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ABSTRACT: A method is presented to determine, individually and with minimal extra-thermodynamic assumptions, the Gibbs
energy for anion transfer between two solvents using solid state electrochemistry of alkynyldiphosphine dinuclear Au(I) complexes
(AuC2R)2PPh2C6H4PPh2 (L1, R = Fc; L2, R = C6H4Fc) and the heterometallic Au(I)�Cu(I) [{Au3Cu2(C2R)6}Au3-
(PPh2C6H4PPh2)3](PF6)2 (L3, R = Fc; L4, R = C6H4Fc) cluster complexes containing ferrocenyl units. These compounds
exhibit a well-defined, essentially reversible solid-state oxidation in contact with different electrolytes, based on ferrocenyl-centered
oxidation processes involving anion insertion. Voltammetric data can be used for a direct measurement of the free energy of ion
transfer from one solvent to another using midpeak potentials in solutions of suitable salts in each one of the solvents separately or
mixtures of the solvents. Excess Gibbs energy of solvation in solvent mixtures can also be directly measured using this procedure.
Solvation data for different common inorganic oxoanions in water, MeOH, and MeCN and water�MeOH and water�MeCN
mixtures are provided.

’ INTRODUCTION

The solvation of ions plays a crucial role in both aqueous and
nonaqueous chemistry.1,2 Similarly, the Gibbs energy of transfer
of ions between two solvents and, in particular, between water
and different organic liquids is of crucial importance in several
fields, from pharmacokinetics to biological ion channels, from
solvent extraction techniques to phase transfer catalysis and ion-
selective electrodes, among others.3 Absolute Gibbs free energies
of solvation in a given solvent and ion transfer between two
solvents can be derived from both computational and experi-
mental studies, but there is a significant uncertainty on the values
of such quantity because of the inherent difficulty in its
measurement.4 The reason is that any stable ionic solution
contains equal amounts of positive and negative charge, so that
experiments can only be performed to determine the sum of
solvation free energies of a pair of oppositely charged species.
These can be can be determined directly with the aid of
thermochemical cycles using calorimetric or electrochemical
measurements. Accordingly, additional approximations or mod-
els are needed to attribute concrete solvation/transfer free
energies to individual ions; that is, such single-ion thermochemical
properties can only be evaluated by introducing extra-
thermodynamic assumptions.5�10 Recent theoretical approaches
are based on a combination of quantum mechanics calculations
to describe the solvent portion in the vicinity of the ion and
classical continuum modeling of the solvent relatively far from
the ion.4�14

The experimental determination of thermochemical properties
for single-ion solvation and/or liquid�liquid ion transfer pro-
cesses involves, in addition to solubility and partition data,
electrochemical studies. Recently, several different methodologies

have been proposed involving the direct polarization of liquid�
liquid interfaces with two adjacent electrolyte-supported
immiscible liquids,15 membrane-modified liquid�liquid inter-
faces,16,17 large surface area,18 micro/nanohole,19�22 and triple-
phase boundary measurements at microdroplets immobilized on
electrode surfaces.23�26 The application of such methods re-
quires us to establish an universal scale for electrode potentials,
provided that the liquid junction potentials, Ejunc, which arise at
the liquid-phase boundaries can be rendered negligible or be
estimated reliably in some way.27 A possibility for doing this is to
assume that the liquid junction potentials are negligible when
large ions (typically, picrate (Et4Npic) cells)

28 are used in the salt
bridge so that they have similar electrochemical mobilities and
(low) solvation Gibbs energies in many solvents.28,29

A second approach is based on the assumption that the
solvation Gibbs energy of a reference salt composed of a quasi-
spherical cation and a quasi-spherical anion of about the same
size can be divided equally. Tetraphenylarsonium tetraphenyl-
borate (AsPh4BPh4, TATB)

30 or tetraphenylphosphonium tet-
raphenylborate (Ph4PBPh4, TPTB)

31 has been recommended as
reference salts. A third, extended approach is to use a certain
electrochemical couple whose electrode potential is assumed to
be solvent-independent. The International Union of Pure and
Applied Chemistry (IUPAC) recommended couples include
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ferrocenium/ferrocene (Fc+/Fc)32 or bis(biphenyl)chromium-
(I/0) (BBCr+/BBCr)15,33�36 couples.

In this work, it is studied the possibility of using the midpeak
potentials obtained in voltammetric experiments for determining
individual (rather than ion pair) Gibbs energies for anion transfer
between two given solvents and Gibbs energies of excess in
solvent mixtures for anions using minimal extra-thermodynamic
assumptions. The involved extra-thermodynamic assumptions
are: (i) the reference electrode potentials for the two solvents can
be related to each other so that the potential of the Fc+/Fc and
BBCr+/BBCr couples are assumed to be solvent-independent;
(ii) there is no accumulation of net charge in the solid complex/
electrolyte boundary, (iii) the structure of L and anion binding
are not affected by the solvent.

