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Iron-sulfur clusters are enzyme cofactors essential to life and are proposed to form the basis of earliest metab-
olisms. Fe-S rhomb and cubane clusters require both Fe(II) and Fe(IIl) for stability, but the Archean ocean was
dominated by reduced Fe(II). We hypothesize that protons could have served as an oxidant of Fe(II) to Fe(IIl)
during cluster assembly. Concomitantly, coordinating ligands that complete the tetrahedral geometry of the iron
sites in the molecular cubane clusters may have assured cluster stability and facilitated proton reduction. Density
functional theory calculations suggest that protons delivered by H3O", Fe(SH)™, or H2S can oxidize [2Fe-2S]
clusters and promote the formation of cationic [4Fe-4S] clusters. The relative energetics of mackinawite-like
(FeS)p(aq) neutral nanoparticle sheets and ligated cationic [4Fe-4S] cubanes further indicate that ligands,
such as water, bisulfide, and bioligands (such as short peptides) indeed play a key role in trapping cubane cluster
states along the process of mackinawite-like nanoparticle sheet formation. Together, the redox reaction by
protons and ligand coordination could have enabled molecular Fe-S cluster cofactor assembly directly from the

Fe(Il)-rich, sulfide-bearing waters of early Earth.

1. Introduction

Early life evolved in anoxic, ferrous iron-rich oceans, whose chemical
composition was the primary environmental factor that shaped life's
abilities [1-7]. Metal cofactors, ultimately derived from the environ-
ment, are essential components in enzymes and other biomolecules and
enable a rich suite of biological functions. Today, magnesium, zinc, and
iron are the dominant metallic cofactors in all enzyme classes [8]. It has
been hypothesized that, in the absence of highly-evolved metal acqui-
sition, homeostasis, and tetrapyrrole synthesis pathways, early life could
have fulfilled all of its necessary functions solely with Fe(II) [1,9]. In
addition to sophisticated heme cofactors, entirely inorganic iron co-
factors serve as the active sites in rubredoxins (a single Fe) and poly-
nuclear ferredoxins, which include [2Fe-2S] rhombs and [4Fe-4S]
cubane molecular clusters. Modern organisms widely use rubredoxins,
ferredoxins, and high-potential iron-sulfur proteins for electron trans-
port. Ferredoxins enable redox catalysis, radical chemistry, small
molecule activation, molecular sensing, and cell signaling, in addition to

Fe-S clusters even serving structural functions in some proteins [10-13].
Given this functional diversity in extant biology, a broad primordial
array of capabilities was possible if earliest life used Fe-S clusters as
proto-ferredoxin cofactors [1,14-18].

The similarities between Fe-S clusters and minerals like greigite,
mackinawite, or pyrite initially motivated the hypothesis that proto-
ferredoxins derived from these minerals [14-16], although subsequent
work has emphasized the diversity of biological cofactors and important
differences between them and minerals [11,19]. Furthermore, the
chemical reactivity and catalytic capabilities of molecular clusters form
the basis for the ‘iron-sulfur world’ hypothesis for the origin of life
[14,15,18,20]. Fe-S clusters form two distinct geometric structures from
iron- and sulfur-rich fluids: three-dimensional [4Fe-4S] molecular
cubanes and two-dimensional mackinawite-like sheets comprised of
(FeS), rhombs and their polymers (Fig. 1). This structural distinction has
fundamental implications for biological accessibility. The nanosheets of
(FeS)n(aq), n < 150, are precursors to the formation of the mineral
phases [21-25], which precipitate from solution and become less
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available to primitive organisms. In contrast, discrete molecular cubanes
are dissolved clusters that can bind organic ligands such as short pep-
tides and form proto-ferredoxins.

Central to their electron transport and chemical reactivity, the
clusters can adopt an oxidation state continuum from ‘super-reduced’ to
fully oxidized forms, e.g., [2Fe—2S]O to [2Fe—25]2+ and [4Fe—4S]° to
[4Fe-4S1** [26]. Their reduction potentials are poised by their inner
and outer-sphere coordination environment in a range from —500 mV to
+700 mV in plant ferredoxins (rhombs) and high potential iron-proteins
(cubanes) [25-31]. Recently, it has been proposed that the various redox
states differ predominantly by the oxidation state of the sulfur centers
[32]. However, the ‘super-reduced’ cubanes are unstable, transient
species in aqueous solutions, and they decay to mackinawite-like
nanosheets or precipitates unless they are stabilized by coordinating
ligands like thiolates [26,29,33]. The assembly of the [4Fe-4S] cubanes
like those in bacterial ferredoxins requires the availability of ferric iron
or elemental sulfur [25,34-39], and the formation of specific cluster
geometries and stoichiometries depend on the availability of Fe and S
ions in solution [40]. Cubanes are commonly synthesized in the lab,
often in non-aqueous solvents [27,38], from Fe(Il) and excess re-
ductants such as p-mercaptoethanol, cysteine, or glutathione; these also
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serve as cluster stabilizing ligands involving a series of intermediates
that include mononuclear iron thiolates and binuclear rhombs
[25,27,29,38,40].

Our central question is how emerging life accessed and harvested
clusters from the aqueous environment. Before evolution could explore
and exploit the chemical capabilities of Fe-S clusters, early organisms
would have needed sufficiently frequent encounters with environmental
clusters in sufficiently high concentrations to experience their reactivity.
Only then could evolutionary pressures select for mechanisms to control,
regulate, and acquire these cofactors with primitive bioligands [1].
While local environments may have contained enough Fe(III) to support
cluster assembly [34], the instability of clusters in the reducing, ferrous
iron-rich earliest oceans posed a significant challenge for earliest life to
evolve and spread. As Earth's oceans oxygenated, beginning approxi-
mately 2.5 Ga, iron-sulfur cluster biosynthesis pathways would have
become more sophisticated, permitting selective uptake, incorporation,
chaperoning, and regulation of Fe(II) and Fe(IIl) [11,41,42].

An alternative mechanism to assemble Fe-S clusters derives from
their functional diversity. Specific Fe-S cluster containing metal-
loenzymes are capable of reducing protons, dinitrogen, or oxidizing
dihydrogen (hydrogenases and nitrogenases) [17,43,44], as well as
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Fig. 1. Structural representations of the important species considered in this study of the competitive formation of mackinawite-like 2D nanosheets, molecular

rhombs, and 3D cubanes.
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reversibly interconverting carbon monoxide to carbon dioxide in the
presence of Ni as heterometal [45]. The role of these ‘great metal-
loclusters of biology’ [19] in dihydrogen evolution and uptake reactions
suggests that a proton can be an oxidizing agent for interconversion
between the super-reduced cluster and oxidized, cationic cluster states
[15,16]. Oxidation of ferrous clusters by hydrogen sulfide is a S-based
redox pathway towards the formation of pyrite with persulfide (S37)
[46,47], and is analogous to the oxidation of Fe(II) by water in ser-
pentinization reactions [48-50]. In these pathways, hydrogen sulfide is
the species that delivers the oxidizing power of a proton to the cluster,
while the bisulfide ion formed upon ionization can provide an in-situ
ligand for stabilizing the Fe(III) containing cluster.

In early ferrous iron-rich oceans, we hypothesize that protons were
an adequately strong and environmentally abundant oxidant to help
form cationic clusters directly from Fe(II) and HS™ without the need for
the presence of abundant Fe(III). We propose that the accumulation of
these clusters may have been facilitated by the stabilizing effect of
coordinating ligands, such as bisulfide and similar environmental mo-
lecular ions. Once formed and stable with sufficient lifetimes, the strong
affinities of Fe-S clusters to chelating thiolate/cysteine-rich ligands
could have promoted the emergence of proto-ferredoxins
[14,15,17,51-54].

To begin to test this hypothesis and map out the availability of Fe-S
cluster species, we investigated the thermodynamics of Fe-S cluster
assembly and small molecule/ion ligation with density functional theory
(DFT) calculations and equilibrium reaction network modeling. While
both computational approaches have their limitations in complex
aqueous solutions like earliest seawater, their combined approach pro-
vides a framework for experimentally testable constraints for future
laboratory experiments. Furthermore, a unique approach to our
modeling strategy is that we did not assume the presence of any oxidized
species often considered as starting points (e.g., [55]), and rather we
explored reaction networks that lead to the formation of ferric iron along
spontaneous or close to spontaneous processes.

