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Effect of Anion Hydrophobicity on the Oxidation of
Ferrocene-Terminated Monolayers

Ludwig J.V. Ahrens-lwers, Gregor B. Vonbun-Feldbauer, and Robert H. Meifsner*

Self-assembled monolayers (SAMs) terminated with ferrocene (Fc) moieties
are a popular model system for electron transfer processes at solid-liquid
interfaces. Numerous experimental studies have found a correlation between
the hydrophobicity of anions in the electrolyte and the redox potential. In this
computational study, the redox potential is calculated for various anion
species and SAM configurations using classical molecular dynamics.
Thermodynamic integration and the constrained charge method are used to
determine the redox potential as the free energy change associated with
electron transfers from the Fc moieties to the electrodes. The results show the
anticipated lower redox potentials for hydrophobic anions and allow the study

of changes at the solid-liquid interface at the atomistic level.

1. Introduction

Electrodes can be functionalized by molecules at solid-liquid in-
terfaces, leading to complex electrochemical properties with po-
tential applications in energy harvesting devices,!! sensors and
actuators.[>3] Ferrocenylalkanethiolates (SC,Fc) can be used to
build Fc-terminated self-assembled monolayers (SAMs) on gold
electrodes as shown in Figure 1. These SAMs provide model sys-
tems for the study of electron transfers at interfaces and have
been the subject of numerous experimental studies.[*'?] The
properties of the SAM and the electrochemical environment can
be precisely controlled allowing for investigations of their effects
on the electron transfer. For instance, the surface concentration
of F¢,I°l the choice of the Fc derivativel'* and the length of carbon
chains(>®! have been shown to affect the electrochemical proper-
ties.
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Several computational studies of Fc-
terminated SAMs have modeled the free
energy of the electron transfer between the
Fc moiety and the working electrode, i.e.,
the redox potential in the experiment. These
studies have focused on either the elec-
tronic structurel'>1¢! or the dynamics.[*~1%]
Notably, studies on the redox potential
calculate the difference in free energy
between the two states at equilibrium. This
is in contrast to the reorganization energy
in Marcus theory,[?”) which is related to an
electrolyte reorganization without a change
in the electronic state. Further, calculations
of the redox potential do not necessarily
make predictions regarding the rate of the
electron transfer, as opposed to the Marcus
theory. One contribution to the free energy of the redox reac-
tion is the ionization energy of the Fc moiety, necessitating elec-
tronic structure calculations. Another contribution to the redox
potential stems from changes in the electrolyte dynamics near
the monolayer. The free energy of the electrolyte is determined
by sampling over its thermodynamic ensemble. For Fc in bulk
solution, a hybrid approach of quantum and classical methods
along with a free energy perturbation (FEP) approach,?!) has in-
cluded both effects and provided accurate redox free energies.!??]
Unfortunately, a hybrid approach would be rather challenging
for the more complex Fc-terminated SAMs. Nevertheless, stud-
ies focusing on individual aspects of the electron transfer have
provided valuable insights into the process at the atomistic scale.
On the one hand, a clear relationship between ionization ener-
gies and redox potentials!'?! has been established and thus single-
point electronic structure calculations can provide insight into
the electron transfer. Density functional theory (DFT) calcula-
tions by Lima et al.l'3] have shown that the electrolyte does not
have a strong impact on the electronic structure, whereas other
calculations!'®! have shown an influence of coadsorbed species,
i.e., other molecules within the SAM, on the ionization energy.
On the other hand, classical molecular dynamics (MD) has been
employed to model the electrolyte dynamics which contribute to
the free energy change of the redox reaction. In particular, the
effect of chain length!’”¥] and monolayer composition in combi-
nation with different anion species!*! has been investigated us-
ing thermodynamic integration (T1).[23] In these studies, contri-
butions to the free energy are calculated, which are not accessible
via single-point DFT calculations. Especially for the large configu-
ration space of the monolayer, classical MD has some advantages
over ab-initio MD, since long trajectories of thousands of atoms
may be required to adequately sample the phase space.
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Figure 1. Model system of Fc-terminated monolayer on gold on the left
covered by an aqueous solution which is confined by a computational
counter electrode on the right. This image was rendered with VMD.['4]

In this study, Fc-terminated monolayers are modeled in classi-
cal MD. The free energy change due to oxidation is determined
with TI together with the constrained charge method (CCM).
Model systems with five different anions, TFSI™, PF_, C1O,, BF,,
and NOj, are analyzed. The use of different anions allows the ef-
fect of their hydrophobicity on the redox potential and structural
changes at the solid-liquid interface to be studied at the atom-
istic scale.

