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A new modular [FeII(FeIIIL2)3](PF6)2 species with discoid (disk-
like) topology exhibits redox and surfactant properties and points to
a new approach for multimetallic Langmuir film precursors.

The combination of amphiphilic properties with control-
lable and tunable behavior of transition metal complexes
leads to metal-containing surfactants that exhibit interfacial
organization, along with variable geometric, charge, redox,
optical, and magnetic properties.1 Considerable progress has
been made toward the understanding of this metal ion/
amphiphile cooperativity in supramolecular assemblies.2

Potential high-end uses of metallosurfactants include films
for optoelectronics3 and logic and memory operations4 and
micellar luminescence and electron transfer.5 Our group is
developing precursor metallosurfactants, aiming at the in-
clusion of ligand- and metal-centered redox activity while
preserving the ability to organize intowell-ordered films.6 The
current approach involves incorporation of selected metal
ions into a phenolate-based headgroup of a designer amphi-
phile. The phenolate can then be oxidized into a phenoxyl
radical. However, because the stabilization of radicals requi-
res the incorporation of tert-butyl groups into the headgroup,
it has been observed that improved redox properties lead to
decreased amphiphilic character and vice versa. Therefore,
the development of new topologies that can accommodate
both properties becomes highly relevant.Recently, we reported

on an [FeIIIL1] species ((L1)3- is a phenylene-diamine/tri-
phenolate ligand) in which five-coordinate iron(III) centers
seem to enhance the formation and reversibility of three
consecutive phenolate/phenoxyl processes on the cyclic vol-
tammetric time scale.7 The related species [FeIIIL2], where
(L2)3- describes a similar phenanthrolinediamine/trisphenolate
ligand, served as a module for [FeIII(L2)CuII(Cl)2(MeOH)].
The redox responses in this bimetallic species are based on
controlled oxidations and reductions of its fundamental
components, i.e., themetal centers and the electroactive arms
of the ligand.10 Specific potentials trigger definite spin ground-
state changes, as observed by EPR spectroscopy.
In this account, we describe the synthesis and characteri-

zation of the tetrametallic [FeII(FeIIIL2)3](PF6)2 (Figure 1),
along with studies on its electrochemical and surfactant pro-
perties.
This discoidmolecule (oblate spheroidwith x= y> z) is a

first example that reconciles the use of tert-butyl groups to
promote redox activity and surfactancy by enhancement of

Figure 1. Modular discoid species [FeII(FeIIIL2)3]
2þ.
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the species hydrophobic character. Thus, it supports the
development of a modular approach to discoidmultimetallic
film precursors. Treatment of [FeIIIL2] with anhydrous FeCl2
in a 3:1 ratio in methanol and under argon yielded the
tetrametallic species [FeII(FeIIIL2)3](PF6)2 as a homogeneous
microcrystalline solid. In spite of the apparent simplicity of
the preparation, several attempts under aerobic conditions
led to the formation of undesirable side products. This
compound, as presently synthesized, was characterized by
means of exact ESI mass spectrometry and elemental ana-
lysis.9 Further characterization was obtained by comparative
infrared, UV-visible, and XANES/EXAFS spectroscopies
and electrochemical data between [FeII(FeIIIL2)3](PF6)2, the
module [FeIIIL2], and the compound [FeII(phen)3](PF6)2
(phen =1,10-phenanthroline). The exact ESI-MS for the
tetrametallic species (2802.3976 Da) in methanol exhibits
peaks at m/z = 1401.69970 related to the bivalent cation
[FeII(FeIIIL2)3]

þ2 and 916.49504 associated with the module
[(FeIIIL2)3þHþ]þ. Comparison of the features present in the
UV-visible spectra of [FeII(FeIIIL2)3](PF6)2, [Fe

IIIL2], and
[FeII(phen)3](PF6)2 in CH2Cl2 also permits one to ascertain
the nature of the multimetallic species. The module [FeIIIL2]
shows the expected intraligand πfπ* and NfFe charge
transfer bands at 281 and 333 nm (115 900 and 69000 L
mol-1cm-1), respectively. The phenolate-to-metal charge
transfer bands10 (pπfdσ* and pπfdπ*) appear at 411 and
463 nm (both at 27500Lmol-1cm-1), thus unusually close to
each other. This proximity is attributed to the five-coordina-
tion of the metal. The [FeII(FeIIIL2)3](PF6)2 species presents
the analogous processes at 279 (249 700), 336 (96 000), and
486 nm (50300 L mol-1cm-1), along with a new band at
525 nm (51 700 L mol-1cm-1). This new process is compar-
able to the metal-to-phenanthroline charge transfer present
in [FeII(phen)3](PF6)2 at 511 nm (9390 L mol-1cm-1), thus
indicating the presence of all expected chromophores.11 The
IR spectrum of [FeII(FeIIIL2)3](PF6)2 presents peaks at
2870-2960 and 1605 cm-1 associated, respectively, with
the tert-butyl andCdNgroups in themodule [FeIIIL2]. Peaks
associated with the counterion PF6