2. Methods
2.1. DFT calculations

Quantum chemical calculations of speciation for Fe and S ions, (FeS),
oligomers, and various molecular Fe-S clusters were carried out using a
thermodynamically validated level of theory that describes the electron/
electron and electron/nuclear interactions based on electron density
(density functional). Once the potential energy of each molecule or ion is
determined, we utilized statistical thermodynamic relationships to
connect the 0 K, 0 atm simulation results with thermodynamic observ-
ables, such as free energy and enthalpy, at 298 K, 1 atm, and pH =
0 standard state. For consistency in differentiating various species, we
use square brackets to designate molecular rhomb and cubane structures
of [2Fe-2S] and [4Fe-4S] clusters. The (FeS), notation corresponds to
mackinawite-like electroactive nanoparticle sheets (nanosheets). The
main difference between the molecular clusters and nanosheets is the
number of neighbors for the sulfide ligands. In the [2Fe-2S] and
[4Fe—-4S] molecular clusters, the bridging sulfur connects two-(p?) or
three-(p3) iron centers, while in the two-dimensional nanosheets, the
tetrahedral irons are surrounded by four-coordinate (p4) sulfide ions.
The n = 2 member of both series serves as a branching point (Fig. 1),
since the non-ligated [2Fe-2S] cluster is structurally and stoichiomet-
rically identical to (FeS),.

A spectroscopically calibrated functional using Fe-S bonding infor-
mation from X-ray absorption spectroscopic measurements has been
defined for [4Fe-4S] clusters (BP86 functional with 5% HF exchange)
[56,57]. However, we needed a unified theory that can describe accu-
rately the solvated proton, proton reduction, hydrogen sulfide depro-
tonation, and pK, changes of coordinated water to ferrous and ferric
ions. Therefore, we assessed the performance of 97 functionals that
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included pure GGA functionals, hybrids and double-hybrids, range-
separated and dispersion corrected functionals. By using the entire
repertoire of functionals, we were able to gauge the chemical accuracy
of the calculated equilibrium reactions to simultaneously describe all the
above processes, and to critique the chemical reactions that have been
proposed for the experimental equilibrium constants. We considered
anionic species, H-bonding, coordinative bonding, and radicals. There-
fore, we selected the def2TZVPPD basis set for all atoms, which is
equipped with polarization functions for all atoms and diffuse functions
for non-hydrogen atoms [58]. The electronic structure of multi-nuclear
Fe-S clusters were composed from well-defined ionic fragments [57]
with maximized number of anti-ferromagnetically coupled Fe ions
[59,60] to obtain the lowest energy spin-coupling schemes in broken
symmetry calculations for the thermodynamic analysis.

The greatest modeling challenge in describing aqueous equilibrium
solutions is the capture of solvation effects. For the long-range electro-
static interactions, we selected the solvation model based on density
(SMD) polarizable continuum model with the default water parameters
[61]. The (aq) notation in the calculated species below implies the
presence of only implicit continuum solvation, i.e., the presence of
coordinately unsaturated Fe and S sites. However, for charged or
significantly polarized species, we must include explicit solvent mole-
cules to capture important H-bonding and coordinative bonding in-
teractions that have significant covalent character, in addition to the
ionic interactions represented by implicit solvation. In chemical re-
actions, when the bound solvent molecules were displaced from the
inner coordination shell, we used rings of four to six water molecules:
4W, 5W, and 6W. Most of the structures presented here correspond to
equilibrium stationary points without imaginary normal modes. Due to
the flexibility of the inner sphere water molecules, some stationary
structures could not be optimized to be free from imaginary frequencies
that corresponded to water rotation without significantly impacting the
structure of the solute molecules.

A highlight of our combined approach of reaction network modeling
and density functional calculations is that we used the free energy values
to generate equilibrium constants and enthalpy values to follow their
temperature dependence. We constructed a reaction network for
chemical equilibrium simulations that provides thermochemistry-based,
mechanistic insights without explicit consideration of transition states.
Towards this goal, we considered mostly elementary reaction steps that
preferably excluded the presence of higher energy, unstable in-
termediates in contrast to combining several elementary steps into an
overall stoichiometric reaction. Furthermore, the employment of 97
different functionals allowed us to evaluate the composition of the first
solvation shell for experimentally characterized equilibria by tuning the
number of water molecules, while minimizing the difference between
the experimental and predicted log K values.

2.2. Equilibrium speciation modeling

The equilibrium aqueous speciation of iron and sulfur was calculated
using PHREEQC v. 3 [62], iterating over solution compositions with
PhreePlot v.1 [63]. Calculations used thermodynamic data from the
MinteqA2 v. 4 database [64,65] distributed with PHREEQC v. 3 [62].
We reconciled iron (bi)sulfide stability constants with data reviewed by
Rickard and Luther [66], following Johnson, Present, and Valentine [1].
Mackinawite was assumed to be the only mineral phase able to equili-
brate with the solutions [1,7], with a solubility product constant defined
by the reaction FeS(y)(s) + 2H'(aq) < Fe>*(aq) + HyS(aq), Ksp1 = 1035
or AG® = —20.0 kJ/mol [67]. At neutral to alkaline conditions, mack-
inawite solubility is controlled by the presence of stacked two-
dimensional Fe-S nanosheets of neutral charge with various degrees of
intercalating water layers. These larger nanosheets are thermodynami-
cally important, but their stoichiometry and speciation are experimen-
tally ill-defined. We chose to model this indeterminate stoichiometry of
(FeS)n(aq) with the reaction Fe?* (aq) + HS(aq) < (FeS)n(aq) + H' (aq),
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K = 1022 or AG® = +12.5 kJ/mol, based on the intrinsic solubility of
mackinawite in equilibrium with (FeS), [67]. All calculations were
performed under simplified model anoxic seawater conditions [1,7,68]
with 2 mM Fe(II), pH 6.5, and 0.4 M NaCl unless otherwise noted.

Assembly and speciation of Fe-S clusters were modeled using the
results of the DFT thermodynamic calculations (Appendix A). Several
reaction schemes were possible, with different permutations of re-
actants, products, solvation states, and geometries. From the DFT re-
sults, we collated the energetically most stable compositions and
geometries and formulated reactions as close to equimolar as possible to
eliminate entropy driven or hindered reactions. There is a significant
error in calculated translational entropy for solvated species [69], as the
free volume for the solute is drastically reduced by the space taken up by
solvent molecules compared to ideal gas phase conditions. Another
important stoichiometry consideration (seen in Fig. 1) is the maximum
number of Fe centers considered. To be able to compare the molecular
cubane and nanosheet formations, we considered clusters up to cubanes
and (FeS)4(aq) species. The aqueous species (FeS),, n > 4, are repre-
sented in the reaction network by the “(FeS),(aq)” species.
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3. Results
3.1. Accuracy of DFT models

It is commonly accepted that each density functional has its strengths
and weaknesses in terms of chemical accuracy. The broad chemical
space covered in this work includes ligand-metal complexation, limited
solubility, acid/base chemistry, and redox chemistry. Thus, the use of a
single functional will give results that are error prone. Hence, we chose a
set of aqueous chemical equilibria as a training set to identify the best
performing functionals for water autoionization (AG°® = 80 kJ/mol), HyS
dissociation steps (AG;° = 40 kJ/mol; AGy° = 106 kJ/mol), coordinated
water hydrolysis (AG°peqry = 54 kJ/mol; AG°peqmy = 12 kJ/mol),
Fe(SH)" formation (AG°pesmys = —25 kJ/mol), and (FeS),(aq) acid
dissociation (AG°ges = 12.5 kJ/mol). Two important points need to be
made regarding these free energy values. The comparison of the water
autoionization and second deprotonation of HjS indicates that the for-
mation of the sulfide anion is beyond water stability and it is an
extrapolated value with significant uncertainty [22,70].

We assumed that the most plausible oxidizing agent for Fe-S clusters
in aqueous solution is the hydronium ion, H30"(aq). Therefore, the
chemical accuracy of modeling with H30"(aq) was assessed by esti-
mating the water autoionization constant. The treatment of H30"(aq)
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set, SMD polarizable continuum, and explicit solvation. (A) Autoionization of water with tetrahedrally arranged solvent molecules (B) First proton dissociation of
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and HO ™ (aq) requires the use of at least four explicit water molecules to
capture the significant H-bonding donor and acceptor interactions,
respectively. The top of Fig. 2A shows the explicitly solvated structures
for the calculation of the free energy of dissociation. While the solvent
cavity is not shown for the sake of clarity, implicit solvation by a
polarizable continuum model was considered in all calculations. Below
the molecular structure defined reactions in Fig. 2 are the graphical il-
lustrations of the performance of the density functionals relative to the
experimental values as given above.

