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In this report we examine a family of trinuclear iron complexes by
multiple-wavelength, anomalous diffraction (MAD) to explore the
redox load distribution within cluster materials by the free refine-
ment of atomic scattering factors. Several effects were explored
that can impact atomic scattering factors within clusters, including
1) metal atom primary coordination sphere, 2) M−M bonding, and
3) redox delocalization in formally mixed-valent species. Complexes
were investigated which vary from highly symmetric to fully asym-
metric by 57Fe Mössbauer and X-ray diffraction to explore the re-
lationship between MAD-derived data and the data available from
these widely used characterization techniques. The compounds ex-
amined include the all-ferrous clusters [nBu4N][(

tbsL)Fe3(μ3
–Cl)]

(1) ([tbsL]6– = [1,3,5-C6H9(NC6H4-o-NSi
tBuMe2)3]

6–]), (tbsL)Fe3(py)
(2), [K(C222)]2[(

tbsL)Fe3(μ3
–NPh)] (4) (C222 = 2,2,2-cryptand), and the

mixed-valent (tbsL)Fe3(μ3
–NPh) (3). Redox delocalization in mixed-

valent 3 was explored with cyclic voltammetry (CV), zero-field 57Fe
Mössbauer, near-infrared (NIR) spectroscopy, and X-ray crystallogra-
phy techniques. We find that the MAD results show an excellent
correspondence to 57Fe Mössbauer data; yet also can distinguish
between subtle changes in local coordination geometries where
Mössbauer cannot. Differences within aggregate oxidation levels
are evident by systematic shifts of scattering factor envelopes to
increasingly higher energies. However, distinguishing local oxida-
tion levels in iso- or mixed-valent materials can be dramatically ob-
scured by the degree of covalent intracore bonding. MAD-derived
atomic scattering factor data emphasize in-edge features that are
often difficult to analyze by X-ray absorption near edge spectros-
copy (XANES). Thus, relative oxidation levels within the cluster were
most reliably ascertained from comparing the entire envelope of the
atomic scattering factor data.

redox distribution | clusters | bioinorganic

Traditional coordination complexes mediate redox processes
from discrete orbitals (1–3). The electroactive orbitals need

not be uniquely metal-based and may include both transition
metal and ligand character (4–11). For extended solids, local
coordination environments change for surface-bound elements,
but the redox load is distributed within the valence band under
oxidative stress, or the conduction band under reducing condi-
tions. Clusters represent the intermediate domain as they con-
tain M–M bonding interactions at the core and are terminated by
metal–ligand interactions at the periphery (12). Clusters main-
tain the properties of mononuclear coordination compounds in
that redox still occurs in discrete orbitals, yet begin to approximate
band-like configurations as the cluster size increases, increasing
the density of near-degenerate orbitals. A variety of analytical
techniques (e.g., near-infrared spectroscopy, cyclic voltammetry,
57Fe Mössbauer) can be used to interrogate delocalization. How-
ever, these bulk techniques cannot provide site-specific informa-
tion with regard to redox load on the individual metals within a
cluster. Understanding how redox loads are distributed within
clusters can provide important details about the mechanisms of

substrate activation and redox changes both in biological and
abiological systems.
Multiwavelength anomalous X-ray diffraction (MAD) has the

potential to be a powerful technique for understanding the local
oxidation state of transition metals in both synthetic clusters and
polynuclear biological cofactors. In theory, MAD can serve as a
site-specific, crystallographic probe of a metal center’s absorption
edge profile, analogous to employing X-ray absorption near edge
spectroscopy (XANES) in mononuclear compounds. However,
examples of its application to molecular and biological systems
are thus far limited. As the capacity to collect well-resolved
MAD spectra improves, it is necessary to benchmark the re-
sults of MAD on polynuclear clusters. The effects of fully
delocalized mixed valency and changes in local bond metrics
and M−M separation must be investigated as these factors af-
fect the appearance of MAD data in ways that can impact the
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interpretation of MAD as it is applied to synthetic and
biological systems.
The MAD experiment refines the atomic scattering factor, f,

