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ABSTRACT: FeN4 motifs, found, for instance, in bioinorganic
chemistry as heme-type cofactors, play a crucial role in man-made
FeNC catalysts for the oxygen reduction reaction. Such single-
atom catalysts are a potential alternative to platinum-based
catalysts in fuel cells. Since FeNC catalysts are prepared via
pyrolysis, the resulting materials are amorphous and contain side
phases and impurities. Therefore, the geometric and electronic
nature of the catalytically active FeN4 site remains to be clarified.
To further understand the behavior of FeN4 centers in electro-
chemistry and their expected spectroscopic behavior upon
reduction, we investigate two FeN4 environments (pyrrolic and
pyridinic). These are represented by the model complexes
[Fe(TPP)Cl] and [Fe(phen2N2)Cl], where TPP = tetraphenylpor-
phyrin and phen = 1,10-phenanthroline. We predict their Mössbauer, UV−vis, and NRV spectral data using density functional
theory as windows into their electronic structure differences. By varying the axial ligand, we further show how well small chemical
changes in both complexes can be discerned. We find that the differences in ligand field strength in pyrrolic and pyridinic
coordination result in different spin ground states, which in turn leads to distinct Mössbauer spectroscopic properties. As a result,
pyrrolic nitrogen donors with a weaker ligand field are predicted to show more pronounced spectroscopic differences under in situ
and operando conditions, while pyridinic nitrogen donors are expected to show less pronounced spectroscopic changes upon
reduction and/or ligand loss. We therefore suggest that a weaker ligand field leads to better detectability of catalytic intermediates in
in situ and operando experiments.
KEYWORDS: iron, single-atom catalysts, FeNC, oxygen reduction reaction, redox chemistry, spectroscopy

■ INTRODUCTION
The oxygen reduction reaction (ORR) is important for several
technological applications such as metal air batteries, chlorine
electrolyzers with oxygen depolarized cathodes, and (rever-
sible) fuel cells.1−3 Besides platinum-based catalysts, single-
atom catalysts can catalyze the ORR. A prominent example is
the group of FeNC catalysts in which single iron ions are
thought to be bound by four nitrogen donor atoms that are
embedded in a graphene-like matrix.4 While almost as active as
platinum, their long-term stability remains to be improved.56

Since FeNC catalysts are obtained by pyrolysis, they are highly
amorphous and have a heterogeneous composition in terms of
side phases and impurities.2,6−8 Therefore, classical methods
for structure elucidation, such as X-ray diffraction, fall short.
This complicates the identification of the composition and
structure of the catalytically active site(s) and, thus, precludes a
complete understanding of the catalytic cycle. Even the exact
number and nature of the nitrogen ligands remains under
debate, see Figure 1.9−16

Iron ions and their environments can be studied with
Mössbauer spectroscopy, which is sensitive to their oxidation

and spin states that are in turn influenced by their ligand
field.17,18 In an operando Mössbauer study,11 we have recently
shown that the catalytically active iron ions are coordinated by
nitrogen atoms in five-membered rings, i.e., a pyrrolic
environment, or “FeN4C12” in the nomenclature of the field
where the subscript on carbon indicates the shortest
circumference of carbon atoms around the iron ion. The
alternative discussed in the literature comprises nitrogen donor
atoms in six-membered rings, i.e., a pyridinic environment or
“FeN4C10”. This alternative type of site was previously
implicated by us in the transformation of peroxide in the
ORR in an in situ Mössbauer study.10

Jaouen and co-workers assigned their in situ data to the
presence of a high-spin Fe(III) site (D1) and a low or
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intermediate spin Fe(II) site (D2).14 They observed structural
changes for one of their presumably catalytically active sites,
D1, while they attributed the main activity to the second site,
D2, that remained unchanged upon applied potential.14 They
interpreted this with the presence of a durable and a
nondurable active site in their FeNC catalyst. In contrast, Li
et al. did not observe any significant changes under in situ
conditions for their FeNC catalysts in acidic media while some
changes occurred in alkaline media.15 It thus appears that both
types of sites might be present in FeNC catalysts, but they may
have different catalytic roles. Notably, different preparations
yield FeNC catalyst materials with different impurities, side
phases, and activities.14,19−22 The preparation conditions might
thus play a role in determining which active site motif is
dominant, in terms of quantity and catalytic capability.
A deeper understanding of the electronic structures of the

two kinds of FeN4 sites is hence imperative for a more detailed
analysis of spectroscopic data on FeNC catalysts. We note that
other factors than the type of nitrogen donor will influence the
spectroscopic properties, e.g., the extent of the graphene sheet
and possible dopants within it, or the presence and nature of
an axial ligand besides the substrate or catalytic intermediate,
see Figure 1.23