First, we note that for the autoionization reaction (Fig. 2A), all
functionals correctly predict the non-spontaneous nature of this equi-
librium (Supplemental Material Fig. S1); however, the range of the free
energies from 51 to 164 kJ/mol clearly justifies the need for the ther-
modynamic validation of the functionals owing to the approximate na-
ture of these levels of theory. We can identify 13 functionals that
reproduce the measured log K value within one unit that include APF+D
[71], PBE [72], BLYP [73,74], TPSS+D [75,76], and tHCTC [77] func-
tionals (Fig. 2A). Interestingly, the spectroscopically validated function
for 4Fe-4S clusters, (B(5%HF)P86 functional [56,57]), reproduces the
autoionization free energy within 5 kJ/mol; however, it fails to even
qualitatively predict the non-spontaneity of ferric iron coordinated
water ion hydrolysis (see below). Therefore, it was critical to expand the
thermochemical validation of the functionals to additional relevant
deprotonation, hydrolysis, and Fe-S complexation reactions.

The H,S acid dissociation reactions are additional key equilibria
required to describe the presence of the bisulfide ion and the formation
of the iron coordinated sulfide as the nucleation step for Fe-S rhombs
and cubanes. In addition, H,S can be considered as a dual-function re-
agent because it can be the source of proton as electron acceptor, and a
stabilizing ligand in concomitant coordination of HS™ to the oxidized Fe-
species. By substituting the centrally located water molecule in Fig. 2A
and generating the inner sphere solvation shell for HyS(aq) and HS™ (aq),
we can estimate the first log K value for HoSx4W + HyOx4W &
HS™x4W + H30"x4W equilibrium. As shown in Fig. 2B, there is a
significantly wider range of functionals that reproduce the experimental
value (40 kJ/mol) in comparison to the water autoionization. We can
identify 26 functionals that reproduce the first pK, value of 7.0 for HoS
(aq) within a log K unit, with some overlap with the above highlighted
functionals.

The deprotonation equilibrium of HS™(aq) to Sz’(aq) was a chal-
lenge to simulate. Using the same approach as for the first deprotonation
step, there were only three functionals (HCTCH407 [75], M11L [78],
and MN12L [78]) that approximated the experimental value of 106 kJ/
mol within 10 kJ/mol. The average error for the calculated free energy
and its standard deviation for the entire set of functionals were + 44 +
13 kJ/mol, i.e., excessive overestimation of the free energy of reaction.
The full equilibrium as considered for HS™x4W + HyOx4W < S2~x4W
+ H30" x4W assumes a complete proton transfer and independent ex-
istence of a solvated sulfide, S>~(aq) ion. This is not physically correct
given that the pK,» of H,S is 4.5 units greater than pKy. Therefore, we
considered a model with only a proton transfer inside an explicitly sol-
vated ion pair ("S-H~OH") to approximate the initial step of the for-
mation of sulfide anion as shown in Fig. 3. The consideration of HO™ (aq)
species as the proton acceptor is justified due to the physically realistic
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extreme alkaline conditions where $2~(aq) may exist. The computations
resulted in completely opposite, but still inaccurate trends, in which the
average deviation changed to —65 + 13 and — 65 + 32 kJ/mol for the
7W and 8W models (Fig. 3), respectively; hence significantly under-
estimating the free energy of sulfide ion formation. The similar overall
energetic differences independent of the number of inner sphere water
solvent molecules allows us to conclude that neither the full dissociation
nor the ion-paired models can describe accurately the sulfide formation
equilibrium. An accurate description would likely require dynamic
treatment with additional solvation shells, capturing resonance between
sulfide-induced water ionization and proton abstraction from bisulfide
by hydroxide. Due to this ill-defined stoichiometry, this equilibrium was
not included in the training set to select the most reasonable level of
theory for estimating the experimentally non-accessible log K values for
Fe-S systems.

In turning to solvated iron cations, the first tests were of the depro-
tonation equilibrium of a coordinated water due to the Lewis acidity of
the metal ion. The bottom sections of Fig. 2 summarize the top per-
forming functionals for ferrous (C, exp.: 54 kJ/mol) and ferric (D, exp.:
12 kJ/mol) hydroxide complex formation at neutral pH. The first
important difference from previously reported hydrolysis reactions [79]
was that we located a more stable isomer for the ferrous hydroxide
complex than the octahedrally coordinated Fe(II). The four-coordinate
ferrous ion, with two water molecules solvating the covalently bonded
HO™ ligand to the ferrous center, was found to be the lowest energy
equilibrium structure. Although direct experimental validation of
ferrous iron coordination geometries at variable pH remains challenging
due to speciation changes, precipitate formation, and spectroscopic
limitation, computational modeling studies indicate the decrease of iron
coordination number as a function of the number of hydroxide ligands
[80]. We found 17 functionals that reproduce the experimental log K
value of —9.4 within one unit, including some functionals that have
already been mentioned above, such as PBE, APF, tHTCT, and TPSS. The
ferric hydroxide complex formation (Fig. 2D) showed a much more
modest range of functionals accurate within one order of magnitude of
the free energy.

The last two reference reactions for selecting the most reasonable
functional focused on the binding of HS (aq) and SZ’(aq) ligands to
Fe2+(aq) ions. Similarly to the first ionization step of HyS(aq), the
description of the Fe(SH)*(aq) species (Fig. 4A) was straightforward.
Considering the Fe?*x6W + HS x4W < Fe(SH)"x5W + HoOx4W
equilibrium, 17 density functionals reproduced the spontaneous reac-
tion of —25 kJ/mol within a unit of log K value (4.3 & 1). Using the 4W
solvated bisulfide ion, the ligand exchange reaction results in a similar
complex geometry to [FeOH]"(aq) (Fig. 2C), in which solvent waters
“bridge,” via hydrogen bonding, the ligand and a water directly coor-
dinated to the metal.

At neutral to alkaline pH, the intrinsic solubility of mackinawite
mineral, FeS(m)(s), is pH independent and represented by an equilibrium
between the FeS:y)(s) phase and the soluble nanosheets of (FeS),(aq)
with a log Ks, of approximately —5.7 [67]. This non-spontaneous pro-
cess (AG® = +33 kJ/mol) could not be reproduced by any of the func-
tionals. This is an important result given that none of the levels of theory
can approximate the experimental values without considering the

- W5x-8—-H--OHx3W S W5x8%+H-OHx3W

Fig. 3. Proton-transfer between HS (aq) and S?~(aq) as an improved representation of equilibria for estimating the reaction thermodynamics of hydrogen sulfide
dissociation using a single explicit solvation shell with 7 and 8 water molecules and assuming ion pairing.
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HS™ x5W was required in B for achieving coordinatively saturated (FeS); x6W species.

speciation among various soluble (FeS),(aq) species, Fe2+(aq), and
HS (aq) ions. The complexation free energy for the Fe’'x6W -+
HS™x5W & (FeS); x6W + H30™" x4W equilibrium was estimated to be
98 + 19 kJ/mol for all the density functionals resulting in a penta-
coordinate (FeS);x4W species with two additional water molecules
solvating the sulfide ligand from the inner solvation shell (Fig. 4B).
Alternatively, the deprotonation free energy of Fe(SH)™x6W is esti-
mated to be also strongly non-spontaneous with an enlarged standard
deviation (97 + 65 kJ/mol), when considering HoOx4W to be the
proton acceptor. Regardless whether we consider either the FeSy)(s) +
H*(aq) © Fe**(aq) + HS (aq) or the FeSqn(s) « (FeS),(aq) equilibria
with AG® = +12.5 or + 32.5 kJ/mol, respectively, the error in the
estimated equilibrium constant from a comprehensive set of density
functionals can only be eliminated if we also consider the presence of a
range of mackinawite-like (FeS),(aq) electroactive nanosheets.

In summary, we can tabulate the root mean square errors for the
estimated equilibrium free energies obtained from 97 functionals for (i)
water autoionization, (ii) first dissociation step of hydrogen sulfide,
water ionization by (iii) ferrous and (iv) ferric ions, and (v) bisulfide
complexation with ferrous iron. The common element for all reactions is
the presence of solutes with compositionally well-defined inner-shell
solvent environments. Table 1 presents the best performing functionals
with the lowest RMS and average errors when employing def2TZVPPD
basis set and SMD solvation model.

One of the insights from Table 1 is the limitation of density func-
tional theory for reproducing the experimental equilibrium constants

Table 1

Top density functionals with the smallest root mean square and average errors
(kJ/mol) calculated for deviation between experimental and calculated free
energy values for reproducing water autoionization, hydrogen sulfide dissocia-
tion, proton dissociation from iron ligated water, and ferrous and bisulfide ion

complexation.

