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Abstract: Amphiphilic five-coordinate iron(III) complexes
with {N2O2Cl} and {N2O3} coordination spheres are studied
to elucidate the roles of electronic structure on the mech-

anisms for current rectification. The presence of an apical
chlorido or phenolato ligand plays a crucial role, and the

[FeIII{N2O2Cl}] species supports an asymmetric mechanism
while its [FeIII{N2O3}] counterpart seems to allow for unim-

olecular mechanism. The effects of electron-donating and

electron-withdrawing substituents in the ligand frame-
works are also considered.

Current rectification entails a directional flow of electric current
and is fundamental to the conversion of alternating into direct

current that permits information management.[1] Although
Aviram and Ratner[2] envisioned molecular rectification with

well-defined donor and acceptor units over four decades ago,
molecular rectifiers based on transition-metal coordination
complexes are a more recent development.[3–7] Aiming to im-

prove effective design, the understanding of complex rectifiers
requires proper elucidation of metal/ligand electronic contribu-

tions on current rectification mechanisms. Our group has been
at the forefront of complex rectifiers[8, 9] and has evaluated the
redox and electronic behavior of five-coordinate species
[FeIII(L1)Cl] (1) and [FeIII(L3)] (3) with phenolate-rich tetradentate

and pentadentate ligands (Scheme 1). These ligands bind
strongly to an iron(III) cation to form low-symmetry, high-spin
metallosurfactants that show excellent molecular rectification
properties when Langmuir–Blodgett (LB) monolayers of these
complexes are embedded between two gold electrodes in an

Au jLB jAu device. Molecular rectification may happen though
formation of Schottky barriers, asymmetric, or unimolecular

electron transfer (ET).[1, 10–12] The use of physisorbed LB films

minimizes or eliminates the Schottky pathway.[13] In the asym-

metric mechanism, the lowest unoccupied molecular orbital
(LUMO) of the molecule is energetically closer to the Fermi

levels of the Au electrodes and the highest occupied HOMO is

much lower in energy, thus being unable to contribute to elec-
tron transfer. We have recently proposed[9] the involvement of

singly occupied MOs, rather than unoccupied MOs, in complex
rectifiers so that the Fermi/SOMO gap governs asymmetric rec-

tification. In contrast, the unimolecular pathway primarily ob-
served for organic systems[10–12, 14–16] involves both the HOMO

and LUMO (or SOMO in complexes) in ET as the HOMO of the

donor is energetically comparable to the Fermi level of one
electrode, while the LUMO/SOMO of the acceptor moiety is

comparable to the second electrode. Therefore, we can antici-
pate that the closer the energy of the singly occupied SOMO

of an FeIII complex to the Fermi levels of the Au electrodes, the
more favored is the asymmetric pathway. On the other hand,
having both the SOMO and HOMO closer to the Fermi levels

of the electrodes should lead to a unimolecular mechanism in
which both SOMO and HOMO contribute to the rectification

process.
Herein, we investigate the effects of electronic structure in

modulating the SOMO–Fermi–HOMO energy gap in four high-
spin iron(III) complexes (Scheme 1), thus aiming to demon-

strate viability of unimolecular rectification and expanding the

current definitions of molecular rectifiers.
We recently reported[9] that the relevant SOMO in the com-

plex [FeIII(L1)Cl] (1) is described as a linear combination of

Scheme 1. The five-coordinate iron(III) complexes 1–4.
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3dxz + 3dyz molecular orbitals with predominant metal charac-
ter. This is the lowest lying SOMO in a five-coordinate HSiron(III)

ion with an idealized square pyramidal C4v configuration
e(dxz

1 + dyz
1) b2(dxy

1) a1(dz2
1) b1(dx2¢y2

1). Asymmetric rectification

is attributed to the 1 e¢ reduction of this SOMO followed by
rapid ET to the Au electrode without participation of the

HOMO. The 3dxz + 3dyz MOs are only 1 eV above the Fermi
levels of the electrodes and are therefore energetically com-
patible.[9] The HOMO is centered on the phenylenediamine

moiety and is 1.4 eV below the Fermi levels, and is thus too
low in energy to take part in current rectification. Complex
[FeIII(L3)] (3) with a tris(phenolate) ligand scaffold is expected to
have a different elelctronic structure with a HOMO based on

the phenolate moiety, rather than on the phenylenediamine.
We hypothesize that changes in the nature (and hence the

energy) of the HOMO, together with a change in the molecular

geometry from distorted square pyramidal 1 to distorted trigo-
nal bipyramidal 3 may alter the preferred mechanism of rectifi-

cation. Moreover, replacement of the electron-donating alkoxo,
¢O(CH2)2(OCH3), substituent with the electron-withdrawing

nitro, ¢NO2, function in the ligand framework may further de-
crease the SOMO energy permitting lower applied potentials

for molecular rectification. Similar electronic tune-ups have

been proposed recently for other iron species.[17–19]