The interpretation of Mössbauer data benefits greatly from
density functional theory (DFT) calculations if the method-
ology is calibrated carefully, and both the isomer shift and the
quadrupole splitting are used for assignments.24 Similarly,
other structurally or electronically sensitive spectroscopic
properties can be predicted well with DFT.25,26 While many
questions on FeNC catalysts can be answered by Mössbauer
spectroscopy, having access to complementary information
from other methods that probe the valence electronic structure
(UV−vis, K pre-edge X-ray absorption spectroscopy, and
valence to core X-ray emission spectroscopy)12,27−32 or the
interactions in the first coordination sphere [infrared (IR)
spectroscopy, nuclear resonance vibrational spectroscopy
(NRVS), and extended X-ray absorption fine structure]
would be highly beneficial.33−35 While not all of these methods
are applicable to FeNC catalysts −notably UV−vis and IR
spectroscopy due to the black, amorphous nature of FeNC
catalyst materials− having a principal understanding of
expected changes will be fundamentally important for studies
with FeNC catalysts. Additionally, these windows into the
electronic structure will be relevant for studies with model

complexes, whether in a homogeneous catalytic setting or after
immobilization on an electrode.
To address the question of how sensitive spectroscopic

methods are to changes in the coordination environment, we
had previously studied23 the discernibility of spin state, axial
ligand, and bridging atom for Marshall-Roth’s complex,
[Fe(phen2N2)Cl].

9 Our results suggested that axial ligands
may be differentiated by the UV−vis and Fe K pre-edge
spectra and the Mössbauer quadrupole splitting, and doping
atoms will influence the IR, UV−vis, and iron K pre-edge
spectra.23 In a separate study, we discussed the influence of
porphin substituents on the redox potentials in organic and
aqueous solvents.35

Herein, we build on these studies to compare pyrrolic and
pyridinic environments, i.e., [Fe(TPP)Cl] and [Fe(phen2N2)-
Cl], see Figure 1, and the influence that single reduction or
ligand loss have on the ligand field and accessible spin states.
We discuss the implications for the discernibility of these
species by Mössbauer, UV−vis, and NRV spectroscopies. As
axial ligands, we chose Cl− and OH− since they are commonly
found in model complexes and are expected to be present in
FeNC catalysts. We find that the differences in ligand field
strength in pyrrolic and pyridinic coordination result in
different spin ground states which in turn leads to distinct
spectroscopic properties. Most importantly, the Mössbauer
signals of iron ions in pyridinic environments fall in a narrow
region, whereas ligand loss and reduction are readily detectable
for pyrrolic nitrogen donors with a weaker ligand field. This
finding implies that spectroscopic changes under in situ and
operando conditions of real FeNC catalysts may reveal the
catalytic activity at the pyrrolic sites but not at the pyridinic
sites. We suggest that differences in ligand field strengths lead
to better detectability of pyrrolic sites in in situ and operando
experiments but not necessarily to superior catalytic properties.
Nonetheless, a direct correlation of quantitative spectroscopic
changes of a species under operando conditions with catalytic
activity is a strong indicator of its catalytic relevance.

■ RESULTS

Parent Complexes

We study two series of complexes, [Fe(TPP)Cl] and
[Fe(phen2N2)Cl], which in the following are described as
[FeIIIP1Cl] and [FeIIIP2Cl], see Figure 2 for the ligand
variations. In both complexes, the FeIII ion is pentacoordinate
with a planar macrocyclic N-donor ligand and chloride as an
axial ligand. The spin ground state of [FeIIIP1Cl] is S =

5/2
according to magnetic susceptibility and EPR measurements,36

whereas for [FeIIIP2Cl], a spin ground state of S =3/2 was
assigned from its Mössbauer parameters.9 These spin states are
correctly identified as the lowest energy spin states in single-
point calculations [OLYP/CP(PPP):def2-TZVP] on fully
relaxed structures (TPSS/def2-TZVP:def2-SVP), see the
Computational Details section.
In [FeIIIP1Cl], there are five occupied spin up (α) d orbitals

with empty spin down (β) counterparts, i.e., conforming to the
expected S = 5/2 occupation pattern (xy)1(xz)1(yz)1(z2)1(x2 −
y2)1, see Figure 3a. Besides the nonbonding iron d(xy) orbital,
the occupied MOs with Fe 3d character are bonding or
antibonding interactions with the chloride p(x) and p(y) and π
orbitals of the porphin ligand, see Figures S1 and S2 and
Tables S1−S2. The α and β HOMOs are dominated by

Figure 1. Sketch of some of the open questions around the active
site(s) in single-atom catalysts for the oxygen reduction reaction, left,
and the FeN4 model complexes [Fe(TPP)Cl] (top) and [Fe-
(phen2N2)Cl] (bottom) with ligand spheres P1 and P2, respectively,
studied here in terms of their electronic and spectroscopic properties.
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porphin π character with some d(z2) admixture. The β LUMO
is a nonbonding 3d(xy) orbital.
In [FeIIIP2Cl], the d orbital occupation pattern is

