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ABSTRACT: We report here a computational study on a series of Fe'l, Fe" and Fe!¥ hydroxo/oxo-iron complexes with a broad
palette of ligands. We are interested in assessing the robustness of widely used density functionals for their prediction and description
of structures and spin states for the examined oxoiron complexes. We have used a variety of density functional approximations (S12g,
LDA, BP86-D;, OPBE, SSB-D, B3LYP-D;, S12h and MVS), in all cases including solvation and relativistic effects explicitly. One
of the main observations of this detailed study is the excellent performance of S12g for both accurate structures and spin state split-
tings. Moreover, our results show that in general all density functionals can be used as a reliable computational tool for reproducing
and predicting geometries, determining the oxidation state of iron, and most are able as well to providing good descriptions of spin

state energetics.

INTRODUCTION

With many significant developments in electronic structure the-
ory and computer science, as well as rapid increases in available
computer power, computational modeling has reached a level
of maturity where it can provide reliable predictions and, in fact,
sometimes may rival experiment in accuracy. In modern chem-
istry, computer modeling is a prominent means to reduce the
cost associated with synthesis, testing, application, and can
serve as a tool to explain experimental data in more detail. Fur-
thermore, the combination of accurate structure prediction' and
reliable computational spectroscopy?” makes that computa-
tional chemistry is nowadays one of the major techniques used
for characterization of chemical species.*¢

One of the major research areas that has recently seen a surge
in the number of valuable computational studies is inorganic
chemistry, in particular those where different oxidation and spin
states of (first-row) transition metal (TM) ions are involved.
Molecules containing TM ions in their structure have achieved
great scientific attention due to their versatile applications in
medicine, biology, industry, and catalysis.”® Out of the plethora

of quantum-chemistry techniques, Density Functional Theory
(DFT)*!? has risen to become the main computational tool for
investigating, understanding and interpreting various molecular
properties.!' DFT is based on electronic density ingredients and
therefore is able to accurately describe dramatic changes in the
properties of the chemical compounds, induced by small
changes in the TM coordination sphere or its spin state.'>"* For
a complete understanding of these compounds one must not
only consider the spin ground state, but also the low-lying ex-
cited (spin) states. Changes in the orbital occupation patterns
(and hence spin states) have potentially a big effect on cataly-
sis'*'® but also can lead to changes in the reaction paths that are
being followed." Unfortunately, the resulting intermediates and
transition states are in most cases too short-lived for experi-
mental characterization, leading to discussions about their ex-
istence and character. This has led directly to the application of
computational chemistry,”® which is a challenging task because,
as every other technique, DFT has its boundaries and limita-
tions.

Whereas DFT is by definition an exact theory and gives the ex-
act energy,”’> the ‘universal functional’ is unknown and



probably unattainable.* Instead, in practice all computational
chemistry is carried out through the use of density functional
approximations (DFAs), of different complexity.?>2¢ By bench-
marking against either experimental or high-level theoretical
data, the shortcomings and successes of DFAs have been ob-
served,”?® for some more than others, depending on the molec-
ular properties used in the benchmarks tests.”?** Nevertheless,
spin state splittings were in general not included in the develop-
ment of most DFAs, except arguably in the case of B3LYP**
and indirectly*® for the SSB-D*" and S12¢g* functionals. The in-
direct inclusion of spin states in the design of these latter func-
tionals followed the remarkable connection between spin state
energies for transition-metal complexes, and barriers for bimo-
lecular substitution (Sn2) reactions. !> 3

