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Although iron-based single atom catalysts are regarded as a
promising alternative to precious metal catalysts, their precise
electronic structures during catalysis still pose challenges for
computational descriptions. A particularly urgent question is the
influence of the environment on the electronic structure, and how
to describe this properly with computational methods. Here, we
study an iron porphyrin chloride complex adsorbed on a graphene
sheet using density functional theory calculations to probe how
much the electronic structure is influenced by the presence of a
Our results indicate that weak interactions due
to van der Waals forces dominate between the porphyrin complex

graphene layer.

and graphene, and only a small amount of charge is transferred
between the two entities. Furthermore, the interplay of the ligand
field environment, strong p — d hybridization, and correlation
effects within the complex are strongly involved in determining
the spin state of the iron ion.
and solid state physics, this study provides first steps towards a
joint analysis of the properties of iron-based catalysts from first
principles.

By bridging molecular chemistry

1 Introduction

Iron as a versatile element for catalysis has received increasing at-
tention over the past years. When bound in a macrocycle such as
phthalocyanine or porphyrin, it can serve as a model for bioinor-
ganic or man-made active sites. T A field that has grown partic-
ularly rapidly is single-atom catalysis, where such types of active
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site are embedded in an extended graphene sheet or nanotube
or carbon-based environments that form during a pyrolysis step.
For instance, in FeNC catalysts, the active sites are commonly dis-
cussed as a single iron ion coordinated by four nitrogen donors
(FeN4).EHE Additionally, the heterogenisation of iron complexes
for applications in electrocatalysis, for instance by physisorption,
covalent linkage, or incorporation in a conductive polymer, has
become an important modification of the environment of these
complexes with implications for catalysis. 12

For computational models of single-atom catalysts or iron com-
plexes incorporated into electrode materials, the question arises
how the environment should be described. An important compo-
nent of the environment in electrocatalysts is the often carbon-
based material of the electrode, raising the question of the
number of graphene layers that should be considered explicitly.
Herein, we address this aspect by comparing the electronic struc-
ture of an isolated, neutral iron porphyrin complex, [Fe (P)(CI)]
(P: porphyrin ligand; Cl: chloride ligand), with that of the same
complex adsorbed on an extended graphene sheet, see Figure
Since the electronic structure of the isolated complex is well-
known, the effect of the graphene sheet can be evaluated well.
We find that the influence of a graphene layer parallel to the cata-
lyst plane on the electronic structure of [Fe (P) (C])] is negligible,
implying that future catalytic models can concentrate on single-
layer models.

This evaluation is complemented by a comparison of the elec-
tronic structure descriptions with molecular and periodic ap-
proaches. Particular attention is paid to different spin states and
their relative stabilities in these two types of description. We
highlight that, when aiming to describe Fe-based catalyst mod-
els with computational methods, theoreticians can use periodic
methods with plane-wave basis sets and extended structural mod-
els or molecular methods with Gaussian basis sets and finite struc-
tural models. 113715 These two approaches differ not only in the
model size, but also in the electronic structure treatments and
underlying assumptions. This inhibits the comparability of re-
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sults obtained with different approaches. We propose here how
these descriptions may be compared since both treatments can be
used in complementary ways to model the same type of catalyst
or material.

2  Methods

Methodology. The structure of iron(Ill) in an equatorial oc-
taethylporphyrin (OEP) ligand sphere and an axially bound
chloride ligand serves as a reference, with its coordinates
as given in the Supplementary Information. The truncated
[Fel'' (P)(C1)] complex is obtained by replacing the eight ethyl
substituents on the porphyrin ligand by hydrogen atoms and
relaxing the resulting structure. The molecular calculations
were performed within density functional theory (DFT) using the
Tao—Perdew-Staroverov—Scuseria (TPSS) exchange-correlation
functionall® in ORCA 5.0.41718 with the Gaussian basis sets
def2-TZVP on Fe, N and Cl and def2-SVP on C and H (la-
beled ef2-TZVP:def2-SVP).12 Convergence criteria for the geom-
etry relaxation and self-consistent-field (SCF) convergence were
set to ‘Tight’ in ORCA nomenclature. The dispersion correction
D3BJ2021 and implicit solvation model SMD with water? as a
solvent were used. For the electronic structures, single point cal-
culations were carried out with the OPBE exchange-correlation
functional and the CP(PPP)23 basis set on Fe, while def2-TZVP12
was employed for all other atoms. No dispersion correction was
used for the single point calculations. These choices were made
based on the literature on spin state prediction for iron com-
plexes?4:2% and in-house calibration studies for FeN, environ-
ments in particular.

