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Gibbs free energy calculations have been performed to calculate the change in the simulated redox
properties of FcC6S–/C12S–Au and FcC6S–/C4S–Au in three different electrolytes (NaClO4, Na2SO4
and NaPF6). The effect of surface ion association between the ferricinium cation and the electrolyte
anions is investigated on the redox properties of SAMs. The microscopic description of the binary
SAMs before and after oxidation indicates that the formation of surface ion pairs is strongly correlated
with the hydration energy of the corresponding anion. The correlation between the desolvation of the
anions and the ion-pairs formation is established. We have shown from the energy contributions that
a general understanding of the thermodynamic behavior of these systems should be analyzed in the
context of the enthalpy–entropy compensation effect.

1. Introduction
A ferrocene-terminated alkanethiol system is the most representative example of an electroactive Self-Assembled Monolayer
(SAM).1–7 They carry not only a fundamental interest, but they
have also attracted much interest in recent years for their
numerous applications in sensors and molecular electronic
devices.8–12 The redox behaviors of these SAMs have been wellstudied by cyclic voltammetry.13–22 In fact, considerable efforts
have been made to explore the relationships between molecular
structures, surfaces and surface properties.2,3,5,16,22–24 One of the
most noticeable features of the Fc-terminated SAMs is the
sensitivity of their electrochemical properties to a variety of
surface and solution parameters. These parameters include
coverage, orientation, chain lengths of the alkanethiol and the
electrolyte system.
MD simulations have been shown to be highly successful in
capturing both the structural and energetic properties of
SAMs.25–29 Recently, we have demonstrated that molecular
simulation can be used to obtain quantitative informations to
establish connections between electrochemical experiments and
MD simulations.29 In a previous paper, we studied two systems:
a binary SAM formed by ferrocenylhexanethiol and coadsorbed
dodecanethiol (FcC6S–/C12S–Au) and another binary SAM
composed of ferrocenylhexanethiol and coadsorbed butanethiol
(FcC6S–/C4S–Au). We have demonstrated that the free energy
perturbation methods are able to reproduce the change in the
redox potential in electroactive SAMs as the environment of the
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ferrocene moiety is modified. This work allows us to consider
the free energy formalism as an efficient tool for the prediction of
the redox properties of SAMs. The replacement of the coadsorbed butanethiolate by dodecanethiolate chains induces
a positive shift of the redox potential. This shift is due to the
partial immersion of the redox center in the hydrocarbon layer.
This environment stabilizes ferrocene to a greater extent than for
ferricinium. This is well reproduced by the free energy calculations. Interestingly, our results have also highlighted the
formation of an ion-pair between a single perchlorate anion of
the supporting electrolyte and the ferricinium ion.
As already mentioned above, it is well known that the redox
potentials of the surface confined molecules on gold in contact
with an electrolyte solution are significantly affected by the type of
electrolytes in solution. More precisely, the nature and the
concentration of anions in the electrolyte are evidenced to affect
the position and the shape of the redox waves obtained by cyclic
voltametry3,8,13,14,22,30,31 and the stability of the SAM upon
repeated potential cycling in aqueous solution.30,31 While the
oxidation wave of the ferrocenyl group in HClO4 solution is fairly
sharp and reversible, the response is rather irreversible and the
redox peaks shift positively13,14 in H2SO4 solution. The difference
is mainly interpreted in terms of the different stability of the ionpair between the one-electron-oxidized ferrocenyl moiety (total
charge increases from 0 to +1) and the electrolyte anions.
In this paper we focus on the influence of electrolyte solutions
to investigate how the fact that the ferrocenium cation (Fc+)
forms ion pairs might be related to the stability and other
physical and chemical properties of Fc-terminated monolayers.
Our purpose is to understand in detail the role of the electrolyte
in redox processes. More precisely, our methodology using
perturbation methods is extended to obtain the change in the
simulated redox properties of the two systems previously studied
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(FcC6S–/C12S–Au and FcC6S–/C4S–Au) as a function of the
following electrolyte solutions (e.g., NaClO4, Na2SO4, NaPF6).
The fact that the electrochemical signatures of these systems with
anion species, such as ClO4 and SO2
4 , are known, offers direct
comparison with our own calculations.22 We have also explored
the influence of PF6 using MD simulations as a predictive tool.
This work is completed with a microscopic description associated
with an energy characterization of these SAMs as a function of
the electrolyte anions.
In the present paper, we aim at addressing the following
questions: do the free energy perturbation methods reproduce
the small difference in the redox properties as a function of the
electrolyte anion? How does the nature of the anion impact on
the thermodynamic properties of the interfacial redox reactions?
Is there a correlation between the shift in the free energies, the
DDG and the strength of the ion pair? Is it possible to make a link
between the anion’s ability to ion pair and the hydration energy
of the anion in solution?
The outline of the paper is as follows. In Section 2, we present
the computational procedures and give the simulation details.
The results are discussed in Section 3. Finally, we conclude in
Section 4 providing a brief summary of our main results.

