
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

A theoretical study on the spectral and electrochemical properties of
Ferrocene in different solvents

Gianfranco Cattenacci a, Massimiliano Aschi b,⇑, Giuseppe Graziano a, Andrea Amadei c

a Dipartimento di Scienze e Tecnologie Università del Sannio, Via Port’Arsa 11 - 82100 Benevento
b Dipartimento di Scienze Fisiche e Chimiche, Universita’ di l’Aquila, Via Vetoio snc, 67100 l’Aquila, Italy
c Dipartimento di Scienze e Tecnologie Chimiche, Universita’ di Roma Tor Vergata, Via della Ricerca Scientifica, 00100 Roma, Italy

a r t i c l e i n f o

Article history:
Received 17 April 2013
Received in revised form 11 July 2013
Accepted 13 July 2013
Available online 19 July 2013

Keywords:
Molecular Dynamics
UV–Vis spectra
Redox potential
Ferrocene
Solvent effect

a b s t r a c t

A theoretical–computational study based on Molecular Dynamics simulations and Perturbed Matrix
Method (MD–PMM) calculations was carried out for evaluating some properties of solvated Ferrocene
including the UV–Vis spectrum and the redox potential. The results, in rather good agreement with
the experimental values, display that Ferrocene low-lying excited states are scarcely affected by the
change of solvent polarity. On the other hand, the Ferrocene/Ferricinum redox potential show a sharp,
although not dramatic, dependency on the nature of the solvent essentially because of the sensitivity
of the charged Ferricinium species to the solvent electric field fluctuation. The present study is the first
one theoretically addressing, with the use of explicit solvent calculations, the Ferrocene UV spectrum and
the Ferricinium/Ferrocene couple redox potential, a quantity proposed by the IUPAC Electrochemical
Commission as reference electrode potential for non-aqueous solutions.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ferrocene (Fc) is an organometallic sandwich compound with
iron in the formal oxidation state of +2 which has been object of
continuous interest both in fundamental and applied research
areas for many years [1–16]. Recent advanced applications of Fc
have been also proposed in electronics, material sciences [17]
and medicinal chemistry [18,19]. By a more fundamental point of
view, the aspect which has more characterized Fc in the last years
is related to the fact that since 1984 the couple Ferricinium (Fc+)/Fc
has been proposed as the internal reference for reporting electrode
potentials in nonaqueous solutions. As a consequence, a deep
understanding of Fc electrochemical features and, more in general
electronic properties in solution is not only of basic interest but
also important for the standardization of many electrochemical
measurements and theoretical-computational evaluations [20].
Recently the Fc+/Fc redox-potential has been calculated for the first
time making use of quantum-chemical calculations and the Mean-
Field approximation (Polarizable-Continuum Model) for describing
the interaction with the solvent [21].

In this study we propose a theoretical-computational reap-
praisal of Fc+/Fc redox potential making use of a somewhat differ-
ent strategy. In particular we adopt a theoretical-computational
methodology, based on Molecular Dynamics (MD) simulations

[22] and Perturbed Matrix Method (PMM) calculations, hereafter
termed as MD–PMM, which has been at the center of much
of the efforts of our laboratory in the last years [23–27]. The
main aim of MD–PMM approach is to provide a theoretical-
computational perspective able, at least in principle, to preserve
both the typical accuracy of the state-of-the-art quantum-chemical
calculations and the ability of atomistic MD of exploring a
semi-classical configurational space of whatever complexity. Both
these aspects are indeed important for correctly modeling a
thermodynamic property such as the Fc+/Fc redox potential
which in principle may involve different conformational and
electronic states.

MD–PMM is a theoretical-computational approach based on
perturbation theory which, similarly to the most popular Quantum
Mechanics–Molecular Mechanics (QM/MM) methods [28] begins
with the predefinition of a sub-portion of the whole system (in this
case Fc) whose quantum (e.g. electronic) degrees of freedom are
explicitly treated in semiclassical interaction with the electrostatic
field produced by the rest of the system (in this case the solvent)
along the MD simulation. Given the wide repertoire of quantum-
chemical levels of theory and available force-fields, a fruitful appli-
cation of MD–PMM requires a careful calibration of the computa-
tional set-up, in particular for obtaining a physically coherent
simulation and a good description of ground and excited electronic
states of the species under investigation (see Methods section). For
these reasons in this study we have initially concentrated our
attention on the full reproduction of Fc UV–Vis absorption spectra
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in different solvents to be subsequently utilized for the Fc+/Fc re-
dox potential.

