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Abstract

We present a DFT+U investigation of the all-ferrous FezSs cluster in
aqueous solution. We determine the value of U by tuning the geometry
of the cluster in the gas-phase to that obtained by the highly accurate
CCSD(T) method. When the optimised value of U is employed for the
aqueous FeoSo cluster (FezS2(aq)), the resulting geometry agrees well with
the X-ray diffraction structure, while the magnetic coupling is in line
with the estimate from Mossbauer data. Molecular dynamics trajectories
predict FeaS2(aq) to be stable in water, regardless of the introduction of
U. However, significant differences arise in the geometry, hydration, and

exchange constant of the solvated clusters.

1 Introduction

Aqueous iron-sulfur clusters (FeS(aq)), with water molecules molecularly coor-

dinated to the ferrous iron atoms, are of considerable interest to Origins of Life
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theories, which suggest that the oxidative formation of pyrite (FeSs), i.e.,

FeS(aq) + HaS = FeS; + Hy, (1)

could have provided the energy source for the reduction of COs into simple
prebiotic organic molecules [1].

Electrochemical and mass spectroscopy data have shown that small FeS(aq)
are formed rapidly in aqueous solution, where they coexist in equilibrium with
the first condensed mackinawite phase (FeS) [2, 3]. However, there is no general
consensus on the size and stoichiometry of FeS(aq) [4], and even their stabilities
in water have been questioned [5]. Among the variety of complexes suggested,
the rhombic FesSs is particularly interesting, as it is very similar to the basic
structural unit of mackinawite [3]. Remarkably, the Fe;So unit constitutes also
the active centre of various metalloproteins [6], and it has has been the subject
of a number of both experimental [7-9] and theoretical [10-15] investigations
(see Ref. [16] for a review on this and other analogues of protein active sites).
Unlike in marine systems, however, the all-ferrous state is not common in biology
[17-19], as the anionic cysteinate ligands prevent the formation of a cluster
with additional negative charge, and favour the Fe(II) /Fe(III) or Fe(III)/Fe(III)
combination [20].

Due to strong correlation effects, transition metal (TM) compounds rep-
resent a challenge for density functional theory (DFT) [21]. Its uncorrected
use translates into contracted geometries and absolute values of magnetic cou-
plings which are too large [22, 23]. In principle, post Hartree-Fock methods are
then required to obtain the correct description of the ground state wavefunction
[14]. For example, when dealing with closed shell or open shell high-spin (HS)
states, the coupled cluster CCSD(T) method can provide excellent structures
and is considered the gold standard of quantum chemistry [24]. However, post
Hartree-Fock methods limit to a few atoms the size of the affordable system,

and it is not surprising that DFT calculations are still the preferential tool to
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simulate the behaviour of small TM clusters in solution [25, 26].

Within DFT, one possibility of improving the description of TM compounds
is offered by the DFT+U approach [27]. Here, the strongly correlated electrons
are treated with the addition of a Hubbard correction, while the others are de-
scribed by the standard DFT functional. Results depend sensitively on the value
of U, which can be chosen by fitting relevant properties to experiments or high-
level quantum chemistry methods. Alternatively, a linear response approach
to calculate in an internally consistent way all the interaction parameters has
been developed [28]. Recently, our group and others have applied the DFT4+U
method to study the electronic and magnetic structures of iron-sulfur minerals
such as greigite (Fes3S4) [29, 30], cubic FeS [31], and pyrite [32, 33]. In addition
to applications to bulk systems and surfaces, the DFT+U scheme has also been
applied to the Fey dimer [34, 35], and to the ferric [FeaS2(SH)4)?~ complex in
vacuo [36], where it has been shown to reproduce various properties, including
spin splittings, geometries, and harmonic frequencies.

Here, we use DFT+U to carry out an investigation of FesSs in aqueous
solution. First, we determine the strength of the parameter U by tuning its value
to reproduce the geometry of the cluster obtained at the CCSD(T) level. Then,
we proceed to study the aqueous FeaSa cluster (FexSa(aq)). We show that the
Hubbard correction strongly affects its magnetic coupling and structure, as well
as the binding energy of water. Finally, we perform molecular dynamics (MD)
of FesSo(aq) in water, to determine the effect of adding the U correction in the
trajectories. We find that important changes arise in the structure of FesSa(aq),
as well as in the number of water molecules that are hydrogen-bonded to the

cluster.