2. Computational procedures
2.1 Model
The system consists of five layers of an Au(111) surface grafted
with either n-C4 alkylthiol (C4H9S) or n-C12 alkylthiol (C12H25S)
molecules and one FcC6S ferrocenylhexanethiol (C16H21FeS).
We used the all-atom (AA) version of the Cornell force field
AMBER32 for grafted molecules. The general potential function
is of the form
U ¼ Ubond + Uangle + Udihedral + ULJ + Uele

(1)

where
Ubond ¼

X1

kb ðr  ro Þ2

(2)

X1
kq ðq  qo Þ2
2
angles

(3)

bonds

Uangle ¼
Udihedral ¼

X

2

kf ½1 þ cosðlf þ dÞ

(4)

three bonds (1–4 LJ interactions) are reduced by a factor of 0.5.32
The Lennard-Jones potential parameters for the interactions
between unlike atoms were calculated by using the Lorentz–
Berthelot mixing rules (quadratic and arithmetic rules for 3ij and
sij parameters, respectively). The water molecules were represented by the TIP4P/2005 model.34 As the system is non-periodic
in the direction normal to the surface (z-axis), the simulation cell
is closed by an additional gold layer. The distance between the
 which is large enough
two inner surfaces was chosen to be 80 A,
for the water molecules in the middle of the cell to have bulk
behavior.27 To investigate the effect of the supporting electrolyte,
simulations were performed in NaClO4, NaPF6 and Na2SO4
aqueous solutions. The Na+ parameters were taken from Aqvist
forcefield.35 ClO4 ions are represented using the model described
by Wu et al.36 PF6 ions’ parameters were determined by
Kaminski et al.37 SO2
ions were modeled with parameters
4
published by Cannon et al.38

2.2 Electrostatic interactions
The last term in eqn (1) corresponds to the electrostatic energy
(Uele) of the system. The electrostatic interactions are calculated
with the Smooth Particle Mesh Ewald (SPME) method.39 For
a neutral periodic system with orthogonal axis, the electrostatic
potential Uele is defined as
Uele ¼ UR + UK + Uself + Uexcl + UMz
UR ¼

1 X X XX
erfc ðariajb Þ
qia qjb
8p3o i
riajb
a
jsi b

(6)
(7)

where the sums are over all atoms a in molecule i and all atoms
b in molecule j. riajb is the distance between the atoms a and
b belonging to two different molecules i and j and qia and qjb
represent the charges on atoms a and b, respectively. This term is
pairwise-additive and short-ranged and a spherical cutoff can be
used with periodic boundary conditions. a is chosen so that only
atom–atom pair interactions between different molecules in the
central cell (n ¼ 0) need to be considered. erf(x) is the error
function whereas erfc(x) is the complementary error function.
Note that the overall charge of the simulation box must be zero.
The reciprocal space part UK of the potential is expressed as
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where kb, kq and kf are the force constants for deformation of
bonds, angles and dihedrals, respectively. The equilibrium values
of bond distances and valence angles correspond to ro and qo,
respectively. In the dihedral angle term, l is the periodicity and
d is the phase factor. The C–H covalent bonds were kept of fixed
length by using the SHAKE algorithm.33 The intermolecular and
intramolecular interactions due to the repulsion–dispersion
interactions are calculated using the Lennard-Jones (LJ) potential, represented by eqn (5). In the AMBER force field, the
nonbonded interactions between atoms separated by exactly
8962 | Soft Matter, 2011, 7, 8961–8968