which characterizes the diffraction behavior of atoms and has a
large wavelength dependence near an atom’s absorption edge.
More specifically, f may be subdivided into 3 components: f =
f 0 + f′ + if′′, where f 0 is the scattering factor of the unperturbed
atom, and f′ and f′′ are the real and imaginary components of
anomalous scattering that arise as a result of X-ray absorption
and therefore vary significantly near an absorption edge (13).
MAD experiments are conducted by collecting many X-ray dif-
fraction datasets at energies near the K edge of the element of
interest, allowing refinement of f′ and f′′ of that element while all
other scattering factors remain near constant. The values of f′′
are only reliable for noncentrosymmetric crystals, so while recent
protein crystallography examples of MAD utilize both f′ and f′′,
MAD analysis of synthetic polynuclear clusters is typically lim-
ited to f′ (14). While f′′ is linearly related to the absorbance and
therefore can be analyzed similarly to an X-ray absorption
spectroscopy (XAS) spectrum, f′ is related to f′′ by a Kramers–
Kronig transformation and is more sensitive to fine features of
the absorption edge (14).
MAD has been utilized extensively in polycrystalline systems

(14–18) but only scarcely in single-crystal experiments (19–26).
Given the dearth of literature surrounding single-molecule,
single-crystal MAD applications, we were interested in apply-
ing the methodology to a family of well-defined clusters to ex-
amine how well this technique can resolve differences in atomic
scattering factors and what molecular features affect the scat-
tering factors themselves. Additionally, we sought to utilize this
set of sample molecules to examine the interpretation of well-
resolved experimental f′ curves. Toward this end, we selectively
examined synthetic iron complexes so that comparisons could
be made between the MAD results and analysis of local bond
metrics and 57Fe Mössbauer parameters.

Results
Synthesis. To test the applicability of MAD toward identifying the
individual metal electronic environments within a cluster, we
generated a family of trinuclear clusters that allowed us to probe the
effects of cluster symmetry, local metal ion primary coordination
sphere, M–M bonding, and cluster oxidation state changes. The

asymmetric, all-ferrous complex (tbsL)Fe3(py) (1) allows us to examine
how major differences within the cluster ions’ primary coordination
spheres might affect the f′ curves. Complex 1 can be rapidly converted
to the C3-symmetric chloride [nBu4N][(

tbsL)Fe3(μ3–Cl)] (2) adduct by
treatment with [nBu4N]Cl in tetrahydrofuran (THF) (Fig. 1).
The symmetry of 2 is apparent in solution by the C3-symmetric 1H
NMR spectrum. The neutral phenylimido complex (tbsL)Fe3(μ3–
NPh) (27) (3) was selected as a representative mixed-valence
complex, and thus we targeted its all-ferrous congener through
chemical reduction. The dianionic imido was obtained via
treatment of 3 with 2 equivalents of KC8 in thawing THF fol-
lowed by encapsulation of the K cations with [2.2.2]cryptand
(C222) to afford [K(C222)]2[(

tbsL)Fe3(μ3–NPh)] (4).

Solid-State Molecular Structures. The solid-state structures for
complexes 1–4 (Fig. 2) were obtained at 100 K and at an incident
X-ray energy of 30.5 keV, well beyond the iron K edge. The solid-
state structure for 1 retains the asymmetric binding of the tbsL6–

ligand about the trinuclear core reported for its THF-bound
congener (tbsL)Fe3(thf) (28). As in (tbsL)Fe3(thf), 1 contains one
4-coordinate entirely ligand-bound site [Fe1−Navg 2.061(3) Å],
one 4-coordinate solvent-bound site [Fe2−Navg 2.118(3) Å], and
one 3-coordinate site [Fe3−Navg 1.983(3) Å]. In addition to the
differences in coordination geometry and average Fe−N dis-
tances, the Fe−Fe distances of 1 are also distinct: Fe1−Fe2
2.6499(7), Fe1−Fe3 2.6306(7), Fe2−Fe3 2.5422(5) Å. The solid-
state molecular structure of the chloride adduct 2 is not rig-
orously C3-symmetric, owing perhaps to crystal packing effects
of the nBu4N cation. Significant asymmetries are apparent in
both the Fe–Cl and Fe–Fe distances (Å): Fe1–Cl, 2.5185(7);
Fe2–Cl, 2.4797(6); Fe3–Cl, 2.5601(7); Fe1–Fe2, 2.8428(8);
Fe1–Fe3, 2.6948(8); Fe2–Fe3, 2.8184(8). However, the aver-
age Fe–N distances of the 3 Fe sites in 2 [Fe1–Navg 2.028(3) Å,
Fe2–Navg 2.027(3) Å, Fe3–Navg 2.023(3) Å] are indistinguish-
able within error. The average Fe–Fe separation of 2.7853(7)
Å in 2 is expanded from 1, indicating diminished Fe–Fe bonding
overlap.
The crystallographically determined structure of phenylimido

3 was reported previously (27), although we note the following

Fig. 1. Synthesis of 1−4.