The geometry and electronic structure of the truncated
[Fe''(P)(C)] complex adsorbed on a graphene sheet was inves-
tigated with DFT using the projector augmented wave method2”
implemented in the Vienna ab initio simulation package (VASP)%8
with periodic boundary conditions. The generalized gradient ap-
proximation (GGA) was employed for the exchange-correlation
functional.?? The size of the basis set was determined by the
energy cutoff of 500 eV and the van der Waals correction (DFT-
D2)3Y was taken into account in the calculations. To treat local-
ized Fe 3d orbitals properly and account for correlation effects, an
onsite U and Hund’s coupling Jy (GGA+U) were introduced.1
As discussed below in the results, the preferred spin state of iron
depends on the choice of U, and U = 4 eV and Jy = 1 €V are
employed in the calculations to obtain the experimentally ob-
served high spin configuration. We also utilized the meta-GGA
functional r2SCAN without including U in the calculations.’32433
For the structure optimisation, the coordinates of the graphene
sheet were taken from a single layer of graphite with a C-C bond
length of 1.42 A. The [Fe'(P)(C1)] complex was placed in differ-
ent positions on the graphene sheet (see below). With the GGA +
U description, all atoms of the [Fe(P) (CD)] complex were fully
relaxed until the net force was smaller than 1073 eV/A, while
the graphene sheet was kept fixed. Additionally, the nonlocal
van der Waals correction was tested during structure optimisa-
tion using the r2SCAN+rVV10 nonlocal vdW-DF functional im-
plemented in VASP.2435 The self-consistent field procedure used
convergence criteria of 107° eV and the 6x6x1 k mesh. To simu-
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late the [Fe'(P)(Cl)] complex without graphene in VASP, a large
unit cell is utilized, where two iron atoms between adjacent unit
cells are separated by a distance of 20 A, using only one k point.
Some figures were visualized using VESTA2® and PyProcar.27138

3 Results

Analysis of the isolated molecular complex. The geometry of
[Fe!'(OEP) (C1)] optimised with TPSS/def2-TZVP:def2-SVP in the
expected high spin electronic configuration? has structural pa-
rameters consistent with experiment (calc: d(Fe,Cl) = 2.264 A,
d(Fe,Na) = 2.088 A; exp: d(Fe,Cl) = 2.225(4) A, d(Fe,Nay) =
2.065(2) A4%) and a small displacement of the iron(III) ion from
the plane spanned by the four nitrogen atoms (calc: d(Fe,plane)
= 0.466 A; exp: d(Fe,plane) = 0.494(4) A). Energetically, the
high spin structure is found to be degenerate with the structure
optimised as the intermediate spin case (< 1.0 kcal/mol using
OPBE/CP(PPP):def2-TZVP), while the low spin structure is clearly
disfavoured (15.8 kcal/mol).

To facilitate faster calculations in the graphene adsorption
studies, the eight ethyl substitutents were truncated to hydro-
gen atoms, resulting in the unsubstituted porphyrin complex
[Fel'(P)(CI)]. The truncation has negligible effects on the struc-
ture and spin state splittings. The bond distance changes are pre-
dicted to be minimal (calc: d(Fe,Cl) = 2.248 A, d(Fe,Nay) = 2.090
A). Similarly, the energetic ordering of spin states is unchanged,
i.e. degenerate high and intermediate spin states (< 1.0 kcal/mol)
and disfavoured low spin state (+15.2 kcal/mol). Relaxing this
structure in VASP leads to very small structural changes. The Fe-
Cl distance is predicted at 2.208 A, and the average Fe-N distance
is found at 2.085 A. To investigate the bond distance in hypothet-
ical low and intermediate spin states of iron, the [Fel(P)(Cl)]
structure is additionally relaxed in VASP by fixing the total spin
moment to be 1 g and 3 pp representing a low and intermediate
spin configuration respectively. The resulting average bond dis-
tance between Fe and N is measured as 1.994 A (2.016 A) in the
low (intermediate) spin state, i.e. as expected shorter than in the
high spin state.