Among the many systems containing TMs, high-valent oxoiron
molecules are in particular widely studied,’® due to the fact that
they play an essential role in the mechanism of heme and non-
heme iron enzymes, which play a vital role in our bodies.***°
Various oxoiron complexes have been examined, however
questions remain about their structure, oxidation state and spin
state, and the effect these have on their properties and reactiv-
ity.*!** Many of these uncertainties have been clarified through
the use of DFAs, where a direct match between spectroscopic
features, spin states and structures could be made.® > -7 One
widely discussed example is posed by a fascinating Sc**-capped
oxoiron complex [(TMC)(Fe™V-O-Sc™)(OTf)4(OH,)] (TMC =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), syn-
thetized by Fukuzumi, Nam and co-workers and characterized
by X-ray crystallography.*® However, experimentally obtained
bond lengths led to doubts about the assignment of the oxidation
state of iron.*'** Therefore, one of us performed DFA calcula-
tions and concluded that the complex should be reformulated as
[(TMC)(Fe™-O-Sc™)(OT1)4(OH,)], with an iron(Ill) oxidation
state in the high-spin configuration.? This shed new light on the
scandium-capped complex, with theoretical predictions con-
firmed experimentally in 2015 by Prakash et al.*, who were
able to carry out characterization by X-ray, Mossbauer and EPR
spectroscopy and unambiguously confirmed the high spin
iron(III) state. However, irrespective of the reassignment of the
oxidation state, the seminal work by Fukuzumi and Nam*
opened up a complete new approach for the stabilization of vol-
atile species by complexation with a Lewis acid,*> and has
brought forward new insights into the electronic structure of
these short-lived species.

In the present work, the ability of various DFAs to reproduce
experimental data has been verified for a total of 14 oxoiron
complexes (see Figure 1 and Table S1), with the aim to find the
best choice of DFA (if any) for optimizing geometries and stud-
ying the diversity of spin state preferences. One of us showed”
in 2013 that accurate structural parameters could be obtained
for a set of iron(Ill/IV) complexes at the PBE-D,/TZ2P,
whereas here we expand this set with recently characterized
complexes to perform a thorough study of starting geometry in-
fluence and choice of DFA on obtained results. The examined
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set of iron molecules includes Fe'-hydroxo, Fe"-oxo, Fe''-hy-
droxo, and Fe-peroxo complexes, as well as Fe'V-oxo com-
plexes, together with the challenging Sc**-capped complexes
(vide supra). Furthermore, we have studied the thermodynam-
ics for the process of formation of the scandium triflate adduct

with the Fe'V-oxo complex,*>*8

which gives detailed insight into
its formation and confirmation of the oxidation state of iron in

this Sc**-capped complex.

COMPUTATIONAL DETAILS

All DFA calculations were performed with the Amsterdam
Density Functional (ADF)***7 and QUILD*® program, except
Hartree Fock (HF) single point calculations that were carried
out with the Gaussian 09°° program. Molecular orbitals were
expanded in ADF in an uncontracted set of Slater type orbitals
(STOs) of triple- quality with double polarization functions
(TZ2P), or the TDZP basis set which consists of triple-C quality
on the metal and double-{ quality on all other atoms, in both
cases including one polarization function. ¢! Core electrons
were not treated explicitly during geometry optimizations (fro-
zen core approximation). An auxiliary set of s, p, d, f, and g
STOs was used to fit the molecular density and to represent the
Coulomb and exchange potentials accurately for each SCF cy-
cle.

Geometries of all possible spin states were optimized with the
QUILD? program using adapted delocalized coordinates® until
the maximum gradient component was less than 10 a.u. Ener-
gies and gradients were calculated using LDA®, PBE-D,*?,
S12¢*, BP86-D;%+%°, B3LYP-D;% and S12h*° functionals, in all
cases by including solvation effects through the COSMOQ®-68
dielectric continuum model with appropriate parameters for
each solvent used. Scalar relativistic corrections have been in-
cluded self-consistently in all calculations by using the zeroth-
order regular approximation (ZORA)®-7°. Geometry optimiza-
tions at the BP86-Ds level of theory were performed with TDZP
(providing a rapid route towards the structures of the com-
plexes) and TZ2P basis sets, and optimizations with LDA
(Slater exchange’ > with Vosko-Wilk-Nusair®® correlation),
PBE-D»,, S12g, B3LYP-Ds, S12h were performed with the
TZ2P basis set. Subsequent single-point calculations (with the
all-electron TZ2P basis set) have been performed on all opti-
mized geometries, with S12g, BP86-D;, OPBE”, SSB-D*,
B3LYP-Ds, S12h, and MVS?. For all calculations carried out
with LDA, PBE-D,, OPBE, BP86-D;, and B3LYP-D; the
Becke’™ ™ grid of normal quality was used; calculations per-
formed with SSB-D, S12g and S12h were performed with a
Becke grid of very good quality, and for MVS a grid of good
quality with five times radial-grid boost was applied. Note that
BP86-D;, S12g, B3LYP-D; and S12h include Grimme’s D;,’®
while PBE-D; and SSB-D functional include Grimme’s D, dis-
persion energy scheme,” in all cases with appropriate parame-
ters for each functional separately. MVS was shown to already
include a large part of the dispersion interactions implicitly for
short- and medium-range weak interactions,”® and hence there



is less need to combine MVS with Grimme’s D3 scheme (alt-
hough efforts to also describe long-range interactions correctly
may be forthcoming). All DFA calculations were performed us-
ing the unrestricted Kohn-Sham scheme.