(xy)2(xz)1(yz)1(z2)1(x2 − y2)0, see Figure 3b. Accordingly,
the α HOMO has iron d(z2) character with significant
contributions of the in-plane and axial ligand orbitals, see
Figure S2. The β HOMO is of pure d(xy) character. We note
that the C2v symmetry leads to nondegenerate π* MOs with
iron d(xz) or d(yz) and chloride p character.
As expected for iron complexes, the other spin states are

energetically close. For [FeIIIP1Cl], the intermediate-spin state
S = 3/2 is found only 2.4 kcal mol−1 above the S = 5/2 ground
state. The gap is larger in [FeIIIP2Cl], where the high-spin state
S = 5/2 is predicted at 7.0 kcal mol−1 above the S = 3/2
ground state.
The structural parameters obtained computationally by

geometry relaxation of [FeIIIP1Cl] are in good agreement
with the crystal structure, see Table 1.37 For [FeIIIP2Cl], no
crystal structure is available. The Fe−N bond lengths are
shorter than those for [FeIIIP1Cl], whereas the Fe−Cl distance
is longer. This can be attributed largely to the different spin
ground states: in the computationally predicted high-spin
geometry of [FeIIIP2Cl], the Fe−N and Fe−Cl distances are
found to be closer to those of the TPP complex. Notably, the
trans,trans−N−Fe−N angles show that the iron ion is more
strongly displaced from the ligand plane in [FeIIIP2Cl] than
that in [FeIIIP1Cl], especially in the high-spin case where the
angle between the two phenanthroline subunits is significantly
diminished, see Table 1.
Redox Chemistry

Experimentally, the FeIII/FeII redox event of [FeIIIP1Cl] is
observed at −0.05 V vs RHE in the organic solvent,
dichloromethane.35 For [FeIIIP2Cl], no data in organic solvents
are available.9 The redox potential is highly sensitive to the
solvation environment and immobilization. This is exemplified
for carbon-supported [FeIIIP1Cl] and [FeIIIP2Cl] immobilized
on an electrode, where the FeIII/FeII redox event in the acidic
electrolyte is observed at 0.19 V vs RHE11 and 0.59 V vs
RHE,9 respectively. The reduction of [FeIIIP1Cl] is associated
with loss of the chloride ligand.35 Marshall-Roth et al. stated
that the redox event in the P2 case is better described as FeIII−
OH/FeII−H2O,

9 suggesting rapid ligand exchange with the
electrolyte and a concerted proton-transfer step. Therefore,
hydroxide is studied here as an alternative axial ligand. Since
the individual steps of one electron reduction and axial ligand
loss are easily separable in computational studies, we discuss
below the plausible intermediates; see Figure 4a.

Electronic Structures. Two different spin states, S = 1 and
S = 2, can form, in principle, upon reduction. For [FeIIP1Cl]−,
the S = 2 and S = 1 states are predicted at almost equal
energies. Considering only the electronic energies, S = 1 is
preferred by 2.0 kcal mol−1 over S = 2; including
thermodynamic corrections leads to degenerate S = 1 and S
= 2 states [ΔE(HS,IS) = 0.2 kcal mol−1]. These subtle
differences exemplify the notorious difficulties in predicting the
correct spin states and point out the difficulties single-
determinant methods like DFT face when studying iron
complexes.38−41 We note that electronic structures with a
noninnocent macrocyclic ligand can in principle arise, but
none are relevant here. With hydroxide as the axial ligand, both
the oxidized parent complexes and the reduced species show

Figure 2. Structural formulas of the complexes studied here: (a)
pyrrolic [FeIIP1] and its congeners (P1a to P1e) and (b) pyridinic
[FeIIP2] and variants (P2a, P2b). Optimized geometries of (c)
[FeIIIP1Cl] and (d) [FeIIIP2Cl]. Iron atoms are depicted in orange,
nitrogen in blue, chlorine in green, carbon in gray, and hydrogen in
white.

Figure 3. Schematic representations of the MOs dominated by Fe 3d
atomic orbitals for (a) P1 and (b) P2 ligand environment before and
after reduction. The energy spacings are not drawn to scale; detailed
MO schemes are shown in Supporting Information. In a square-planar
ligand field, orbitals with z-components would be stabilized, so that
the d(z2) orbital may become the most stabilized orbital.37 For
multideterminant cases, one representative electronic configuration is
shown.
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the same spin state behavior, albeit with a more pronounced
Gibbs energy preference for S = 2, see Supporting Information.
In contrast, the S = 1 spin state is preferred in [FeIIP2Cl]−

over the alternative S = 2 spin state by 9.3 kcal mol−1
considering the electronic energies; thermodynamic correc-
tions lower this splitting to 6.8 kcal mol−1. Only with a change
in the second coordination sphere, specifically if the bridging
atom between the two phenanthroline units is oxygen, there
are S = 2 states isoenergetic (ΔE(HS,IS) < 2 kcal mol−1)
regardless of the identity of the axial ligand. The fact that the
pentacoordinate complexes with a porphyrin ligand can access
S = 5/2 and S = 2 spin states demonstrates that the porphin
core exerts a weaker ligand field than the phenanthroline-based
environment.
Evaluating the reduction event in the absence of an axial

ligand, i.e., for the square-planar complexes, we observe less
pronounced differences in the electronic structures. Both
complexes have the same spin ground states: the FeIII
complexes are predicted as S = 3/2 and the FeII complexes
as S = 1 species. Alternative spin ground states are found at
least 12 kcal mol−1 higher in energy with both types of
macrocyclic ligand, see Tables S1 and S2.