Similar to the spin state energetics found for [Fel(P)(CD)]
in ORCA, the VASP results in [Fe (P)(CI)] also reveal that the
low spin structure is energetically unfavored with all exchange-
correlation functionals used here, as shown in Figure [2| that illus-
trates relative total energy as a function of the total spin moment
obtained via fixed spin moment calculations. It is evident that U
> 3eVin GGA + U leads to a high spin iron species, whereas U <
3 eV favors the intermediate spin configuration of iron. Further-
more, the parameter-free meta-GGA r2SCAN stabilises the com-
plex in a high spin configuration of iron. Specifically, the energy
difference between the intermediate and high spin states of iron
is obtained to be about 854 meV (19.7 kcal/mol) in GGA+U (4
eV) and 446 meV (10.3 kcal/mol) in r2SCAN. These energy dif-
ferences are larger than those predicted with the molecular ap-
proach (vide supra).

Numerous studies have focused on iron porphyrin complexes
and similar systems, employing diverse theoretical approaches to
unveil the ground state spin configuration of iron.41743 Qur re-
sults are in agreement with these studies, including the predicted
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Fig. 1 (Left, Middle) Crystal structure of the truncated iron porphyrin chloride complex [Fe''(P)(CI)]. (Right) The resulting optimized structure
of "bridge02" which is the most energetically stable case among the four considered for this study (see main text). The center of the [Fe!''(P)(Cl)]

complex is situated above a C-C bond of the graphene layer.
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Fig. 2 Total energy in [Fe!'(P)(Cl)] as a function of fixed spin moments
using GGA+U and meta-GGA (r2SCAN) in VASP. Each minimum energy
is chosen for the energy zero. In the case of GGA4U, a high spin (5=5/2)
configuration can be obtained at U larger than 3 eV.

high spin ground state and relaxed Fe-N distance of 2.085 A for
[Fe''(P) (C1)] which closely aligns with the range associated with
high-spin configurations. Our focus therefore turns to the inter-
action of the complex with a carbon-based environment, repre-
sented here by a graphene sheet as this type of environment is
expected in FeN, catalyst materials.

Interaction with a graphene surface. To evaluate the inter-
action of [Fe(P)(Cl)] with a graphene sheet, as shown in Figure
the molecule was deposited on graphene sheets of sizes 8x8
and 6x6. We find small differences in the results for the 8x8 and
6x6 graphene cases. While we here focus on the 8x8 graphene
sheet representation since computational cost was not a concern,
future studies may use the smaller 6x6 graphene sheet size. Four
possible interaction sites were considered as starting points: (i)
“hollow”, where the centers of the iron complex and a central ben-
zene ring align, (ii) “on-top”, where the center of the iron complex
is placed directly above a carbon atom, (iii) “bridge 1” and (iv)
“bridge 2”, where the center of the iron complex is placed above
a C-C bond, see Figure 3] Relaxation of the structures shows that
the porphyrin complex in the site “on-top” moves and becomes
the same as “bridge 1”. For “bridge 2” the porphyrin complex

@ Hollow (@  Bridge 1

4 Bridge 2

Fig. 3 Structures of the [Fe!"'(P)(Cl)] complex adsorbed on a graphene
layer considering four different initial sites of graphene for structural re-
laxation.

does not move, but rotates by about 15 degrees. Contrary to the
above cases, the positioning of the porphyrin complex remains
unchanged in the case “hollow”, see the Supplementary Informa-
tion.

Our results show that the “bridge 2” case is the most stable
structure, but the energetic difference between the three sites is
not substantial. The final structures “bridge 1” and “hollow” are
found ca. 24 meV and 47 meV above the minimum structure
“bridge 2”, i.e. less than 1.1 kcal/mol. These results demon-
strate that the interaction between [Fe!l (P)(CD)] is very small and
isotropic with respect to the graphene plane. This agrees well
with an experimental study of a single iron(II) phthalocyanine
complex adsorbed on graphene, indicating that its position can
be easily manipulated.4#

The minimal interaction is also clear from a Bader charge anal-
ysis, where the charge transfer within GGA + U amounts to 3.9
x 1073 ¢/molecule. This can be seen in Fig. E(a) where the
GGA + U Cgpaphene 2p orbital-resolved band structure of the sys-
tem is depicted along the high symmetry points. Orbital-resolved
band structures for the remaining atoms are shown in the Sup-
plementary Information. The Dirac point at the K point coming
from the graphene emerges at the Fermi energy without any shifts
resulting from the small interaction. Figure [(b) visualizes the
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Fig. 4 (a) GGA+U(4 €V) spin-polarized C(graphene) 2p orbitals pro-
jected band structures in the [Fe''(P)(Cl)] complex adsorbed on a
graphene sheet (8x8) along the high symmetry points where solid
(dashed) lines represent spin-up (spin-down) bands. The Fermi energy is
set to zero. (b) The corresponding charge difference plot with an isovalue
of 0.0013 ¢/A. Charge depletion and accumulation regions are visualized
in yellow and light blue, respectively.