where V is the simulation cell volume, ria is the cartesian coordinate of site a in molecule i. The reciprocal lattice vector k are
defined as k ¼ 2p(l/Lxu, m/Lyv, n/Lzw) where u, v, w are the
reciprocal space basis vectors and l, m, n take values of 0, 1,
2,/ N. The reciprocal space sum is truncated at an ellipsoidal boundary at the vector |kmax|. This term includes all the
intramolecular interactions due to the bonded atoms.
The Uexcl term is added to correct for the contributions due to
intramolecular electrostatic interactions. It is expressed as
Uexcl ¼ 

1 XXX
erfðariaib Þ
qia qib
8p3o i
riaib
a bsa

(9)

where the sums are over atoms bonded to atoms a and b of the
same molecule i through bonds, valence and dihedral potentials.
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A fourth correction Uself term is required to correct for the fact
that the sum of Gaussian functions in the real space includes the
interactions of each Gaussian with itself.
a XX 2
Uself ¼  3=2
qia
(10)
4p 3o i
a
A fifth term, UMz, is included to consider the supercell approximation40 and is defined as
UM z ¼

1
M2
23o V z

(11)

where Mz is the net dipole moment of the simulation cell given by
PN
i¼1 qi ri . This contribution is the correction term of Yeh and
Berkowitz,40 which results from the plane-wise summation
method proposed by Smith.41 Adding this term to the total energy
implies the use of a z-component force for each atom given by
Fi;z ¼ 

qi
Mz
3o V

(12)

The supercell approximation40 consists of elongating the zdimension of the simulation cell by placing an empty space of at
least four times the space of the fluid-occupied region. The use of
this approximation and the dipole correction allow to apply the
conventional three-dimensional SPME technique to the calculation of the electrostatic interactions in a slab geometry.27
2.3 Free energy calculations
The differences in Helmholtz free energies between states (0) and
(1) of a same molecular system were calculated using the Thermodynamic Integration (TI) method. The TI and FDTI (Finite
Difference Thermodynamic Integration) methods were found to
give comparable results on our systems.29
The perturbation process is performed between states (0) and
(1) in the constant-NVT ensemble using a ‘‘double wide
sampling’’ over Nw intermediate contiguous windows defined by
the coupling constant l. The TI method expresses the change in
Helmholtz free energy as the following integral
ð1 
DATI ¼
0

vUðr; lÞ
vl


dl

(13)

l

where the derivative of U(r, l) with respect to l can be calculated
using a central finite difference technique between U(r, l + dl)
and U(r, l  dl)




vUðr; lÞ
ðUðr; l þ dlÞ  Uðr; l  dlÞ
¼
(14)
vl
2dl
l;CD
l
dl is taken to be sufficiently small (dl ¼ 0.0001) to avoid
hysteresis between calculations carried out from state l to state
l + dl and from state l to state l  dl. The integration over l is
carried out by a trapezoidal algorithm.
As shown previously,29 the Helmholtz free energy change (DA)
can be assimilated to Gibbs free energy change (DG).
The entropy change DS42 calculated using the TI approach is
given by
 


ð1 
1
vUðr; lÞ
vUðr; lÞ
Uðr;
lÞ

lÞ〉
dl (15)
DS ¼
hUðr;
l
kT 2
vl
vl
l
l

2.4 Simulation details
The gold surface is composed of five (111) layers of a 9  10 fcc
lattice, so that the dimensions of the simulation box along the x
 and 24.9 A,
 respectively. One ferroceand y axes are 25.9 A
nylhexanethiolate (FcC6S) chain is grafted onto the surface with
an initial tilt angle q ¼ 30 . The remaining space is filled by
grafting either 27 C4S or 27 C12S alkylthiolate chains, using
a minimal distance between grafting points corresponding to an
experimental surface coverage of 1/3. This results in a ferrocene
surface coverage of 2.5  1011mol cm2 (5% of a full monolayer)
in line with the corresponding experimental coverage.22 The
simulation cell is closed by an additional gold layer formed by 90
gold atoms. The separation distance between the two surfaces is
 The simulation cell is then elongated in the positive
fixed to 80 A.
and negative z-directions with vacuum space to yield a Lz

