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Computational methods based on density functional theory have been applied to address the design of tailored
HOMO-LUMO gap bimetallic complexes. We focus our attention on the [Cp*Fe-(L)-FeCp*] system, where two
ferrocenyl units are linked through the dianion of fused ring ligands such as pentalene, s-indacene, dicyclopenta-[b,g]-
naphthalene, dicyclopenta-[b,i]-anthracene and dicyclopenta-[b,l]-tetracene. Our DFT calculations on the title organo-
metallic complexes suggest a controlled decrease in the HOMO-LUMO gap, which is desirable for studies on electron-
transfer phenomena, as well as the design potential devices for molecular electronic purposes.

Introduction

Intramolecular interaction between redox centers medi-
ated by linking ligands is a relevant process in chemical and
biological systems,1 where the electron-transfer process plays
a key role ranging from simple redox reactions to more
complex enzymatic cycles. Since the publication of the mixed
valence (MV) Creutz-Taube ion ([(NH3)5Ru(μ-pyz)Ru-
(NH3)5]

5þ, pyz = pyrazine) in the late 1960s,2 major efforts
have been pursued for the development and understanding of
other MV systems,3,4 due to their unusual spectroscopical

properties5 and their potential application in molecular
electronics6 and catalysis.7

The formation ofMV states between different redox sites is
an intriguing capability of polynuclear metallic complexes,
particularly those with ferrocenyl fragments which are char-
acterized by electronic delocalization betweenmetal centers.8,9

The geometry of the linking ligand certainly determines the
behavior of the electronic communication;9 e.g., the MV bi-
metallic complexes [Cp*Fe-as-indacenediide-FeCp*]þBF4

-,
[Cp*Fe-dicyclopenta-[a,f]-naphthalenediide-FeCp*]þBF4

-,10

and [Cp*Fe-dicyclopenta-[a,h]-anthracenediide-Fe-
Cp*]þBF4

- 11 can be considered class II in the Robin-Day
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framework,12whichmeans a localized valence system.On the
other hand, the MV bimetallic complexes [Cp*Fe-penta-
lenediide-FeCp*]þBF4

-8,9 and [Cp*Fe-s-indacenediide-
FeCp*]þBF4

-8,9 are fully delocalized and considered class
III systems. Hence, fused delocalized polycyclic acene li-
gands, such as pentalenediide and s-indacenediide, are parti-
cularly effective for promoting the interaction between diff-
erent metallic redox sites due to their geometry, rigidity, and
electron-rich π system.8,9

In recent years, molecules that possess a small highest
occupied-lowest unoccupied molecular orbital (HOMO-
LUMO) gap13 have demonstrated a variety of unusual opto-
electronicproperties14a andmultielectron-transferbehaviors,14b

making them attractive targets for studying electron-transfer
phenomena, as well as molecular electronics applications.15

This fact has prompted us to investigate synthetic approaches
for the design of small HOMO-LUMO gap organometallic
systems containing two redox centers in their structure. Thus,
in order to achieve a better understanding of the variation of
the electronic structure in relation to the length of the linearly
annelated linking ligand over the electronic communication
and the HOMO-LUMO gap, DFT calculations have been
done for systems of the type [Cp*Fe-(L)-FeCp*], in which
two permethylated-ferrocenyl fragments ([(Cp*Fe 3 3 3
FeCp*]2þ) are linkedbyanL2- ligand such aspentalenediide
(a, see Scheme 1), s-indacenediide (b), dicyclopenta-[b,g]-
naphthalenediide (c) dicyclopenta-[b,i]-anthracenediide (d),
and dicyclopenta-[b,l]-tetracenediide (e), which can be con-
sidered as the insertion of n benzoid (Bz) moieties between
two fused cyclopentadiene rings,16 where n=0, 1, 2, 3 and 4,
affording a 10, 14, 18, 22, and 26 π e- conjugated ligands,
respectively.

Computational Details

The relativistic density functional theory calculations
were carried out employing the ADF2008.01 code,17 incor-
porating scalar corrections via the two-component ZORA

Hamiltonian.18a,b Geometry optimizations were done under
C2h geometry restraints and, in addition, without any sym-
metry restraint for comparison, via the analytical energy
gradient method implemented by Verluis and Ziegler,18c

employing the triple-ζ Slater basis set plus a polarization
function (STO-TZP) in conjuction with the general gradient
approximation (GGA) as well as Becke’s three parameter
hybrid functionalwith theLee-Yang-Parr correlation func-
tional B3LYP (see Supporting Information for details). Sev-
eral GGA exchange-correlation functionals have been tested
showing similar results to those obtained with TZP/BP86
calculations; thus in the following, we focus our analysis on
the geometrical results provided by TZP/BP86 calculations.
In the paramagnetic counterparts, the presence of symmetry

elements forces the complete electron delocalization between
the metal centers, due to the fact that these centers are
considered equal by the C2 operation of symmetry within the
unrestricted DFT formalism. Therefore, to describe correctly
the metal-metal interaction, it is necessary to treat the metal
atoms as distinct redox centers that behave independently in
both geometry and electronic calculations. This had been
achieved through the use of the broken-symmetry method
(BS),19 developedbyNoodlemanand co-workers,where some
orall symmetryelementsarenot considered in thecalculations.