2. Theoretical and computational section

2.1. Molecular Dynamics simulations and Perturbed Matrix Method
calculations

Twelve MD simulations were performed with the GROMACS [29]
software package, putting the Fc molecule frozen at the center of
a cubic box of solvent. Fc can exist in two possible conformations:
eclipsed (hereafter termed as D5h form) and staggered (hereafter
termed as D5d form). In the MD simulations the ground state opti-
mized geometry was utilized (see next subsection). GROMOS96
[30] and OPLS-AA [31,32] parameters were applied to:ethanol
(GROMOS96) at density of 785 kg/m3, methanol (GROMOS96) at
density of 786 kg/m3, acetonitrile (OPLS-AA) at density of 786 kg/
m3, ethanol (OPLS-AA) at density of 785 kg/m3 and n-hexane
(OPLS-AA) at density of 649 kg/m3. Further calculations were also
carried out in water at the density of 1000 kg/m3, using SPC model
[33]. The trajectories in water, acetonitrile, n-hexane, ethanol and
methanol, were extended up to 10 ns in the NVT (300 K) ensemble,
using an integration step of 2.0 fs, and keeping the temperature
constant by the Berendsen [34] temperature coupling, all bonds
were constrained using the LINCS [35] algorithm. The particle
mesh Ewald [36] method was used to compute the long range
interaction with a grid search of 0.12 nm, while a cut-off radius
of 0.9 nm was employed for short range interaction.

MD simulations were then utilized for PMM procedure, to ob-
tain the Fc UV–Vis electronic spectra and the Fc+/Fc redox poten-
tials. PMM methodology consists in selecting a portion of a
complex molecular system, defined as quantum center (QC), to
be treated at electronic level, in this case Fc, and a perturbing elec-
tric field generated by the molecular environment, in the present
study the solvent molecules. Defining with rn the QC coordinates
(fixed geometry), r0 the QC center of mass and x the atomic coor-
dinates of the perturbing environment, we can formulate the elec-
tronic Hamiltonian operator as:

~Hðrn;xÞ ¼ ~H0ðrnÞ þ qTVðr0;xÞ þ ~ZðEðr0;xÞ; rnÞ þ DUðrn;xÞ ð1Þ

where ~H0ðrnÞ is the unperturbed Hamiltonian operator of QC, qT is
the QC total charge, V(r0, x) and E(r0, x) are the perturbing electric
potential and electric field exerted by the atomic charges of the sol-
vent atoms (with coordinates x) during the simulation acting on the
QC center of mass r0, with Z(r0, x) being the perturbation energy
matrix whose generic Zl,l’ elements is given by:

Zl;l0 ¼ �E � hU0
l jl̂jU

0
l0 ji ð2Þ

where l̂ is the electric dipole operator, Ul
0 the unperturbed elec-

tronic Hamiltonian eigenfunctions, obtained by quantum chemical
calculation in ideal gas conditions for QC (see below) at its rn geom-
etry. Finally, DU(rn,x) approximates all the perturbation higher or-
der terms as a short range potential. Diagonalization of matrix (1) at
each MD frame produces a trajectory of perturbed eigenvalues ei

and eigenvectors for the QC. Perturbed eigenvectors can then be
used to evaluate whatever perturbed QC electronic property, such
as perturbed excitation energies and transition dipoles lij necessary
to calculate the QC electronic spectra in solution without the inter-
nal quantum vibrational contribution. With the above procedure we
have evaluated the Fc electronic spectra in different solvents.

The same procedure has been utilized for evaluating Fc+/Fc re-
dox potentials in different solvents. At this purpose we have uti-
lized the previously described MD simulations and evaluated the
free energy for the related semi-reaction:

FcþðsolÞ þ 1e� ¼ FcðsolÞ ð3Þ

with the PMM method as follows.
In this formal reaction, Fc and Fc+ should include both the D5h

and D5d conformations. At the same time, whereas for Fc the sin-
glet state is by far the most stable one, Fc+ conformations should
in principle include both doublet and quartet magnetic states. It
follows that for the standard reaction free energy (Dl�) for semi-
reaction (3), defined at infinite dilution excluding the contribution
of the electron as

Dlo ¼ �RTIn
½Fc�
½Fcþ�

ð4Þ

we should consider the equilibrium concentrations (population) of
oxidized and reduced species, that is:

½Fc� ¼ ½FcðD5hÞ� þ ½FcðD5dÞ� ð5aÞ

½Fcþ� ¼ ½2FcþðD5hÞ� þ ½2FcþðD5dÞ� þ ½4FcþðD5hÞ� þ ½4Fcþ ðD5dÞ� ð5bÞ

within this definition the free-energy can be written as

Dlo ¼ RTIn
ebDli þ ebDlii þ ebDliii þ ebDliv

1þ ebDlv

� �
ð6Þ

In this equation b = �(RT)�1, each of the Dlx is the standard free
energy for the reactions i–v below reported and involving the dif-
ferent Fc and Fc+ chemical states (geometries and magnetic states
5a–5b)

(i). FcðD5hÞðsolÞ ¼ 2FcþðD5hÞðsolÞ þ 1e�

(ii). FcðD5hÞðsolÞ ¼ 2FcþðD5dÞðsolÞ þ 1e�

(iii). FcðD5hÞðsolÞ ¼ 4FcþðD5hÞðsolÞ þ 1e�

(iv). FcðD5hÞðsolÞ ¼ 4FcþðD5dÞðsolÞ þ 1e�

(v). FcðD5hÞðsolÞ ¼ FcðD5dÞðsolÞ

Each of the above Dlx values (x = i, ii . . . v), which in general can
be considered as associated to chemical transitions from a generic
species a to another species b, has been evaluated through MD-
PMM using the standard relationship for the Helmholtz free energy
in the simulated canonical ensemble [27]

Dlx ¼ �RTInhe
Deb�a

RT ia � RTIn
Qv;b

Qv;a
ð7Þ

In Eq. (7) Qv,a and Qv,b are the perturbed vibrational partition
functions of reactants and products, Deb–a = eb–ea is the difference
in the electronic energies of the species a and b, evaluated by diag-
onalization of perturbed electronic Hamiltonian Eq. (1) at each step
of the MD simulations with the solvated QC (the Ferrocene or the
Ferricinium ion) frozen in the chemical state a (ensemble a). Note
that, on the purpose, the unperturbed states for the QC in both the
reactants (e.g. a) and products (e.g. b) chemical states are required
whereas for the simulation the parameters of the chemical state a
have been utilized. In this study Fc(D5h) has been used as the ref-
erence state (chemical state a). Hence, from Eqs. (6) and (7) and
applying the Nernst equation and the absolute standard hydrogen
electrode potential [37] we have obtained the Fc+/Fc redox poten-
tial in different solvents, i.e. according to different MD simulations
however utilizing the same basis set (Ul�, see Eqs. 1 and 2) deter-
mined in vacuum for all the chemical states (5a)–(5b) involved in
the reactions from i to v which were obtained by means of standard
quantum-chemical calculations as described in the next subsec-
tion. It is important to remark that the second term in Eq. (7)
involving vibrational partition functions, revealed as smaller than
the accuracy of the employed method, has been omitted in the re-
ported results.
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2.2. Quantum-chemical calculations

In the initial part of the study we carried out gas-phase (hereaf-
ter termed as unperturbed) quantum-chemical calculations, neces-
sary for deriving Fc ad Fc+ geometries and atomic charges, to be
used in the MD simulations, as well as the electronic eigenstates
Ul

0 (ground and vertical excited states) to be used within PMM
procedure as previously described.

The geometries of unperturbed Fc singlet state and Fc+ doublet
and quartet magnetic states, both in the D5h and D5d conformations
have been studies using two methods: (i) Density Functional The-
ory (DFT) [38] using hybrid functional Becke-3 exchange correla-
tion functional [39] with Lee–Yang–Parr correlation functional
[40] (B3LYP) and the 6-311++G⁄⁄ atomic basis set; and (ii) the
Møller-Plesset perturbation theory (MP2) [41,42] with the 6-
31G⁄ basis sets.

The optimized geometries (DFT and MP2, practically the same)
were then utilized to perform Configuration Interaction (CI) up to
quadruple excitations with 18 electrons in 13 orbitals in conjunc-
tion to 6-31G⁄⁄ basis set and using the Kohn–Sham orbitals [43,44].
These last calculations provided us with the unperturbed basis sets
to be utilized for MD-PMM calculated Fc UV–Vis spectra (Ul� in
Eqs. (1) and (2)) and Fc/Fc+ redox potential in different solvents
Eqs. (1), (2) and (6). Additional calculations applying Time Depen-
dent Density Functional Theory (TDDFT) [45] methods, using
B3LYP and PBE0 [46] functionals, were also carried out to be com-
pared with the previous CI calculations.