Complexes 1 and 3 were reported elsewhere.[8, 9] The ligand

H2L2 (Scheme 2) was obtained by treating two equivalents of
3,5-di-tert-butyl-2-hydroxybenzaldehyde with one equivalent of

4,5-dinitrobenzene-1,2-diamine[20] in methanol. The resulting
mixture was refluxed for 28 h and the purified ligand was re-

crystallized from methanol. The ligand H3L4 was synthesized by

reacting one equiv of 4,5-dinitrobenzene-1,2-diamine with four
equiv of 2,4-di-tert-butyl-6-(chloromethyl) phenol. The ligand

was purified by column chromatography.

Complexes 2 and 4 were obtained by treating one equiv of
the appropriate ligand with one equiv of an iron(III) salt in
presence of anhydrous NaOCH3. The FTIR spectroscopic data

for 2 and 4 showed peaks at 1360 and 1470 cm¢1 correspond-
ing to the N=O stretching of the ¢NO2 groups and peaks at

1573 cm¢1 associated with C=N stretching vibrations. The

high-resolution ESI-MS data showed molecular ion peaks [M+]
at m/z = 684.2610 for 2 and [M + H+] at m/z = 904.4453 for 4,

in excellent agreement with the calculated masses. X-ray dif-
fraction afforded unambiguous structure determination for

both complexes as illustrated by their ORTEP plots (Figure 1;
Supporting Information, Figure S1, Tables S1, S2). Complex 2

adopts a distorted square-pyramidal geometry with a t

value[21] of 0.15, while a distorted trigonal bipyramidal structure
is revealed for 4 with a t value of 0.60.

To gain understanding on the electronic structure of the

parent compounds prior to engaging in ET associated with rec-
tification, UV/Vis spectra of 2 and 4 were recorded in dichloro-

methane and compared to 1 and 3 (Supporting Information,
Figure S2 and Table S3).

These complexes display bands at 400–600 nm typically
seen in imine five-coordinate HSiron(III) complexes, including

a near-UV band at ca. 325 nm (e= 21 900 L mol¢1 cm¢1) as-

signed to an LMCT process from the phenolate pp to the ds* of
iron(III), along with two shoulder peaks. The first at ca. 455 nm

(e= 9800) is assigned to an intra-ligand ILCT process from the
phenolate pp to the pp* of the azomethine moiety,[8] and the

second at about 550 nm (e= 6100) is attributed to an LMCT
process from the phenolate pp to the dp* of the iron(III) center.

Species 2 and 4 also show a band at about 370 nm associated

with the p!p* CT of the nitro groups. These attributions are
in agreement with the literature,[18, 22–24] and with DFT calcula-

tions that confirm the HSiron(III) (3d5, S = 5/2) configuration as
energetically favored in 4 by ca. 17 kcal mol¢1 over the low-

spin configuration (S = 3/2).
The redox properties of 2 and 4 were measured in 1.0 Õ

10¢3 mol L¢1 dichloromethane solutions using TBAPF6 as the

electrolyte, and are used to assess SOMO/HOMO energy gaps
as the first reduction reflects the incorporation of one electron
to the lowest-lying SOMO and the first oxidation is associated
to the removal of an electron from the highest HOMO. Cyclic

voltammograms (CVs) are shown in Figure 2, whereas the mea-
sured redox potentials with j Ipa/Ipc j current ratios and DEp

Scheme 2. Synthesis of ligands H2L2 and H3L4.

Figure 1. ORTEP representations for 2 and 4. Ellipsoids set at 50 % probabili-
ty; H atoms and tert-butyl groups are omitted for clarity.[41]

Figure 2. CVs of 2 and 4 in 1.0 Õ 10¢3 mol L¢1 dichloromethane solutions. Po-
tentials plotted against the Fc+/Fc couple.
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values are reported in the Supporting Information, Table S4.
The CV of 2 showed one reversible reduction event at

¢0.77 VFc+ /Fc attributed to the FeIII/FeII redox couple. A few ill-
defined cathodic events (see the Supporting Information, Fig-

ure S3 for details) were found between ¢1.0 and ¢2.5 VFc+ /Fc

and are likely associated with the reduction of nitro groups.
Two quasi-reversible oxidation processes observed at 0.99 and
1.2 VFc+ /Fc are ligand-centered, and delocalized over the copla-
nar phenolates.[25–27] Complex 4 shows the first reversible FeIII/

FeII reduction at ¢1.06 VFc + /Fc, therefore at a more negative po-
tential due to the presence of a third apical phenolate. There
are two additional reduction events at ¢1.36 and ¢1.61 VFc+ /Fc.
Complex 4 also displayed two quasi-reversible oxidative pro-

cesses at 0.54 and 0.8 VFc + /Fc. In this case the anodic waves are
attributed exclusively to phenolate/phenoxyl oxidation, in

good agreement with the literature.[8, 17, 28–30]