- appear at 840 cm-1. An
equally prominent peak related to the out-of-plane deforma-
tion of the phenanthroline rings and enhanced through
coordination is observed at 558 cm-1. The XANES/EXAFS
spectra of [FeII(FeIIIL2)3](PF6)2 and the module [FeIIIL2] are
compared in Figure 2.
The edgepositionof [FeII(FeIIIL2)3](PF6)2occursat a slightly

lower energy than that of [FeIIIL2] (7121.8(3) vs 7122.2(2)
eV). A reduction from Fe(III) to Fe(II) should result in a
lowering of the edge energy by ∼2-3 eV. This small shift in
edge energy is, therefore, consistent with the presence of both
trivalent and bivalent oxidation states, where theFe(III) state
is predominant. A pre-edge peak in the XANES of [FeII-
(FeIIIL2)3](PF6)2 occurs at 7113.0(1) eV, which corresponds
to the parity-forbidden Fe(1s f 3d) transitions and has an
area of 0.16(1) eV relative to the edge. These transitions gain
intensity in noncentrosymmetric coordination environments
through a dipole mechanism and are thus more intense in
five- vs six-coordinate environments.12 The Fe(1sf 3d) tran-

sition of [FeIIIL2] at 7113.2(1) eV has an area of 0.21(1) eV
relative to the edge. Therefore, the average iron coordination
environment is slightly more symmetric in [FeII(FeIIIL2)3]-
(PF6)2 than in [FeIIIL2], suggesting that the multimetallic
species contains both five- and six-coordinate iron centers.
The EXAFS region of [FeII(FeIIIL2)3](PF6)2was bestmodeled
with iron surrounded by nitrogen and oxygen donors. Three
shells are resolvable: one shell containing two short Fe-O
scatterers at 1.84 Å, one shell containing three Fe-N or Fe-
O scatterers at 1.96 Å, and one shell containing a single long
Fe-N scatterer at 2.10 Å. This is consistent with the average
iron environment predicted for [FeII(FeIIIL2)3](PF6)2.
In spite of several attempts, the determination of the

molecular structure for [FeII(FeIIIL2)3](PF6)2 viaX-ray diffrac-
tion was not possible. The structure of the module [FeIIIL2]
was published recently,8 but attempts to use it as a starting
point for calculations has proven to be nontrivial due to the
large number of unpaired electrons at the iron centers.
Therefore, we obtained a crystal structure for the analo-

gous compound [GaIIIL2].13 The ORTEP representation is
shown in Figure 3a with selected bond lengths. The similar
nature of the gallium and iron structures is inferred by their
neutral character, the identity of the ligand showing a mono-
substituted amine N4 with a single phenolate appended,

Figure 2. XANES region of the Fe K-edge XAS for [FeII(FeIIIL2)3]-
(PF6)2 (red) and [Fe

IIIL2] (blue). Inset: EXAFS region for [FeII(FeIIIL2)3]-
(PF6)2. Data (red) and simulation (blue). Shell 1 (Fe-O): n = 2, r =
1.839(6) Å,σ2=0.0048(13) Å2. Shell 2 (Fe-N):n=3, r=1.960(3) Å,σ2=
0.0010(5) Å2. Shell 3 (Fe-N): n=1, r=2.104(13) Å, σ2=0.0030(2) Å2.
Shell 4 (Fe-C): n=4, r=2.919(6) Å,σ2=0.0053(8) Å2.E�=7128.7 eV.
ε2 = 0.63.