Fc atomic point charges, to be used in the MD simulations, have
been evaluated by using CHELPG [47,48] method. For the iron a va-
lue of 0.20 a.u. was found whereas values of�0.11 a,u, and 0.09 a.u.
were obtained for carbon and hydrogen atoms, respectively. The
Gaussian 03 [49] package were used for density functional
(B3LYP and PBE0), MP2, TDDFT and CHELPG calculations while
the Gamess US [50] package were used for density functional
(B3LYP) and subsequent CI calculations.

3. Results and discussion

3.1. Ferrocene and Ferricinium unperturbed ground state geometries

In Table 1, the unperturbed DFT and MP2 results, not in dis-
agreement with the values experimentally estimated [1,2] show
that Fc eclipsed conformation is the most stable in gas-phase.
MP2 and DFT seem to behave in a rather different fashion although
the energy differences are widely within the generally accepted
chemical accuracy of 2.0 kcal/mol.

The Fc and Fc+ gas-phase optimized structures at B3LYP/6-
311++G⁄⁄ in all the plausibly accessible magnetic states are sche-
matically shown in Fig. 1. Note that the result at MP2 level are
practically the same. It is important to remark that Fc+ in both
the D5h and D5d symmetries, presents a different level of distortion,
less pronounced for doublet and stronger for quartet. Correspond-
ing geometrical parameters, calculated for Fc(D5h) and reported in
Table 2, are in good agreement with experimental data [3]. Also the
bond lengths obtained for both symmetries in 2Fc+ are in good
agreement with previous theoretical calculations and X-ray studies
reported in literature [4]. For 4Fc+ the bond lengths vary dramati-
cally conferring a distorted equilibrium for both D5h and D5d

structures which, as previously suggested [4], might be considered
as a consequence of increase of iron charge density. All these
geometries have been utilized for calculating Fc electronic vertical
excited states as described in the next subsection.

3.2. Ferrocene vertical electronic excitations in gas-phase

Experimental UV–Vis spectrum of gaseous Fc [6] is characterized
by seven absorption bands ranging from 530 to 200 nm. In the range
250 and 600 nm, which we will concentrate on in this study, four
weak transitions at 529, 459, 417 nm have been previously
hypothesized as d–d transitions. The stronger bands have been

Table 1
Differences in gas-phase conformational energies for Ferrocene.

B3LYP/6-311++G⁄⁄ MP2/6-31G⁄ Experimental

DE1Fc(D5d)–1Fc(D5h) 2.0 kjoule/mole 7.1 kjoule/mole 3.77 kjoule/mole (0.9(3) kcal/mol, Ref. [1])
DE2Fc+(D5d)–2Fc+(D5h) 1.3 kjoule/mole 4.1 kjoule/mole –
DE4Fc+(D5d)–4Fc+(D5h) 2.2 kjoule/mole 4.6 kjoule/mole –

Fig. 1. Optimized structures at B3LYP/6-311++G⁄⁄ level theory for (a) Fc(D5h), (b)
Fc(D5d), (c) Ferricinium doublet D5h, (d) Ferricinium doublet D5d, (e) Ferricinium
quartet D5h, (f) Ferricinium quartet D5d.
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assigned as metal to ligand charge transfer [6,8]. CI/6-31G⁄⁄ gas-
phase calculations for singlet Fc, have been reported in Table 3 and
compared both to the already cited experimental studies. Note that
additional calculations, carried out using TDDFT(B3LYP)/6-
311++G⁄⁄ and TDDFT(PBE0)/6-311++G⁄⁄ and reported in the Supple-
mentary information, produced slightly less good results.

In Table 4 we have also reported the norm of the calculated
unperturbed electric dipoles (in Debye) for the ground and the ex-
cited vertical states. Considering that our data do not contain vib-
ronic effects and hence might be plausibly affected by systematic
discrepancies in the assignment of the actual absorption maxima,

the agreement is rather satisfactory. In line with experimental re-
sults, the weak S1 S0 to S6 S0 transitions transition have been
assigned, through analysis of CI eigenvectors and inspection of di-
pole variations in Table 6, to d–d transitions whereas the other
more intense transitions were assigned as metal to ligand charge
transfer.