dimension of 447 A.
Two systems A and B are considered. System A is a FcC6S–/
C4S–Au SAM and system B is a FcC6S–/C12S–Au SAM. Both
systems are described in Table 1. Simulations are performed with
three different supporting electrolytes, sodium perchlorate
(NaClO4), sodium hexafluorophosphate (NaPF6) and sodium
sulfate (Na2SO4). The water molecules and the cations and
anions of the supporting electrolyte are randomly added in the
remaining volume in order to respect a concentration of 1 M for
the electrolyte in line with the experimental conditions.22
Simulations are run in the constant-NVT statistical ensemble
using a Nose–Hoover thermostat43 with a coupling constant of
0.5 ps. The equations of motion are integrated using the Verlet
leapfrog algorithm scheme at T ¼ 298 K with a timestep equal to
2 fs. The cutoff radius for the Lennard-Jones and the real space
 The Ewald
of the electrostatic interactions is fixed to 12 A.
1. The maximum
convergence parameter a is fixed to 0.2651 A
reciprocal lattice vectors parallel to the gold surfaces are given by
kmax
¼ kmax
¼ 8. As the simulation cell is elongated along z, kmax
is
x
y
z
increased up to 128. This price must be paid to use the standard
three dimensional Ewald summation in a slab geometry and to
account accurately for the long-range electrostatic interactions.
With these parameters, the calculation of the electrostatic interactions using the Smooth Particle Mesh Ewald method yields
a relative error of 106. The configurations are generated using
the parallel version of the modified DL_POLY_MD package44
by using up to 8 processors at a time. A typical NVT simulation
run consists of an equilibrium period of 500 ps and an additional
acquisition phase of 400 ps.
The oxidation of the ferrocene moiety in the ferrocenylalkylthiolate chain in the A and B systems is carried out by using
a perturbation process. It consists of changing the charge of the
ferrocene moiety from 0.0 (l ¼ 0.0) to 1.0 (l ¼ 1.0). The partial
charges of the ferrocene group are taken from the force field
Table 1 Number of molecules in the simulation cell for A and B

molecule type
CnS
FcC6S
water
electrolyte

A
FcC6S–/C4S–Au

B
FcC6S/C12S–Au

27
1
1514
27

27
1
1319
24

0
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developed by Canongia et al.45 The partial charges of the ferricinium group have been calculated from density-functional
theory (DFT)46,47 (B3LYP)48–50 with effective core potential (SDDALL) Gaussian basis using the Gaussian 03 package51 and the
CHELPG52 procedure as a grid-based method. The perturbation
of the partial charges affects all the atoms of the ferrocene group
and the last three methylene groups of the alkyl chain bound to
ferrocene through bonds, valence and dihedral angle potentials.
In order to respect the electroneutrality of the system, a sodium
cation vanishes between l ¼ 0.0 and l ¼ 1.0. This cation is frozen
 in order not to interfere
at a sufficiently large distance (z ¼ 76 A)
with the monolayer. The perturbation is carried over 11 contiguous states or windows defined by the coupling parameter l. The
variations of the potential energy U(r, l) during the mutation of
the sodium cation were calculated using a linear combination of
the LJ parameters (s, 3) of the initial state (0) (l ¼ 0.0) and final
state (1) (l ¼ 1.0) using the following mixing rules:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3ij ðlÞ ¼ l
(16)
ð3ii ð1Þ3jj Þ þ ð1  lÞ
ð3ii ð0Þ3jj Þ
sij ðlÞ ¼ l





sii ð1Þ þ sjj
sii ð0Þ þ sjj
þ ð1  lÞ
2
2

(17)

where i and j represent perturbed and unperturbed atom types,
respectively. The atomic site charge q is also expressed as
a function of l as follows
qi(l) ¼ lqi(1) + (1  l)qi(0)

(18)

where i represents the perturbed atomic site. The values of the
partial charges for the ferrocene and methylene groups and the
Lennard-Jones parameters for the sodium cations are given for
completeness in Table 7 and in Fig. 7 for the initial and final
states. The total simulation for completing the perturbation
calculation over 11 windows is about 10 ns.