S
=

corresponding charge difference plot, defined as pag — pa — ps,
showing where regions of charge accumulation (light blue) and
depletion (yellow) are localized. Due to the small interaction,
spin density plots, defined as p; — p;, within GGA + U are very
much the same with and without graphene in the system, see Fig-
ure §2|in the Supplementary Information. At the GGA level, the
adsorption energy, defined as E,;; = Eap — Ex — Ep where A
and B represent [Fe''(P)(Cl)] and graphene respectively, is cal-
culated as —1.51 €V. In the r2SCAN calculations, we obtain E,;
of —1.61 eV, i.e. equally weak. Furthermore, we confirmed that
there was a tendency for [Fe'(P)(Cl)] to move away from the
graphene sheet if van der Waals corrections are not included in
the calculations. Without including van der Waals corrections, the
resulting distance between [Fe!'! (P)(CI)] and the graphene sheet
increases by 0.81 f\, compared to the distance (3.26 f\) measured
in the relaxed "bridge 2" structure where the van der Waals cor-
rection (DFT-D2) was taken into account. On the other hand,
this distance (3.26 A) remains nearly unchanged, with an in-
crease of only 0.092 A, when the r2SCAN+rVV10 nonlocal vdW-
DF functional was employed during structure optimization. Con-
sequently, the main source of attractive interactions between the
porphyrin complex and graphene are van der Waals forces.

Electronic structures of the free and physisorbed iron com-
plex. The electronic structure of the iron(IIl) ion in the square-
pyramidal ligand field of [Fe (P)(CI)] is influenced by the axial
chloride ligand and the displacement of the iron ion from the
porphin ring. The splitting of the d orbital energies is expected
to result in a high spin (xz,vz)?(xy)! (z2)' (x> —y?)! orbital occupa-
tion pattern. This highlights the relevance for FeNy-type active
sites in single-atom catalysts, where the iron ion is assumed to be
situated in a square-planar ligand field of an N-doped graphene
plane in its bare state, and have varying axial ligands throughout
the catalytic cycle.

This molecular orbital perspective is reflected in the MO di-
agram of the complex [Fe!(P)(Cl)] calculated with Gaussian
basis sets, where the d orbitals span a range of ca. 6 €V
(OPBE/CP(PPP):def2-TZVP). The predicted splitting and orbital
occupation pattern results purely from the choice of methodol-
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ogy, i.e. chiefly the density functional and basis set. On the other
hand, in calculations with plane-wave basis sets it is quite helpful
to gain insight into understanding the correlation effect arising
from the localized d orbitals by varying the Hubbard U term.4>
Figure |5| (a) and (b) show schematic electronic structures pre-
dicted with pure GGA and GGA+U for [Fel'(P)(C1)] adsorbed on
a graphene (8x8) sheet. The relative energies of each state are
based on the results of the orbital projected densities of states.
For comparison, the OPBE/CP(PPP):def2-TZVP electronic struc-
ture (Fig. [5] (c)) is also depicted, wherein all energy states are
adjusted relative to the spin down dy, orbital, aligned with the
energy level of the corresponding orbital in (b).

Starting with the pure GGA prediction, we find that aside from
the non-bonding Fe d,, orbitals, the Fe 3d orbitals are strongly
mixed (i.e., hybridized) with N 2p and Cl 3p character. They
hence form bonding and anti-bonding orbitals (i.e., one-electron
states) as marked in Figure |5} In the spin-up manifold, all Fe 3d
orbitals are occupied except one o-type antibonding orbital com-

posed of Fe d,»_» and N p,, character. In the spin-down mani-

fold, the only occupied orbital with significant iron contributions
is the Fe d,, orbital that cannot mix significantly with porphyrin
and chloride orbitals. As a result, the calculated total spin mo-
ment is 3.0 ug/cell, close to an intermediate spin configuration
of § = 3/2. This spin state is however not the experimentally de-
termined spin state for the system,22 therefore appropriate cor-
rections for handling correlation effects in the system need to be
considered.