2. Theoretical Methods

In this work, TI?*24l is employed, which has also been used in
refs. [17-19], to determine the difference in free energy between
the cathodic system with neutral Fc moieties and the anodic sys-
tem with oxidized ferrocenium (Fc*) moieties. In contrast to pre-
vious work, the TT is combined with the CCM to transfer excess
charges to the electrodes.

The TI yields the difference in free energy between two states
of a system by slowly changing from one to the other. In our case,
the two states are the cathodic and anodic states before and after
oxidation. The two states differ by the atomic charges qi") within
the Fc moiety, where i is the index of the respective atom and
a € {0, 1} denotes the cathodic and anodic state. In the TI, the
atomic charges
q(A) = (1- g + Aq’ (1)
are adiabatically switched by incrementally increasing the param-
eter A from 0to 1. The potential energy U, (r) and thus the Hamil-
tonian M, (r, p) depend on this parameter. A shorthand notation is
employed, wherein r and p represent the collective positions and
momenta of all N atoms. Accordingly, we write the Helmholtz
free energy

A(d)=-p"1InQ(2) (2)

with the partition function

QW) = s [ @ [ @pesp [0 o)

as a function of 1. Here, his the Planck constantand g = (k; T) B
with the Boltzmann constant k; and temperature T. A shorthand
notation is used for the integration over the entire phase space of
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N atoms. We can now express the difference in free energy

L 0A(A)
AA, =/ di——
0—1 . EY)

o 2 w, A(A, + 55/1; —A(4y) )
k

as an integral over A which is computed numerically with weights
w, and a differentiation at A, with the finite difference 64 in the
finite difference TIL.[**) The numerator

A(dy+64) = A(ky) = =p~ In{exp (B[ U 5,(r) = U, (), ()

can be determined by sampling over a finite difference in the po-
tential energy at the respective value of 4,. The difference in free
energy in the reverse direction AA,_, can be defined analogously
with an opposite sign and converges to the same value. The re-
dox potential, E) | = AA,_,/(eNy), is the free energy change per
transferred charge, where N is the number of Fc moieties.

The additional positive charge resulting from the transition
from Fc to Fc™ must be compensated in order to maintain charge
neutrality. One option is to remove a cation from the aqueous
solution at a rate equivalent to that of Fc oxidation.'’] In this
study, we present a novel approach in which a negative charge
is transferred to the electrodes. In order to distribute this charge
across the electrodes, the CCM,[? a variant of the constant po-
tential method,[?*?7] is employed for this. In the CCM method,
the potential energy as a function of the atomic electrode charges
is minimized with a constraint on the total electrode charge.

3. Computational Model

The model system is illustrated in Figure 1 and comprises a work-
ing electrode covered by a monolayer, which is covered by an
aqueous electrolyte which is confined by a counter electrode. The
two electrodes are composed of three layers of gold atoms in a fcc
(111) oriented lattice. The electrolyte comprises Na* ions and an
equal number of anions of one of the five species at a concentra-
tion of approximately 1 M in water.

In contrast to the experimental setup, the CCM does not apply
a potential difference between the electrodes. The counter elec-
trode in the experiment sets a potential difference, driving the
oxidation. There is no direct equivalent for this in the model and
instead, the oxidation is driven by the T1. The computational elec-
trode is required to confine the electrolyte and accept excess neg-
ative charges. One could set a potential difference to model an
electric field, but here we approximate the field as zero.

The thiolates are arranged in a \/5 X \/5 R30° layer on the
(111) gold surfacel*?#] generating a coverage of 1/3. In the setup
depicted in Figure 2, thiolates are placed on top of gold atoms
but during the subsequent relaxation they are moving to hol-
low sites. The adsorption to hollow sites is consistent with ab-
initio results.’] A fraction yp of the thiolates is terminated
with Fc group (Fe(C;Hs),). Two monolayers are generated with
Xrc = 1/4 and yp. = 1/3, and resulting surface concentrations
of 1.9 X 1071° and 2.6 x 10~ mol cm ™, respectively. The surface
concentrations are about half as large as commonly found for full
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Fc-terminated thiol

Figure 2. Top view of the monolayer configuration for two ferrocene SAMs,
denoted by the fraction ..

surface concentrations in experiments.['®?] For high concentra-

tions, buried Fc moieties have been observed!?”! and we also en-
countered this in attempts to build such systems. Further, the cov-
erage of the SAM may be decreased due to the large size of the Fc
moieties. The models in this study are limited to small concentra-
tions to avoid buried Fc moieties with low mobility which would
complicate sampling over the thermodynamic ensemble in the
TI. In our model system, the carbon chain in ferrocenylalkanethi-
olates has a length of 11 while the length is 10 in thiolates without
Fc moiety. This choice is motivated by some of the experimental
studies with mixed monolayers.'*!!! In studies with monolayers
purely composed of ferrocenylalkanethiolates a chain length of
11 is also common.[8:10:12:30]

The TI yields the free energy change between the cathodic
and anodic state. However, this does not include the ionization
potential of the Fc moiety and the work function of the elec-
trodes. These contributions include quantum effects!'?! and can-
not be adequately modeled in classical MD. However, they are not
strongly dependent on the electrolyte.'>] Therefore, the differ-
ences between model systems with different anions are assumed
to be negligible. Moreover, our models include the changes in
free energy at the counter electrode, i.e., only setups with the
same fraction yy can be compared, as the changes at the counter
electrode are nearly identical in this case.