Functional Reference RMS error Average error
OmPW1PBE [81] 13.8 -1.9
PBEO [82] 14.2 1.2
APF [71] 14.3 3.0
PBE3PBE [83] 14.3 1.8
TPSS+D [76] 15.0 —4.4
X3LYP [81] 15.7 7.3
B3PW91 + D [76,84] 16.5 2.8
HISSbPBE [85] 16.5 5.8
revTPSS [86] 16.9 -3.1
mPWI1LYP [81] 17.1 11.1
OmPWI1LYP [81] 17.5 10.4
B3P86 [84,87] 17.6 -5.9
wB97XD [88] 17.7 5.5
TPSSh [76] 17.8 0.4
OmPW3PBE [81] 18.0 1.3
tHCTHhyb [77] 18.4 3.3
HCTH147 [77] 19.0 -1.7

within a single unit of log K, since the top functionals show about 14 kJ/
mol (or 3.3 kcal/mol) root mean square deviation in reaction free energy
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of the selected deprotonation and complexation reactions. Second, while
some of the less commonly utilized functionals (OmPW1PBE, APF) lead
the top of the list, methods with the Perdew-Burke-Ernzerhof functionals
also show reasonable performances with average errors that are close to
zero. In this paper, we are employing the top performing functional,
OmPWI1PBE, for calculating missing log K values for the Fe-S cluster
formation and ligation equilibria with def2TZVPPD basis set and SMD
polarizable continuum model. Interestingly, a closely related functional,
mPW1B95, has been utilized in a recent and relevant study investigating
the thermodynamic stability of prenucleation Fe-S clusters [89].

3.2. [4Fe-4S] and (FeS)4 cluster assembly

We assembled the optimized geometries of a broad suite of reduced
Fe(II) and reduced S(-II) species and complexes into a suite of equilib-
rium reactions using thermodynamic results from the OmPWI1PBE/
def2TZVPPD|SMD(water) level of theory. These reactions, summarized
in the Appendix, demonstrate that key precursors to molecular [4Fe-4S]
cubane clusters do not form spontaneously. For example, the deproto-
nation of Fe(SH)"(aq) to the (FeS);(aq) monomer by HO is strongly
non-spontaneous (AG® = +103 kJ/mol). However, other reactions, such
as the oligomerization of (FeS);(aq), are strongly spontaneous (AG® =
—93 kJ/mol). In Fig. 5, we represent a suite of reaction paths as a graph
from Fe(Il) and S(—II) to describe the competitive assembly of cubane
[4Fe-4S]1%+/2* clusters and two-dimensional (FeS)4(aq) sheets. Ther-
mochemical data from the stationary DFT calculations are integrated
into realistic aqueous chemical systems by using speciation modeling in

Fe(ll)x6W

[2Fe-(SH),(SH),]

<~ [2Fe~(SH),'x2W
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the next section.

3.3. Stepwise assembly of Fe-S clusters and proton reduction

Starting from the Fe(II)(aq) and HS™ (aq) ions, we selected (FeS);(aq)
to be the precursor molecule for Fe-S clusters that is formed by depro-
tonation of Fe(SH)*(aq). The ionic interaction and the solvation energy
of the ferrous bisulfide cationic species make the ion coupling sponta-
neous by —20 kJ/mol as a bisulfide ion displaces a Fe-coordinated water
ligand (Fig. 4A) in the model reaction,

Fe(I) x 6W + HS™ x 4W < Fe(SH)" x 5W + H,0 x 4W.

The following step, deprotonation of Fe(SH)"(aq), is significantly
endergonic by 103 kJ/mol to reach the mononuclear (FeS);(aq) cluster
precursor complex, as calculated using the OmPWIPBE functional.
Given the importance of this deprotonation reaction to form the pre-
cursor to larger clusters, we also calculated the deprotonation of
Fe(SH)"(aq) with several other well-performing functionals from
Table 1. Table 2 shows that the reaction remains reproducibly unfa-
vorable regardless of the level of theory employed.

The deprotonation reaction is still slightly non-spontaneous (10 kJ/

mol) when the presence of hydroxide is assumed at high pH condition,
Fe(SH)" x 5W + HO™ x 4W & (FeS), x 5W + H,0 x 4W,

although the OmPW1PBE functional overestimates the acidity of water

by 17 kJ/mol (pKO™PWIPBE _ 17 1),
‘/HSX4W
Fe(SH)*x5W
-20 kJ/mol
/ WﬁpH
%
FeSxsW —2189, [FeS]*x5W
+10 kJ/moI +0.4 kJ/mol

-23 kJ/mol

_W

[2Fe-2S(SH),]
+98 kJ/mol

~

[2Fe-2S]*x4W
+169 kJ/mol

d

- Hy(aq)

[2Fe-2S(SH),I* [2Fe-2S]"x2W [2Fe-2S](SH), (FeS),
=173 kJ/mol -8 kJ/mol -50 kJ/mol -63 kJ/mol
\ -%H :(a% l
(FeS),

e AT

[4Fe-4S]V2*x4W
-52/-121/-89 kJ/mol

+6 kJ/mol

.W Wth‘/‘/\ /
_/W \-/‘H (aq)

(Fes),
-93/-84 kJ/mol

neutral rhomb

oligomerization

[2Fe-2S]*x2W
-107/-124 kJ/mol

[2Fe-2S(SH)

[4Fe-4S(SH), ]+
+6/-94/-123 kJ/mol

mackinawite-like
nanosheet formation

Fig. 5. Competitive pathways for the stepwise assembly of molecular rhombs and cubanes (left hand side) and mackinawite-like sheets (in the black box) from Fe(II)
and HS™. Gibbs free energy values are shown for the most favorable deprotonation, oxidation by proton, and ligand exchange reactions. Ferrous (black), single ferric
(blue), and magenta (di-ferric) compositions are labeled by color coding. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Table 2

Deprotonation reaction Fe(SH)" x5W + HyOx4W < (FeS); x5W + H30" x4W
calculated with high-performing functionals from Table 1. In all calculations the
def2TZVPPD basis was used and the SMD water solvation continuum.

Functional AG  (kJ/mol) AH’ (kJ/mol)
OmPW1PBE 103 111
PBE1PBE 106 110

APF 107 109
TPSS+D 98 93
X3LYP 110 116
Average 105 107

Std. Dev. 4.5 8.7

Importantly, the oxidation of the (FeS)i(aq) species by proton was
estimated to be a near-equilibrium process (AG° = 0.4 kJ/mol) ac-
cording to the reaction,

(FeS), x 5W + H30" x 4W < FeS* x 5W + H,0 x 4W + %H,(aq),

which is notably a non-equimolar reaction and hence there is uncer-
tainty in the calculation of the entropic advantage of the right-hand side.
The calculated free-energy change suggests that at standard conditions,
approximately half of the (FeS);(aq) precursor species can be present in
its oxidized form. However, at low pH, the acidic dissociation of FeS to
HS™ or HjS is far more favorable at —83 and — 105 kJ/mol, respectively:

(FeS); x 5W + H;0" x 4W « Fe(II) x 6W + HS™ x 4W

(FeS); x 5W + 2 H30" x 4W < Fe(II) x 6W + H,S x 4W + H,0 x 4W.

A thermodynamically much more favored reaction was identified
that leads to cluster formation, taking the low concentration precursor
molecule (FeS);(aq) towards oligomerization,

2 (FeS); x 5 W& [2Fe-2S](aq) or (FeS),(aq) +2H,0 x 4W,

with free energy change of —88 kJ/mol. The n = 2 member of the
(FeS)n(aq) series is special, given that both the Fe and S centers are only
two coordinate. This renders the 2Fe rhomb as a starting point for both
mackinawite-like 2D nanosheet and 3D cubane formation.

Coupling of two [2Fe-2S](aq) neutral rhombs to form a fully
reduced, neutral [4Fe-4S](aq) cubane is non-spontaneous by 37 kJ/mol,
which demonstrates the need of redox mediated cuboidal cluster for-
mation. Oxidation of the [2Fe-2S](aq) rhomb by a proton are +8 and
—8 kJ/mol in free energy for the two reactions below, when considering
an uncoordinated rhomb [2Fe-2S](aq) and a rhomb with two inner-
sphere solvent water molecules attached to the Fe sites [2Fe-2S] x2W,
respectively:

[2Fe-2S] + Hs0" x 4W & [2Fe-2S]" + H,0 x 4W + % Hy.

[2Fe-2S] x 2W + H;0" x 4W & [2Fe-2S]|" x 2W + H,0 x 4W + /% H,.

The formation of biologically important 3D molecular clusters versus
geological 2D nanosheets depends on the oligomerization pathway
stemming from the (FeS)s(aq) rhomb, which is influenced by whether
coordinating ligands are present or absent. The less than two log units of
difference between the two different solvated state of the [2Fe-2S](aq)
or (FeS)s(aq) cluster can be a critical point when the cluster growth
pathways split among the mackinawite-like nanosheets, (FeS)y(aq), n <
150 or forming three-dimensional cubane structures, such as [4Fe-4S].
When no coordinating ligands are present, additional FeS(aq) precursor
molecules can attach to the (FeS)2(aq) cluster, and a sheet of Fe-S can be
formed (highlighted with a box in Fig. 5). However, when coordinating
ligands are present, the [2Fe-2S](aq) oxidation by proton will become
favored, which then leads to coupling of the rhombs to form stable
[4Fe-4S]""?*(aq) cubanes. The coordinating ligands, including weakly
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coordinating water molecules, can stabilize the oxidized cluster and
promote accumulation of cubanes. The mixed valence rhomb
[2Fe-2S]7(aq) can further couple with either the neutral rhomb or with
itself to give the one-electron reduced, paramagnetic S = 1/2,
[4Fe-4S]7(aq) cluster or the diamagnetic, resting form of [4Fe-4S]%"
cluster of biological systems at —114 and —52 kJ/mol free energy
change, respectively.