Unrestricted HF single point calculations of previously opti-
mized structures were carried out with the 6-311+G(d,p)””” ba-
sis set. These calculations were carried out using the Gaussian
program because the HF method does not necessarily need a
numerical grid, and hence can be used more conveniently with
a GTO-based program. In both programs however, there are se-
vere problems in getting the SCF equations to converge for Har-
tree-Fock, especially for the non-ground state spin-states. These
problems, combined with the necessity of some technical com-
bination of keywords made accurate HF calculations of some
complicated transition metal systems a formidable task, high-
lighting again the limited usability of the method for transition-
metal chemistry. For that reason, no HF results will be shown
here.

RESULTS AND DISCUSION

First, we have examined the performance of a range of DFAs
for geometry optimizations for a series of well characterized
Fe'/Fe"/Fe' hydroxo/peroxo/oxoiron complexes with a broad
palette of ligands. Structural and spectroscopic characterization
of all calculated complexes can be found in the original papers,
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with a summary of the relevant data and literature/CCDC refer-
ences being given in the Supporting Information. %' It should
be noted that compared to the previous study, here we only take
complexes into account for which X-ray data are available, in
order to avoid possible uncertainties about the conformations of
the ligands.

In order to find the best agreement with these X-ray structures,
we have used three classes of DFAs: (i) the local density ap-
proximation (LDA); (ii) three general gradient approximation
(GGA) functionals, S12g, BP86-D3, and PBE-D»; and (iii) two
hybrid functional, B3LYP-D; and S12h. The optimized struc-
tures are overall consistent and in good agreement with the pre-
viously reported set of complexes® and with experimental data
(Figure 2). It should be noted that in ref. 20 two outliers were
reported, [Fe"(OH)(Hsbuea)]™ and [Fe"(OOH)(TMC')]**, that
showed apparent deviations of ca. 0.08-0.10 A. However, upon
reinvestigating the original sources® %, it was found that the
experimental data mentioned® were referring to complexes
with iron in a different oxidation state; the actual experimental
Fe-O distances for [Fe"(OH)(Hsbuea)]” (1.93 A)* and
[Fe"(OOH)(TMCH]** (1.85 A)* are in fact in excellent agree-
ment with the computed data of 1.932 Aand 1.842 A, respec-
tively. Here we use the corrected data for [Fe"(OH)(Hsbuea)]
(see Tables S1-S2).
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Figure 1. Structures of all investigated Fe"Fe"/Fe" hydroxo/peroxo/oxoiron complexes



First of all, we focus on the optimized geometries of the ex-
perimentally observed spin ground state for each of the four-
teen complexes for which crystallographic data are available
to compare with. Bond lengths of interest for our work are in
all cases the axial iron-oxygen (Fe-O) distance (related to oxo,
hydroxo, peroxo), the axial iron-nitrogen (Fe-N,.) distance
and the average of the in-plane iron-nitrogen/oxygen (Fe-
N/O.,) distances. The best agreement with experimentally ob-
served axial Fe-O bond lengths was obtained using the disper-
sion corrected BP86-D;/TDZP, PBE-D,/TZ2P and
S12g/TZ2P, with a mean absolute deviation of 0.011-0.014 A
(see Figure 2 and Table S2). If we take a look at the in-plane
(equatorial) Fe-N,,/Fe-O,, bond lengths, we found that BP86-
Ds;and PBE-D, DFAs gave the best results, and provided ex-
cellent agreement with experiment, with a mean absolute error
value of 0.013 and 0.014 A respectively for Fe-N, (Table S3),
and 0.004 and 0.006 A for Fe-O. The axial Fe-N,, bonds
show in all cases larger differences between DFT and experi-
ment (0.04-0.07 A), which might indicate either that crystal
packing effects have a larger influence on the axial bonds than
on the equatorial ones, or there is a general problem with
DFAs for describing these axial nitrogen bonds; we will return
to this question in future studies. Overall, if we take into ac-
count all iron-ligand bond lengths, the DFA showing the best
overall performance for these mono-nuclear complexes is
BP86-Ds3, in particular with the TDZP basis, which is there-
fore a fast route to accurate transition-metal complexes. It
should be added that in a separate study on an anti-ferromag-
netically coupled high-spin diiron complex one of us observed
that the good performance of BP86-Ds is lost there because of
its inability to properly describe spin states (vide infra). Given
the good performance of S12g/TZ2P for both mono-nuclear
and di-nuclear complexes, a more generally applicable route
to accurate transition-metal complexes is therefore obtained at
the S12g/TZ2P level.
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Figure 2. The difference between the experimentally obtained
FeVFe'"/Fe!V-oxygen distances and those from DFAs for all
oxoiron species listed in Table S1 and Figure 1.

