V, however, Figure 6E shows that the
near-surface Na+ concentration for zw-br(55°)′ is significantly
attenuated, presumably due to Coulombic repulsion from both
the positively charged Au surface and NH3

+ functional group.
Figure 6G shows that the near-surface Na+ concentration is
similarly low for the n-br(54°). Figure 6E shows that for the zw-
br(58°) configuration at 0.40 V, the Na+ concentration is
actually a maximum near the Au surface, despite the positive
charge on the Au(111) surface. Regarding the Cl− concentration
profile at positive potentials of 0.40 V, we observe a large, broad
peak around z ∼12 Å for the zw-br(58°) and n-br(54°)
configurations (Figure 6E,G). This peak is likely due to the
presence of the positively charged NH3

+ functional group at these
distances. In contrast, the analogous peak is attenuated for zw-
br(55°)′ because of the negatively charged COO− functional
group. Overall, the results in Figure 6 show that the electrode
surface charge as well as the charge heterogeneity of cysteine
impacts the near-surface electrolyte concentration due to
Coulombic attraction and repulsion. The results also imply
that other charged biomolecular adsorbates could be used to
tune the interfacial electrolyte concentration for tailored
electrocatalytic microenvironments.92−95

To further explore the effects of Coulombic interactions
between electrolyte ions and the charged functional groups of
cysteine, the Na+ ion density is plotted in Figure 7. The density
profiles are plotted in the xy plane bisecting the carboxylate or
carboxylic acid functional group of the different adsorbed
cysteine configurations. Figure 7 shows that the Na+ ion density
is highest near the negatively charged oxygen atoms of the
carboxylate and carboxylic acid functional groups of each
configuration, which is consistent with the ion concentration
profiles shown in Figure 6. Figure 7A,B suggests that the Na+
ions are localized between the negatively charged oxygen atoms

of the COO− functional group. This finding is consistent with
previous experimental and theoretical studies that have shown
that sodiated amino acid zwitterions can be stabilized by Na+
ions via a salt bridge configuration in the gas phase.96 The salt
bridge configuration is characterized by a cation bridging the
two oxygen atoms of the carboxylate group. In this salt bridge
configuration, depicted by the overlaid chemical structures in
Figure 7A,B, the carboxylate is stabilized through favorable
Coulombic attractions with Na+. Figure 7C also shows that the
Na+ density is highest near the carbonyl group of the n-br(54°)
configuration. The Na+ density profile around the n-br(54°)
structure does not resemble the salt bridge structure because the
Na+ density maximum is localized near a single oxygen atom,
rather than bridging two oxygen atoms. These data suggest that
protonation of this functional group weakens its interactions
with nearby cations. The favorable salt bridge interactions
between Na+ helps explain why the zwitterionic zw-br(58°) and
zw-br(55°)′ structures are in general more stable than the
neutral n-br(54°) configuration, especially at more negative
potentials when Na+ ions are attracted toward the electrode
surface.

Figure 6. Concentration profiles for Na+ (in blue) and Cl− (in orange) near the electrode surface. The potentials marked in the figures are measured
relative to PZC. (A, E) zw-br(58°) structure (A) at −0.45 V and (E) at 0.40 V. (B, F) zw-br(55°)′ (B) at −0.45 V and (F) at 0.40 V. (C, G) n-br(54°)
(C) at−0.45 V and (G) at 0.40 V. (D, H) Clean Au(111) surface (D) at−0.45 V and (H) at 0.40 V. ρsolv is obtained by integrating the number density
of the respective ion over the cross sectional area. Note that all potentials shown are with respect to PZC, as in Figures 3 and 4.

Figure 7. Density of Na+ ions at −0.45 V vs PZC near the (A)
carboxylate group of zw-br(58°) and (B) the carboxylate group of zw-
br(55°)′ and (C) the carboxylic acid group of n-br(54°). In this panel,
the Na+ density is calculated in the xy plane parallel to the Au(111)
surface at a z-coordinate that bisects the carboxylate or carboxylic acid
functional group.
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At positive potentials, chloride ions are attracted to the
positively charged surface (Figure 6D−F); however, these
chloride anions also destabilize the COO− functional group of
zwitterion structures. As shown in Figure S7A for the zw-
br(58°) at 0.40 V, the Cl− density is highest near NH3