Reaction Free Energies. Turning now to the reaction free
energies for the redox events, we consider these in an
electrochemical setting and report the energies in eV (1 eV =
23.06 kcal mol−1). An overview of the reduction and ligand
loss steps in terms of a square scheme is given in Figure 4a.
The loss of an anionic ligand is always endergonic; see Figure
4b,c. This may be partly attributed to the separation of charges
that are only implicitly solvated. In the FeIII cases, the loss of
hydroxide and chloride is more endergonic in the phenanthro-
line-like environment. For instance, ΔG for chloride loss
amounts to 1.31 eV, whereas in the porphyrin environment,
chloride loss is associated with a ΔG of 1.08 eV. In the FeII
cases, ligand loss is less endergonic than that in the FeIII cases.
Releasing the chloride ligand from [FeIIP1Cl]− and [FeIIP2Cl]−

comes at a cost of 0.37 and 0.40 eV, respectively. Hydroxide
release from [FeIIP2OH]− is uphill by only 0.06 eV, while for
[FeIIP1OH]−, it is associated with 0.44 eV. As shown in Figures
S8−S10 and Table S6, exergonic ligand loss reactions can be
achieved with different substituents on the P1 ligand or
different bridging atoms in the P2 ligand.
The reduction events without a loss of the axial ligand are

calculated from energy differences between the oxidized and
reduced species considering electronic and thermodynamic
contributions. These Gibbs energy differences always appear as
exergonic reactions since the oxidation half reaction is not
explicitly formulated. They recently were correlated to their
redox potentials vs RHE in the aqueous electrolyte for the
[FeIIIPiL] series of complexes, see also Figure S11.

35 Reduction

in the square-planar complexes has a ΔG that is more than 1
eV larger than reduction in the square-pyramidal environ-
ments. However, since ligand loss from the parent species is
uphill already, the reaction path from [FeIIIPiL] to [FeIIPi]
presumably occurs via [FeIIPiL]− or as a concerted reaction.
Comparing the P1 and P2 ligands, the differences in ΔG for the
reduction events amount to, at most, 0.3 eV.
Modulating redox potentials via substitution in the second

ligand sphere can help in designing an optimal catalytic
reaction landscape. Including electron donating or withdrawing
groups on the phenyl substituents in [FeIIIP1L], see Figure 1,
alters the FeII/FeIII redox potential as expected with more
positive potentials for the more strongly electron-withdrawing
groups35 independent of the axial ligand. Similarly, the Gibbs
free enthalpy for ligand loss increases with more strongly
electron-withdrawing character of the phenyl substituents in
both the FeIII 35 and FeII complexes with either choice of axial
ligand. While these are the broad trends, some outliers exist
within the series; all data are given in Table S6. In the
[FeIIIP2L] series, the second ligand sphere effects are much
more pronounced since the structural modification alters the
electronic structure, specifically as a direct influence of the π
system of the equatorial ligand. While for the carbon-bridged
system P2a the Gibbs free enthalpy differences for all four steps
are generally lower than that for P2, those of the oxygen-
bridged system P2b are higher, see Figure S10 and Table S6.
Spectroscopic Discernibility

The electronic structure differences discussed above suggest
that electronic spectroscopy may be used to detect these
changes. We discuss below UV−vis, Mössbauer, and NRV
spectroscopies. This question is of particular importance with a
view toward identifying in situ and operando changes in FeNC
catalysts where a multitude of iron environments coexist and
undergo changes upon applying a potential or exposing the
material to dioxygen.10,11,14,15,42 The spectroscopic predictions
below may also be relevant for studying molecular model
catalysts anchored to or incorporated into an electrode or as
homogeneous catalysts.

UV−Vis Spectra. The UV−vis spectra as predicted with
TD-DFT calculations show pronounced differences in energy
and intensity among the four species of the ligand loss and
reduction sequence and between the two ligand environments;
see Figure 5. The [FeP1] spectra increase in intensity upon
reduction, as would be expected with an additional electron in
the valence region. Ligand loss leads to a decrease in intensity,
as can also be easily rationalized due to missing dipole-allowed
transitions between orbitals that contain both Fe 3d and ligand
2p character. Changes due to modifications of the axial ligand
and in the second coordination sphere are subtle, as shown in

Table 1. Structural Properties of Optimized Structures of [FeIIIP1Cl] and [FeIIIP2Cl] in Different Spin Statesa

S Fe−N1 Fe−N2 Fe−N3 Fe−N4 Fe−Cl
[FeIIIP1Cl] 5/2 2.091 2.092 2.091 2.092 2.242
[FeIIIP2Cl] 3/2 2.043 2.044 2.045 2.044 2.298
[FeIIIP2Cl] 5/2 2.068 2.068 2.068 2.068 2.234

S N1FeN2 N2FeN3 N3FeN4 N4FeN1 N1FeN3 N2FeN4

[FeIIIP1Cl] 5/2 87.0 87.0 87.0 87.0 153.2 153.7
[FeIIIP2Cl] 3/2 83.5 88.2 83.5 88.1 148.7 148.7
[FeIIIP2Cl] 5/2 81.0 82.7 81.0 82.7 135.8 135.8

aBond lengths (Fe−N/Fe−Cl) are given in Å, and bond angles (N−Fe−N) are given in degrees (°). The atom numbering scheme is shown in
Figure 1a and b as green numbers.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00714
JACS Au 2024, 4, 940−950

943

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00714/suppl_file/au3c00714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00714/suppl_file/au3c00714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00714/suppl_file/au3c00714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00714/suppl_file/au3c00714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00714/suppl_file/au3c00714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00714/suppl_file/au3c00714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00714/suppl_file/au3c00714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00714/suppl_file/au3c00714_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00714/suppl_file/au3c00714_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figures S15−S19. The changes in the [FeP2] spectra are much
less pronounced than those in [FeP1]. Importantly, however,
the oscillator strength of the transitions in the [FeP2] series is
much lower than that for the [FeP1] series. This implies that in
a catalyst material where both types of environment are
putatively present, [FeP2] species may be at risk of being
overlooked with UV−vis spectroscopy. Whether this holds for
other spectroscopies that probe the unoccupied valence space
would have to be studied explicitly.