4. Computational Details

The parameters for the chain and headgroup of thiolates were
taken from the OPLS-AAPY force field with simplified charges
from ref. [32]. The force field for metallocenes, as proposed by
ref. [33], was utilized for Fc, and the charges of Fc™ were obtained
from ref. [17]. The gold parameters were taken from ref. [34]
and the reciprocal width of electrode atoms was 1.979A71.[7] The
force field setup for the monolayer was based on the work of Mal-
freyt and coworkers.[171935:3¢] The OPLS-20091LI37-38] parameters
were used for all of the anions and Na* parameters are taken from
OPLS-AA.PY Water was modeled with the TIP3P water model.*”)
Geometric mixing was used to obtain Lennard-Jones parameters
for interactions between atoms of different species.

All MD simulations were performed with the Large-scale
Atomic/Molecular Massively Parallel Simulator (Lamwmps).*]
The CCM implementation in the ErecTropE packagel®! was
used to distribute charges within the electrodes. The TI was
conducted using the Fep package which was modified to en-
sure compatibility with the EtecTroDE package by updating elec-
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Table 1. Redox potential for different anion species at fractions 1/4 and
1/3, and the free energy of hydration for the respective anion. The redox
potential EO is the arithmetic mean of redox potentials Egﬂ and E?—>0*
calculated from forward and backward T, respectively. The free energy of
hydration is calculated via Tl of individual ions in bulk water with an NPT
ensemble.

Anion E 4 V] E9 13 V] AAg [eV]
TFSI~ 1.25 1.73 -0.4
PFy 1.32 1.74 -3.1
clo; 1.35 1.74 -34
BF, 138 1.79 -3.5
NO; 1.40 1.82 -4.0

trode charges for perturbations.!) The 3D Ewald summation
with dipole correction(*?*3! was used to compute Coulomb in-
teractions for a system with one non-periodic direction. The
particle-particle particle-mesh algorithm was employed to accel-
erate calculations.[**] All calculations used an NVT ensemble at
300 K with a Nosé—Hoover thermostat.*># The system was equi-
librated with the top electrode at atmospheric pressure using the
conjugate gradient algorithm in the CCM to allow for a mov-
ing electrode. An exemplarily input script to achieve this is avail-
able as an example in the ErEcTrRODE package. Subsequent tra-
jectories to sample for the T1 were obtained with fixed electrodes
using matrix inversion method. Systems were generated using
Moltemplate.[*”]

5. Results

The computed redox potentials E° at the two fractions and
the hydration energies for the five anions are presented in
Table 1. The absolute values of E° have an unknown offset, i.e.,
only values within one column can be compared. The five an-
ions are listed in ascending order of their redox potentials in
experiments.[7$10-12301 A]] values are in the expected order ex-
cept for a small deviation for E; 13 of PF,. The differences in E,
between anion species are in a reasonable range compared to ex-
periment. The hydration energy of TFSI” is in the expected order
but notably smaller than for the other anions.

Figure 3 shows the number density profiles of anions over the
distance to the gold surface for the two fractions and the five an-
ions. In the cathodic state in the left panels, TFSI™ builds a layer
with two peaks near the Fc moieties, which are at a distance of
about 17.3 A to the gold surface whereas all other anion species
do not form layers. In the anodic state, an increase of the number
densities near the Fc' cations is observed for all anion species.
The layers are most pronounced for TFSI™ and PF,, and less pro-
nounced for more hydrophilic anions, especially NO; . All anion
species show peaks near the Fc™ cations with peak height in the
same order as their redox potentials and hydration energies in
Table 1.

Experimental studies have used Raman spectroscopy!”) and X-
ray photoelectron spectroscopy!'?! to detect anion layers at Fc-
terminated SAMs. For all anion species in this work, anion layers
have been detected in the anodic but not in the cathodic state. The
absence of a TFSI™ layer in the cathodic state has been proved
experimentally,['?] i.e., the computational results for this anion
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Figure 3. Number densities of anions as a function of distance to the gold
surface in the cathodic (a, ¢) and anodic (b, d) state for fractions 1/4 (a,
b) and 1/3 (c, d).
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Figure 4. RDFs of anion-Fc distances in the xy-plane in the anodic state.

are unreliable. Presumably, the hydrophobicity is overestimated
in the OPLS-2009IL force field which would explain the low hy-
dration energy and the layering in the cathodic state. The four
other anions, PF_, ClO,, BF, and NO;J, are in the expected or-
der in both redox potential and hydration energy. Experimental
studies have found a less pronounced layering!”! and hindered
oxidation!'®! for NO] compared to PF,, ClO; and BF,. This is
consistent with the density profiles in Figure 3 and larger redox
potential for NOJ, while the profiles of PF,, ClO, and BF, are
similar but still a trend for larger peaks for the more hydrophobic
anions is observed.