For this purpose, the anion-insertion solid-state electrochem-
istry for a series of recently synthesized37 alkynyl-diphosphine
dinuclear Au(I) complexes (AuC2R)2PPh2C6H4PPh2 (L1, R =
Fc; L2, R = C6H4Fc) and the heterometallic Au(I)�Cu(I)
[{Au3Cu2(C2R)6}Au3 (PPh2C6H4PPh2)3](PF6)2 (L3, R = Fc;
L4, R = C6H4Fc) cluster complexes containing ferrocenyl units
(see Figure 1) is used. L1 and L2 dimers possess a diphosphine
unit coordinated to the gold(I) centers, which have the alkynyl
ligands functionalized with end-capped ferrocenyl groups as
illustrated in Figure 1. L3 and L4 are heterotrimetallic clusters
whose structure canbedescribed in termsof an alkynyl core [Au3Cu2-
(C2R)6]

� “wrapped” by the cationic [Au3(PPh2C6H4PPh2)3]
3+

“belt”, as also illustrated in Figure 1. In the case of Au(I)�Cu(I)
alkynyl clusters the alkynyl groups point to the effective com-
munication between the metal core and ancillary ligands, thus
favoring electron transfer reactions.38�41

Using the voltammetry of microparticles (VMP) approach
developed by Scholz et al.,42,43 such complexes display a rever-
sible oxidation in solid state where the electron transfer process is
accompanied by anion insertion.44 The possibility of using solid-
state voltammetry of the studied compounds for potentiostatic
and potentiodynamic ions sensing, following the scheme from
Bond et al.,45,46 has been previously explored.47 In prior works we
have applied the VMPmethodology to calculate individual Gibbs
energies of monovalent anion transfer48 and cation transfer49

between two miscible solvents, in this second case using Prussian
blue-modified electrodes. In this report this methodology is
extended to a series of bi- and trivalent oxoanions including
the estimate of excess Gibbs energies of anion solvation in
solvent mixtures and Gibbs energies for anion solvation in water,
MeOH, and MeCN. These methods parallel that reported by
Scholz et al.50 for determining Gibbs energies of transfer of ions
between two miscible solvents by separate transfer of the ions
between each of the solvents and a third phase. Gibbs energies of
ion transfer between water/heavy water using a nitrobenzene
droplet as the third phase immobilized on the electrode surface
have been obtained using this methodology.50

Cyclic and square wave voltammetries (CV and SWV, re-
spectively) have been used to study the anion insertion electro-
chemistry of the studied compounds in contact with aqueous,
MeOH, MeCN, and dimethyl sulfoxide (DMSO) solutions of a
series of common inorganic oxoanions, namely, ClO4

�, NO3
�,

HCO3
�, CO3

2�, SO4
2�, H2PO4

�, and PO4
3�. The reported

methodology allows us to determine, via judicious use of solvent
mixtures, the individual (i.e., independent of the counteraction)
Gibbs energy of anion transfer even in cases where no available
soluble salts exist. The application to the determination of excess
free energy of solvation in binary water�MeOH and water
�MeCN mixtures is also reported.

’EXPERIMENTAL SECTION

Reagents and Equipment. Synthesis and characterization
of L1 to L4 complexes was performed as previously described.37

Electrochemical measurements were performed with (10�5 to
0.15) M aqueous solutions of NaF, NaCl, KCl, NaBr, LiClO4,
NaClO4, LiNO3, NaNO3, NaHCO3, Na2CO3, KH2PO4, Na3PO4,
and Na2SO4 3 10H2O (all analytical grade Merck reagents),
Et4NCl and Et4NClO4, (Aldrich), and Bu4NClO4 Bu4NPF6
(Fluka) in an electrochemical cell thermostatted at 298 K.
Nanopure water, MeOH, MeCN, and DMSO (high-perfor-
mance liquid chromatography (HPLC) grade reagents, Carlo
Erba) were used as solvents. VMP experiments were performed
at L-modified paraffin-impregnated graphite electrodes
(PIGEs, geometrical areas of 0.018 cm2) using a CH I660
potentiostat. PIGEs were prepared by impregnated pyrolitic
graphite bars in vacuo as described in literature.42,43 A standard
three-electrode arrangement was used with a platinum auxiliary
electrode and a AgCl (3 M NaCl)/Ag reference electrode,
separated from the bulk solution by a salt bridge. Ferrocene
(Fluka) was used as an internal standard in the concentra-
tion 10�4 M.
Electrode Conditioning and Modification. The attachment