3. Results and discussions
cal
3.1 Determination of DDGredox

We have shown in previous studies29 that the redox reactions
represented in Fig. 1 allow us to compare the difference in the
calculated free energies DDG with the experimental results. This
difference in the calculated free energies is obtained from DDG ¼
DGB  DGA where A refers to FcC6S–C4S–Au SAM and B refers
to FcC6S–C12S–Au SAM.
As we model the oxidative reactions, the computed free energies
are of opposite sign compared to the experimental free energies
that correspond to reductive processes. We report in Table 2 the
values of DDGcal
redox obtained from perturbation methods for three
different electrolytes:NaClO4, NaPF6 and Na2SO4. The calcu0
lated DDGcal
redox redox property can be assimilated to nFDDE
where F is Faraday’s constant and n is equal to 1. The DDE0
corresponds to the shift in redox potential when the alkanethiol
coadsorbate length increases from 4 to 12. As one can see in Table
2, we find excellent agreement between the simulated and available experimental redox properties. We note that the DDGcal
redox
values increase in the order ClO4 < PF6 < SO2
4 . At this stage, the
interpretation of the shift in the DDGcal
redox as a function of the anion
is not straightforward because it involves a difference between the
8964 | Soft Matter, 2011, 7, 8961–8968

Fig. 1 Redox reactions used to model the effect of the environment on the
change in the redox properties of FcC6S–C4S–Au (System A represented
by (Fc)A) and FcC6S–C12S–Au (System B represented by (Fc)B) SAMs.

Gibbs free energy of a redox reaction in the two systems A and B.
Thus, we must focus on the molecular description and energetic
properties of these monolayers for a deeper interpretation of the
trends observed in the DDGcal
redox values.
3.2 Ion pair formation
We now focus on the microscopic description of the binary
SAMs in the initial (l ¼ 0.0) and final (l ¼ 1.0) states as a function of the electrolyte anions. The molecular density profiles of
coadsorbed C4S butanethiol chains, FcC6S ferrocenylhexanethiol chain and supporting anions along the z direction are
represented in Fig. 2. The initial state with the ferrocene headgroup is represented in panel a) whereas panel b) shows the
density profiles in the final state where the ferrocene is oxidized.
Panel c) and d) report the same profiles with coadsorbed C12S
dodecanethiol chains.
For l ¼ 1.0, we observe that the density profiles of ClO4 and
PF6 (panels b and d) are significantly changed in the two systems.
In fact, they are shifted toward the ferrocenium group indicating
that these anions interact further with the ferrocenium cation.
We do not observe any change in the density profiles of SO2
4 ions
for both systems A and B. This shows the lesser tendency of this
anion in forming ion pairs.
In order to further investigate the ion-pairing tendencies, we
have calculated the mean distances between the ferrocene moities
and the center of mass of the closest anion before and after the
oxidation. Values are included in Table 3 for the two SAM
systems as a function of the electrolyte anion. The poorest ionpairing ability of SO2
in A and B is confirmed by the largest
4
 respectively). The energy
/ Fc+ distance (9 and 14 A,
SO2
4
contributions between these two ions are then very weak: 5 and
0 kJ mol1 for A and B, respectively.
By contrast, we observe a shorter distance PF6 /Fc+ in A and
B (see Table 3). The energy contribution of this ion-pair is then
22 kJ mol1 in A against 37 kJ mol1 in B. The same trend is
obtained with ClO4 . The energy contributions between ClO4 /
Fc+ is about 17 kJ mol1 in A and 46 kJ mol1 in B. We
observe that these ion-pairs are always stronger in B than in A:
the energy contributions are much favored with smaller average
distances between the two ions. This is in line with previous
1
Table 2 Differences in the free energy contributions DDGcalc
redox (kJ mol )
as a function of the electrolyte anion along with the experimental redox
22
property DDEexp
redox values (V).