In addition to establishing that a proton can act as an oxidizing agent
that facilitates cubane formation, we explored a parallel competitive
process, which is the formation of higher nuclearity (FeS),(aq), n < 150
clusters that lead to the presence of electroactive nanosheet precursors
to mackinawite. Taking [2Fe-2S] or (FeS)2(aq) as the starting point,
addition of another (FeS);(aq) precursor molecule to form the (FeS)s(aq)
and then (FeS)4(aq) clusters (box in Fig. 5) is a strongly spontaneous
process by —41 to —65 kJ/mol (depending on the arrangement of FeS
units, Fig. 1), which is the thermodynamic signature for rapid
oligomerization.

3.4. Coordinating ligands stabilize cubane structures

An important difference between biological Fe-S clusters and
mackinawite-like nanosheets is the presence of terminal ligands, which
prevent cluster oligomerization. Our second hypothesis is that when a
ligand coordinatively saturates the Fe site, the three-dimensional mo-
lecular [4Fe—4S] cubanes become more stable than the two-dimensional
nanosheets. To assess the validity of this hypothesis, we subjected the
same set of 97 density functionals to cross evaluation of the relative
stabilities of [4Fe-4S](aq) and (FeS)4(aq) clusters in the presence of
eight explicit water solvent molecules. Four of the water solvents were
coordinatively bound to the redox active Fe centers, while four addi-
tional were H-bonding to the redox-active S ligands ([4Fe-4S]x8W vs.
(FeS)4x8W). Fig. 6 summarizes the molecular structures and their
relative energies for the functionals shown in Table 1 with the lowest
RMS error in reproducing the equilibria in the training set.

Most of the functionals plot in the top left highlighted area, including
the best performing OmPW1PBE functional for proton dissociation and
complexation (Table 1). This supports the hypothesis that, in the
absence of coordinating ligands, the growth of the (FeS)y(aq)
mackinawite-like nanosheets will be thermodynamically favored over
the formation of molecular cubane clusters owing to the stabilization of
H-bonded solvent molecules and coordinating ligand. Water molecules
will always be present in an aqueous solution; however, they can remain
in the outer solvation shell of an analyte due to the entropic and
enthalpic cost of desolvating the water from solvent bulk and bringing
into the inner-sphere coordination environment as an explicit ligand.
The spread of the thermochemically well-performing functionals in
Fig. 6 is also cautionary with respect to the use of the validated level of
theory. For OmPW1PBE (highlighted in red in Fig. 6), the solvated sheet
(FeS)4x8W is thermodynamically unfavorable (+30 kJ/mol), but the
solvated cubane [4Fe-4S]x8W is strongly favored (—102 kJ/mol) as
defined by (FeS)s(aq) + 8W < (FeS)4x8W zigzag isomer and
[4Fe-4S](aq) + 8W < [4Fe-4S]x8W equilibria.

Notably, we utilized one of the least covalent ligands in Fig. 6,
neutral water, which only weakly stabilizes the cubane clusters. How-
ever, ammonia, bicarbonate, chloride, bisulfide, thiolate, and similarly
stronger Lewis bases can further stabilize the three-dimensional cluster
structures over the two-dimensional sheets. To test this, we considered
the coordination of HS™, as the smallest mimic of the biologically
important cysteine thiolate side chains. Bisulfide can directly coordinate
the [2Fe-2S] rhombs and [4Fe-4S] cubanes, as shown in the central
path of Fig. 5. Indeed, the DFT calculations show that bisulfide-
coordinated rhombs and cubanes are more stable than the water coor-
dinated forms by —27 kJ/mol:

[2Fe-25] x 2W + 2 HS ™ x 4W & [2Fe-25(SH), |* + 2 5W.
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Fig. 6. Relative stability (AG®) of the linear (FeS)4(aq) isomer (bottom left inset) and the [4Fe-4S](aq) cubane (upper right inset) and their explicitly solvated models
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thermochemically validated functionals from Table 1.

The oxidized, cationic species are even more favored (—45 kJ/mol) . .

to complex with HS™: 2 [2Fe-28(SH), | « [4Fe-4S(SH), |
N _ _

[2Fe-2S]" x 2W + 2 HS™ x 4W & [2Fe-2S(SH), | + 2 5W. [2Fe-25(SH), |*” + [2Fe-2S(SH), |~ & [4Fe-4S(SH), |~

Ultimately, the oxidized, bisulfide-coordinated rhombs are also
strongly favored to oligomerize (—94 and —123 kJ/mol) and form 2 [2Fe-25(SH), |~ < [4Fe-4S(SH), | 2=
cubanes, but this is not true for the all-ferrous rhomb and cubane (+6
kJ/mol):
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3.5. Dimerization of Fe(SH)™"

Bisulfide as a coordinating ligand further affects cluster formation by
stabilizing key intermediates. The covalent Fe-SH bond, even in the
cationic species, significantly reduces the electrophilicity of the metal
center and shifts part of the electron holes from the metal to the ligand.
In addition, the SH™ ligands can act as a proton source for S-based redox
chemistry and inner-sphere evolution of Hy while the FeS unit becomes
oxidized. To map out this reaction path (along the left-side branches in
Fig. 5), the dimerization of Fe(SH)™ was considered. At OmPW1PBE
level, this is a near-equilibrium process (+6 kJ/mol) at standard
conditions:

2 Fe(SH)" x 5W & [2Fe-2(SH) |*" x 2W + 2 4W.

The formation of this Fe(SH)* dimer may be followed by the strongly
exothermic (—125 kJ/mol) deprotonation of the dimer, forming a
neutral [2Fe-2S] rhomb:

[2Fe-2(SH) | x 2W + HO™ x 4W < [2Fe-2S] x 2W + 2 H,0 x 4W.

Alternatively, the protonated dimer could dehydrogenate, resulting
in a super-oxidized [2Fe—2S]2+ rhomb, but this species is extremely
unfavorable thermodynamically (+169 kJ/mol), due to the too low
oxidation potentials for the simultaneous two electron coupling with
two protons at the sulfide ligands:

[2Fe-2(SH) |** x 2 W & [2Fe-25]*" x 2 W + H,.

In order to lower the oxidation potential, the water and bisulfide
ligands can exchange by the reaction,

[2Fe-2(SH) |2 x 2W + 2HS™ x 4W < [2Fe-2(SH) |(SH), + 6W,

which increases the electron density on the cationic [2Fe—2(SH)]2+
dimer and was calculated to be favorable at —23 kJ/mol. In the neutral
[2Fe-2(SH)(SH)2] cluster, the inner-sphere Hy evolution reaction be-
comes significantly less endergonic (+98 kJ/mol), which prompted us to
consider the formation of a double oxidized rhomb with a fully saturated
coordination environment,

[2Fe-2(SH)(SH), | + 2 HS™ x 4W & [2Fe-2(SH)(SH), |* + H, x 2W
+ 6W.

The resultant [2Fe—2(SH)(SH)4]2’ species now affords for the
spontaneous (—27 kJ/mol) formation of the 2-electron oxidized rhomb.
The explicitly solvated Hyx2W species maintains equimolar reaction.
Notably, this particular charge state for the [2Fe-2S] rhomb, but with
cysteine-derived thiolate coordination, is the resting form of plant fer-
redoxins. The coordinatively saturated, negatively charged all-ferric
rhomb opens access to all biologically relevant oxidation states of
[4Fe-4S] cubanes by Hj evolution via intramolecular electron-transfer
and formation of oxidized [2Fe-2S] building blocks for higher nucle-
arity clusters.

3.6. Oxidation by H3S

Given the favorable oxidation of [2Fe—25]0(aq) rhombs by proton
and the stabilizing effect of HS (aq) on the formally Fe(III) ion con-
taining rhombs, we also considered the combined oxidation and ligation
by HaS(aq). Solely the oxidation from an H,S derived proton, i.e.,

[2Fe-2S] + 2 HyS x 4W + 4W & [2Fe-2S]*" x 4W + 2 HS™ x 4W + Hy,
is unfavorable at standard conditions by +93 kJ/mol. If the protons

dehydrogenate and the bisulfides remain in the inner sphere to coordi-
nate and stabilize the product, the reaction,

10
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[2Fe-2S] + 2 H,S x 4W < [2Fe-2S(SH), | + Hy + 2 4W,

is closer to equilibrium, but still non-spontaneous (AG° = +13 kJ/mol).
Near pH values of the first pK, of HyS(aq), both HyS(aq) and HS (aq) are
measurably significant species, suggesting that the combined ligation
and oxidation can be very favorable (AG® = —112 kJ/mol):

2

[2Fe-2S] + 2 HpS x 4W + 2 HS™ x 4W & [2Fe-2S(SH), |” + H,

+44W.