of the solid complexes L1 to L4 to graphite basal electrodes was
performed following the procedures recently used by Compton
et al.51 for studying the electrocatalytic performance of carbon
nanotubes, based on the mechanical transference of solid micro-
particles onto inert electrode surfaces. First, ca. 0.5 mg of the
complexes were thoroughly powdered in an agate mortar and
pestle and extended forming a spot of finely distributed material.
Then, the lower end of the graphite electrode was pressed on that
spot of the modifier. Second, a film of powdered compounds was
formed onto the surface of graphite electrode by pipeting 10 μL
of dispersion (1 mg/mL), previously ultrasonicated by 5 min, of
the cluster in ethanol and allowing the solvent to evaporate in air.
As a result, a uniform, fine coating of the complex was adhered to
the basal electrode.

Figure 1. Schematic structures of the complexes L1 to L4. Phenyl rings
are omitted for clarity.
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Computational Details.The structural and electronic proper-
ties of the ferrocenyl-containing complexes were elucidated by
the means of density functional calculations using the BP86
density functional method.52 The iron, copper, and gold atoms
were described with a triple-valence ζ-quality basis set with
polarization functions (def2-TZVP),53 employing a 60-electron
relativistic effective core potential for gold.54 A split-valence basis
set with polarization functions on non-hydrogen atoms was used
for all of the other atoms (def2-SV(P)).55 The multipole-
accelerated resolution-of-the-identity technique was used to
speed up the calculations.56 All of the electronic structure
calculations were carried out with the TURBOMOLE program
package (version 5.10).57

’RESULTS AND DISCUSSION

Electrochemical Response. CVs and SWVs for microparti-
culate deposits of the complexes on graphite in contact with
aqueous electrolytes display a one-electron, essentially reversible
oxidation process. Similar results were obtained in available
nonaqueous media and water�organic solvent mixtures, as
shown in Figure 2. Here, the SWV for L2 in contact with 0.10
M Et4NClO4/MeCN plus a 0.10 M NaClO4/water mixture
(50:50 v/v) is shown. As can be seen in Figure 2, the well-defined
complex-localized oxidation peak is clearly separated from the
peak for the oxidation of ferrocene, added in the concentration
10�4 M as an internal standard. The anion-assisted oxidation of
the complexes satisfies the essential criteria for reversibility: the
SWV peak potential (Ep) becomes frequency-independent in the
(2 to 500) Hz frequency range, while the midpeak potential
(Emp) in CV remains independent of the potential scan rate (in
the studied (1 to 500) mV 3 s

�1 range). Here, the anodic-to-
cathodic peak potential separation tends to be 59 mV at low
potential scan rates, as expected for a one-electron reversible
process with relatively large ohmic drops.48 In all cases, in
repetitive voltammetry, peak potentials become unchanged after
3 to 5 scans, so that such stationary values were taken for
thermochemical calculations. Repeatability tests on series of five
freshly prepared electrodes produced standard deviations in
midpeak potentials typically between (2 and 5) mV.

The midpeak potentials for the oxidation of L1 to L4 com-
plexes in contact with different electrolytes varied from one anion
to another while remaining cation-independent, as denoted by
experiments using LiNO3 andNaNO3, LiClO4 and NaClO4, and
NaCl and KCl in aqueous solvents and experiments using
LiClO4, Et4NClO4, and Bu4NClO4 in both MeOH and MeCN.
Consistent with the reversible character of the electrochemical
process, Emp versus log(anion concentration) plots were essen-
tially linear in the (10�4 to 10�2) M range, the slope being equal
to 59 ( 5 mV. As shown in Figure 3, these plots deviate from
linearity at larger anion concentrations. Replacing concentrations
by activities using the Davies equation yields essentially linear
Emp versus log(anion activity) plots of slope 59 ( 5 mV for all
tested anions. In these circumstances the midpeak potential in
voltammetric experiments can in principle be taken as a measure
of the equilibrium potential of the system and then used for
thermochemical measurements, as discussed by Bond et al.45,46

For thermochemical calculations (vide infra), midpeak potentials
at an anion concentration of 10�4 M, where it is reasonable to
assume that the activity equals the concentration, were taken.
Similar results were obtained for experiments in MeOH and
MeCN electrolytes. No suitable results were obtained in DMSO
because of the solubility of theL1 toL4 complexes in this solvent.
The observed electrochemistry can be described on the basis

of the theoretical modeling for solid-state electrochemical
reactions58�63 based on the idea that the electrochemical process
is initiated at the particle/electrode/electrolyte three-phase
boundary, further expanding over the surface and into the body
of the solid particle. Charge transport occurs via electron
hopping between adjacent immobile redox centers in the solid
coupled with ion transport through the solid so that electron and
ion diffusion take place in mutually perpendicular directions
through the solid particles.
According to this formulation, the solid-state voltammetric

response observed for complex-modified electrodes can be
described in terms of the essentially reversible, anion-assisted
oxidation of the ferrocenyl units of the L complexes. For both