ClO4
PF6
SO2
4

– DDGcalc
redox

DDEcalc
redox

DDEexp
redox

21
23
26

0.22
0.24
0.27

0.19
0.29
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Fig. 2 Molecular density profiles of the coadsorbed butanethiolate
chains, ferrocenylhexanethiolate chain, and counterions as a function of
the electrolyte anions for (a) l ¼ 0.0 and (b) l ¼ 1.0. The same profiles are
given in panels (c) and (d) where the dodecanethiolate chains replace the
coadsorbed butanethiolate chains.

conclusions29 demonstrating that the formation of the ion-pair is
more favored in SAMs with longer alkyl chains when the environment of the ferrocenium becomes more alkane-like. In
summary, all these results clearly demonstrate that the ion
pairing stabilizes the electrogenerated cation. Typical configurations of the tight complexation to the SAM-bound ferroceniums of PF6 in system A and of ClO4 in system B are shown in
panels a) and c) of Fig. 3 for illustration. In panels b) and d) of
Fig. 3, we have also reported a typical configuration showing the
absence of ion pairing in both systems A and B with SO2
4 .
We now turn to the distributions of the distance between the
ferrocene group and the closest electrolyte anion for different
electrolyte anions. Fig. 4 depicts the results obtained for system B
at l ¼ 0.0 and l ¼ 1.0. We focus on B because of the higher
pairing tendency in longest coadsorbed chains. Before oxidation,
a broad peak is observed for each electrolyte anion. The peaks
for ClO4 and PF6 anions are located at the same position
whereas a distribution at higher distance is observed for SO2
4 .
After oxidation, the emergence of a well-defined peak for ClO4
and PF6 anions is observed reflecting thus a higher ordering
within the structure. This can be easily explained by the penetration of the anions into the film to form tightly ions-pairs to the
ferrocenium. This underlines that both enthalpic and entropic
factors must be considered to fully describe these systems. Note
that when the length of the alkyl chain of the coadsorbate is

Fig. 3 Typical configurations at l ¼ 1.0 of (a) A with PF6 (b) A with

2
SO2
4 (c) B with ClO4 and (d) B with SO4 .

reduced, the anion rather resides on top of the monolayer
forming a rigid two-dimensional ionic layer.12,31,53–55
3.3 Dehydration
It is now established that the anion solvation directly impacts on
the stability of ferrocenium-terminated SAMs.12,22,30,31 Uosaki et al.
explained the strongest ion-pair by smaller hydration energy of
anions.13,14 To further investigate this phenomenon, we have first
performed simulations of ClO4 , PF6 and SO2
4 in bulk conditions

 between ferrocenium cation and the closest
Table 3 Distances (A)
electrolyte anion in A and B at l ¼ 0.0 and l ¼ 1.0
A