Physical Chemistry Chemical Physics

2 Methods

2.1 The broken symmetry approach

As estabilished by Mossbauer data, the biological FeoSo unit is expected to be in
the low-spin (LS) state, with the two ferrous iron atoms in the HS configuration
(S1 = S2 = 2), and antiferromagnetically coupled [37]. Thus, in principle, the
correct description of the ground state wavefunction would require the use of
unaffordable multireference methods [14].

More conveniently, in our DFT scheme, we start the MD trajectories in the
broken symmetry (BS) state, i.e. the state where the spins on the two Fe(II)
are antiparallel, while the z-component of total spin takes the lowest zero value.
Even though the BS differs from the real LS density (the BS spin density is not
zero everywhere in space), our choice is partly justified by the fact that, in the
FegSo(H20)s cluster, both DFT and DFTHU predict the BS state to be lower
in energy than the HS state (see section 3.2), i.e. the state where the two Fe(II)
are ferromagnetically coupled. The BS approach (see Ref. [38] for a complete
review), has already been employed to describe the geometric and electronic
structure of the FeySo clusters in proteins [39].

The magnetic coupling between the two HS iron atoms can be described by

the Heisenberg Hamiltonian:
H=-278,8, = —J[S? - 52 — 52, (2)

where §1 and S’E are the spin operators on the two sites, 2 = (5’1 + 5?2)27 and
J is the exchange coupling constant. From Eq. 2, it follows that the energies

Eps and FEyg, of respectively BS and HS, are given by:

Egsus = —J [(S?)Bs,us — S1(S1+1) — S2(S2 +1)]. (3)

With the assumption of no overlap between the magnetic orbitals, the BS ap-
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proach uses Eq. 3 to express J as a function of Fgg and Fyg:

Eps — F
g = Eos —Fs ()

max

where S),q0 = S1 + 52 = 4.

2.2 Computational details

We have employed both Gaussian09 [40] and VASP 5.3 [41, 42] in the study of
the gas-phase FeaSo, whereas simulations on FeoSs(aq) were performed only with
VASP. Unless otherwise stated, Gaussian calculations have been carried out with
the cc-pVTZ basis set [43], particularly suitable for post Hartee-Fock methods
like CCSD(T). In addition to the common PBE functional [44], based on the
generalised gradient approximation (GGA), DFT calculations with Gaussian
were also performed with MO6L [45]. In VASP, we have adopted a plane wave
(PW) cutoff of 400 eV, together with the PBE functional, and the projector
augmented wave method (PAW) to model the core-electron interaction [46].
Specifically, we have considered the 4s and 3d electrons of Fe, the 3s and 3p
of S, the 2s and 2p of O, and the 1s of H as valence electrons, and treated
them explicitly. All of the calculations have been performed at the I'-point.
Since VASP implements periodic boundary conditions, in order to avoid spurious
interactions between replica atoms, we have introduced a vacuum of at least 12 A
between adjacent cells containing isolated molecules.

Starting coordinates for MD trajectories were taken from the PBE optimised
FesS; unit in the gas-phase, which was then immersed in a 12.416 x 12.416
x 12.416 box of 64 water molecules pre-equilibrated by classical MD. Four
water molecules were removed to avoid overlap with the cluster. The final
FegS2(H20)gp complex was partially optimised, and the structure equilibrated
for 10 ps in the DFT Born-Oppenheimer potential energy surface. At this point,
the U correction was introduced and a partial optimisation was again followed

by another 10 ps of equilibration. We have taken the coordinates of the two
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Figure 1: FeySsy cluster (Fe pink, S yellow).

equilibrated systems as the starting configurations for the DFT and DFT+U
based MD runs. In all of the trajectories, we have used a time step of 0.5 fs,
and a Nosé thermostat [47] at a temperature of 400 K, which is required to

reproduce the structural properties of water [48].