Figure 2. SWV for L2-modified PIGE in contact with a 10�4 M
ferrocene solution in 0.10 M Et4NClO4/MeCN plus a 0.10 M
NaClO4/water mixture (50:50 v/v). The potential scan was initiated
at �0.05 vs AgCl/Ag in the positive direction with a potential step
increment of 4 mV, square wave amplitude of 25 mV, and frequency
of 5 Hz.

Figure 3. Variation of the midpeak potential determined from cyclic
voltammograms (potential scan rate 20 mV 3 s

�1) at PIGEs modified
with L1, on the concentration of NaCl and NaClO4 in water.
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neutral complexes L1 and L2 and ionic complexes L3 and L4 (all
represented as L), the oxidation process can be represented as:

fLg þ ðn=mÞYm�ðsolvÞ f fLnþ 3 3 3 ðn=mÞYm�g þ ne�

ð1Þ
where {} denotes solid phases and (solv) solvated species in
solution phase. Evidence for the occurrence of anion insertion
processes was provided by chronoamperometric data and scanning
electrochemical microscopy/energy dispersive X-ray analysis of
microparticulate deposits submitted to controlled potential
coulometry in contact with different aqueous electrolytes, as
already reported.44,48

Correlation of Electrochemical Data with HOMO/LUMO
Calculations. Electrochemistry can be correlated with a theore-
tical quantum mechanics calculation for the energies of the
highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) used to describe isolated
complexes. It should be noted that there is a problem of
correlating HOMO/LUMO energies and of the respective
spectroscopic data with electrochemistry, because in electro-
chemistry there is always the contribution from the ion transfer,
which is not the case in spectroscopy when electrons are only
going from the LUMO to the HOMO, but with the overall
charge state being unchanged. Several attempts to approximately
describe the relationship between WHOMO determined from
ultraviolet photoemission spectroscopy (UPS) experiments
and electrode potentials have been reported.64,65 The recent
formulation due to D'Andrade et al.66 for thin solid films
deposited on electrodes assumes that WHOMO can be taken as
the energy required to singly ionize a molecule in the solid, now
regarded as a homogeneous medium of relative dielectric con-
stant εsol. The polarizable ion is approximated as a dipole
molecule consisting of a positive core surrounded by an electron
cloud of effective radius R, so that the HOMO energy (as
measured by UPS experiments) can in principle approach the
electrostatic energy of the ion�electrode system considering
image charge effects. Equating the potential of a conducting
surface at the points nearest and farthest from the electrode, the
molecular potential, as measured by its oxidation voltage (given
by Emp in voltammetric experiments), will be linearly dependent
on WHOMO:

Emp ¼ Evac þ WHOMO

eFs
ð2Þ

In this equation, s is a factor depending on the ion radius and
dielectric constant of the film and the effective dielectric constant
near the electrode, which is a function of both the dielectric
constant of the solvent and the screening from the electrolyte.
The term Evac is introduced to account for the correlation
between the vacuum energy scale used in HOMO/LUMO
computations, and the standard hydrogen electrode (SHE) scale
used for electrode potentials.

The HOMO/LUMO energies calculated from density func-
tional calculations for complexes L1 to L4 are summarized in
Table 1. Introducing the free energy for the electrochemical
oxidation process described by eq 1, ΔG�e(LX), as nFEmp, plots
of ΔG�e(LX) versusWHOMO should be linear. Data for the solid
state oxidation of complexes L1 to L4 are in agreement with this
assumption, as can be seen in Figure 4 for complex-modified
electrodes in contact with fluoride, chloride, and bromide aqu-
eous solutions.
Thermochemistry of Ion Transfer.To extract thermochemical

information on anion solvation from voltammetric data, the
electrochemical processes described by eq 1 can be written as a
thermochemical cycle such as that represented in Figure 5. The
variation of Gibbs energy associated with the electrochemical
oxidation of the parent complex, ΔG�e(LX), is related to the
corresponding quantity for the complex in the gas phase, ΔG�e-
(L), the Gibbs energy of anion solvation/hydration, ΔG�solv-
(Xm�), and the Gibbs energies for the formation of the parent

Table 1. HOMO/LUMO Energies Respective to the Vacuum
Level Calculated for Complexes L1 to L4

L1 L2 L3 L4

EHOMO (eV) �4.039 �4.191 �7.131 �6.747

ELUMO (eV) �2.698 �2.726 �5.821 �5.721

band gap (eV) 1.34 1.46 1.31 1.03

Figure 4. Plots ofΔG�e(LX) vsWHOMO for the solid state oxidation of
complexes L1 to L4 in contact with fluoride, chloride, and bromide
aqueous solutions. ΔG�e(LX) values are calculated as nFEmp from the
experimental midpoint potentials and theoretical WHOMO values from
density functional calculations.