Mössbauer Spectra. Mössbauer spectroscopy allows a
more differentiated look at iron spin and oxidation states. For
electrodes of carbon-supported [FeP1]Cl, the appearance of an
FeII high-spin species was observed under reductive conditions
(−0.05 V vs RHE) in the absence of dioxygen with Mössbauer
parameters that are characteristic for high-spin FeII.43 Under
similar conditions, FeII high-spin species were also found for
differently prepared FeNC catalyst materials at reductive
potentials.A111042 For the as-prepared material, it is not clear a
priori whether the reduction of these sites will be associated
with ligand loss. Therefore, studies on well-defined molecular
complexes are often used to formulate expectations for changes
that can be observed under in situ or operando conditions.
The two ligand environments of the parent complexes lead

to different Mössbauer signals, so that they are discernible by
their isomer shifts and quadrupole splittings; see Figure 6. The
predicted values are in good agreement with the experimental
data; the predicted isomer shift values fall within the trust
region established by our calibration study {[FeP1]Cl exp. (4.2

Figure 4. (a) Square scheme for the reduction and ligand abstraction
steps. Gibbs energy diagrams calculated at the TPSS/def2-
TZVP:def2-SVP level of theory for (b) [FeP1] and (c) [FeP2]. The
red and orange lines in part b refer to the axial ligand being Cl− and
OH−, respectively. The dark blue and light blue lines in (c) refer to
the axial ligand being Cl− and OH−, respectively.

Figure 5. UV−vis spectra predicted with TDDFT at the B3LYP/def2-
TZVP(-f) level of theory for all species in the square scheme in their
lowest energy spin states; (a) [FeP1] and (b) [FeP2]. The spectrum of
the S = 1 [FeIIP1L]− case is shown in Figure S14. The y-axis reflects
the calculated oscillator strength of the vertical transitions scaled by
applying an artificial broadening of 0.25 eV to obtain the line
spectrum and is hence labeled as intensity with arbitrary units (a.u.).
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K): 0.41 mm s−1,44,45 calc.: 0.51 mm s−1; [FeP2]Cl exp. (80
K):9 0.39 mm s−1, calc.: 0.32 mm s−1}, whereas the difference
between theory and experiment is more pronounced for the
quadrupole splitting values ([FeP1]Cl exp. (4.2 K): 0.46 mm
s−1,44,45 calc.: 0.40 mm s−1; [FeP2]Cl exp(80 K): 3.06 mm s−1,9

calc.: 2.12 mm s−1). The significantly higher quadrupole
splitting in the P2 environment than that in the P1 environment
can be attributed to the less symmetric electron distribution
and thus higher electric field gradient in the S = 3/2 than that
in the S = 5/2 ground state. The calculated Mössbauer
parameters for the different axial ligands suggest that this
change is too small to be detectable.
The reduced form of [FeIIIP1L], [FeIIP1L]−, has close-lying

high-spin and intermediate-spin states (vide supra). The
Mössbauer parameters of the high-spin form are close to
values measured experimentally (calc: δiso = 1.00 mm s−1 and
ΔEQ = 4.58 mm s−1, exp:43 δiso = 1.08 mm s−1 and ΔEQ = 3.72
mm s−1). The two axial ligands can be differentiated by the
quadrupole splitting values that differ by more than 0.88 mm
s−1, whereas [FeIIP1OH]− gives a better match to the
experiment mentioned above (calc: δiso = 1.00 mm s−1 and
ΔEQ = 3.70 mm s−1). The energetically close-lying
intermediate spin species [FeIIP1L]− are found at lower values:
δiso = 0.72/0.68 mm s−1 and ΔEQ = 2.22/1.40 mm s−1 for L =
Cl/OH, respectively. We note that in this case, identification of
the axial ligand in an experiment would be more difficult since
square-planar FeII species are expected to have Mössbauer
parameters in this region.23 The variation of the Mössbauer
parameters with different second sphere substituents follows
the expected trends of electron-donating and withdrawing
groups35 but is much smaller than variations due to oxidation
and spin state changes, see Figure S12 and Table S7.

In the [FeP2L] complexes, the axial ligands alter the
quadrupole splitting to a similar extent as in the [FeP1L]
complexes. Most importantly, however, all values fall in a very
similar range of isomer shift values. This can be easily
rationalized by the stronger ligand field exerted by the
phenanthroline-like ligand environment as discussed above,
which stabilizes S = 1 and S = 3/2 spin states. As a corollary,
we suspect that the [FeIIP2L]− species formed in an in situ
experiment could not be distinguished from the doublet of the
parent compound. With modification of the second ligand
sphere in terms of the bridging atoms, similar Mössbauer
parameters are found for the carbon-bridged phenanthroline
ligand [FeP2aL]. In contrast, since a high-spin state can be
stabilized in the oxygen-bridged [FeIIP2bL]− case, well-isolated
doublets at δiso = 0.98/0.97 mm s−1 and ΔEQ = 3.55/2.71 mm
s−1 for L = Cl/OH are predicted, see Figure S13 and Table S7.