3 Results and discussion

3.1 Gas-phase Fe,S,

Here we present results for the isolated FesSo molecule in the HS state (Figure
1), whose single-determinant wavefunction can be described by both DFT and
CCSD(T). First, we study the accuracy of various basis sets to predict the HS
geometry at the PBE level of DFT. Then, we use the geometry at the CCSD(T)
level of theory to calibrate U and find the optimised value for the cluster.
Table 1 compares the geometrical parameters of FesSs predicted by PBE.
Regardless of the basis set, the optimised dihedral §(Fe-S—-Fe-S) angle is always
larger than zero, i.e. the molecule is not planar. We note that the LANL2DZ
[49] combination of effective core potentials (ECPs) with a double zeta quality
valence basis set is not suitable for the description of the cluster. Calculations
with the Stuttgart/Dresden ECP bases (SDD [50]) give better geometries than
LANL2DZ, as reported in the literature for TM complexes [51], and show that
Dirac-Fock relativistic effects are negligible for this study. Given that we aim to

calibrate the VASP DFT results with the Gaussian CCSD(T), it is reassuring
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Basis set d(Fe-Fe) d(Fe-S) 6(Fe-S-Fe-S)
LANL2DZ® 2.30 2.31 26.0
SDDe¢ 2.27 2.28 23.9
SDbDad 2.26 2.27 23.5
6-311G+(d)  2.24 2.22 24.2
cc-pVDZ* 2.24 2.22 23.2
cc-pVTZ® 2.23 2.21 23.2
PW? 2.21 2.20 23.7

Table 1: Bond distances (A) and dihedrals (degrees) of FesSy in the HS state
calculated with the PBE functional for different basis sets. (a) Gaussian entry;
(b) VASP entry; (¢) Hartree-Fock ECP; (d) Dirac-Fock relativistic ECP.

that the geometries given by PW and cc-pVTZ (already converged at the cc-
pVDZ level, and very similar to 6-311G+(d)), agree well between both codes.
The residual difference, not relevant to our purposes, may be attributed to the
pseudopotential approximation in VASP.

Table 2 compares the selected properties of Fe;S, obtained by different DF'T
functionals with other level of theories. PBE and MOGL predict poor structures
which deviate considerably from CCSD(T) and MRCI+Q [14]. This confirms
the difficulty of DFT to describe accurately TM compounds even with MOGL,
which is especially recommended for systems involving TM bonding [45]. It is
interesting that not only local functionals, but also the hybrid B3LYP is not
able to reproduce the CCSD(T) geometry [15]. Significant improvements are
obtained by adding increasing values of U to PBE, whose effect is to increase
both d(Fe-Fe) and d(Fe-S), while gradually reducing the dihedral 8(Fe-S—Fe-S)
angle to reproduce the correct planar geometry.

At the HS geometry, local functionals predict the exchange coupling to be
positive, i.e. of the wrong sign compared to B3LYP [15] and MRCI4Q calcu-
lations [14]. Introducing the Hubbard term in the Hamiltonian reverses this
anomaly, and negative values of J are recovered. From this analysis, it is evi-
dent that the DFT+U approach improves significantly the description of FesS,.
In particular, a value of U = 5 eV gives geometrical and magnetic properties

which accurately characterise the unit.
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Theory d(Fe-Fe) d(Fe-S) 6(Fe-S-Fe-S) J

MO6L® 2.23 2.21 20.4 +204
PBE® 2.21 2.20 23.7 +178
U=1* 2.22 2.21 20.9 +103
U=3b 2.35 2.24 14.3 —95
U=5" 2.56 2.27 0.0 —111
CCSD(T)® 2.58 2.27 0.0 -

B3LYP [15] 2.41 2.25¢ - —-103
MRCI+Q [14] 2.62 2.30 - —70

Table 2: Selected geometrical parameters (bonds in A, dihedrals in degrees),
and magnetic coupling (cm~1) of FesSy in the HS state at different levels of
theory. (a) Gaussian entry; (b) VASP entry ; (c) mean value of the four bonds.

Figure 2: FesSo(H0)4 cluster before (left) and after (right) the optimisation
(Fe pink, S yellow, O red, H white).

3.2 Aqueous Fe,S; cluster

In this section, we investigate the isolated FeaSa(aq) proposed in Ref. [52] (Fig-
ure 2, left). When applying the DFT+U scheme, we use the value of U = 5
eV derived for Fe;Ss in section 3.1, for both the HS and the BS state. This is
justified by the finding that, for the ferric [FeaS2(SH)4)?~ complex, the Hubbard
corrections in the BS and HS geometries were found to differ by only 0.05 eV
[36].