Figure 5. Thermochemical cycle used to describe the anion-assisted
oxidation of the studied complexes when both the oxidized and the
reduced forms of the complex are insoluble in the solvent.
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complex and its oxidized form from the ionic species in gas phase,
the anion-containing complex, ΔG�ret(L) and ΔG�ret(LX),
respectively. Upon generalization for Xm� anions, the above
thermochemical cycle leads to the relationship:48

ΔG�eðLXÞ ¼ ΔG�eðLÞ þ G�retðLXÞ �ΔG�retðLÞ
� ðn=mÞΔG�solvðXm�Þ þ n∑e ð3Þ

with ∑e being the free energy for the transfer of one electron from
the vacuum to the graphite electrode.
If the voltammetric experiment is repeated for microparticu-

late deposits of the complexes in contact with a second solvent
where the complexes remain insoluble, the thermochemical cycle
and eq 3 remain still valid merely by replacing the Gibbs energy
for anion solvation in the first solvent,ΔG�s1(Xm�), by the Gibbs
energy of anion solvation in the second solvent, ΔG�s2(Xm�).
Then, the Gibbs energy for the transfer of the anion from the
solvent s1 to the solvent s2, ΔG�1f2(X

m�), can be calculated as
the difference between the free energies for the Xm�-assisted
electrochemical oxidation of L in the solvent s1,ΔG�e(LX)s1 and
in the solvent s2, ΔG�e(LX)s2, as:

ΔG�s1 f s2ðXm�Þ ¼ ΔG�s2ðXm�Þ �ΔG�s1ðXm�Þ
¼ ðm=nÞ½ΔG�eðLXÞs1 �ΔG�eðLXÞs2�

ð4Þ
Assuming Nernstian behavior, ΔG�e(LX), corresponding to the
oxidation process described by eq 1, equals nFEmp, so that:

ΔG�w f sðXm�Þ ¼ mF½Emps1 � Emp
s2� ð5Þ

Emp
s1 and Emp

s2 being, respectively, the voltammetric midpeak
potentials recorded in the solvents 1 and 2. Accordingly, the
ΔG�1f2(X

m�) values for the anion transfer fromwater to a given
organic solvent can be calculated, using eq 5, from the midpeak
potentials extrapolated at 10�4 M concentration in solutions of

electrolytes containing the Xm� anion in the different solvents,
separately. In most cases, however, there are no disposable salts
soluble in both solvents. To avoid this problem, a second
approach, involving the use of solvent mixtures, can be used.
Figure 6 shows the variation with the molar fraction of organic
solvent of the SWV peak potentials for L1-modified graphite
electrodes in contact with 0.10 M Et4NCl/MeOH + 0.10 M
NaCl/H2O and 0.10 M LiClO4/MeOH + 0.10 M LiClO4/H2O
mixtures. In these cases, the variation of Emp on the molar
fraction of organic solvent, xorg, can satisfactorily be fitted to a
polynomial curve, as can be seen in Table 2, where the statistical
parameters for selected polynomial fits in MeOH are listed. As
depicted in Figure 6, the Emp

org values can be obtained upon
extrapolation of the above curves to xorg = 1 using the above
polynomial fits.
In several cases, however, there is an abrupt change in the

voltammetric response so that, from a given threshold value of
xorg, the midpeak potential become constant, Emp*. Remarkably,
this value is identical for all of the anions displaying the
aforementioned behavior. This can be seen in Figure 7, where
the variation of the peak potential in SWVs of L1-modified
electrodes in contact with Na2SO4/(water + MeCN) and
KH2PO4/(water + MeCN) mixtures with the molar fraction of
organic solvent is shown. These features can be interpreted as the
result of the solubility of the oxidized {Ln+ 3 3 3 (n/m)X

m�}
species. Then, the electrochemical process should be described
as:

fLg f LnþðsolvÞ þ ne� ð6Þ
The variation of Gibbs energy for this process, ΔG�e(LX)*,
can be related with ΔG�e(L), the reticular Gibbs energy of the
parent complex, ∑e, and the Gibbs energy of L

n+ solvation (see
Figure 8). These quantities are related by the relationship:

ΔG�eðLXÞ� ¼ ΔG�eðLÞ �ΔG�retðLÞ
þ ΔG�solvðLnþÞ þ n∑e ð7Þ

Combining, as before, the expressions for two different
solvents, the Gibbs energy for the transfer of Ln+ from 1 to
2, ΔG�s1fs2(L

n+), will be given by:

ΔG�s1 f s2ðLnþÞ ¼ ½ΔG�eðLXÞ�s2 �ΔG�eðLXÞ�s1�
¼ nFðEmp

s2 � Emp
s1Þ ð8Þ

Experimental data lead to ΔG�s1fs2 (Ln+) for the transfer
from MeOH to MeCN of �2.4 (L1), +1.0 (L2), �8.7 (L3),
and �2.9 kJ 3mol�1 (L4).
To calculate the Gibbs energy of anion transfer from water to

MeOH andMeCN, the Emp
w and Emp

org values determined from
voltammetric experiments were used. Following the IUPAC
recommendations,32�36 it will be assumed that the potential
of the bis(biphenyl)chromium(I)/bis(biphenyl)chromium(0)
(BBCr+/BBCr) couple is solvent-independent. Accordingly,
the experimental potentials relative to the AgCl/Ag reference
electrode must be converted into potentials relative to the
BBCr+/BBCr electrode taking the potential of the AgCl/Ag
relative to BBCr+/BBCr equal to (+780, +330, and +350) mV in
water, MeOH, and MeCN, respectively.34

Using this methodology, an excellent agreement was obtained
for each anion using different electrolytes and complexes, as
illustrated in Table 3, where the values for Gibbs free energy of
ion transfer from water to MeCN obtained for the ClO4

� ion
using L1- to L3-modified electrodes immersed in Bu4NClO4,

Figure 6. Variation with the molar fraction of organic solvent of the
SWV peak potentials for L1-modified graphite electrodes immersed into
0.10 M Et4NCl/MeOH + 0.10 M NaCl/H2O (open squares) and 0.10
M LiClO4/MeOH + 0.10 M LiClO4/H2O (solid squares) mixtures.
Curves represent the best polynomial fit of experimental data, with a
potential step increment of 4 mV, square wave amplitude of 25 mV, and
frequency of 5 Hz.
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Et4NClO4, LiClO4, and NaClO4 electrolytes are summarized.
Using the Emp

w or Emp
solv values relative to the BBCr+/BBCr

couple, the Gibbs energy of ion transfer from water to MeOH
and MeCN was estimated for tested anions. The obtained values
are summarized in Table 4, where the average values calculated
from data at L1 to L4 complexes for MeOH, and L1 to L3
complexes for MeCN are reported and compared with literature

data.4,67 A satisfactory agreement was obtained between the
ΔG�t calculated here and those reported in literature although,
obviously, in the cases of limited solubility of the electrolyte,
the uncertainty of the free energies estimated here is relatively
high. In spite of this, the obtained ΔG�t and ΔG�solv (vide infra)
values fall within the range of literature values, where discrepan-
cies until ca. 10 kJ 3mol�1 exist for values calculated by different
sources.4�7,67,68

To obtain the free energy of ion solvation in a given solvent,
the above ΔG�t values can be combined with available ΔG�solv
values to obtain the corresponding anion solvation Gibbs energy
in the problem solvent. Interestingly, the values of the midpeak
potentials or, equivalently, the corresponding difference ΔG�e-
(LX) � ΔG�e(L) can be correlated with the free energy of
solvation, ΔG�solv(Xm�) for a given anion in a given solvent. As
previously described,48 such plots can be used for estimating the
Gibbs energy of solvation of anions like PF6

� for which there is no
disposal of salts suitable for experiments in aqueous solution.Table 5
summarizes the ΔG�solv(Xm�) values estimated for the studied
anions from our ΔG�wfs(X

m�) values obtained from electro-
chemical data. In view of the high solubility of {Ln+ 3 3 3 (n/m)X

m�}

Table 2. Statistical Parameters for Polynomial Fit of Emp vs x (= xorg) Curves for the Studied Anions in MeOH�Water Mixturesa

anion solvents xorg interval equation

Cl� water�MeOH 0 < x < 0.525 Emp = 464x3 � 347x2 � 403x + 464 (r = 0.998)

ClO4
� water�MeOH 0 < x < 1 Emp = 84x3 � 153x2 � 22x + 230 (r = 0.9990)

a Peak potentials in mV obtained from SWVs at L2-modified electrodes immersed into 0.10 M NaCl/water + 0.10 M Et4NCl/MeOH and 0.10 M Li
ClO4/water + 0.10 M LiClO4/MeOH. Potential in mV vs Fc+/Fc.