However, this favorable free energy value for simultaneous proton
reduction and bisulfide ligand coordination is calculated for a non-
elementary reaction step, where the three reactants must undergo
considerable coordination sphere reorganization work while forming
energetically less-favorable intermediates en route to the coordinatively-
saturated rhomb. The consequences of combining multiple elementary
steps in the equilibrium speciation modeling and abandoning the
mechanistic details as shown above for the neutral rhomb oxidation by
HoS reaction are further elaborated in the Supplemental Material.

3.7. Equilibrium speciation of clusters

Several pathways from aqueous Fe(II) and HS™ precursors to Fe-S
clusters appear to be thermodynamically feasible. By modeling the re-
action network in Fig. 5 with PHREEQC, we explored the speciation of
clusters and intermediates in model seawater with 2 mM Fe(I) con-
centration under anoxic conditions at low sulfur (30 uM sulfide) levels
and with salinity similar to modern oceans (0.4 M NaCl).

The speciation of aqueous Fe and S is pH dependent (Fig. 7A). At low
PH (<5), most dissolved sulfide exists as HoS(aq) and is not complexed
to iron. While Fe(HS)™ does form, it remains protonated. Deprotonation
of Fe(HS)™ to FeS(aq) is more favorable at alkaline pH (>8), but poly-
merization into FeS,(aq) nanosheets at high pH is so strongly favored
that molecular cubanes cannot accumulate; nearly all sulfide is funneled
towards mackinawite precipitation. At circumneutral pH (~6-7),
bisulfide is available for complexation and proton activity is sufficient to
drive oxidation of rhombs and cubanes, enabling a competing pathway
to molecular cluster formation. At this pH, Fe(HS)" forms readily and
can dimerize to [2Fe—2(SH)]2+ with the proton remaining in the inner
coordination sphere. Coordination by additional bisulfide ligands en-
ables dehydrogenation to [2Fe—2S(SH)4]2’ with Hj release.

This circumneutral pH provides a thermodynamic path towards
cubane formation and coincides with estimated Archean seawater pH
[68]. At 6.5 pH, mackinawite has precipitated, leaving only 7.4 pM total
aqueous sulfide in solution. Of the remaining aqueous sulfide that is
complexed to iron, most (1.7 pM) is speciated as indeterminate neutral
(FeS)y(aq), 4 < n < 150, clusters denoted “(FeS)n(aq)” in Fig. 7 (the
exact stoichiometries of these larger species are unknown). The solution
also contains 423 nM Fe(SH)*. However, the solution contains only tiny
amounts, 8 pM, each, of [2Fe-2S]° and [2Fe-2S]t water coordinated
rhombs. The oxidized [4Fe—4S]2+ water-coordinated cubane dominates
total cubane concentrations at 3.4 pM. Other sulfur species, such as
coordinatively unsaturated clusters of various stoichiometries, the
(FeS);(aq) monomer precursor, and bisulfide dimers, are calculated to
be effectively non-existent at sub pico- to femtomolar concentrations,
indicating that their clustering towards the larger (FeS)y(aq), 4 < n <
150, nanosheets (which are not explicitly modeled with DFT calcula-
tions) is heavily preferred.

The thermodynamic importance of these large (FeS),(aq) clusters is
apparent in Fig. 7B, in which mackinawite mineral precipitation has
been manually suppressed. At all alkaline pH compositions, these large
clusters dominate the total dissolved sulfide pool. This version of our
reaction network provides a snapshot of the chemical speciation during
the early stages of cluster formation and shows the aqueous species that
are metastable with respect to mackinawite. Notably, at circumneutral
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Fig. 7. Speciation of S in model ferruginous seawater (30 pM S(-II), 2 mM Fe(II), 0.4 M NaCl). (A) Speciation in equilibrium with mackinawite mineral, denoted

FeS(m)(s). (B) Speciation with mackinawite precipitation suppressed.

pH, nanomolar concentrations of bisulfide-coordinated [4Fe—4S]
cubanes form in equilibrium with the (FeS),(aq), 4 < n < 150, nano-
sheets when mackinawite precipitation is suppressed.

The important roles for HS~ complexation and coordination are seen
in the predominant sulfur species at different total sulfide concentra-
tions (Fig. 8). Fig. 8B is calculated without permitting (FeS),(aq) to
precipitate as FeSm)(s), and so the total sulfide activities are unrealis-
tically high. (Thermodynamically more stable iron sulfide minerals,
such as greigite or pyrite, are stable across a wide range of solution
compositions; however, they tend to require the precipitation of mack-
inawite or other precursors [46,90] due to limiting reaction mechanisms
and kinetics). These high bisulfide concentrations support bisulfide-
coordinated [4Fe—4S]2+ clusters near circumneutral pH and total sul-
fide concentrations on the order of 100 pM, where the hydronium ac-
tivity and bisulfide activity are both high enough to oxidize and stabilize
the clusters. At lower total sulfide, HoS(aq), HS (aq), and large (FeS),
polymers predominate.

The Supplemental Material further shows the thermodynamic
importance of bisulfide coordination when combined with proton
oxidation via the HoS-mediated oxidation pathway. When HyS(aq) is the
species that brings both a proton and bisulfide ligands to interact with
the neutral [2Fe-2S] rhomb, the resultant [2Fe—ZS(SH)4]2’ oxidized

species forms readily at circumneutral pH (Supplemental Material Fig.
S2). We estimate that this plant ferredoxin-like inorganic species could
predominate at order 100 pM sulfide concentrations and higher (Sup-
plemental Material Fig. S3). Although this species is extremely stable
across a wide range of conditions, the description of this process with a
single reaction from combined elementary steps neglects the importance
of unstable cationic intermediates, such as [2Fe-2S(SH)-] 2*, which do
not form spontaneously by the dehydrogenation of the Fe(HS)* dimer or
the proton-assisted oxidation of [2Fe-25]1° rhomb/(FeS) species.

4. Discussion
4.1. Equilibrium concentration of a Fe-S cluster precursor

In Archean oceans, geologic evidence indicates that Fe(II) concen-
trations exceeded total sulfide by orders of magnitude, so iron controlled
the aqueous speciation of sulfide [1,7]. Mackinawite solubility set the
maximum concentrations of Fe(II) and S(—II) species, including Fe-S
clusters. However, the identity, stability, and formation pathways of the
aqueous precursors to molecular Fe-S clusters are poorly understood to
date.

At issue is the fundamental assembly of an aqueous complex between
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Fig. 8. Predominant S species in model ferruginous seawater (2 mmol/kg Fe(II),
0.4 M NaCl). (A) Predominant species including mackinawite precipitates. (B)
Predominant species when mackinawite is suppressed from precipitating
when saturated.

Fe(II) and HS ™. Experimental estimates for the Fe(SH)™ binding constant
vary between log K of 1.4 to 6, with several experimental estimates
centering around 5.2, though some works have suggested that its value
is approximately 2 orders of magnitude lower [22,66,91]. Rickard [67]
showed how nanoparticulate FeS(s), likely a mackinawite-like phase, is
at equilibrium with both Fe2+(aq) and (FeS)y(aq) species (with inde-
terminate n), but his solubility data was inconsistent with appreciable
concentrations of iron-bisulfide polymers. The solubility data showed an
increasing importance of (FeS),(aq) species with pH [92]. Similarly,
Davison et al. [93] argued for no evidence of Fe(SH)" species, but
explained amorphous FeS(s) solubility with predominately free Fe?*(aq)
and subordinate polymeric bisulfide Fen(HS)gn(aq) species (also with
indeterminate n). Rickard considers these bisulfide species to be meta-
stable intermediates that decompose to FeS monomers or polymers
[22,67,94]. Complicating estimates of aqueous Fe speciation from sol-
ubility measurements, Wolthers et al. [95] show how nanoparticulate
mackinawite is a disordered mixture of at least two phases, whose sol-
ubility and reactivity thus depends on their ordering, structural water,
and crystallinity. Kinetic data for FeS(y,)(s) precipitation under low total
sulfide conditions shows that precipitation predominately occurs by
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direct sulfidation of Fe(II) by HoS(aq) rather than via iron bisulfide in-
termediates [94].