NRV Spectra. A second iron-specific spectroscopy that is
highly beneficial for the characterization of iron environments
in FeNC materials is NRVS (also known as nuclear inelastic
scattering). It detects all vibrations in which iron participates
and thus is sensitive to the coordination environment of iron.
Analogous to IR spectroscopy, specific regions are character-
istic for certain types of vibration, e.g., out-of-plane vibrations
including the so-called doming mode are situated below 200
cm−1, in-plane vibrations dominate the region between 200
and 400 cm−1, and axial ligand vibrational modes are typically
found in the range between 400 and 600 cm−1, see Figure 7.46

In the present cases, the axial ligands are discernible via
different frequencies for [FeIIIP1L], see Figure 7a. The Fe−Cl
stretch is predicted at 330 cm−1 (exp: 358 cm−135), whereas for
the hydroxide ligand, the Fe−O ligand stretch and Fe−O−H
bending modes are predicted at higher frequencies, 539 and
608 cm−1. When reduced to [FeIIP1L]−, the frequency of the
Fe−Cl stretch decreases to 252 cm−1, which overlaps with the
vibrations of the in-plane ligand. A coupled Fe−OH stretching
and bending vibration is also red-shifted to a value of 457
cm−1, with an Fe−OH wagging motion seen at 677 cm−1.
Reduction leads to occupation of the nonbonding 3d(xy)
orbital, so that the bond strength of iron with the axial ligand is
not directly affected in terms of occupying a metal−ligand
antibonding orbital. The observed decrease of the axial ligand
stretches is more pronounced than may have been expected
based on simplistic MO considerations, but in agreement with
the less pyramidal iron and longer iron-ligand bond length in
the reduced case.
Upon ligand abstraction, the in-plane modes between 400

and 500 cm−1 gain intensity, and an overall shift to higher
frequencies is seen. This is a reporter of an increased iron−
nitrogen bond strength, which is in line with the square-planar
environment. No significant difference between the FeIII and
FeII cases is predicted as may be expected from the very similar
iron−nitrogen bond lengths, i.e., 1.959 Å for FeIII and 1.985 Å
for FeII. Changes in the second coordination sphere of
[FeP1a‑eL] reveal only minor differences in intensity and
position; the same trends upon reduction and ligand loss are
predicted (Figures S22−S26). Overall, the calculations
demonstrate that it will be difficult to discern all species: the
most significant changes are found in a spectral region above
400 cm−1 that can have low intensities depending on the axial
ligand.46

The phenanthroline-like environment P2 (Figure 7b) has an
overall different shape of the spectrum with the dominant
intensity features found between 200 and 500 cm−1 (cf. 150−

Figure 6. Mössbauer data predicted for all species in the square
scheme; (a) [FeP1] and (b) [FeP2]. The error bars for isomer shift
and quadrupole splitting from a calibration study are shown in the
bottom right corner (trust regions for δiso: ±0.065 mm s−1, ΔEQ:
±0.18 mm s−1).24
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350 cm−1 for P1). Consequently, the identity of the axial ligand
is not as clearly resolvable. The higher frequencies mostly
related to Fe−N vibrations are indicative of stronger Fe−N
bonds, i.e., shorter bond lengths. This is congruent with the
stronger ligand field of the P2 environment that was already
deduced from the molecular orbital diagrams and energetically
preferred spin states. The abstraction of an axial ligand from
[FeP2L] is barely detectable, and upon reduction, a small shift
toward higher frequencies is observed. From the MO
considerations, the newly occupied orbital is of metal−ligand
π* character, which would be expected to lead to a weaker Fe−
L bond vibration. The Fe−L bond stretch is not shifted
significantly upon reduction (e.g., 251 cm−1 to 247/333 cm−1

for Cl and 288/374/423/604 cm−1 to 260/369/428/682 cm−1

for OH). Meanwhile, slightly stronger Fe−N bonds with iron
situated in-plane lead to a general shift of the spectrum to
higher frequencies. Looking at the second coordination sphere
of P2, the CH-bridged system P2a is predicted to behave
similarly and is not discernible from P2. The O-bridged P2b,
which is associated with a possible spin state change, shows a
slight overall shift to lower frequencies upon reduction, which
again is in line with longer bond lengths (i.e., FeIII−N 1.96 Å to
FeII−N 2.08 Å), weaker Fe−N bonds, and a stronger
pyramidal character of the observed ferrous high-spin state.
We note that these changes are similar to those observed in the

porphyrin complexes above. The axial ligands are more
discernible in the NRV spectrum of P2b, e.g., the FeIII−Cl
stretch is observed at 342/361 cm−1 while the FeIII−O stretch
is observed at 515 cm−1. Upon reduction, the σ*-antibonding
d(x2 − y2) orbital is occupied, and besides the expected
increase of the Fe−L bond distances, the Fe−N bond lengths
vary by < 0.05 Å. The frequencies for Fe-L increase subtly for
FeII−Cl, and more clearly for FeII−O, they increase to 559
cm−1. The tetracoordinate complexes for the O-bridged P2b are
similar to P2 and P2a, and due to this pronounced change in the
overall spectral shape an abstraction of OH > 500 cm−1 can
most likely be detected in the spectra.
As general trends, we observe that pyramidal character and