DFT calculations[31] were performed on 4 to validate the
redox and electronic assignments for these complexes. Indeed,

Mulliken spin density (MSD) on iron decreases to 3.75 after the
first reduction event suggesting the formation of a HS3d6 FeII

(S = 4/2, Figure 3 A) and confirming the first reduction as being
metal-based. The second reduction is p-nitro-based (Figure 3 B)

and can yield two nearly isoenergetic S = 3/2 and 5/2 spin

states, pending on the nature of the antiferromagnetic (AF) or
ferromagnetic (F) coupling between the generated radical and

the metal center.

The spin density plot for an F-coupled (S = 5/2) configuration
showed MSD values of 0.348 and 0.278 on the p-nitro and m-

nitro moieties, respectively. The two nitro groups are nearly co-

planar and electronically coupled, and the charge is delocal-
ized over both nitro functionalities. The structure shown in Fig-

ure 3 C was obtained after a third reduction event and showed
considerable delocalization of spin density over the azome-

thine moiety and one phenolate ring. Inspection of the two
nitro groups revealed that the spin density value of 0.338 on

the p-nitro moiety in C is comparable to that in the doubly re-
duced species B at 0.348, while the spin density on the m-nitro

group has significantly increased from 0.278 to 0.508. Thus, the
third reduction is m-nitro-based. The calculated redox profile

of 2 is shown in the Supporting Information, Figure S5, and is
similar to 4 with a metal-based first reduction process.

Further evidence for the metal-centered nature of the first
reduction comes from spectroelectrochemical analysis of 4 as

performed at an applied potential of ¢1.1 VFc+ /Fc (Figure 4).

Bands in the region of 550–800 nm decreased in intensity,
while a new well-defined band appeared at 460 nm with an
isosbestic point at 402 nm. Thus, upon reduction of iron(III) to
iron(II) the phenolate-to-iron(III) LMCT disappears and is re-
placed by a new ILCT between the pp phenolate oxygen and
the pp* of the azomethine moiety.[9, 32]

The electron transfer mechanisms contributing to the rectifi-
cation properties have been evaluated by considering the

changes in the nature and energy of the HOMOs from 1 to 3.
The electrochemical data and DFT calculations have shown

that the metal centers behave as electron acceptors (A) and

the ligand framework acts as electron donor (D). While Schott-
ky mechanisms are less relevant due to the physisorbed nature

of the LB monolayers, unimolecular or asymmetric mechanisms
can be operative provided the respective molecular frontier or-

bitals display favorable energies.
To allow for ET by the amphiphilic complexes deposited as

LB films between two electrodes, the Fermi levels (EF) of the
electrodes must be compatible with the energies of relevant
molecular orbitals. For Au electrodes, EF�5.1 eV below

vacuum,[33–35] and a proper matching between the EF and
HOMO/LUMO or HOMO/SOMO energies is a necessary require-

ment for an efficient electron transfer event between the two
electrodes. The molecular redox potentials obtained from CV

experiments can be transformed into solid-state potentials

using the following equations: Va = 4.7 eV + E1/2
red

SCE and Vi =

4.7 eV + (1.7) E1/2
ox

SCE, where Va and Vi are very close to the first

electron affinity and first ionization energies of the amphiphile
deposited on the electrodes, respectively,[36–39] and equivalent

to the first metal-centered SOMO and first ligand-centered
HOMO levels.

Figure 3. Spin density plots (isodensity 0.004 a.u.) and Mulliken spin density
(MSD) values of the species involved in the CV profile of 4.

Figure 4. Electronic spectral changes observed during the first reduction for
4 under fixed potential conditions.
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The E1/2
red

SCE and E1/2
ox

SCE are experimental half-wave first re-
duction and first oxidation potentials (vs. saturated calomel

electrode) of the metal complex. Using measured redox poten-
tials,[8, 9] the SOMO levels are calculated as ¢4.1 and ¢3.6 eV

for 1 and 3, respectively, and the HOMO energies are ¢6.5 and
¢6.1 eV, respectively (Figure 5). This model shows that the

SOMO of 3 lies 1.5 eV above the Au Fermi level, while the

SOMO of 1 at 1.0 eV is closer to the Fermi level than that of 3.