3.3. MD–PMM based UV–Vis spectra of Ferrocene in different solvents

The previous set of calculations in the gas-phase provided the
orthonormal set of ground and (vertical) electronic excited states
for expressing the perturbed Hamiltonian operator Eq. (1) neces-
sary for evaluating Fc perturbed vertical excitations in various sol-
vents utilizing MD simulations and PMM procedure. We hereafter
refer to these calculations with the already introduced acronym
MD–PMM. We wish to remark that all the reported calculated
spectra, for each solvent, were obtained considering the UV–Vis
excitation energy distribution of Fc for D5h and D5d, (i.e. utilizing
the unperturbed basis set, U�D5 h and U�D5d obtained in corre-
spondence of the ground state geometry) which was subsequently
weighted utilizing the difference between their Helmholtz free en-
ergy in solution phase as provided by MD–PMM method utilizing
Eq. (6). Note that for all the systems we have only reported the fig-
ures referring to the whole spectra, i.e. obtained by convoluting all

Table 2
Structural parameters for gaseous Fc and Fc+ in different magnetic states calculated at B3LYP/6-311++G⁄⁄ level theory.

Fe–C5 (ÅA
0

) Fe–C (ÅA
0

) C–C (ÅA
0

) C–H (ÅA
0

) \C–C–C (�)

Experimental [3] 1.655 2.054 1.435 1.080 108.0
1Fc(D5h) 1.685 2.076–2.077 1.426 1.080 108.0
1Fc(D5d) 1.689 2.079–2.080 1.426 1.080 108.0
2Fc+(D5h) 1.707 2.093–2.097 1.427–1.428 1.080 108.0
2Fc+(D5d) 1.708 2.095–2.096 1.427–1.428 1.080 108.0
4Fc+(D5h) 1.882 2.173–2.322 1.396–1.444 1.080–1.081 107.3–108.2
4Fc+(D5d) 1.882 2.193–2.307 1.392–1.448 1.080–1.081 107.3–108.2

Table 3
Experimental (absorption maxima) and calculated (vertical) gas-phase UV–Vis transitions at CI/6-31G⁄⁄ level (see text). When degenerate, the transitions are reported only once
in the same entries. In parenthesis we have reported the corresponding oscillator strength.

Experimental [6] 529 nm 459 nm 417 nm 325 nm 265 nm

Calculated S1 S0,S2 S0 S3 S0, S4 S0 S5 S0, S6 S0 S7 S0, S8 S0 S9 S0

CI/6-31G⁄⁄(D5h)# 516.6 nm (0.0) 476.9 nm (0.0) 317.9 nm (0.0) 263.8 nm (3.1 � 10�1) 253.0 nm (4.1 � 10�1)
CI/6-31G⁄⁄(D5d) # 516.6 nm (0.0) 476.9 nm (0.0) 317.9 nm (0.0) 263.8 nm (1.1 � 10�2) 253.0 nm (1.8 � 10�2)

# Structures optimized at level theory B3LYP/6-311++G⁄⁄ (see text).

Table 4
Gaseous Fc CI/6-31G⁄⁄ norm of electric dipoles (Debye).

D5h D5d

S0 4.0 � 10�4 5.3 � 10�3

S1 1.8 � 10�2 1.1 � 10�2

S2 1.6 � 10�2 1.4 � 10�2

S3 5.7 � 10�3 2.0 � 10�2

S4 7.6 � 10�3 1.3 � 10�2

S5 7.7 � 10�3 1.1 � 10�2

S6 3.9 � 10�3 1.4 � 10�2

S7 2.7 5.4 � 10�1

S8 2.8 5.3 � 10�1

S9 3.3 6.5 � 10�1

Table 5
Calculated MD-PMM vertical transitions (maxima, nm) of Fc in methanol. Experi-
mental maxima (reference [9]) are also reported for comparison (in nm).

Transitions Calculated absorption maxima in
methanol (GROMOS96)

Experimental
(298 K, nm)

S1 S0 517.0 442 (large, low-
intensity)S2 S0 516.4

S3 S0 476.8
S4 S0 476.8
S5 S0 317.8 325
S6 S0 317.6
S7 S0 267.2 271 (large, high

intensity)S8 S0 263.1
S9 S0 253.0

Table 6
Calculated MD–PMM vertical transitions (maxima, nm) of Fc in ethanol (GROMO96
and OPLS-AA force-field). Experimental maxima (Ref. [9]) are also reported for
comparison (in nm).