Fig. 2. X-ray single-crystal structures obtained at 30.5 keV (100 K) for (A)
(tbsL)Fe3(py) (1), (B) [

nBu4N][(
tbsL)Fe3(μ3–Cl)] (2), (C) (tbsL)Fe3(μ3–NPh) (3), and

(D) [K(C222)]2[(
tbsL)Fe3(μ3–NPh)] (4). Disorder ratio of the phenyl group on the

μ3–NPh fragment in 3 is 48:52. Hydrogen atoms, cations, and cocrystallized
solvent molecules have been omitted for clarity. Thermal ellipsoids set at 50%
probability level. Fe, orange; C, gray; Cl, green; Si, pink; and N, blue.
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features: The imido phenyl moiety is found in 2 orientations in a
nearly 1:1 ratio. The triiron core forms a nearly isosceles triangle,
although with only a small variation in absolute distances
[Fe1–Fe2, 2.5365(9); Fe1–Fe3, 2.5367(8); Fe2–Fe3 2.5133(8) Å],
and the iron-imido N contacts are indistinguishable within error
[Fe1–Nimido, 1.939(3); Fe2–N 1.936(4); Fe3–N 1.935(3) Å].
Lastly, there is no evidence for ligand redox noninnocence within
the imido moiety [dC–C avg: 1.394(20) Å] or within the tbsL
o-phenylenediamide units whose metrics are consistent with
closed-shell dianions [dC–C avg: 1.393(4) Å]. Double reduction of
3 to the dianion 4maintains the overall aggregate geometry (Fig. 2D)
with attendant expansion in the Fe–Fe [avg. dFe–Fe: 2.633(1) Å]
and Fe–Nimido [avg. dFe–NPh: 2.008(2) Å] interactions. The Fe–Fe
distances and Fe–Nimido distances in 4 are significantly more
asymmetric than in 3: [Fe1–Fe2, 2.6606(9); Fe1–Fe3, 2.6568(8);
Fe2–Fe3 2.5817(8); Fe1–N, 1.976(2); Fe2–N, 1.991(2); Fe3–N,
2.058(2) Å].

57Fe Mössbauer. The reported zero-field, 57Fe Mössbauer spec-
trum for 1 (Fig. 3E) indicates 3 unique iron environments that
can be assigned to the 3-coordinate site (δ, jΔEQj (mm/s): 0.33,
1.84, blue trace); 4-coordinate, tetraanilido-bound site (δ, jΔEQj
(mm/s): 0.55, 1.76, green trace); and the 4-coordinate, pyridine-
bound site (δ, jΔEQj (mm/s): 0.74, 1.39, yellow trace), respec-
tively. For 2, the solid-state 57Fe Mössbauer displays a single
quadrupole doublet [δ, jΔEQj (mm/s): 0.72, 1.31, Fig. 3D], consis-
tent with the C3-symmetric 1H NMR spectrum, but relatively sur-
prising given the degree of asymmetry in Fe−Fe and Fe−Cl
distances observed by single-crystal X-ray diffraction studies (Fig.

2B). The single quadrupole doublet observed for 2 also contrasts
with the 57Fe Mössbauer spectrum of 4, which has 2 distinct signals
in a 1:2 ratio [δ, jΔEQj (mm/s), %: 0.72, 1.47, 35%, blue trace; 0.75,
2.84, 65%, Fig. 3F]. The asymmetry of 4 by Mössbauer decreases
upon oxidation, as seen in the Mössbauer spectrum of 3, which was
best modeled as 3 closely overlapping quadrupole doublets with the
following parameters [δ, jΔEQj (mm/s)]: 0.40, 1.08, (blue trace); 0.37,
1.72, (yellow trace); and 0.41, 2.13, (green trace) as shown in SI
Appendix, Fig. S12.