Our thermodynamically validated calculations using the
OmPWI1PBE functional provide insight into this complex speciation
landscape, albeit with approximately 14 kJ/mol of uncertainty
(Table 1). The calculated Fe(SH)™ binding constant (log K = 3.5) falls
within the experimental range and closer to the lower estimates
[22,66,89,91]. Critically, our calculations predict strongly positive free
energy values for the deprotonation of Fe(SH)" to form mononuclear
(FeS)1(aq). For example, the deprotonation of Fe(SH)™ by OH™ has a
calculated pKeq value of 1.8, indicating that less than 2% of the total iron
complexed by sulfide would be deprotonated at standard conditions,
and much lower at higher pH. Formation of the neutral species
Fe(SH)g(aq) is similarly unfavorable (AG® = +10 kJ/mol), consistent
with their metastable status with respect to larger clusters [22,67,94].
Moreover, direct production of a (FeS);(aq) monomer from either HS™
or HyS is extremely unfavorable.

Despite its non-spontaneous formation from Fe(SH)" deprotonation,
the (FeS)1(aq) monomer is important, serving as the precursor for far
more favorable polymerization and oxidation reactions. The modeling of
the full reaction network shows that the (FeS);(aq) monomer might exist
at very low concentrations in equilibrium with larger clusters (Fig. 7).
However, to be consistent with the solubility of FeSy(s), the total
concentration of neutral (FeS),(aq) species with 1Fe:1S stoichiometry
with n < 4 must be a small fraction of the total nanoparticle or cluster
concentration, and the exact stoichiometries of the larger species are
unknown.

4.2. Environmental stability of [4Fe—4S] cubanes

Aqueous iron sulfide species limit the maximum total iron concen-
tration in Precambrian seawaters and control the proportion of this iron
that is readily available to life as “free” Fe2+—aquo complexes [1,7].
Under Earth's earliest ferruginous conditions, low sulfide concentrations
supported high free Fe?" concentrations for wide use in rubredoxin-like,
mononuclear proto-metalloenzymes and other enzymatic functions [1].
But, to access the chemical capabilities of ferredoxin-like enzymes with
Fe-S clusters, most authors have suggested that life orchestrated a way
to obtain or assemble specific low-n polymers of (FeS),(aq)
[17,25,34,96].

To date, cubane [4Fe-4S]%" clusters have only been synthesized in
vitro from Fe(III), typically in the excess of coordinating ligands and
reductants [25,27,34-36,97,98]. Therefore, Earth's strongly reducing
surface during the emergence and early evolution of life, with limited
Fe(IlI), was an existential challenge given the important roles these
clusters presumably played in earliest life's metabolisms. Some
environments, like shallow, UV light-irradiated ferruginous seas, may
have accumulated enough Fe(III) to support cluster assembly [34]. In
addition, alkaline lakes may have contained many of the essential
prerequisites for metalloprotein precursors [97-100], but [4Fe-4S]
cubane clusters may not predominate under such conditions [35].
Environments with steep chemical potential gradients, such as alkaline
or off-axis hydrothermal systems venting sulfidic fluids into more acidic
seawater, also may have supported local enrichments of both Fe-S
clusters and iron sulfide minerals [16,25]. Nonetheless, even if life first
evolved using clusters in specific, limited environments like these, it
clearly diversified broadly across the reducing ocean and sediments
blanketing Earth. The central question of our study is whether the rhomb
and cubane cofactors of proto-ferredoxins could have formed at
biologically significant (e.g., micromolar) concentrations in deep oceans
and sediments that lacked Fe(III).

The DFT calculations here show there may be additional paths
towards cubane assembly and oxidation, which might expand the range
of plausible environments where early life could begin to interact with
them. Although proton oxidation of the FeS monomer is unfavorable at
circumneutral pH, coupling of the oxidized FeS'(aq) monomer into
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rhombs and cubanes, as well as proton oxidation of rhombs and cubanes
themselves, is highly favorable. In addition, while dimerization of
Fe(HS)™ is a near-equilibrium process, oxidation by the inner-sphere
proton to form Hj and the oxidized, di-ferric rhomb is highly favor-
able. The protonated rhombs can be further stabilized when nucleophilic
ligands like HS™ bind to the coordinatively unsaturated Fe sites or
displace ligated water molecules. Together, modeling of the complete
reaction network shows that picomolar concentrations of cubanes can
accumulate in equilibrium with mackinawite at mildly acidic to neutral
conditions (Fig. 7).

Despite analytical challenges in characterizing clusters [101-103],
available experimental observations are broadly consistent with our
calculated thermodynamic predominancies. Under alkaline conditions
(pH 9 to 11), Jordan et al. [25] showed that cysteine and bicarbonate
stabilize cubane clusters formed from Fe(IlI), but only mononuclear
complexes and [2Fe—2$]0 rhombs formed from pure Fe(II). Scintilla
et al. [97] reduced Fe(III) with glutathione at pH 8.6, and demonstrated
that increasing HS™ concentrations promoted [4Fe-4S] cubane stabili-
zation. Ivernici et al. [40] showed that excess sulfide with respect to Fe
results in the dominance of [4Fe-4S] cubanes over rhombs. Sanden et al.
[96] co-synthesized [4Fe—4S] clusters from Fe(III) in the presence of a
tetrathiolate chelating peptide, demonstrating a stabilizing role of
multidentate ligands.

A fundamental bifurcation in the assembly pathways determines
whether iron and sulfur ions form geologically sequestered nano-
particles or minerals or accumulate biologically relevant molecular
clusters. A trivial route to cubanes proceeds through the FeS monomer,
but, as described above, its formation by deprotonation of Fe(HS)" is
highly unfavorable. At alkaline pH, what little FeS(aq) forms polymer-
izes rapidly, resulting in the dominance of the (FeS),(aq) nanosheets. An
alternative pathway bypasses the bottleneck created by the high pK, of
Fe(HS)". Fe(HS)" can dimerize directly, retaining the proton in the
inner coordination sphere. Bisulfide then serves several important roles:
stabilizing the three-dimensional cluster geometry, saturating the metal
center and preventing nanosheet polymerization, and delivering the
inner-sphere proton that can act as electron-acceptor in order to form
the oxidized [2Fe-2S] cluster.

The importance of coordinating ligands on cluster stabilization is
seen in Fig. 6. Using water as a minimal coordinating ligand, we
compared the relative stabilities of naked (FeS)4(aq) nanosheets versus
[4Fe-4S](aq) cubanes and their water-coordinated forms. Without
coordinating ligands, the naked (FeS)4(aq) nanosheet is favored; with
inner-sphere water coordination, the [4Fe-4S]x4W cubane becomes
more stabilized. Water is among the weakest coordinating ligands;
bisulfide, thiolates, and chelating short peptides (as bioligands) are ex-
pected to enhance this effect substantially. Thus, the presence of any
coordinating ligand at the critical [2Fe-2S] rhomb stage can redirect
cluster assembly from the nanosheet pathway towards molecular
cubanes.

Fig. 8 illustrates this bifurcation under Archean ocean conditions.
The upper panel (Fig. 8A), which includes equilibrium with mack-
inawite mineral precipitation, shows that sulfur at circumneutral con-
ditions is predominantly either mackinawite precipitate or its aqueous
precursor: the large (FeS), nanosheets. The mackinawite mineral also
buffers total sulfide to micromolar concentrations, holding molecular
cubane concentrations to exceedingly low picomolar concentrations
(Fig. 7A)—likely far too low to support meaningful interaction with
primitive bioligands. However, suppressing mackinawite precipitation
(Fig. 8B) reveals the aqueous equilibrium sulfur speciation under highly
supersaturated conditions. The latter model can be relevant when
considering the initial phases of Fe-S cluster formation at low nucle-
arity. At elevated total sulfide (~100 pM), bisulfide-coordinated
[4Fe-4S]%>" cubanes become the predominant sulfide species at cir-
cumneutral pH. This occurs because both hydronium and bisulfide ac-
tivities are sufficiently high: hydronium provides the oxidizing
equivalents necessary to form the cationic cluster and its precursors,
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while bisulfide coordination stabilizes the oxidized, three-dimensional
cubane geometry against forming 2D nanosheets. Critically, this coor-
dination prevents the clusters from polymerizing into the (FeS),(aq)
species that control mackinawite solubility.

Admittedly, achieving the favorable stabilizing bisulfide concentra-
tions while preventing mackinawite precipitation violates the funda-
mental thermodynamic control on the system. At low sulfide
concentrations, the system follows the thermodynamically favorable
path towards (FeS),(aq) nanoparticle and mackinawite mineral phases.
At high sulfide concentrations with lower Fe:S ratio than in bulk
Archean seawater, bisulfide-stabilized molecular cubane clusters can
predominate, but they remain only metastable with respect to mack-
inawite in natural systems. High sulfide conditions may have existed
near low-temperature hydrothermal vents during Hadean or Archean
time [15,16,97,98]. Elsewhere, to access the key ferredoxin cofactors
[2Fe-2S] and [4Fe-4S] species, life or its environment needed to pre-
vent the accumulation of large (FeS),(aq) nanosheets and mineral
precipitates.