Next step in our research was to find an accurate way to un-
ambiguously determine the correct spin ground state. All
complexes under investigation contain iron as the central
metal ion with partially filled d-shells, thus one has to con-
sider more than one possible spin state, which are in many
cases close in energy. Il structures optimized on different lev-
els of theory were further investigated, calculating the relative
spin state energy, in order to find the best DFA for precise
determination and description of the spin ground state. Rela-
tive spin state energetics were calculated in a single point
fashion using two standard (LDA, BP86-Ds), two hybrid
(B3LYP-D; and S12h), and three functionals specially de-
signed for this particular kind of problem (OPBE, SSBD and
S12g). In this study we also present the results obtained with
the new meta-GGA ‘made very simple’ functional (MVS)®,
designed by Perdew and co-workers. Considering the fact that
the geometry and metal-ligand distances are important for dis-
tinguishing of the different spin ground states,” we present
here spin state energetics calculated with different DFAs men-
tioned before on BP86-D; optimized geometries (Figure 3);
these DFA structures were the closest to the crystallographic
data (vide supra). Data for all DFA-optimized structures and
with a total of eight DFA single-point energy calculations is
included in the supplementary material (Table T1-T14).
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Figure 3. Spin-state splittings (kcal'-mol-) for the fourteen complexes as obtained in single-point energy calculations with eight
DFAs on BP86-D/TDZP structures: (left) results for complexes 1-10, 14 (HS); (right) results for complexes 11-13 (IS).
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The experimentally determined spin ground state of the Fe",
Fe' and Fe' species studied here is either intermediate (IS,
11-13) or high-spin (HS, 1-10 and 14). The systematic over-
estimation of high-spin by Hartree-Fock, and the effect this
has on hybrid functionals is well documented: they favor high
spin states and suffer from spin contamination.'® Here, how-
ever, the effect is not so dramatic. Hybrid S12h (with 25% HF
exchange included) indeed favors a high spin state for 11/12
(by -3.9 kcal-mol™), but gives the correct IS state for 13. On
the other hand, B3LYP-Ds (20% HF exchange) showed the
correct spin state for of these IS complexes. For the high-spin
complexes, LDA and BP86-D; fail to predict properly the HS
ground state, which has been described extensively in the lit-
erature. The best performance for the correct description of
spin ground state is obtained with OPBE, S12g and SSB-D.
These three DFAs are especially designed to deal with this
delicate and demanding task, and they showed success in
many similar works from the past.*> 7 %1% Spin ground
states determined with OPBE, S12g and SSB-D are in accord-
ance with the experiment for all examined iron-oxo com-
plexes, except for the [Fe'(OH)(Hdidpa)(CH;CN)]** (1) com-
plex. However, this result is obtained by looking only at the
electronic energy; if we actually focus on the Gibbs free en-
ergy, the AAG correction is 4.06 kcal-mol™ in favor of the
high-spin. This makes the high-spin state favored by OPBE
only slightly (0.1 kcal-mol ™), but significantly by S12g (3.3
kcal'mol™). As a result, S12g correctly predicts a high-spin
state for complex 1, which is another confirmation of the good
performance of S12g shown in the past. Therefore, one of the
main conclusions of our work is that a reliable way for accu-
rate prediction of the spin ground state is to employ dispersion
corrected S12g simultaneously for both geometry optimiza-
tion and relative spin state energy calculation; they may be
sped up for mono-nuclear complexes by using BP86-
D;/TDZP geometries.