Assessing the Mixed-Valent Character of (tbsL)Fe3(μ3
–NPh) (3). The

electrochemical behavior of 3 displays three 1-electron redox
events in THF, 2 reversible reductions at E1/2 = −1.25 and −2.48
V, and 1 quasireversible oxidation at Epa = −0.12 V vs.
[Cp2Fe]

0/+ (27). From these data, the upper limit for the compro-
portionation constant (Kc) (29) of 3 was calculated to be 1.3 × 1019

(the E1/2 of the first reduction and the Epa of the oxidation
event were used), well in excess of 106 to 107 typically observed
for fully delocalized mixed-valent species (Robin–Day designa-
tion of Class III) (30, 31). While the conditions used in the
electrochemical experiment can vary Kc (32), the latter value
vastly exceeds the threshold for strongly delocalized complexes.
Complex 3 was probed by zero-field 57Fe Mössbauer spectros-
copy, as described above, where strongly delocalized mixed-
valent systems appear as a single quadrupole doublet (33). The
isomer shift values (δ), reflective of the relative oxidation levels,
vary minimally among the modeled components. The variation
observed for the quadrupole splitting values (jΔEQj) could re-
flect an electronic asymmetry induced by the μ3–NPh fragment,

Fig. 3. Crystal-structure cores with bond metrics
indicated and zero-field 57Fe Mössbauer spectra of
the all-ferrous materials (A and D) [(tbsL)Fe3(μ3–Cl)]–

(2), (B and E) (tbsL)Fe3(py) (1), and (C and F) [(tbsL)
Fe3(μ3–NPh)]2− of (4). (G–I) Single-crystal X-ray fluo-
rescence scan collected around the Fe K edge in steps
of 1 eV at 100 K; anomalous scattering factor f ′
(filled circles) and interpolation (solid line) for each
iron center of (G) [(tbsL)Fe3(μ3–Cl)]− (2), (H) (tbsL)
Fe3(py) (1), and (I) [(tbsL)Fe3(μ3–NPh)]2− (4).
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or simply result from the different orientations of the imide
phenyl unit in the solid-state measurement. However, the phe-
nomenon appears to be electronic in nature as 3 distinct com-
ponents were resolved in spectra collected in an amorphous glass
(toluene, 90 K, SI Appendix, Fig. S13) and as a polycrystalline solid
at 90, 150, and 210 K (SI Appendix, Fig. S12).
The absorption spectrum of 3 in C6D6 displays a discernible

weak absorption band at ∼4,500 cm−1; however, upon investi-
gating the near-IR spectrum of dianionic homovalent analog 4
we observed a band of a similar intensity, shape, and energy (SI
Appendix, Fig. S15), leading us to conclude that this feature does
not arise from intervalence charge transfer in 3. The NIR region
of the absorbance spectrum of 3 is otherwise featureless. A pre-
viously reported well-characterized, strongly delocalized Class III
reduced triiron complex on the same ligand platform also dis-
played no observable intervalence charge transfer (IVCT) band,
which supports the conclusion that mixed valency in 3 is also
strongly delocalized (34).

Multiwavelength Anomalous Diffraction. Application of MAD to
the series of all-ferrous clusters 1, 2, and 4 consisted of collecting
37 partial diffraction datasets around the experimentally de-
termined Fe K edge, in addition to a full data structure collection
at high energy as a reference (30.5 keV). A fluorescence scan on
a crystalline sample of ferrocene was used as an energy reference
standard between data collections. Before collecting the dif-
fraction data, fluorescence data were obtained on the same
single crystal at steps of 1 eV from 7,080 to 7,180 eV. A high-
lighted region from 7,100 to 7,140 eV is shown for 2, 1, and 4 in
Fig. 3 D–F, respectively, and for 3 in Fig. 4. No attempt was
taken to determine the edge from these data and instead it was
used to define the number and size of energy steps at which to
collect diffraction data for the MAD experiment. For the more
symmetric complexes 2−4, a preedge feature is apparent be-
tween 7,110 and 7,115 eV (35, 36).