Figure 7. Variation of the peak potential in SWVs of L1-modified
electrodes in contact with Na2SO4/(water + MeCN) and KH2PO4/
(water + MeCN) mixtures (total concentration of the anion 0.10 M).
Curves represent the best polynomial fit of experimental data with a
potential step increment of 4 mV, square wave amplitude of 25 mV, and
frequency of 5 Hz.

Figure 8. Thermochemical cycle used to describe the oxidation of the
studied complexes when the reduced form is insoluble, while the
oxidized form is soluble in the solvent.

Table 3. Free Energy of Ion Transfer from Water to MeCN
(ΔG�wfs, kJ 3mol�1) Obtained for the ClO4

� Ion Using L1 to
L3-Modified Electrodes Immersed in Different Electrolytesa

electrolyte L1 L2 L3

Et4NClO4 6.2( 0.2 7.0( 0.4 7.0 ( 0.4

Bu4NClO4 6.4( 0.2 6.6( 0.2 6.2( 0.3

LiClO4 7.3( 0.3 7.2( 0.4 6.8 ( 0.4

NaClO4 6.8( 0.4 7.6( 0.4 7.3( 0.4
a From CVs at MeCN�water mixtures containing the electrolyte in a
0.10 M concentration.

Table 4. Free Energy of Anion Transfer from Water to
MeOH and MeCNa

anion ΔG�t(wfMeOH) ΔG�t(wfMeCN)

F� 26 ( 2b 65 ( 5b

Cl� 13.5 ( 1.2b (12.5;c 13.7d) 36 ( 2b (37.6;c 31.4d)

Br� 11.5 ( 1.5b (10.4;c 11.4d) 36 ( 2b (37.6;c 31.4d)

NO3
� 2.0 ( 0.5b 12.0 ( 0.6b

ClO4
� 5.8 ( 0.2b (5.7d) 7.2 ( 0.4b (4.0d)

SO4
2� 36 ( 2b 52 ( 3b

HCO3
� 21 ( 1b 32 ( 2b

CO3
2� 41 ( 3b 126 ( 12b

H2PO4
� 29 ( 3b

PO4
3� 158 ( 12b

aAverage values in kJ 3mol�1 from experimental data at L1- to L4-
modified electrodes immersed into different electrolytes. bThis work.
c From Kelly et al.4 d From Cox and Waghorne.67
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for phosphate-type ions in MeCN�water mixtures (see
Figure 7), no estimates of ΔG�wfs(X

m�) were made for
H2PO4

� and PO4
3� anions. To use a consistent series of Gibbs

energy of hydration, the ΔG�hyd(Xm�) values tabulated by
Moyer and Bonnesen68 have been taken. As indicative of the
self-consistency of the obtained results, the calculated values of
ΔG�solv(Xm�) in MeOH and MeCN present an excellent
correlation with the ΔG�hyd(Xm�) values, as can be seen in
Figure 9, where the ΔG�solv(Xm�)/m2 ratios for MeOH and
MeCN are plotted versus the ΔG�hyd(Xm�)/m2 ratio using data
in Table 5 and previously reported values.48 The use of such
ratios is derived from the well-known Born expression for the
Gibbs energy of ion solvation.1,2

Excess Gibbs Energies in Solvent Mixtures. As previously
noted, the voltammetric response of L1 to L4 complexes in
contact with MeOH + water and MeCN + water mixtures was in
general qualitatively identical to that obtained in pure solvents. In
several few cases, the voltammetric response was complicated by
the appearance of peak splitting. This is the case of NaNO3 in
water +MeCN solutions depicted in Figure 10. As can be seen in
this figure, at molar fractions of MeCN ca. 0.25, two overlapping
voltammetric peaks appear, both being shifted upon varying the
molar fraction of organic solvent.

This response can be rationalized on considering that ion
solvation in a mixture of two solvents can be modeled in at
least two extreme forms: (i) as mixed solvation, so that a
progressive, “smooth” replacement of the molecules of the
first solvent by the molecules of the second occurs in the
coordination sphere of the ion when the proportion of the
second solvent is increased, and (ii) as separate-like solvation,
where the ion forms different solvates where the coordination
sphere is formed exclusively (or predominantly) by each one
of the solvents.69�74

Peak splitting appearing in several solvent mixtures can in
principle be attributed to kinetic aspects associated to the
electrochemical process described by eq 1. These kinetic com-
plications can tentatively be assigned to desolvation processes
preceding the ingress of the anions into the solid complexes, as
suggested by comparison with theory for the SWV of surface
electrode reaction coupled with preceding chemical reaction.75

The possibility of acquiring information on the structure of the
solvated species from this kind of electrochemical data will be
subject for future research.
In the absence of peak splitting, voltammetric data at