ClO4
PF6
SO2
4

B

l¼0

l¼1

l¼0

l¼1

7.0
6.8
14.3

6.8
5.7
9.0

12.8
12.1
16.1

4.9
5.3
14.0
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Fig. 4 Distributions of the distance between the ferrocene group and the
closest anion in B as a function of the electrolyte anions for l ¼ 0.0 and
l ¼ 1.0.
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to estimate their energies of solvation. For PF6 , the simulations are
predictive due to the lack of experimental properties. The radial
distribution functions (RDF) between the anion center of mass and
the oxygen atom of water molecules are shown in Fig. 5 We check
that the distribution function calculated for ClO4 matches very
well with that calculated for PF6 . We may discern only one
 for
hydration shell located at a distance of approximately 4.4 A
these hydrophobic anions. On the other hand, the RDF for SO2
4
clearly displays two shells and also a significant difference in the
height of the first peak. The mean distance between the sulfate
anion and the oxygen of water molecule in the second hydration
 As a result, the number of water molecules
shell is located at 6.6 A.
characterizing the hydration of the anions is calculated up to this
 These average hydration numbers, as well as the
distance of 6.6 A.
calculated hydration energies, are reported in Table 4. The values
calculated for the perchlorate and sulfate anions agree very well
with the corresponding experimental data of Marcus,56 SO2
4 has
a greater hydration energy. This hydrophilic anion is transported
with large amounts of solvent, and thus may interact less favorably
with the ferrocenium cation. Unlike the sulfate anion, ClO4 and
PF6 can be transported with almost no associated water molecules.
They are thus hydrophobic anions that strongly interact with ferrocenium. Obviously, the ability of ion-pairing is well correlated
with the sequence of the known hydration energies of the anions. It
is thoroughly consistent with various experimental studies.12,22,30,31
The thermodynamic cost to be paid for the ion-pair formation
is a partial desolvation of anions. This is confirmed in Fig. 6
where the profile of the average number of water molecules is
given at each z-position in the initial and final states for each
anion. In line with the absence of ion pairing for SO2
4 , we clearly
find in Fig. 6 no desolvation of this hydrophilic anion. As
a comparison, we see in panels a) and c) a partial dehydration of
hydrophobic anions even in the SAMs before oxidation. It is
more favorable for these anions to lose water molecules and get
favorable interactions with alkyl chains, as expected from their
hydrophobic behaviors. For l ¼ 1.0, dramatic changes in the
number of water molecules of ClO4 and PF6 are observed,
especially in B due to the inclusion of these anions into the layer.

 number of hydration in a 6.6 A

Table 4 Radius of gyration Rg (A),
1
sphere NH2O, calculated hydration energy Ecalc
hyd (kJ mol ) and experi1
mental value Ecalc
hyd (kJ mol ) for the anions in bulk water

ClO4
PF6
SO2
4

Rg

NH2O

Ecalc
hyd

Ecalc
hyd

1.21
1.43
1.22

37
35
40

295
230
970

246
1018

To further analyze these contributions, we report in the same
table, the change in the hydration number of the anions with
respect to the neutral state. The positive contribution (B-A)
change for DEClO4 =H2 O and DEPF6 =H2 O is clearly explained at
a microscopic level by the stronger desolvation of the hydrophobic anions. We observe that this strong energy change is not
compensated by the favorable energy change due to the ion-pair
formation. The (B-A) energy contribution between ClO4 and
FcC6S is only equal to 29 kJ mol1 whereas it is equal to 154 kJ
mol1 for the ClO4 /H2O interaction. We must discuss the
enthalpy–entropy compensation to understand the thermodynamic behavior of these systems. Let us recall that the formation
of ion pairs in homogeneous systems is enthalpically unfavored
and also entropically favored.57–61 As a result, knowledge of the
DS properties is required.
It is very difficult to predict and to explain the change in
entropy at a microscopic level. However, it is known that desolvation leads to a positive contribution to TDS whereas the
formation of ion-pair gives a negative contribution to TDS.
Moreover, the important loss of degrees of freedom for longerchain coadsorbates due to the insertion of anions into the film
would led to a more negative TDS value in B than in A. To
illustrate these considerations, we apply operational expressions
for the calculation of the entropy using the TI formalism42 in

3.4 Energy contributions
We report in Table 5 the electrolyte anion-ferrocenium cation
interaction and the electrolyte anion-water molecules interaction
as a function of the electrolyte anion in A and B. These calculated
values correspond to the difference between l ¼ 1.0 and l ¼ 0.0.

Fig. 5 Computed anions–Ow radial distribution functions in bulk
conditions. Ow denotes the oxygen atom of water molecules.

8966 | Soft Matter, 2011, 7, 8961–8968

Fig. 6 The profile of the number of water molecules as a function of z for
each anion for system A at a) l ¼ 0.0, b) l ¼ 1.0. The same profiles are
given in panels c) l ¼ 0.0 and d) l ¼ 1.0 for system B. The number of

water molecules is calculated by integrating the RDF up to 6.6 A.
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Table 5 Differences of energy contributions (kJ mol1) and difference in
number of water molecules between oxidized and neutral forms in C12
and C4 systems for the different types of electrolyte