For iron ions, the spatially compact d orbitals indicate signifi-
cant electron correlation so that a large value of U is needed. #2748
We find that values smaller than U = 3 eV result in an interme-
diate spin state, which is good in agreement with our fixed spin
moment results in [Fe(P)(CD)] as discussed earlier. Using the
generally accepted values of U = 4 eV and Ji = 1 €V for iron#642
produces the desired high spin configuration. As a result, the d,,
orbital in the spin-down manifold is unoccupied, whereas all Fe
3d orbitals in the spin-up manifold are fully occupied. For the
resulting high spin configuration of S =5/2, a calculated total
spin moment of 5.0 ug/cell is found. Due to the occupied bond-
ing orbitals in the spin-down manifold, ferromagnetic exchange
interactions appear between Fe and N(CI), as shown in the SI,
Figure S2. In addition, the calculated spin densities are localized
around Fe, N, and Cl, whereas no density appears on the car-
bon centers. It is worth noting that iron’s high spin configuration
can be reached at U larger than 3 eV, whereas U smaller than 3
eV leads to an intermediate spin configuration as observed in the
pure GGA results. Similar to the GGA+U results, iron’s high spin
state is obtained in the r2SCAN calculations, which is however not
a routine functional for computational studies in the single atom
catalysis field. Comparison of this electronic structure (Fig. b))
with the molecular orbital diagram (Fig. [B|(c)) from the calcula-
tion with Gaussian-type orbitals shows that the two approaches
result in a qualitatively similar picture, though quantitative dif-
ferences in the orbital ordering and splitting between the spin-up
and spin-down manifolds remain.
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Fig. 5 Schematic electronic structures within (a) GGA and (b) GGA + U(4 eV) in the [Fe'""(P)(ClI)] complex adsorbed on a graphene (8x8) sheet.
In (c), the electronic structure of [Fe!'(P)(Cl)] calculated at the OPBE/CP(PPP):def2-TZVP level of theory is shown for comparison. Each energy
state is derived through an analysis of the orbital resolved densities of states.

4 Discussion and Conclusions

In this theoretical study that provides a first step towards bridging
the often disparate worlds of molecular chemistry and solid state
physics in the FeN, catalysis arena, we have shown that the inter-
action between graphene and an iron(III) complex, [Fe''(P)(CI)],
is negligible. This was demonstrated via the interaction energy, a
charge transfer analysis, and analysis of the band structure. Fu-
ture studies of Fe-based catalyst models can therefore focus on the
single graphene-like layer in which the catalytically active iron ion
is embedded.

A central issue for meaningful computational studies of Fe-
based catalysts is the correct prediction of the spin states of iron.
The spin state of iron is determined by the interplay of the ligand
field environment, strong p —d hybridization, and correlation ef-
fects. A careful selection of the density functional and additional
parameters is therefore needed, which ideally involves compari-
son with experimental spectroscopy data that are sensitive to de-
tails of the electronic structure 1420723 While spin-orbit coupling
will likely be important to obtain a full picture of FeN, active
sites, =3 the current theoretical literature in this field rarely even
covers the non-relativistic correlation effects adequately. Focusing
therefore on parameters that can be included and adjusted more
easily for systems similar to or larger than the iron(II) high spin
complex [Fe! (P) (C1)], the ligand field splitting resulting from the
electronic structure predictions must be sufficiently low to enable
a population of the highest-lying iron d orbital.

Since the Hubbard U term influences the relative energies of
the spin-up and spin-down manifolds, it has a significant influ-
ence on the correct prediction of the preferred spin state, as

shown here explicitly. With a view beyond the specific system
studied here, the predictive power of computational chemistry
and physics can only be harnessed if the uncertainty in spin state
prediction is known. This is challenging for DFT for most iron
complexes, and in addition many examples of molecular com-
plexes with close-lying or even degenerate spin states exist, which
determine electronic properties as well as reactivity and catalysis.
This work thus raises the question how to choose an appropriate
electronic structure description for iron ions at the borderline of
molecular and periodic descriptions where the ligand field split-
ting is expected to be less clear-cut than in the present example,
or even completely unknown as it is the case for FeNC catalyst
models.

We suggest that molecular and periodic approaches can be used
in a complementary manner. Since periodic approaches can be
significantly faster than molecular descriptions, once an appro-
priate Hubbard U value is chosen, they can be used to rapidly
evaluate different structures and screen electronic structures, e.g.
to evaluate catalytic intermediates. A more detailed electronic
structure analysis and the prediction of spectroscopic properties
can then be sought with molecular approaches.
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