L-modified electrodes can be used for determining the free energy
of ion solvation in binary solvent mixtures and the excess free
energy of ion solvation, ΔG�excess(Xm�). This can be estimated
as the deviation from the actual ΔG�solv(Xm), determined from
voltammetric data for a given composition of the solvent mixture,
and the “ideal” free energy of solvation, ΔG�solv(Xm�)*, calcu-
lated as the weighted contribution of the two solvents. For

Figure 9. Plots of ΔG�solv(Xm�)/m2 ratios for MeOH and MeCN vs
the ΔG�hyd(Xm�)/m2 ratio using data in Table 5 and previously
reported values.48

Figure 10. Square wave voltammograms for L1-modified PIGEs im-
mersed into 0.10 M NaNO3 water + MeCN mixtures with (a) xMeCN =
0.054; (b) xMeCN = 0.126; (c) xMeCN = 0.255. The potential scan was
initiated at +0.05 V in the positive direction with a potential step
increment of 4 mV, square wave amplitude of 25 mV, and frequency of 5
Hz.

Table 5. Free Energy of Anion Solvation in MeOH and
MeCNCalculated fromExperimental Free Energies for Anion
Transfer and ΔG�hyd(Xm�) in Reference 68a

anion ΔG�hyd(Xm�) ΔG�solv(Xm�)MeOH ΔG�solv(Xm�)MeCN

F� �465b �439c �400c

Cl� �340b �327c �295c

Br� �315b �303c �279c

NO3
� �300b �298c �288c

ClO4
� �205b �198c �198c

SO4
2� �1080b �1044c �1028c

HCO3
� �335b �314c �303c

CO3
2� �1315b �1274c �1189c

H2PO4
� �465b �436c

PO4
3� �2765b �2607c

aAverage values in kJ 3mol�1 from experimental data at L1- to L4-
modified electrodes immersed into different electrolytes. b From Moyer
and Bonnesen.68 cThis work.
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water�organic solvent mixtures, this can be written as:

ΔG�excessðXm�Þ� ¼ xorgΔG�solvðXm�Þ
þ ð1� xorgÞΔG�hydðXm�Þ ð11Þ

Introducing the midpoint potentials, ΔG�excess(Xm�) can be
determined as:

ΔG�excessðXm�Þ ¼ ΔG�solvðXm�Þ �ΔG�solvðXm�Þ�
¼ mF½ð1� xorgÞEmpw þ xorgEmp

s � Emp
mix� ð12Þ

where Emp
mix is the midpoint potential for the Xm�-assisted

oxidation process in a binary solvent mixture having a molar
fraction of organic solvent xorg.
The method is limited, however, in cases where the oxidized

form of the complexes becomes soluble in a determined interval
of composition of the solvent mixture, as previously noted. This
can be seen in Figure 11 as the variation of SWV potentials on the
molar fraction of MeOH for L1-modified graphite electrodes
immersed into 0.10 M Na3PO4/(water + MeOH) mixtures.
The values ofΔG�excess(Xm�) calculated from electrochemical

data at L2-modified electrodes for perchlorate and acetate ions in
MeOH +water andMeCN + water binary mixtures are shown in
Figure 12. The obtained results are in agreement with recent
modeling of Kashyap and Biswas76 using the mean spherical
approximation for solvent mixtures.

’CONCLUSIONS

Upon attachment to graphite electrodes, the alkynyl-diphosphine
dinuclear Au(I) complexes L1 and L2 and the heterometallic
Au(I)�Cu(I) clusters L3 and L4 display essentially reversible
ferrocenyl-localized solid-state oxidation processes. Such electro-
chemical processes involve the insertion of anions into the solid
lattice, so that the voltammetric midpeak potentials are anion-
dependent and exhibit a Nernstian-like variation with the concen-
tration of the anion.

Voltammetric data can be used for a direct measurement of the
individual Gibbs energy of anion transfer from one solvent to
another from midpeak potentials in solutions of suitable salts in
each one of the solvents separately or mixtures of the solvents.
This methodology permits us to calculate the Gibbs free energy
of ion transfer in cases where there is no disposal of soluble salts
in a given solvent from polynomial variations of the midpeak
potential with the molar fraction of organic solvent in water
�MeOH and water�MeCN mixtures.

Voltammetric data can be used for determining the actual
Gibbs energy of anion solvation in solvent mixtures and,
combining such data with those for the pure solvents, the excess
free energy of anion solvation in binary solvent mixtures.
Combining the Gibbs energy of ion transfer with available Gibbs
energies for ion hydration, theΔG�solv values for ions in different
solvents can also be estimated. These results illustrate the
inherent capabilities of the VMPs approach for obtaining
thermochemical data.
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