Regardless of the spin state, both DFT and DFT+U predict the most stable
configuration of FesSo(H0)4 to have both irons in a trigonal-planar environ-

ment (Figure 2, right). Only one molecule of water is molecularly bound to
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Figure 3: FegS2(H20)s cluster (Fe pink, S yellow, O red, H white).

each Fe(IT) of the cluster, while the remaining two form hydrogen bonds with
the S atoms, thereby stabilising their negative charges. We find that the addi-
tion of water molecules hydrogen-bonded to the sulfurs spontaneously relaxes
the trigonal-planar geometry to the one where the irons are tetrahedrally co-
ordinated. Therefore, we conclude that FesSo(H20),4 is not a good model for
FezSa(aq), and move to a FeaSa(H20)s cluster (Figure 3).

Tables 3 and 4 summarise the selected parameters for FeoSo(H2O)s in the
BS and the higher energy HS state, respectively. They are shown together with
the X-ray diffraction geometry and the estimate for J from Mossbauer spec-
tra of an all-ferrous FeySs cluster bonded to two benzimidazolato ligands, the
only all-ferrous FeySs structure isolated and crystallographically characterised
at present [37]. The comparison with the FeoSa(aq) must be made with caution,
as the benzimidazolato capping ligands are anionic. However, it is interesting
that, for both the BS and HS states, the DFT geometrical parameters, espe-
cially the Fe-Fe distance, are far from the experimental values. Introducing the
Hubbard correction increases all the bond lenghts, and brings the experimental
and theoretical geometries to much closer agreement.

In the BS state, water molecules are bound to the FeySo(H0)g cluster

with an energy of —0.65 eV. Consistent with the stretching contribution to the
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BS
Theory  d(Fe-Fe) d(Fe-S)° J E,
DFT 2.51 2.20 —234  —0.65
DFT+U 2.76 2.33 —127  —-0.71
exp|37] 2.75 227 < -30

Table 3: Selected geometrical parameters (A), binding energy per water
molecule (eV), and exchange coupling constant (cm~!) of FesSy(H20)s in the
BS state. (a) mean value of the four bonds.

HS
Theory  d(Fe-Fe) d(Fe-S)* J E, AF (HS — BS)
DFT 2.55 2.28 —-17  —-0.62 +0.27
DFT+U 2.81 2.36 —-53 —0.72 +0.17

Table 4: Selected geometrical parameters (A), binding energy per water
molecule (eV), and exchange coupling constant (cm~!) of FesSy(H20)s in the
HS state. The difference in energy AFE with respect to the BS state is also
reported (eV). (a) mean value of the four bonds.

structure, a strengthening of the interaction with water results from the DFT+U
method, which predicts the binding energy per water molecule to decrease to
—0.71 eV. We note that the binding energy is little affected by the spin state
of the system. Accordingly, during MD, we do not expect the hydration of the
cluster to change significantly with spin.

Experiments on the tetranuclear all-ferrous Fe;So unit, with and without the
surrounding protein, have only provided upper limits for J [19, 37]. Our DFT
estimate is very dependent on the reference geometry, i.e. —234/—17 cm™!
in the BS and HS state respectively. However, the value of —127/—53 cm™!
estimated by DFT+U is less affected by the geometry. It is therefore more

reliable, and can serve as a valuable reference to experiment.

3.3 Aqueous Fe,S; in water

As discussed in section 2.1, we have started both the DFT and DFT+U tra-
jectories from the BS electronic configuration, which is the lowest in energy for
FeyS5(H20)s. Despite not fixing the spin multiplicity, none of the trajectories

showed variations from the BS value of zero. We also note that in both runs the

10

Page 10 of 21



Page 11 of 21

Physical Chemistry Chemical Physics

— DFT — DFT+U

d(Fe-Fe) (A)
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Figure 4: Selected parameters of the FeySy(aq) cluster in water during the MD
runs with and without the U correction. Thick lines represent the running
averages at 1 ps.

complex does not dissolve at the temperature of 400 K, in agreement with mass
spectrometry data predicting FeoSo as the likely monomeric unit of the larger
FeS(aq) [3].