The anion structure at the interface is further analyzed using
radial distribution functions (RDFs) of the anion-Fc distances in
the xy-plane, as shown in Figure 4. The distances are calculated
between the center atom of each anion and the iron atom in the
middle of the Fc moiety. Only the Ny anions closest to the inter-
face are included, with the number of Fc moieties Ng.. The first
peak for all anions and both fractions is at approximately 5 A, cor-
responding to a contact between Fc and anion. Small differences
in peak positions can be explained by anion sizes. This peak is
higher for more hydrophobic anions (cf. AA,, in Table 1), except
for TFSI™, presumably due to its large size. For completeness,
TFSI™ is included in the figure but since the force field does not
appear to be suited for the system, a detailed analysis is not pro-
vided.
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In combination, Figures 3, 4 show an anion layering at the
height of the Fc moieties, with anions packed between Fc moi-
eties. This effect is strongest for the hydrophobic ClO,, but even
for the hydrophilic NO7, some anions are nested between Fc moi-
eties. Experimental setups often feature higher Fc fractions, .,
presumably hindering anions from moving into the space be-
tween Fc moieties. However, setups with smaller yp. are not un-
common, and even for large yy, there can be domains with iso-
lated Fc moieties.’] Regardless, the results show that anions are
in direct contact with Fc moieties, and this effect is stronger for
more hydrophobic anions unless hindered by large anion sizes.

6. Conclusion

The results show that the redox potential of Fc-terminated mono-
layers is closely linked to the hydrophobicity of anion species in
the electrolyte and hydrophobic anions build more pronounced
layers at the Fc™ cations. This is consistent with experiments and
their discussions!”#10-123% a5 well as a computational work.!'] To
form an anion layer at the oxidized monolayer, the anions must
be removed from the bulk water. Thus, the free energy of hydra-
tion in the bulk contributes to the redox potential. Calculations of
the energy of hydration at the interface could further illuminate
the process. The hydrophobicity at the interface can differ sub-
stantially from bulk values and in fact the difference between the
two values facilitates the oxidation. Hence, it would be instruc-
tive to compute the energy as a function of the distance from the
interface based on cavity formation in water.*-5%] However, the
interface between the monolayer and water poses new challenges
for this approach because one needs to sample a large configura-
tion space of Fc orientations. Furthermore, hydration energies of
single anions as a function of distance from the interface would
not replace the need for free energy calculations for the full an-
ion layer, whereas this energy is included in the TT calculations
in this work.

The presented computational approach combines a TI and the
CCM to calculate the redox potential of Fc-terminated monolayer.
This allows for a larger surface concentration of Fc moieties than
in previous works!'7*] which is an important step toward full
coverages often used in experiments.

In order to predict the shape of the peak in a cyclic voltam-
mogram different approaches such as computational cyclic
voltammetry!®'°2] may be required. Here, Monte Carlo steps may
help to find favorable configurations of mixed states with both Fc
and Fc*.

Appendix A: Theoretical Background

A.1. Thermodynamic Integration

Here we present a derivation for Equation 5. The difference in free energy
at Ak

[ dNr [ d3Npexp [—ﬂHiHM (r P)]

f d3Ny/ / d3Np/ exp [_ﬂH/Ik (,./’ P’)]

=-p! In/d3Nr/d3NpP/1k(r,p)

Ak +624) —A(4) =—=p"In
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X exp (_ﬁ[Hlk+5/{(’; p)—H, (n P)] )
——pIn <exp (—ﬂ[uikw(r) ~U, (r)] )>ﬂk )

is expressed as an average over the ensemble using the probability density

1 exp (=fH,(r p)) .

Pilnp) = NN o0 (A2)
A.2. Constrained Charge Method
In the CCM, a GauRian charge distribution
NG
() = q;(;’) exp [ (r = 1)’] (A3)

with the reciprocal width 7 is used to model the charges of electrode
atoms. The Coulomb energy is calculated with an Ewald summation.[3]
The electrode energy

U9 (q) = ~q"Aq+b'q

: (A4)

is written as a function of q, a vector of all electrode charges, and com-
prises the electrode-electrode interaction and the electrode-electrolyte in-
teraction of the Coulomb energy.
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