bond distances define the spectral shape: in intermediate-spin
states, the geometries have a more planar iron coordination
environment, leading to stronger bonds with the equatorial
ligands and thus generally a shift to higher frequencies. For
weaker ligand fields, where spin state changes are associated
with a more pyramidal character, weaker bonds with the
macrocyclic donors and hence a shift to lower frequencies is
seen. In these cases, the ligands can be more easily discerned.
This also leads to a better detectability of reduction events in
square-pyramidal cases than that in square-planar cases. In
analogy to the conclusions drawn above for the Mössbauer
spectra, less pronounced spectroscopic changes are expected
for stronger ligand fields�here the pyridinic model complex�
potentially hampering their identification in experiments. We
note that especially in real catalyst materials where several
types of iron site coexist, it thus appears highly challenging to
resolve these sites by NRVS.

■ DISCUSSION
The redox and spectroscopic properties of two types of FeII
and FeIII complexes with different macrocycles (pyrrolic: P1
and pyridinic: P2) were presented above. In the following, we
discuss the implications of these observations for FeNC
catalyst materials and the challenges experiment and theory
face in identifying the catalytically active species.
As a first observation, pyrrolic and pyridinic environments

have different preferred spin states due to their different ligand
field strengths and hence different spectroscopic properties. In
the pyrrolic environment, different oxidation states and
coordination numbers can be distinguished easily. In contrast,
the pyridinic environment has similar Mössbauer signals in
different oxidation states and coordination numbers. This leads
to a cluster of Mössbauer signals that moreover overlap with
other frequently observed doublets. Therefore, we cannot
expect a characteristic “smoking gun” feature that would point
out catalytically active sites with pyridinic coordination
environments of FeII and FeIII. However, modifications in the
second coordination sphere can have a significant influence,
implying that dopants that weaken the ligand field may assist in
detecting pyridinic sites in real FeNC catalysts. Thinking
toward the design of molecular, carbon-supported model
catalysts, carefully designing the ligand sphere may improve the
spectroscopic detectability of catalytic intermediates and hence
aid in a detailed understanding of the catalytic cycle.
We can thus conclude that a weak ligand field leads to better

detectability upon reduction. Given the differences in
detectability, both pyrrolic and pyridinic intermediates were
present during catalysis. Detecting spectroscopic changes
under in situ or operando conditions by Mössbauer spectros-
copy may thus represent only a fraction of the chemically

Figure 7. NRV spectra predicted at the TPSS/def2-TZVP:def2-SVP
level of theory for all species in the square scheme in their lowest
energy spin states; (a) [FeP1] and (b) [FeP2]. A line broadening of 15
cm−1 was applied.
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altered sites. To identify catalytically relevant sites in operando
experiments, changes in spectral intensity must be quantita-
tively correlated to the electrochemical turnover and the
number of active sites. Especially if different active sites take on
different catalytic roles, e.g., 2-electron vs 4-electron reduction
in the ORR, this level of detail is indispensable for a complete
understanding of the catalyst.
Tetracoordinate FeIII species are unlikely to be present

according to the predicted endergonic formation enthalpies. If
they were present, they would be expected to be detectable by
Mössbauer spectroscopy. Signals in the predicted range (δiso <
0.4 mm s−1; ΔEQ > 4.5 mm s−1) are not reported in in situ and
operando studies on FeNC catalysts.10,11,14,15 While Fe(IV)
species are relevant to the ORR catalytic cycle, e.g., as
Fe(IV)�O intermediates, they are not discussed here
explicitly because they have not been observed experimentally
for FeNC materials. Upon reduction of the pentacoordinate
[FeIIIPiL] starting compounds, it can be expected that the axial
ligand is retained in [FeIIPiL]− with both types of macrocycle
since ligand loss is predicted to be slightly endergonic.

■ CONCLUSIONS
To summarize, we have discussed the specific influences of
ligand field strengths in macrocyclic ligands with pyridinic and
pyrrolic N-donors on the spin states and spectroscopic
properties of iron ions in the formal oxidation states +II and
+III with and without an axial ligand. The series includes
variations of substituents on the porphin core and the bridging
atom between the two phenanthroline units. We found that
Mössbauer, UV−vis, and NRV spectroscopies can help identify
the electronic structure and coordination environment of
molecular complexes in terms of oxidation and spin states or
axial ligands, which is relevant for homogeneous catalysis or
heterogenized molecular complexes. Importantly, we infer
from these findings that the spectroscopic discernibility of
active site candidates in FeNC catalyst materials is highly
dependent on the ligand field strength of the catalytically active
site. In addition to the types of spectroscopy discussed here,
complementary X-ray-based electronic spectroscopies will
likely be helpful in identifying active sites.
Our data suggest that signals detected in in situ and operando

experiments on FeNC catalysts are not unique identifiers of
catalytically active species. It is thus imperative to obtain
rigorous and quantitative correlations between changes in
spectral intensity, the electrochemical turnover, and the
number of active sites when analyzing operando experiments.
This finding most likely extends to other single-atom catalysts
for various reactions. Therefore, a joint effort of different
spectroscopies, model complexes with extended π systems,
quantum chemistry, and catalytic studies will be needed to
refine our understanding of catalytically active sites in single-
atom catalysts for small molecule activation.