Transitions Calculated absorption
maxima in ethanol

(GROMSO96) force-
field

Calculated
absorption maxima

in ethanol (OPLS-AA)
force-field

Experimental
(298 K, nm)

S1 S0 517.0 517.0 439 (large,
low-
intensity)

S2 S0 516.4 516.4
S3 S0 476.8 476.8
S4 S0 476.8 476.8
S5 S0 317.8 317.8 325
S6 S0 317.6 317.6
S7 S0 267.0 269.0 277 (large,

high
intensity)

S8 S0 264.8 264.4
S9 S0 253.0 252.9

G. Cattenacci et al. / Inorganica Chimica Acta 407 (2013) 82–90 85



Author's personal copy

the signal of all the species each with its own statistical weight. In
this respect it is worth to note that in all the investigated solvents
the D5d–D5h transition turned out to be characterized by a free en-
ergy variation Eq. 7) of �2.2 kJoule/mole thus indicating a scarce
solvent effect on the rotation barrier. The absorption maxima and
related intensities for the different conformers are reported in
the Supplementary Information. Before addressing in detail the re-

sults from the different solvents utilized, it might be helpful to re-
mark in advance some general behavior observed in all the
systems. First of all it turns out that the D5d conformation, irrespec-
tive of the nature of the solvent systematically shows intensities
for the electronic transitions from S1 S0 to S4 S0 and S6 S0

more pronounced than the D5h conformation. On the other hand
the spectral behavior of the two rotamers turns out to be inverted

Fig. 2. Fc spectra at MD–PMM level theory in methanol (Inset a), ethanol-Gromos96 (Inset b) and ethanol-OPLS (Inset c).

86 G. Cattenacci et al. / Inorganica Chimica Acta 407 (2013) 82–90
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for S7 S0 to S9 S0 electronic transitions, while vertical transi-
tion S5 S0 appear more slightly intense for D5h form in protic sol-
vents, and for D5d in aprotic solvents.

In general all the calculated spectra, in good agreement with
experimental observations, present a very intense band at
�250 nm corresponding to the S9 S0 transition, essentially inde-
pendent from the solvent polarity and systematically characterized

by a tail ascribable to subpopulations of solvation shell configura-
tions which produce a destabilization of the Fc excited state with
respect to the Fc ground state. On the other hand the large signal
experimentally detected between 350 and 530 nm is not perfectly
reproduced in our simulation and should probably arise from the
merging of signals from S1 S0 to S4 S0 (which in turn are also
present in the gas-phase experimental data, see Table 3 and see

Fig. 3. Fc spectra at MD–PMM level theory in n-hexane (Inset a), acetonitrile (Inset b) and water (Inset c).

G. Cattenacci et al. / Inorganica Chimica Acta 407 (2013) 82–90 87
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below) enlarged from solvent and vibronic effects. Note that, with
the exception of ring mutual rotation, all the other Fc semiclassical
and quantum vibrations are not included in our calculations. Also
the third peak, experimentally detected at about 320 nm, is rather
well reproduced from our calculations and turns out to be the
result of the merging of the low-intensity S6 S0 and S5 S0

transitions producing a band at about 318 nm. It is also important
to underline that the experimental spectra [9], taken as reference

in this work, were obviously obtained in conditions of concentra-
tion not perfectly coincident with the infinite dilution adopted in
our MD simulations. This might produce systematic discrepancies
between calculated and experimental data.

Let’s first consider the MD–PMM calculated UV–Vis spectrum of
Fc in methanol (using GROMOS96 parameters), shown in Fig. 2(a).
The related transitions are also reported in Table 5. Comparison be-
tween calculated and experimental spectral maxima shows a very
good general agreement for the values at 268 and 318 nm and the
already remarked discrepancies emerging at low energies.

Results very similar to the previous one were obtained using
ethanol for which we have applied two different force field param-
eters (GROMOS96 and OPLS-AA). The related MD–PMM computed
spectra are shown in Fig. 2(b) and (c). The resulting maxima are re-
ported in Table 6. In this case it will only suffice to remark the al-
most perfect overlap between the results raising from the two
solvent-models with the exceptions concerning the intensities of
the band from S8 S0 which result more pronounced when GRO-
MOS force field is utilized.

The MD–PMM results in n-hexane, acetonitrile (using OPLS-AA
parameters in both cases) and water are shown in Fig. 3 and the
corresponding transitions and experimental maxima are reported
in Tables 6–9 respectively. In the case of n-hexane and acetonitrile,
although the assignment and interpretation of various maxima are
very similar to the previous results in methanol and ethanol, two
additional aspects deserve a further comment. First of all our calcu-
lations show, also in the case of n-hexane, two intense peaks be-
tween 249–253 nm and 262–268 nm not reported in the
available experimental data. Secondly, if compared to the spectra
evaluated in more polar solvents, these spectral profiles, in partic-
ular the spectrum in n-hexane appear less enlarged, and obviously
less noisy. This is due to the scarce perturbing effect produced by
the solvent electric field on the Fc electronic state.