Now we can return to one of the challenges posed by the scan-
dium-capped iron-oxygen complex. One of us already showed
in 2013 that the oxidation state of iron changes to Fe(IIl),
which was confirmed subsequently by spectroscopy, and fol-
lowed up by a study using chromium.!” However, one aspect
of the capping process was not yet explored: how strongly
bound is the [Sc(OTf)4(OH,)]” moiety? After the preceding
parts on geometries and spin-state energies, we are now in a
position to be able to shed light on this with confidence that
the structures and energies will be well described. Therefore,
we studied the [Fe"(O)(Sc(OTf)s(OHm)] complexes with
S12g/TZ2P energies on BP86-D3/TDZP structures. Here we
focus only on the reaction thermochemistry, and not on kinet-
ics. The computed thermochemical properties of different re-
actions involved in the creation of the scandium-capped iron-
oxygen complex are shown in the supporting information.
Here we show the summary (Figure 4) of the overall process.
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Figure 4. Formation of the scandium-capped iron-oxygen
complex [Fe"™(0)Sc(OTf)s(OHy)].

The capping of the [Fe'Y(O)(TMC)J*" by scandium is thus
shown to be exergonic in case of forming the Fe(IIl) complex;
the formation of a putative scandium-capped Fe(IV)-oxygen
complex is however found to be endergonic. These findings
are fully consistent with the Fe-O and Sc-O distances found
in the crystal structure,*® and the DFT study,?® and the M&ss-
bauer studies (both the computational prediction® and exper-
imental corroboration®’).

CONCLUSION

Within this study the extension of the previous validation® of
various DFAs for correct description of spin state energetics
for a series of Fe''/Fe"/Fe'v oxo-iron complexes is presented.
Bearing in mind that changing of the spin-state is often asso-
ciated with changing of the geometry, structure relaxation of
the LS, IS and HS state of 14 oxo-iron species was allowed
with eight density functionals. Our theoretical findings, in ac-
cordance with experimental data, suggest that the HS or IS
configuration is favored for all investigated species by the
means of DFAs using OPBE, SSB-D, S12g, MVS and
B3LYP-Ds;. However, LDA, BP86-D; and S12h showed a ten-
dency to predict wrong spin ground state on the BP86-D3 op-
timized geometries. Overall geometries, obtained at
S12g/TZ2P and BP86-D3/TDZP level of theories (including
COSMO solvation and ZORA relativistic corrections) are in
excellent agreement with the experimental data, for all mole-
cules under study. It is noteworthy that BP86-D3s/TDZP gave
the best agreement with experimentally observed Fe-O and
Fe-N,q distances, while results for Fe-Nu are satisfactory.
When considered together, obtained data support few im-
portant conclusions: although one should be cautious while
choosing the DFA for a correct prediction of spin ground
state, accurate spin state energies can be easily derived per-
forming fast and efficient high level theory single point



calculations on correct geometry (for mononuclear metal
complexes!). For all complexes under investigation the best
performance in determination of the spin ground state was ob-
tained with OPBE, S12g and SSB-D, what makes them an im-
portant tool for exploring and describing different spine states
of various transition metal containing systems.

With the caution that different research groups would recom-
mend the use of different functionals, encouraged with these
results we suggest S12g/TZ2P as the most reliable choice for
both geometry optimization and spin state splittings in transi-
tion-metal complexes: it provides both good geometries, and
an accurate description of the electronic structure. This com-
prehensive validation study give us confidence to use S12g
for studying and predicting properties of unknown transition-
metal compounds, which ultimately is one of the aims of the-
oretical (bio)inorganic chemistry.

After many discussions in the past®® ***° about oxidation and
spin state of iron in scandium-capped iron-oxygen complex,
here we provide additional computational support for the as-
signment of a Fe(Ill) oxidation state. The thermochemically
most  stable iron complex is  unambiguously
[Fe™(0)(Sc(OTH)4(H,0)], with a high spin ground state.
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