Partial diffraction data, consisting of 500 to 1,000 unique re-
flections at each energy, were collected around the Fe K edge in
between 7,085 and 7,150 eV. When refining the partial diffrac-
tion datasets only the real (f′) and imaginary (f′′) scattering
factors for each iron site were freely refined while position and
occupancy of all atoms were held constant from the full struc-
tures determined at 30.5 keV. Tabulated scattering factors at
each energy were used for non-Fe atoms. The f′ plots for each
iron site obtained from the refinement using the 30.5-keV ref-
erence are shown in Fig. 3G–I for 2, 1, and 4, respectively, and in
Fig. 4 for 3. The site labeling corresponds to the atomic positions
shown in Fig. 1.
In a previous study of a mixed-valent FeIIFeIII2 oxo-bridged

trimer (21) a clear distinction of the minimum of the f′ vs. energy
curves, which indicates the edge position, allowed an un-
ambiguous assignment of the relative oxidation states of the in-
dividual metal sites. For iron-containing species, benchmark
studies provide baseline energy values of Fe0 (7,113 eV), FeII

(7,121 eV), and FeIII (7,127 eV), giving a narrow energy breadth
spanning only 14 eV (21). The asymmetry within each f′ curve is
likely due to the surveying of different transitions at low energy
(i.e., preedge and rising-edge absorptions) compared with those
surveyed at high energy (i.e., white-line energy). Initial in-
spection of the f′ curves for the asymmetric py-adduct 1 reveals a
complex series of plots that span a broad range of energies,
unlike those previously reported for molecular systems (21).
However, the breadth of the curves is similar to those reported
for polynuclear iron metalloproteins (22, 25). Remarkably, the 3-
coordinate site Fe3 presents the lowest energy minimum at
7,115.5 eV, offset from the minima displayed by the 4-coordinate,
tetraanilido-bound Fe1 (7,119.5 eV) and the 4-coordinate,
py-bound Fe2 (7,125.5 eV). The data for [nBu4N][(

tbsL)Fe3(μ3–Cl)]
(2) (Fig. 3 A, D, and G) reveal essentially overlapping f′ curves
for all 3 iron sites. Each of the iron site traces project a sharp
minimum at 7,117.5 eV; however, the energy of this minimum is
coincident with a strong, in-edge absorption in the fluorescence

Fig. 4. Crystal-structure cores for (tbsL)Fe3(μ3–NPh) (3) (A) and [(tbsL)Fe3(μ3–NPh)]2− of 4 (B) with relevant bond metrics indicated. (C) Single-crystal X-ray
fluorescence scan collected around the Fe K edge in steps of 1 eV at 100 K and (D) anomalous scattering factor f ′ (filled circles) and interpolation (solid line) for
each iron center of (tbsL)Fe3(μ3–NPh) (3). (E) X-ray fluorescence scan overlay for (tbsL)Fe3(μ3–NPh) (3, red) and [(tbsL)Fe3(μ3–NPh)]2– (4, blue). (F) Overlay of
anomalous scattering factor plots for each iron center of (tbsL)Fe3(μ3–NPh) (3, red) and [(tbsL)Fe3(μ3–NPh)]2– (4, blue). Expanded view of the right-hand side of
(G) the X-ray fluorescence and (H) f ′ of 3 and 4 highlighting the observed shift.
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scan. This feature has been observed in other chloride-containing
transition-metal complexes (37). Aside from this in-edge feature,
the f′ curves for 2 are similarly broad to those of 1.
Examination of the scattering factors of the dianionic imido 4

reveals that each of the 3 iron sites feature significantly broad-
ened energy minima envelopes spanning 6 to 12 eV [absolute
minima (eV): Fe1, 7,115.5; Fe2, 7,121.5; Fe3, 7,117.5]. The
asymmetry between the individual envelopes could be influenced
by the asymmetry in the individual Fe−Nimido distances, but
further interpretation is precluded by the minimal statistical
significance of the site-to-site differences in f′.
Application of the MAD protocol to the mixed valent (tbsL)

Fe3(μ3–NPh) 3 reveals an analogously broad scattering factor
envelope (Fig. 4E) akin to that observed in 4. The nominal
2-electron oxidation on going from 4 to 3 is manifest in a subtle
shift of the right side of the envelope of 3 to higher energies than
in 4. The shift in aggregate oxidation levels is more evident in
comparison with the scattering factor envelopes than the com-
posite fluorescence scans which are overlaid for 3 and 4 in Fig. 4C.