In the case of water, although experimental data are unavailable
we observe that all the features already observed for polar solvent

Table 7
Calculated MD-PMM vertical transitions (maxima, nm) of Fc in n-hexane (OPLS-AA
force-field). Experimental maxima (Ref. [9]) are also reported for comparison (in nm).

Transitions Calculated absorption maxima in n-
hexane (OPLS-AA)

Experimental
(298 K, nm)

S1 S0 516.4 441 (large, low-
intensity)S2 S0 516.4

S3 S0 476.8
S4 S0 476.8
S5 S0 317.6 325
S6 S0 317.6
S7 S0 263.7 Not reported
S8 S0 263.4
S9 S0 252.9

Table 8
Calculated MD-PMM vertical transitions (maxima, nm) of Fc in acetonitrile (OPLS-AA
force-field). Experimental maxima (Ref. [9]) are also reported for comparison (in nm).

Transitions Calculated absorption maxima in
acetonitrile (OPLS-AA)

Experimental
(298 K, nm)

S1 S0 517.0 440 (large, low-
intensity)S2 S0 516.4

S3 S0 476.8
S4 S0 476.8
S5 S0 317.8 324
S6 S0 317.6
S7 S0 268.8 272 (large, high

intensity)S8 S0 263.1
S9 S0 252.9

Table 9
Calculated MD–PMM vertical transitions (maxima, nm) of Fc in water (SPC force-
field).

Transitions Calculated absorption maxima in water
(SPC model)

Experimental
(298 K, nm)

S1 S0 517.0 not available
S2 S0 516.4
S3 S0 476.8
S4 S0 476.8
S5 S0 317.8 not available
S6 S0 317.6
S7 S0 271.0 not available
S8 S0 264,8
S9 S0 252.7

Table 10
MD–PMM-Calculated redox potentials redox for Fc+/Fc, experimental potentials redox and MD–PMM-calculated Fc absolute oxidation free-energies.

Solvent-force field MD–PMM-redox potential
(SHE, 300 K)

Experimental redox potential
(Ref. [10], SHE, 295 K)

MD–PMM-absolute free energy
(kJoule/mole) (300 K)

Water-SPC 0.54 ± 0.05 V 0.39 ± 0.04 V 481 ± 5
Methanol-GROMOS96 0.59 ± 0.05 V 0.62 ± 0.02 V 485 ± 5
Ethanol-GROMOS96 0.79 ± 0.04 V 0.68 ± 0.02 V 505 ± 5
Ethanol-OPLS-AA 0.77 ± 0.07 V 0.68 ± 0.02 V 503 ± 5
Acetonitrile-OPLS-AA 0.88 ± 0.06 V 0.71 ± 0.02 V 513 ± 5

Fig. 4. Radial distribution function of the different solvents with respect to Fc
center of mass as emerged by MD simulations.
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are amplified. Of particular interest is the large peaks affected by a
large noise due to the strongly perturbing effect of water
molecules.

In conclusion, the investigation of the Fc spectra in different sol-
vent, rather well reproduced are characterized by a scarce effect of
the solvent on the position of the maxima but a clear effect on the
line shape. In any case, considering the actual goal of this first part
of the study, the present data indicate that the CI/6-31G⁄⁄ eigen-
vectors might constitute a good basis set for evaluating the re-
sponse of the QC from solvent perturbation to be used in the
MD–PMM theoretical prediction of the redox potentials of solvated
Fc as explained in the next subsection.

3.4. Redox potential

The satisfactory performances obtained using MD-PMM ap-
proach for evaluating Fc spectral features, allowed us to utilize
the same procedure for addressing (Eqs. (6)–(7)) the redox poten-
tial which, as previously underlined, is the central aim of this
study. The redox potentials were calculated in methanol (GRO-
MOS96), water (SPC), ethanol (GROMOS96, OPLS-AA) and acetoni-
trile (OPLS-AA). Before entering into the details of the results we
should preventively remark that, because of the method utilized,
although the redox potential differences in the various solvents
(i.e. the data we will mainly focus on) only depend on the utilized
force fields, the related absolute values might be very sensitive to
the gas-phase Fc ionization energy (I.E.). Hence, as concisely re-
ported in the Supplementary information, for the sake of brevity
we will only report the MD-PMM results based on the MP2 Fc
I.E. which provided the best performance. Two additional aspects,
emerged by our MD simulations, are also to be preliminarily
addressed

i. As already stated (subsection 3.3), ground state (singlet) Fc
is characterized, in all the solvents, by the D5h species as
the conformation with a probability larger than 90%

ii. Fc+ is present in all the investigated solutions as 2Fc+(D5h)
with the other species representing fractions below 5% of
the whole population of the oxidized species.