ClO4

PF6

SO2
4

A

B

B-A

17

46

29

DEClO4 =H2 O

19

135

154

DNH2O

1
22

12
38

11
15

DEPF6 =H2 O

85

90

5

DNH2O
DEFc=SO2

6
4
108

8
0
15

2
4
93

2

0

2

DEFc=ClO4

DEFc=PF6

4

DESO2 =H2 O
4

DNH2O

systems involving ion-pairs. The difference in the TDS is calculated from TDDS ¼ TDSB  TDSA for ClO4 and PF6 . The values
are reported in Table 6. It can be noticed that the sign of DDS is
negative for the two ions. This probably indicates that the major
contribution to the entropy change comes from the formation of
ion-pairs and the resulting important loss of degrees of freedom.
Furthermore, the TDS term is less unfavored for ClO4 than for
PF6 , in line with the stronger desolvation of the perchlorate
anion in B as shown in Table 6.

becomes more alkane-like. The results indicate that the flexibility
of the film is strongly reduced in B due to the deep insertion of the
anions into the film to form tightly ions-pairs to the
ferroceniums.
The ability of ion-pairing correlates with the sequence of the
known hydration energies of the anions. SO2
4 is transported with
large amounts of solvent, and thus may interact less with the
ferrocenium cation, unlike ClO4 and PF6 that can be transported
with almost no associated water.
We have completed this work by an investigation of the desolvation of the anions for the strongly associating ClO4 and PF6 .
After the oxidation of the ferrocene group, dramatic changes in
the number of water molecules of ClO4 and PF6 are observed,
especially in B. This stronger desolvation gives a positive
contribution change between the electrolyte hydrophobic anion
and the water molecules that is not compensated by the favorable
energy change. This analysis establishes that the ion-pair
formation should be analyzed in the context of the enthalpy–
entropy compensation effect.

5

Appendix: Computational details

Table 7 Partial charges for the atoms involved in the perturbation
process and Lennard-Jones parameters for the sodium cation in the initial
(l ¼ 0.0) and final state (l ¼ 1.0) in the A and B systems

4 Conclusions

Parameters

The free energy perturbation methods have been applied to
predict the shift in the redox potential as the coadsorbed chain
length increases from 4 to 12 carbons as a function of the electrolyte anions (e.g., NaClO4, Na2SO4, NaPF6). The excellent
agreement between the simulated and available experimental
redox properties (ClO4 and SO2
4 ) shows the efficiency of these
methods. The free energy perturbation methods is then able to
reproduce the small difference in the redox properties as a function of the electrolyte anion. The DDGcal
redox values increase in the
following order: ClO4 < PF6 < SO2
.
The DDG is relevant to
4
conclude the stability of the environment upon oxidation because
it involves the sum of all the energy contributions.
From the investigation of the density profiles of the different
species along the normal to the surface, we have shown the
poorest ion-pairing ability of SO2
4 . The formation of strong
surface ion-pairs that stabilize the electrogenerated cations for
NaClO4 and NaPF6 is established from our simulations. Actually, MD simulations clearly show that the ion-pair is stronger in
FcC6S–/C12S–Au (B) than in FcC6S–/C4S–Au (A). The formation of the ion-pair is more favored for monolayer systems with
longer alkyl chains, as the environment of the ferrocenium

CA
q (e)
HA
q (e)
Fe
q (e)
CT
q (e)
HC
q (e)
Na
q (e)

s (A)
3 (kJ mol1)

initial state
l ¼ 0.0

Final state
l ¼ 1.0

0.1

0.04433

0.09

0.14040

0.10

0.17970

0.090

0.120

0.060

0.060

1.0
3.3304
0.01161

0.0
0.0
0.0

Table 6 Differences for the oxidation process in Gibbs free energy
variations, enthalpy variations and entropy variations (kJ mol1). The
number of water molecules lost in the hydration sphere (DDNH2O)
between system A and system B for ClO4 and PF6 anions is given for
comparison

ClO4
PF6

DDG

DDH

TDDS

DDNH2O

21
23

14
9

7
14

11
2
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Fig. 7 Labeling scheme of the ferrocenylhexanethiolate chain (FcC6S–
Au) used in this work. The partial charges of the different atom types
between the reduced and oxidized states are given in Table 7.
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