■ METHODS
All calculations were performed using the ORCA 4.2.1 suite of
programs,47 as reported in previous studies.11,23,24 Based on in-house
reference and calibration studies with molecular complexes with
guidance from the literature, we use different density functionals and
basis sets for specific properties, as explained in the following. In our
experience, the choice of density functional for the optimization of
structures appears less critical than that for the prediction of correct
spin ground states. Before applying the protocols described below to
other complexes, we recommend careful validation of the resulting

electronic structures and robustness of the computational approach.
The structures were optimized using the TPSS48 density functional
with “tight” convergence criteria for the self-consistent field algorithm
and geometry optimization in ORCA nomenclature. The Ahlrichs-
type def2-TZVP basis set was used for iron and all other elements
except carbon and hydrogen, which were described using the def2-
SVP basis set of the same family;.49 this combination is noted as
“def2-TZVP:def2-SVP” in the text. The split-RI-J resolution integral
was used50 with the auxiliary basis set def2/J.51 The size of the
integration and angular grid was set to 6.0 in the ORCA
nomenclature. To account for environmental effects, the SMD
model with water as the modeled solvent was chosen.52 Grimme’s
dispersion correction with Becke− Johnson damping D3BJ was
employed.53,54 Redox potentials were estimated using the difference
in Gibbs free energies of the oxidized and reduced species by using
the respective relaxed geometries. Electronic energies (final single-
point energies, FSPEs) were corrected using the electronic energies of
single-point calculations with the OLYP55,56 density functional. In
OLYP single-point calculations, the CP(PPP) basis set57 was used for
iron, while all other elements were described using Ahlrichs’ def2-
TZVP basis set;49 this combination is noted as “CP(PPP):def2-
TZVP” in the text. Integration grid was increased to 7.0 in the ORCA
nomenclature. The chain-of-spheres approximation, RIJCOSX,58 was
used with the def2/J51 auxiliary basis set. Dispersion correction was
omitted in order to better reproduce spin ground states.11 Single-
point calculations with the OLYP density functional were used to
determine the spin ground states. Gibbs free energies of all reactants
and products were corrected as follows

G G(TPSS) FSPE(TPSS) FSPE(OLYP)corr = + (1)

Gibbs free energies of reactions were calculated as isodesmic
reactions and are listed in Table S6. Mössbauer parameters were
computed with the “eprnmr”-module of ORCA using the same
settings as for OLYP single-point calculations, but with the
B3LYP55,59 density functional and the same dispersion correction as
for the geometry optimization (D3BJ).53,54 For vibrational spectros-
copies such as NRVS, the setting for standard frequency calculations
were used. No scaling factor was applied. To extract the spectra, the
orca_vib and orca_mapspc modules in the ORCA were used. The
computation of electronic transitions for UV−vis spectra was
performed using time-dependent DFT with the Tamm−Dancoff-
approximation,60 as implemented in ORCA. The B3LYP density
functional and the zeroth-order regular approximation for relativistic
effects (ZORA)61−63 were used. As basis sets, the scalar-relativistically
reconstructed basis set def2-TZVP(-f) and the SARC/J auxiliary basis
set were chosen.64,65

For the computation of UV−vis spectra, 60 roots were considered;
the spectra shown in this work include a Gaussian line broadening of
0.25 eV.
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Mineva, T.; Matanovic, I.; Atanassov, P.; Huang, Y.; Zenyuk, I.; Di
Cicco, A.; Kumar, K.; Dubau, L.; Maillard, F.; Drazǐc,́ G.; Jaouen, F.
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Mössbauer Spectra by Density Functional Theory. Inorg. Chim. Acta
2002, 337C, 181−192.
(58) Neese, F.; Wennmohs, F.; Hansen, A.; Becker, U. Efficient,
Approximate and Parallel Hartree-Fock and Hybrid DFT Calcu-
lations. A ‘Chain-of-Spheres’ Algorithm for the Hartree-Fock
Exchange. Chem. Phys. 2009, 356 (1−3), 98−109.
(59) Becke, A. D. Density-functional thermochemistry. III. The role
of exact exchange. J. Chem. Phys. 1993, 98 (7), 5648−5652.
(60) Hirata, S.; Head-Gordon, M. Time-Dependent Density
Functional Theory within the Tamm−Dancoff Approximation.
Chem. Phys. Lett. 1999, 314 (3−4), 291−299.
(61) van Lenthe, E.; Baerends, E. J.; Snijders, J. G. Relativistic Total-
Energy Using Regular Approximations. J. Chem. Phys. 1994, 101 (11),
9783−9792.
(62) van Lenthe, E.; Snijders, J. G.; Baerends, E. J. The Zero-Order
Regular Approximation for Relativistic Effects: The Effect of Spin-
Orbit Coupling in Closed Shell Molecules. J. Chem. Phys. 1996, 105
(15), 6505−6516.
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