The HOMO of 3 being at ¢6.1 eV is a close match to the Fermi
level than that of 1. These results indicate that the mechanisms

of rectification are likely different for 1 and 3. Complex 1 with

an energetically favorable SOMO allows the electron transfer
from one electrode to another without requiring involvement

of the HOMO.[9] In contrast, 3 with its energetically accessible
HOMO can support a [D-A] type structure. The transfer of an

electron from the HOMO to the second Au electrode gives rise
to the [D+-A] state in 3. Next, an excited electron populating

the SOMO relaxes to occupy the semi-filled HOMO. This is fol-
lowed by an electron transfer from the first Au electrode into
the now empty SOMO to complete the electron transfer path-

way between the Au jLB jAu device and through 3. Complexes
2 and 4, the electron-withdrawing nitro analogues of 1 and 3,

respectively, have also been studied with the hypothesis that
the frontier molecular orbitals will become energetically more

accessible in the former compounds facilitating the electron

transfer and current rectification at even lower potentials than
those[8, 9] required for 1 and 3.

Indeed the SOMOs of 2 and 4 are lower than those for
1 and 3 by about 0.3 eV. Similarly, the HOMO of 2 is 0.6 eV

lower when compared to that of 1. Surprisingly, the HOMOs of
3 and 4 are nearly isoenergetic. These results are summarized

in Figure 5 and allow us to propose that 1 and 2 with distorted
square pyramidal {N2O2Cl} coordination spheres will favor an

asymmetric mechanism, while the distorted trigonal bipyrami-
dal 3 and 4 with {N2O3} coordination environments may allow

for a unimolecular electron transfer pathway.
As illustrated in Figure 5, the SOMOs of complexes 1–4 can

be described as a symmetry allowed linear combination of
metal-centered 3dxz + 3dyz orbitals, when the molecu-
lar z-axis is set either along the Fe¢Cl for 1 and 2 or

along the iron–apical phenolate (phenolate C) direc-
tions for 3 and 4. The metal orbitals in 1 and 2 show
an antibonding interaction with a pp orbital of the
apical chlorido ligand. This metal-apical ligand inter-

action increases in 3 and 4 as the Fe¢O(phenolate C)
bond distances are shorter by 0.39 æ compared to

the Fe¢Cl distances of 1 and 2. The presence of

a rigid {N2O3} coordination sphere in 3 and 4 does
not allow the Fe¢O(phenolate C) bond to lengthen

to minimize this antibonding interaction. As a result,
the SOMOs of 3 and 4 increase in energy compared

to those of 1 and 2, and an asymmetric mechanism
becomes less likely. Moreover, the nature of the

ligand-centered HOMOs changes from phenylenedia-

mine-centered in 1 to phenolate-based in 2–4. The
energy levels of the diminobenzene bridge and phe-

nolate units are close and can be altered with proper
substitution on the ligand frameworks.[40] The HOMO

of square pyramidal 2 is delocalized over the two co-
planar phenolate moieties. In contrast, the trigonal

bipyramidal 3 and 4 have HOMOs centered on phe-

nolate motifs A and C that are not coplanar.
Consequently, the HOMOs of 3 and 4 increase in

energy and become closer to the Au Fermi levels
than their respective SOMOs, thus fostering their involvement

in a unimolecular mechanism. Unlike 1 and 2, the energy
levels of the HOMOs for 3 and 4 are not affected by the substi-

tution of ¢ORO and ¢NO2 on the ligand framework, since the

HOMOs are nearly perpendicular to these groups with limited
electronic communication.

Thus, considering 1) a proper match between the EF and
SOMO energy levels for 1 and 2, and 2) the EF and HOMO ener-
gies for 3 and 4, an asymmetric mechanism can be proposed
for the former complexes, whereas a unimolecular mechanism

may be favored for the latter compounds.
In summary, we have successfully compared by means of ex-

perimental and theoretical approaches the behavior and asso-
ciated MO energies of four iron(III) complexes with square pyr-
amidal and trigonal bipyramidal geometries and with apical

chloride or phenolate ligands. This careful comparison allowed
us to postulate that the modulation of the SOMO–HOMO

energy gaps can be attained to the presence of an appropriate
apical ligand and/or substituent framework. On one hand if
the energy of the SOMO can be approached to the EF of the

electrodes, asymmetric rectification will be favored and HOMO
participation will be excluded. On the other hand, approaching

the energy of the HOMO to the EF of the electrodes may favor
rectification towards a unimolecular pathway. The use of elec-

Figure 5. Comparison of HOMO, Fermi levels, and SOMO energies derived from experi-
mental E1/2 potentials and presented with calculated orbital models for HSFeIII complexes
1–4. Complexes 1 and 2 support an asymmetric pathway involving the metal-centered
SOMOs, while 3 and 4 may favor a unimolecular mechanism inclusive of the ligand-cen-
tered HOMOs.
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tronic modulation of orbitals to match the energy of Fermi
levels in the electrodes expands the very concept of a molecu-

lar rectifier and allows for a rational design of future systems,
thus moving rectification further afield. Efforts to incorporate

complexes 2 and 4 into Au jLB jAu devices in order to measure
their I/V curves are currently underway.
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