Results and Discussion

The neutral [(Cp*Fe)2(a)]
9a (1) and [(Cp*Fe)2(b)]

8 (2) and
the hypothetical (not yet synthesized) [(Cp*Fe)2(c)] (3),
[(Cp*Fe)2(d)] (4), and [(Cp*Fe)2(e)] (5) were studied under
C2h geometry restraints, in order to rationalize the results
employing the highest symmetry available for these systems.
However, the C2h results do not differ from those obtained
with C1, without any symmetry restraints. The geometries of
1 and 2 are in reasonable agreement with the experimental
data from refs 8 and 9a (see Table 1).
For themonocationic (paramagnetic)mixed-valencecounter-

parts (1þ, 2þ, 3þ, 4þ, and 5þ), broken symmetry (BS)19

geometry optimizations have been done within the unrest-
ricted DFT formalism, with a modified unsymmetrical start-
ing geometry as well as a starting potential that initially
localizes the unpaired electron on one redox center, neglecting
any symmetry operations (i.e., no symmetry statement), in
order to treat each ferrocenyl fragment as adistinct center that
behaves independently. In all cases, the final self-consistent
(SCF) procedure exhibits a full delocalized paramagnetic
system, with the unpaired electron in the same proportion
on both metallic moieties (see the spin-density in Figure 2).
The HOMO-LUMO gap values for 1, 2, 3, 4, and 5 were

estimated employing two DFT methods for comparison,23

the general gradient approximation (GGA) andBecke’s three-
parameter hybrid functional with the Lee-Yang-Parr cor-
relation functional (B3LYP). Several GGA exchange-corre-
lation functionals have been tested (Supporting Information)

Scheme 1. Fused Delocalized Polycyclic Arenes
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showing similar results to those obtained with TZP/BP86
calculations; thus in the following, we focus our analysis on
the results provided byTZP/BP86 calculations. Note that the
B3LYPHOMO-LUMO gap values are larger than the obt-
ained via GGA, due to the 20% exact Hartree-Fock ex-
change,23 but clearly reproduce the trend suggested by the
GGA calculations (Table 1).
The calculated geometries (Table 1) of 1, 2, 3, 4, and 5

suggest that the (Cp*Fe)þ fragment is bound in an almost η5

coordination mode to the five-member rings of the bridging
ligandwith deviations from7%for 1 to 1%for 5.20Themetal
five-member ring distance decrease for 1, 3, and 5 (i.e., the
even number of Bz moieties), from 1.694 to 1.672 Å, and
increase for 2 and 4, from 1.703 to 1.710 Å.
In order to achieve a better understanding in the

[(Cp*Fe)2]
2þ-[L2-] (L2- = a, b, c, d, and e) interaction,

energy decomposition analysis (EDA) via the Morokuma-
Ziegler scheme21 (Table 1) was carried out for the interaction
energybetween the [(Cp*Fe)2]

2þ and [L2-] fragments, defined
by eq 1:

ΔEint ¼ ΔEtot -ΔEð½ðCp�FeÞ2�2þÞ-ΔEð½L2- �Þ ð1Þ
whereΔEtot refers to the total bonding energy of the complex
(or the negative of the atomization energy), and ΔE([(Cp*
Fe)2]

2þ and ΔE([L2-]) refer to the bonding energy of each
isolated fragment at the geometry that they acquire in the
overall complex. The bonding energy is calculated to be the
difference between the energy of the molecule and that of
their constituent atoms. In this scheme, ΔEint can be further
decomposed in three terms (eq 2), whereΔVelstat accounts for
the electrostatic interaction, ΔEPauli gives the electronic
repulsion due to the Pauli principle, and ΔEorb accounts for

the stabilizing orbital interaction term.21

ΔEint ¼ ΔVelstat þΔEPauli þΔEorb ð2Þ
In this sense, the calculations suggest that the increase of the
orbitalary stabilization term (ΔEorb) into the total stabiliza-
tion energy account for the decrease of the bond lengths for 1,
3, and 5. In contrast, for odd numbers of Bzmoieties (i.e., for
2 and 4), this term induces a slight increase in the bond length.
Moreover, the interaction energy decreases from -397.0
kcal/mol for 1 to -355.8 for 5. The total interaction energy
(ΔEint) shows a slightly electrostatic character (∼55% of the
total energy) compared to the orbital character and decreases
from 1 to 5 due to the increase in the ligand character in the
bonding orbitals of the metal-bridging ligand interaction.
In Figure 1, the TZP/BP86 frontier MO diagram is pre-