Figure 4 illustrates the main geometrical parameters of FeoSs(aq) during the
MD trajectories in water. The complete solvation allows more water molecules
than in FesSo(H20)s to interact directly with the FeaSo core, and the resulting
network of hydrogen bonds causes an increase of the bond lengths in the clus-
ter (Table 5), now larger than those from FesSo(H20)g and the experimental
solvent-free structure (Table 3).

Sulfur K-edge X-ray absorption spectroscopy and DFT calculations have es-
tabilished that hydrogen-bonding of water to the sulfides decreases the Fe—S
covalency of iron-sulfur compounds [53, 54]. In turn, this correlates with an
increase of their reduction potentials [55-57]. In this work, we are not directly

concerned with the electrochemical properties of FesSo(aq). However, the in-
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Theory  d(Fe-Fe) d(Fe-S)® 6(Fe-S-FeS) Fe-hydr H-bonds  J°

DFT 2.57 2.22 0.0 3/4 4.9 —162
DFT+U 2.88 2.38 16.0 4/5 6.2 —109

Table 5: Summary of the properties predicted by DFT and DFT+U ab initio
MD: average geometrical parameters (bonds in A, dihedrals in degrees), possible
Fe hydrations, average numbers of hydrogen bonds, magnetic couplings (cm~1).
(a) mean value of the four bonds; (b) from the respective optimised tetrahedral
configurations (Figure 6, middle).

creased Fe—S distances are in line with the weakening of the Fe—S bonds, and
previous DFT [58] and nuclear magnetic resonance spectroscopy investigations
[59] have reported similar elongations on hydrogen-bonding.

As expected from the investigation of FesSo(H20)g, there are clear differ-
ences between the DFT and DFT+U geometries of FesSo(aq), especially re-
flected in the Fe-Fe distance. At the same time, as indicated by the values of
the dihedral angle along the trajectories, while a planar geometry results on
average from the DFT run, significant distorsions from it are introduced by the
DFT+U. Consistent with the expanded geometry, we note that the effect of
the solvent is to reduce the strength of the magnetic coupling with respect to
the FeaSso (Table 5). The differences in the geometries are paralleled by the
tendency for a larger hydration of the Fe atoms, in line with the lower binding
energies of water discussed in section 3.2.

Figure 5 depicts the total number of water molecules molecularly coordi-
nated to the Fe of the cluster. DFT predicts this value to fluctuate between
3 and 4, i.e., in addition to the tetrahedral configuration (Figure 6, middle),
a configuration where one of the two Fe is in a trigonal-planar arrangement is
also thermodynamically possible (Figure 6, left). A loss of water molecule from
the cluster has happened three times during the MD run (including a first time
during equilibration). We attempted to relax the structure with a trigonal-
planar Fe, but, interestingly, the FesSo(aq) is not stable in this arrangement,
and spontaneously relaxes towards the tetrahedral configuration. The dehydra-
tion is therefore driven by the gain in entropy resulting from the loss of water.

The effect of the Hubbard correction is to raise the total hydration of the Fe

12
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Figure 5: Total hydration number of the Fe ions in the cluster during the MD
runs with and without the U correction. Inset: one Fe-S distance during the
DFT+U run; the thick line represents the running average at 1 ps.

atoms in the cluster, now varying between 4 and 5. In the second case, one of
the two Fe adopts a trigonal bipyramidal geometry (Figure 6, right). When this
happens, one of the Fe—S bonds in the cluster stretches considerably (Figure 5,
inset). In our run, we have twice observed this attack by a water molecule (a
first time during equilibration). In both cases, however, rather than dissociation
of the cluster, dehydration occurs after a few picoseconds, re-estabilishing the
tetrahedral configuration of both the irons.