Discussion
The MAD data collection strategy implemented in this study
resulted in high-resolution f′ data for the complexes of interest.
We were able to both collect energy data points at a separation
of as little as 2 eV and collect sufficient data to minimize error in
f′ such that 3 sites within a similar ligand environment can be
distinguished. The resulting f′ curves for all-ferrous 1, 2, and 4,
and mixed-valent 3 allowed us to discern the effects of molecular
symmetry, changes in the primary coordination spheres for the
metals within the cluster, the nature of the cluster capping li-
gand, and cluster oxidation state. Several general observations
were apparent upon comparison of our data to that for pre-
viously reported complexes. First, the f′ envelopes observed for
the clusters examined in this study span a broader range than
previously observed in molecular systems; this broadness is also
observed in the fluorescence scans, and by comparison with the
XAS literature (38) indicates a much higher degree of covalency
within our clusters. Additionally, at the data resolution used in
this study (limited by the 1-eV energy uncertainty of the syn-
chrotron beamline at which these data were collected), observing
and interpreting preedge features via f′ is challenging.
Probing the effect of coordination environment via MAD, the

f′ plots of 1 reveal a strong correlation between changes in in-
dividual primary coordination spheres and the resulting anom-
alous scattering factors. Compared with the broad and entirely
featureless fluorescence scan, the individual f′ curves for 1 can
resolve detailed features of the absorbance at each site, including
multiple transitions in the edge of the 3-coordinate site Fe3. This
highlights the importance of employing a site-resolved technique
for cluster complexes, as none of these features are apparent in
the bulk measurement. Despite consisting of 3 formally FeII

sites, the disparity in the f′ minima span 10 eV (which nearly
spans the previously benchmarked Fe0–FeIII continuum). This
case study shows that the absolute f′ minimum alone should not
be used as an indicator of oxidation state. Rather, we note that
the individual f′ plots converge approaching the white-line en-
ergy, suggesting the right-hand rising edge should be more re-
flective of the relative oxidation states of the individual sites.
However, the differences in the f′ curves for the 3 iron sites do
indicate that there is polarization across the [Fe3] core, poten-
tially signifying a disparity in local electronic structures. This
analysis agrees with the 57Fe Mössbauer data for 1, in which all 3
sites differ in both isomer shift and quadrupole splitting.
By coordinating chloride to the face of the trinuclear cluster in

2, the local coordination environments of the individual sites are
nominally symmetrized compared with those of 1. While the M–N
bonds are indistinguishable within error, the Fe–Fe and Fe–Cl
distances are highly asymmetric (Fig. 3A), with SDs of 0.08 and

0.04 Å, respectively. Despite these differences, the f′ curves
obtained for 2 overlay almost completely for all energies, in-
dicating that the f′ plots for 2 are more reflective of Fe–N bond
distances. The long Fe–Fe distances [avg. 2.785(1) Å] and Fe-Cl
distances [2.519(1) Å], coincident f′ plots, and the single quad-
rupole doublet in 57Fe Mössbauer spectra indicate that the local
electronic structure is dominated by the highly covalent Fe–N
bonds. As anticipated, the in-edge feature observed in the fluo-
rescence scan produces the strongest signal in the f′ curve, giving
rise to the sharp minimum at 7,115.5 eV. The decreasing left-
hand side of the curve includes a shoulder at 7,111.5 eV, co-
incident with the energy of the preedge feature in the fluorescence
scan, confirming that preedge features contribute minimally to f′.
Accounting for these detailed edge features, the overall f′ enve-
lope for all 3 sites of 2 spans a similar energy range to that ob-
served for 1, corresponding to a similar degree of covalency
between the 2 complexes.
The asymmetry in the Fe–Fe and Fe–Nimido distances of 4

results in an asymmetric 57Fe Mössbauer spectrum. The unique
quadrupole doublet (Fig. 3F), which significantly differs only in
quadrupole splitting, could be associated with site Fe3 which
bares significantly shorter average Fe–Nligand distances [2.043(3) Å
vs. 2.070(3) Å and 2.074(3) Å] and a longer Fe–Nimido distance
[2.058(2) Å vs. 1.976(2) Å and 1.991(2) Å] compared with the
remaining sites. The site-resolved f′ plots that arise from MAD,
however, are barely distinguishable within error. The more co-
valent interactions between the iron sites and the μ3-capping
group in 4 do not increase the breadth of the curves compared
with 2. The decreased Fe–Fe distances also do not result in
significant broadening of the curves, nor do they change the
energy at which the steep descent or ascent occurs. Synthetic
clusters previously studied by MAD have much longer M–M
distances than those found in 4 [M–M > 3 Å vs. Fe–Feavg
2.633(1) Å]. The finding here that shorter Fe–Fe distances do
not impact the curve width strengthens the conclusion that the
breadth of peaks observed for the complexes in this study is re-
lated to metal–ligand covalency, as suggested by XANES litera-
ture. Those conducting future studies on synthetic and biological
systems should note the tendency of highly covalent systems to
give significantly broadened MAD signals compared with previous
literature reports (21).
Upon oxidation to the neutral phenyl imido complex 3, the