+ and is
repelled by the anionic COO− moiety. For this system, there are
also peaks in the Cl− density associated with ion-pairing
interactions with near-surface Na+ ions. There is a high Na+
concentration near the surface for the zw-br(58°) structure at
0.40 V (Figure 6D) due to salt bridge interactions between
COO− and Na+. Figure S7B shows that the Cl− density is
depleted near n-br(54°). For zwitterionic cysteine systems at
positive potentials, Na+ ions also accumulate near the surface to
stabilize the COO− group via the aforementioned salt bridge
structure. Meanwhile, there is also Coloumbic repulsion
between the Na+ cations and the positively charged surface. In
turn, the zw-br(58°) and n-br(54°) configurations are nearly
degenerate at positive potentials. At potentials positive of ∼0.50
V, however, the zw-br(55°)′ is higher in free energy than the n-
br(54°) because of repulsive interactions between the NH3

+

group with the surface.
Because electrolyte ions appear to preferentially stabilize

zwitterionic cysteine over neutral cysteine, we analyzed further
the effects of electrolyte concentration on stability trends. To
quantify these effects, we calculated the difference in grand
potentials between the twomost stable zwitterion structures and
the neutral n-br(54°) configuration as a function of applied
potential U.

=U U U( ) ( ) ( )zw n (3)

where Ωzw is the grand potential of a given cysteine zwitterion
structure and Ωn is the grand potential of the n-br(54°)
configuration. As defined in eq 3, a negative value of ΔΩ
indicates that the specified zwitterion is more thermodynami-
cally stable than the neutral n-br(54°) configuration at a given
potential U.
Figure 8 shows the effect of electrolyte ionic strength on the

calculated free energy difference between the zwitterionic
structures and neutral cysteine, ΔΩ. The results in Figure 8
show that the electrolyte concentration impacts the relative
stability of neutral and zwitterionic cysteine. For example, Figure
8B shows that at 0.1 V vs PZC, the calculated ΔΩ for both zw-
br(58°) and zw-br(55°)′ becomes more negative with
increasing bulk NaCl concentration. This is because the
increased bulk NaCl concentration also increases the Na+ ion

concentration near the surface (Figure S6), further stabilizing
the zwitterion. Notably, this trend in ΔΩ with NaCl
concentration is inverted at positive potentials. Figure 8A
shows that at more positive potentials, the ΔΩ is more negative
for the 0.1 M solution than for the 3 M solution. The data show
that the anion concentration near the surface increases with
higher potentials, which could in principle stabilize the
zwitterion through Coulombic attraction to the cationic NH3

+

funcitonal group. Yet, the zwitterion is actually destabilized by
higher ion concentrations at these high potentials. Specifically, at
potentials positive of 0.82 and 0.70 V, the n-br(54°)
configuration is lower in free energy than the zw-br(55°)′
configuration at 0.1 and 3 M, respectively. This implies that
among the ion pairing interactions between the cysteine
zwitterion and the electrolyte ions, the salt-bridge interactions
between COO− and Na+ are stronger than the NH3

+/Cl−
interactions. In general, Figure 8B shows that the calculated
ΔΩ values have greater potential dependence for higher NaCl
concentrations. These observations highlight the impact that
ionic strength can have on the potential-dependent thermody-
namics of adsorbates on electrode surfaces.
While the calculated ΔΩ between the zwitterionic and neutral

adsorption structures is due in part to the ions in the electrolyte,
there remains a free energy difference even for very dilute
electrolytes, as shown in Figure 8B. Figure 8B shows that while
theΔΩ decreases considerably for concentrations greater than 1
M, the ΔΩ converges to approximately constant values below
concentrations of ∼0.1 MNaCl. Example concentration profiles
along the entire length of the expanded unit cells are shown in
Figure S9. At very low NaCl concentrations, the ΔΩ converges
to ∼0.10 and ∼0.14 eV for the zw-br(58°) and zw-br(55°)′
configurations, respectively. Thus, the free energy difference
between the neutral and zwitterionic cysteine adsorbates cannot
solely be attributed to ion effects.
We attribute the plateau in ΔΩ at low ionic strength to

differences in the solvation energies and the Coulombic
interactions with the Au surface. Energetic differences persist
in the absence of electrolyte ions in part because zwitterionic
amino acids have larger solvation energies in water than their
neutral analogues.97 Theoretical calculations have shown that
four water molecules around proline makes its zwitterion ∼0.11
eV more stable than its neutral form while a fifth water molecule
makes the zwitterion 0.26 eV more stable.98 The ΔΩ of ∼0.10
eV at low ionic strength is at the lower bound of the solvation
energy differences calculated for proline using explicit water