Results from the application of Eqs. (6)–(7) are reported in Ta-
ble 10. In the same Table the uncertainty is also reported as stan-
dard errors utilizing three sub-portions of the MD trajectories. In
practice all the trajectories have been divided in three sub-trajec-
tories, on each of these portions we have evaluated the corre-
sponding redox potential. Hence the values reported on the
Table correspond to the average value of these three ‘measures’ af-
fected by the related estimation of the standard error. It is impor-
tant to remark that the reported experimental redox potentials are
available with the Silver Chloride Electrode saturated as standard
reference electrode at 22 �C [10]. Hence the Standard Hydrogen
Electrode (SHE) referenced potentials reported in Table 10 were
obtained by taking the estimated Absolute Electrode Potentials
(4.44 ± 0.02 V as defined by Trasatti [37,51]). We wish to remark
that this value and its applications to non-aqueous systems is still
controversial [13,21,52]. In any case the actual free energies of the
semireactions are also reported in the same Table.

Results indicate that our data are, within the standard error and
the above cited systematic discrepancies, in rather good agreement
with the experimental data. In line with previous theoretical stud-
ies [21] also from the present investigation, Fc+/Fc redox potential
turns out to be affected by the solvent polarity even though, as pre-
viously emerged, the same property does not seem to significantly
affect the UV–Vis absorption maxima. This is an interesting aspect
which deserves additional comment.

On the purpose we more carefully have analyzed the interaction
between the solvent molecules and Fc. In Fig. 4 we have reported
the radial distribution function of the different systems as emerged
by our simulations.

Results indicate sharp differences of the distribution functions.
In particular water appears as the most tightly interacting solvent
showing a high peak at 0.50 nm. All the other solvent are charac-
terized by a similar profiles all peaked at distances higher than
0.50 nm and each of them characterized by differences in the tails
at higher distances. Interestingly two different force fields, utilized
for the same solvent (ethanol), do produce different radial distribu-
tion. These differences qualitatively reflect the observed differ-
ences in the calculated redox potentials. However, more
quantitative aspects might be extracted by our data. In particular,
from inspection of the equation providing us with the MD-PMM re-
dox potential, i.e. the absolute oxidation free energy in Table 10,
we observe the crucial effect of the distribution of perturbed Fc
ionization energy evaluated along the simulation. As a matter of
fact the exponential term in Eq. (7) is expected to be strongly sen-
sitive to the tails of the ionization energy distribution. The related
distributions of solvated Fc ionization energies evaluated in the
different simulations, reported in Fig. 5, although showing a rather
coincident mode sharply differ in their shape producing the ob-
served differences in the redox potentials.

4. Conclusions

Theoretical-computational calculations were carried out, utiliz-
ing a combination of Molecular Dynamics simulations and Per-
turbed Matrix Method calculations, for modeling a series of
important observables of Fc in different solvents. UV–Vis absorption
spectra and the redox potential of the Fc/Fc+ couple were reproduced
with a satisfactory agreement with experimental data utilizing ex-
plicit solvent simulations. Our data, beyond the practical relevance
of providing absolute reduction free energies in various solvents
for the widely utilized standard Fc+/Fc couple, indicate that:

(i). Fc is an apolar species whose ground and first vertical
excited electronic properties are scarcely affected by solvent
polarity

(ii). Fc+, on the other hand, is strongly influenced not only by the
mode but also by the shape of the solvent perturbation dis-
tribution which, essentially, modulates the redox potential
and makes it dependent on solvent nature.

Fig. 5. Distribution of the Fc perturbed ionization energies evaluated from the
simulations in the different solvents using MD-PMM approach (see the term Deb–a

in Eq. (7) with b = Fc+ and a = Fc).
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(iii). Singlet (for Fc) and doublet (for Fc+) magnetic states turn out
to be the most stable irrespective of the environmental
effects considered in this study.

(iv). By a methodological point of view the present study further
confirms the possibility of evaluating explicit quantum
observables in complex atomic-molecular inorganic systems
with the use of relatively cheap calculations and minimizing
the number of adjusting parameters in the basic equations
to be utilized.
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