Figure 3. (a) ORTEP for [GaL2], Ga-O(3) = 1.828(3), Ga-O(1) =
828(3),Ga-O(2)=1.899(3),Ga-N(4)=1.975(4),Ga-N(1)=2.266(4)
Å. (b) MM-UFF model for [Ga(GaL2)3]

2þ.
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whereas the vicinal amine N1 exhibits two of these groups.
Furthermore, both species display a short bond length charac-
teristic of a CdN imine group and a metal center that is five-
coordinated in a N2O3 environment. On the basis of these
similarities, amodel [GaIII(GaIIIL2)3]

3þwas built and its geo-
metry minimized using the molecular mechanics UFF force
field14 available in the Gaussian 03 software package.15 This
model describes one possible isomer, shown in Figure 3b, in
which one module displays the singly appended phenolate
pointing upward while the two other modules point down-
ward. Although several isomers are possible,16 the one dis-
played is more stable by ca. 20 kcal/mol when compared to
three other calculated geometries. In all cases, the models
provide evidence for the discoid nature of the multimetallic
species. On the basis of the similar ionic radii of gallium(III)
(0.76 Å) and ironls(II) (0.75 Å), as well as in the already
established similarities between the complexes of bothmetals
coordinated to these pentadentate ligands, an estimated
geometric radius from the central metal to the periphery is
calculated to lie between 9.0 and 11.0 Å. Examination of the
positions occupied by the tert-butyl groups attached to each
phenolate reveals that the majority of these groups point
outward conferring an enhanced hydrophobic cushioning
which prevents the charged and hydrophilic discoid core
from sinking into water and leads to a differentiated topo-
logy. The redox responsivity of [FeII(FeIIIL2)3](PF6)2 was
assessedby cyclic voltammetry (CV, vsFcþ/Fc). Comparison
with the [FeIIIL2] module andwith [FeII(phen)3](PF6)2 allowed
for attributions to the origin of the observed processes
(Figure 4).
The CVs for the multimetallic species and the module

display a cathodic wave for the process ascribed to the FeIII/
FeII couple. This process is anodically shifted in the tetra-
metallic species toE1/2=-1.24Vand is less reversible (ΔEp=
0.33 V; |Ipc/Ipa| = 1.8) than that of the module at E1/2 =
-1.37 (ΔEp=0.25V; |Ipc/Ipa|=1.4). The phenolate/phenoxyl
oxidative process occurs for both [FeII(FeIIIL2)3](PF6)2 and
[FeIIIL2] at ca. E1/2 = 0.64 V. Interestingly, an enhanced
reversibility is observed in themultimetallic complex, as indi-
cated by |Ipc/Ipa| = 0.8, compared to a value of 0.2 observed

for the module. This profile might be associated with—or at
least influencedby—theFe(II)-phenanthroline core, because
the metal-centered process for the unsubstituted [FeII(phen)3]-
(PF6)2 appears at E1/2 = 0.77 V (ΔEp = 0.08 V; |Ipc/Ipa| =
1.1). To evaluate the efficacy of the discoid design to act in
hydrophobic precursors for film formation, compression
isotherms plotted as surface pressure (mN/m) vs average
molecular area (Å2) were recorded at the air/water inter-
face in a Langmuir-Blodgett trough at 23 �C, as shown in
Figure 5a. The quality of the films was monitored during
compression using Brewster angle microscopy (BAM),
Figure 5b. The molecules of [FeII(FeIIIL2)3](PF6)2 start to
interactwith each other at the subphase at ca. 320 Å2/molecule.
The BAM images display a highly homogeneous film from 10
to ca. 40 mN/m, when a decrease in the slope of the isotherm
coincides with the formation of linearly oriented Newton
rings,17 suggestive of a formal constant pressure collapse mech-
anism.18 The average limiting area per molecule is 280 Å2/
molecule, thus with a radius of ca. 9.5 Å, in excellent agreement
with the estimated radius of the [GaIII(GaIIIL2)3]

3þ model.
In summary, we have reported on the tetrametallic complex

[FeII(FeIIIL2)3](PF6)2 of discoid topology. The presence of
metallic centers and ligand moieties such as phenolates and
coordinated phenanthrolines extends the redox capabilities of
this species. Alongwith its hydrophobic character, this species
is a strong candidate for the formation of redox-responsive
monolayer films. To the best of our knowledge, this is the first
exampleof adiscoid tetrametallic species inwhich thepresence
of tert-butyl groups concomitantly enforces redox activity and
surfactancy. This result points to a general strategy in which a
modular approach can be used to develop redox-active homo-
and heterometallic film precursors of discoid topology. The
synthetic approach and film transfer onto solid substrates are
under investigation in our laboratories.
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Figure 4. CVs of [FeII(phen)3](PF6)2 (top), [Fe
IIIL2] (middle), and [FeII-

(FeIIIL2)3](PF6)2 (bottom) in dichloromethane, TBAPF6 vs Fc
þ/Fc.

Figure 5. [FeII(FeIIIL2)3](PF6)2 at the air/water interface: (a) isothermal
compression. Selected BAM images at (b) 10-40mN/m and (c) collapse.
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