Figure 8.Difference in grand potentials between zwitterionic and neutral cysteine (ΔΩ = Ωzw − Ωn) as a function of applied potential and electrolyte
ionic strength. (A) Difference in grand potentials for 0.1 M NaCl (solid lines) and 3 M NaCl (dashed lines) solutions. The solid lines are a cubic
polynomial fit to the computed ΔΩ values. The dashed black line is shown to identify ΔΩ = 0, where the free energies of the zwitterion and neutral
configurations are equivalent. (B) Difference in grand potential at 0.1 V vs PZC with varying NaCl concentrations.
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molecules. We note that when adsorbed to the Au surface, fewer
water molecules can solvate cysteine due to the two-dimensional
structure of the electrode−electrolyte interface. The charged
functional groups of the zwitterion also exhibit either
Coulombic attractions or repulsions with the electrode surface.
Because these data are shown at 0.10 V, which is ∼0.1 V positive
of the PZC of zw-br(58°), the near-surface COO− incurs
additional stabilization due to Coulombic attraction to the
modest positive charge on the Au surface. We observe similar
trends using CsCl and NaOH in the implicit RISM electrolyte
(Figure S5). As discussed in Section S3 of the Supporting
Information, we do not observe significantly different
thermodynamic trends between NaCl, NaOH and CsCl
electrolytes; however, there are some differences in the double
layer concentration profiles of these systems. Notably, the near-
surface cation concentration is attenuated for the CsCl system.
Interfacial cations are likely dehydrated due to more favorable
interactions with cysteine (Figure 7) and in turn, the reduced
near-surface Cs+ concentration may be attributed to cation size
effects. Further details are provided in Section S3 of the
Supporting Information. Together, these results suggest that the
structure of adsorbed cysteine and the associated energetics are
strongly linked to interfacial electrostatics and electrolyte
structuring within the electrical double layer. The RISM
solvation model used herein reveals information about the
distribution and orientation of the solvent and electrolyte and
provides a computationally efficient means to predicting electric
double layer structure in computational interfacial electro-
chemistry. Additional insights into adsorbate−electrolyte
interactions could be obtained in future studies through the
inclusion of explicit water molecules or by electrostatic
embedding in classical molecular dynamics simulations.48,51,99

■ CONCLUSIONS
In this work, we analyzed the effect of applied potential and
electrolyte concentration on the structure and stability of
adsorbed cysteine on Au(111). We used the ESM−RISM
method to perform constant-potential periodic DFT calcu-
lations with a classical representation of the electrolyte solvent
and ions. This theoretical approach enabled a description of
potential-dependent interfacial thermodynamics and ion
structuring. The applied potential influences the structure of
adsorbed cysteine at electrochemical interfaces via the
adsorbate’s Coulombic interactions between the charged
electrode surface and the ions in the electrolyte. Zwitterionic
cysteine is lower in free energy than neutral cysteine over the
range of potentials studied, although the relative population of
neutral cysteine is calculated to increase for more positive
applied potentials. The COO− functional group of the cysteine
zwitterion is oriented toward the surface at positive potentials,
whereas the NH3

+ functional group is oriented toward the surface
at negative potentials. At more negative potentials, the
zwitterion is further stabilized with higher electrolyte ionic
strength due to electrostatically favorable salt-bridge ion pairing
interactions between the COO− functional group and Na+ ions.
This trend is reversed at more positive potentials, where the
zwitterionic configurations are destabilized with increasing ionic
strength because of the weaker attractions between the NH3

+

functional group and the near-surface Cl− ions. This study
demonstrates how the applied potential can be used to modify
the structure of adsorbed amino acids on solid surfaces.
Furthermore, the results herein suggest that adsorbed amino
acids, peptides, or other biomolecules can be used to tune

electrolyte composition at the electrochemical interface, which
could be an approach to design tailored microenvironments for
electrochemical separations and catalysis.93−95 Because cysteine
can adsorb to metal surfaces through its thiol headgroup, it can
be used as a linker for specific polypeptide functionalized
electrochemical interfaces. Employing acidic or basic amino acid
residues within adsorbed polypeptides could be one approach to
control the molecular structure of the electric double layer. This
work demonstrates the critical role of the applied potential and
interfacial electrolyte structure on the structure of biomolecular
adsorbates on solid surfaces.
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