At this point, there are two drawbacks to functionals based on GGA which
we would like to discuss. It has been found that GGA tends to overstructure
liquid water, while hybrid functionals are superior in reproducing its experi-
mental structure and dynamical properties [60]. In addition, a pitfall of GGA is
the incorrect description of the long-range dispersive forces, which are essential
to soften the water structure [61]. In order to evaluate the effects of hybrid

functionals on the structure and solvation of FesSa(aq), we have relaxed the
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Figure 6: Snapshots of the FesSo(aq) cluster in water. Left: mixed trigonal-
tetrahedral Fe (DFT); middle: tetrahedral Fe (DFT and DFT+U); right: mixed
tetrahedral-trigonal bipyramidal (DFT+U). Water molecules molecularly bound
to the cluster have been emphasised (Fe pink, S yellow, O red, H white).

two DFT+U configurations (Figure 6, middle and right) with the hybrid PBEO
functional [62]. The same structures were also optimised with the addition to
DFT+U of the interatomic pair potentials proposed by Grimme [63] (DFT+U-
D2), with the purpose of assessing the changes due to inclusion of dispersion
corrections.

For both structures, PBEO and DFT+U predict similar geometries (Table
6), in line with what observed in a study on the ferric [FeaS2(SH)4)?~ complex,
where the hybrid B3LYP was compared to DFT+U [23]. While a pronounced
effect is evident on the relative stabilities of the two geometries, with PBEO
predicting a smaller difference between the two ground state energies, we do
not observe any modification in the solvation shells of FesSs(aq). The structural
changes arising when DFT+U-D2 is employed are less important, but they are
paralleled by a stabilisation of the tetrahedral configuration. We report in Table
6 the results for the tetrahedral configuration of iron atoms (Figure 6, middle),
as changes in the geometry of the tetrahedral-trigonal bipyramidal (Figure 6,
right) follow the same trend.

Finally, we discuss the impact of U on the number of hydrogen bonds formed
between water and the S ions in the cluster. We have used a O-S distance of

3.7 A, and a O-H-S angle of 40° as a cutoff for the hydrogen bond criterium.

14
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Theory d(Fe-Fe) d(Fe-S)* 60(Fe-S-Fe-S) E,q

DFT+U 2.86 2.38 21.3 +0.34
PBEO 2.81 2.34 214 +0.17
DFT+U-D2 2.88 2.38 22.0 +0.16

Table 6: Structural parameters (bonds in A, dihedrals in degrees) of FeySo(aq)
corresponding to the tetrahedral configuration of iron atoms (Figure 6, mid-
dle). E,. is the energy with respect to the tetrahedral-trigonal bipyramidal
configuration (Figure 6, right). (a) mean value of the four bonds.
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Figure 7: Total number of hydrogen bonds between the molecules of water and
the S ions in the cluster during the MD runs with and without the U correction.

We present the fractional occurrences in Figure 7, where it emerges that the U
correction applied to the Fe ions translates into an increased tendency of S ions
to form hydrogen bonds. Quantatively, the average value resulting from DFT

is 4.9, much lower than the 6.2 obtained by DFT+U.

4 Conclusions

We have presented a theoretical investigation of the FesSs cluster in aqueous

solution. As clearly evidenced by its poor performance on the geometry and
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magnetic coupling of FesSy in the gas-phase, TM clusters are a challenge for
DFT. To improve the description, we have shown that it is possible to adopt
the DFT+U approach, where the value of U can be parameterised on the HS
state geometry of FesSo obtained with the high-level CCSD(T) method. It is
only with this approach, that the magnetic couplings reproduce those in the
literature.

When the same value of U is employed for the study of FesSa(H20)s, the
DFT+U results are successful, whereas, with respect to experiments, standard
DFT predicts a structure which is again too contracted, and an exchange con-
stant which is too negative.

In both methods, the picture resulting after around 15 ps of MD in water
is that of a stable FeaSo(aq) complex, in line with experiments [2, 3]. However,
compared to standard DFT, DFT+U predicts the geometry of the rhombic
FesSo unit to be more strecthed and not planar. Thus, the two Fe(IT) can ac-
commodate a total number of 4-5 molecules of water, rather than 3-4. Similarly,
adding the U term to the d-electron of FesSs(aq) increases the number of water
molecules interacting through hydrogen bonds with the two sulfurs.

Provided that the value of U is accurately fitted to reproduce relevant pa-
rameters determined by high-level quantum chemistry methods, DFT+U rep-
resents a viable approach to the study of aqueous iron-sulfur clusters, which are
of interest in areas ranging from Origins of Life theories to enzyme biology and

catalysis.
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