cluster undergoes a significant symmetrization (SD Fe–Nligand:
0.005 Å, Fe–Nimido: 0.002 Å, Fe–Fe: 0.013 Å vs. 0.017 Å, 0.044 Å,
0.045 Å, respectively, in 4). Furthermore, 57Fe Mössbauer re-
veals a broad quadrupole doublet that can be fit as 3 closely
overlapping components. Isomer shift and quadrupole splittings
can be obtained from a fit to these data, but the closely over-
lapping nature of the doublets allows for multiple comparable
fits. While the comproportionation constant and lack of IVCT
band observed for 3 match well with what was observed for a
fully delocalized, mixed-valent anion on the same triiron plat-
form, the existence of multiple spectral features by 57Fe Möss-
bauer contrasts with the single quadrupole doublet observed in
the previous example and other Class III iron complexes. In fact,
closely overlapping but distinct quadrupole doublets were ob-
served for a previous triiron system (formally FeIII2Fe

II) which
was determined by MAD to consist of a pair of redox-delocalized
sites and 1 redox-isolated FeIII (19, 21, 39).
Analyzing the MAD data for 3 reveals 3 coincident f′ traces,

indicating a similar redox distribution across all 3 sites. Addi-
tionally, the f′ plots in 3 are more closely overlapping than those
in 4. This suggests that the dissimilarities within the 57Fe Möss-
bauer spectrum of 3 must arise from small differences in quad-
rupole splitting due to small geometric perturbations, rather than
from a difference in oxidation state. MAD indicates that the 3
iron sites of 3 are identical in oxidation state. The overall 2-electron
oxidation on going from 3 to 4, however, is observable by MAD
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in a 2-eV shift of the overall f′ envelopes to higher energies (Fig.
4H and SI Appendix, Fig. S16). The 2-eV shift in the position of
the rising edge of the f′ curves is much greater than the barely
discernible difference between the 2 fluorescence scans.

Conclusions
The foregoing results allow the analysis of the impacts of ag-
gregate oxidation level, changes in primary coordination sphere,
and metal–metal bonding on the ability of MAD to determine
site-specific redox levels. The data collection strategy employed
successfully enabled the collection of up to 21 energy data points
per molecule, significantly improving the resolution of the f′ curves
obtained without sacrificing certainty in individual f′ values. The
MAD results obtained in this study show that highly covalent
systems display broad f′ traces, much like the broadening of
XANES spectra with increasing covalency. Transitions that give
rise to observable in-edge features in a simple fluorescence scan
disproportionately affect f′ plots, whereas preedge features are
difficult to discern, perhaps except at even higher resolution than
was possible for this study. Differences in local coordination ge-
ometry dramatically impact the appearance of site-specific f′
curves. The overall f′ curve position is reflective of relative oxida-
tion level in this study as seen by the shift in the f′ envelope when 3
is reduced to 4. In general, the MAD results gave excellent corre-
spondence with the 57Fe Mössbauer data, where nonoverlapping
quadrupole doublets gave rise to nonsuperimposable f′ curves, thus
portending the general utility of the technique. Furthermore, MAD
was able to resolve the nature of delocalization in 3, which was

otherwise ambiguous by 57Fe Mössbauer. More broadly, these re-
sults highlight the importance of having control compounds that are
as structurally similar as possible (e.g., 3 vs. 4), as conclusions are
difficult-to-impossible to draw in the absence of a direct comparison
and particularly obscured by differences in geometry (1 vs. 3).

Methods
Reagents, solvents, material synthetic procedures, and associated spectro-
scopic data are outlined in SI Appendix. X-ray absorption techniques are
described in the text and in SI Appendix. MAD and crystallographic data and
tables are included in SI Appendix.
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