sented showing the mainly metallic block of the electronic
structure. The decreasing of theHOMO-LUMOgap from 1
to 5 (Figure 1 and Table 1) must be noted. Particularly 3, 4,
and 5 present small values for the HOMO-LUMO gap,
which are promising for designing systems which can act as
unimolecular rectifiers.13-15 In addition, the isoelectronic
[(Cp*Fe)L(CoCp*)]þ (note the asymmetry in the redox
centers) is envisioned to act as a potential donor-aceptor
rectifier (one-way conductor)13 due to the fact that the
HOMO is centered on the Fe(II) site and the LUMO is
centered on the Co(III) site, with a reversible redox behavior
(see the pentalenediide case from ref 8).
Thus, both GGA and hybrid DFT calculations suggest

that the increase of the benzoid rings between the cyclopenta-
dienyl groups is a plausible synthetic strategy to design
binuclear systems with controlled small HOMO-LUMO
gaps (Table 1). Moreover, the increase of the linking ligand

Table 1. Selected Geometrical Parameters, theHOMO-LUMOGap (H-LGap, eV), and the EnergyDecomposition Analysis (EDA) in kcal/mol of the Bonding Energy of
the (Cp*Fe)2

2þ-(linking ligand)2- Interaction for 1, 2, 3, 4 and 5a

1 2 3 4 5

Fe-C5
b calcdc 1.694 (7%) 1.703 (6%) 1.683 (4%) 1.710 (7%) 1.672 (1%)

exp. 1.640 (5%)e 1.731 (5%) f

H-L gap GGAc 1.439 0.793 0.517 0.348 0.137
hyb.d 3.804 2.553 1.932 1.605 1.220

ΔEPauli
g 336.0 328.7 339.5 322.9 348.7

ΔVelstat
g -404.2 55% -386.6 55% -383.4 54% -369.1 54% -348.8 50%

ΔEorb
g -328.8 45% -320.4 45% -327.1 46% -319.8 46% -355.7 50%

ΔEint
g -397.0 -378.3 -371.1 -365.9 -355.8

a In addition, selected geometrical parameters for 1þ, 2þ, 3þ, 4þ, and 5þ. bDistance between the Cp*Feþmoiety and the centroid located in themiddle
of the cyclopentadienyl ring (C5) of the bridging ligand. Percent deviations from the η5 hapticity are given between parentheses.20 cFrom a TZP/BP86
calculation. dFromaTZP/B3LYP calculation. eFrom ref 9a. fFrom ref 8. gBonding energy or the interaction energy between the [(Cp*Fe)2]

2þ and [L2-]
fragments, ΔEint = ΔVelstat þ ΔEPauli þ ΔEorb,

21 from a TZP/BP86 calculations.

Figure 1. Frontier energy levels of 1, 2, 3, and 4, denoting the HOMO-LUMO gap as suggested from TZP/BP86 calculations.
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contribution to the HOMO and LUMO (Supporting In-
formation) from 4% to 51% and from 10% to 80%,
respectively (Figure 2), suggests that the synthetic manipula-
tion of the bridging ligand certainly varies the energy of the
energy levels (eigenvalues) and is suggested for a fine tailoring
of the HOMO-LUMOgap. Several attempts to increase the
benzoid rings between the cyclopentadienyl groups have been
reported; see for example the synthesis of [Cp*Fe-dicyclo-
penta-[a,f]-naphthalenediide-FeCp*]þBF4

-10 and [Cp*Fe-
dicyclopenta-[a,h]-anthracenediide-FeCp*]þBF4

-.11

For themixed valence states (i.e., 1þ, 2þ, 3þ, 4þ, and 5þ) of
the title compounds, the spin-density suggests that these
systems may behave as class III systems, with an equal
amount of the unpaired electron in both metallic redox
centers (Figure 2) increasing the bridging ligand participation
from 4% to 60% from 1þ to 5þ, respectively. In agreement
with the experimental findings for 1þ and 2þ,8 this allows one
to consider themas class III systems.Thus, it is suggested that
the hypothetical 3þ, 4þ, and 5þ should exhibit similar
behavior to that of 1þ and 2þ. However, it is possible that
3þ, 4þ, and 5þ behave as class II systems in solution, due to
the increased distance between the redox centers.

Conclusion

Our calculations suggest that increasing the length of the
bridging ligand in the studied complexes is a plausible

synthetic strategy to achieve a controlled HOMO-LUMO
gap in bimetallic systems for studies on electron-transfer
phenomena and molecular electronic purposes. In the mixed
valence states (paramagnetic systems), broken symmetry
(BS) calculations suggest a complete delocalization of the
unpaired electron through the whole system that leads to an
equal amount of spin density on both metallic redox centers,
as well as an increasing participation of the bridging ligand
(L2-) as a function of its length. In addition, the calculations
suggest that the proposed systems 3, 4, and 5 are interesting to
synthesize due to their predicted small HOMO-LUMOgap,
which leads to the onset of a conduction band.
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Figure 2. Selected frontier orbital plots (isosurface value at 0.03 au) of the neutral complexes and spin densities of the monocationic counterparts
(isosurface value at 0.3 au), obtained from broken symmetry (BS) calculations.