4.3. Fe-S cluster bio-obtainability

For early life to use Fe-S clusters enough to evolve dependence on
their chemical capabilities and thus later evolve sophisticated acquisi-
tion and management pathways, it first needed to encounter them with
sufficient frequency [1,5]. However, life faced several fundamental
challenges in obtaining biologically accessible Fe-S clusters. First, the
(FeS)? monomer—a precursor to larger clusters—forms by Fe(HS)™
deprotonation, which is unfavorable at ambient environmental condi-
tions (Table 2). Second, stable [4Fe-4S] cubanes require partial oxida-
tion [34], yet the distribution and concentration of Fe(IIl) in the Archean
ocean is unclear. Third, the strong thermodynamic drive towards
(FeS)n(aq) nanosheet polymerization funnels sulfide into mackinawite
precipitates, sequestering it in biologically inaccessible mineral phases.

The energetics presented here support picomolar concentrations of
oxidized [2Fe-2S]" rhombs and [4Fe-4S]/2* cubanes in mildly acidic
anoxic seawater, limited primarily by the thermodynamic tendency to-
wards large (FeS),(aq) nanosheets and their various stacked and water-
intercalated analogues. One potential solution to this environmental
constraint lies in the presence of chelating bioligands that could mimic
or even enhance the stabilizing role of bisulfide coordination shown in
Fig. 8B, but at the lower total sulfide conditions characteristic of ferru-
ginous Archean seawater. Coordinating ligands are critical at the
bifurcation between nanosheet polymerization and molecular cluster
stabilization: bisulfide stabilizes the three-dimensional cubane geometry
over two-dimensional sheets, and stronger chelating bioligands would
be expected to enhance this effect. The mackinawite-suppressed speci-
ation in Figs. 7B and 8B reveals which aqueous Fe-S species are ther-
modynamically most favorable in solution, which is information that is
obscured when mineral precipitation dominates the total sulfide budget.
In synthetic in vitro chemistry, the formation of nanoparticles is pre-
vented by “hiding” the iron ions in a sulfur rich coordination environ-
ment (Fe(IlI) + pB-mercaptoethanol) that resembles the rubredoxin
metalloprotein's redox active site. First, the p-mercaptoethanol acts as a
mild reducing agent to form the ferrous iron. Second, when the tetra-
thiolate coordinated iron interacts with the bisulfide, the iron remains
coordinatively saturated and prevents the formation of the (FeS),(aq)
species. Although cluster concentrations in Archean seawater would
have ultimately been limited by mackinawite saturation [1], bioligands
that bind cubanes strongly could shift equilibria towards cluster-ligand
complexes. By drawing Fe-S from the mineral-buffered pool, such li-
gands could make clusters bio-obtainable despite low equilibrium con-
centrations. Cysteine-rich peptides provide a coordination environment
that rescues rhombs and cubanes from the nanosheet formation path-
ways, allowing cluster accumulation without driving the system towards
mackinawite supersaturation.

Several thermodynamic and experimental lines of evidence support
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the viability of peptide-mediated cluster stabilization. Ligand exchange
from bisulfide or water to polydentate peptide sites is energetically
strongly favorable due to the entropic advantage of chelation or multi-
dentate binding. Polypeptides with appropriate spacing and amino acids
between cysteines adopt conformations (binding pocket or cluster nest)
that favorably coordinate clusters [104,105]. In modern metal-
loenzymes, Fe-S clusters are coordinated by strictly conserved poly-
dentate chelating motifs (Cx,Cy,C, where x and y are intervening amino
acids) [27,31] thought to be ancient molecular fossils [14,17]. Models
for such coordinating tri- or tetracysteine peptides [52,53,96,106],
which are anionic ligands that combine ionic and covalent interactions,
would be expected to significantly inhibit mackinawite-like nanosheet
formation and enable localized self-assembly of [2Fe-2S] and [4Fe-4S]
molecular clusters.

Such ligands could enhance biologically relevant concentrations of
the clusters via Le Chatelier's Principle, shifting all equilibria towards
cluster-ligand complexes and promoting assembly and proton oxidation
from dissolved Fe and S. Thiolate ligands bind more tightly to the
oxidized forms of [4Fe-4S] clusters [107], pulling the bulk speciation
towards higher oxidized cubane concentrations. Competition experi-
ments by Petros et al. [52] showed that a model tetrathiolate poly-
peptide called IGA binds pre-formed [4Fe-4S]%* clusters with a
nanomolar dissociation constant, far more strongly than free Fe(II)—
though such peptides must still compete for clusters with millimolar free
Fe2* concentrations and require deprotonation at mildly acidic Archean
seawater pH. Additionally, such ligands can scavenge iron from mineral
phases, creating ligand-Fe(II) complexes in mineral-supersaturated en-
vironments [1,7].

Our calculations necessarily simplify Archean seawater chemistry
but establish a foundation for more complex investigations of Fe-S
cluster bio-obtainability. First, although direct experimental validation
of Fe(Il) coordination geometries at variable pH remains challenging
due to speciation changes, precipitate formation, and spectroscopic
limitations [101,108], our calculations generate observable predictions
for ultraviolet-visible, Raman, X-ray absorption, and Mossbauer spec-
troscopy studies under carefully controlled anoxic conditions, poten-
tially using microfluidics sample preparation technology. Second,
organic thiolates such as fB-mercaptoethanol and cysteine are better
electron donors than bisulfide and are commonly used in experimental
cluster synthesis [25,27,36,97]. Our ongoing DFT modeling of their
coordination and redox chemistry will provide information on their bio-
obtainability in natural systems that are more directly comparable to
laboratory experiments. Models and experiments under ferrous iron-rich
conditions with chelating di-thiolates and short peptide maquettes
represent further promising steps towards proto-metalloenzyme devel-
opment. Third, other inorganic components in Archean seawater, such
as bicarbonate and polysulfides, may provide additional pathways to
stabilize cluster formation [16,25,35,36,109].

Our results suggest that primitive chelating bioligands—perhaps as
simple as short cysteine-containing peptides—could have trapped and
concentrated Fe-S cluster cofactors directly from Archean Fe(II)-rich,
sulfide-bearing seawater. Cluster formation would not have required
local enrichments of Fe(IIl) or oxidants, making these cofactors broadly
bio-obtainable throughout Archean oceans. Once primitive life obtained
molecular cubane clusters for use in metalloenzymes, strong evolu-
tionary pressure would have driven organisms to explore their chemical
reactivity, regulate their binding environment, and control their redox
potential, leading to the broad modern diversity of ferredoxins.

5. Conclusions

With combined DFT and aqueous speciation modeling, we show that
oxidation of Fe-S complexes and clusters by protons (hydronium to
dihydrogen redox or inner-sphere dehydrogenation) is thermodynami-
cally feasible. With this in mind, we propose a scheme where coordi-
nating ligands stabilize both key intermediates and oxidized [4Fe—45]%*
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cubanes assembled solely from ferrous iron and sulfide under reducing
conditions. Water and, especially, bisulfide are adequate coordinating
ligands to stabilize these clusters and outcompete sheet-like cluster
precursors to mackinawite precipitates. Furthermore, we found that
bisulfide in high enough concentration can drive the dehydrogenation
reaction of binuclear clusters. Bisulfide stabilizes molecular clusters,
coordinatively saturates iron (which prevents polymerization of nano-
sheets), and incorporates an oxidative proton in the iron's inner coor-
dination sphere. This, and the established experimental synthesis of
clusters stabilized by organic thiolates, suggests that simple chelating
bioligands, especially polydentate thiolates, may further support the
earliest utilization of cubane clusters.

Even if Fe-S metalloproteins originated in a particular propitious
environment, they clearly diversified and evolved throughout Earth
history in the oceans, which were Fe(I)-rich for half of Earth history.
These results increase the breadth of early Earth environments where
cubane clusters may have occurred at micromolar concentrations,
permitting evolution to harness their chemical capabilities.

Abbreviations

DFT density functional theory calculations

SMD Solvation Model based on Density is an implicit solvation model for
reaction field calculations

meta-GGA meta-generalized gradient approximation

OmPWIPBE revised version of meta-GGA hybrid functional with Perdew-Wang
exchange and Perdew-Burke-Ernzerhof correlation functionals

PBEO Perdew-Burke-Ernzerhof one-parameter hybrid GGA functional

APF Austin-Frisch-Petersson mixed hybrid functional from two different
GGA functionals

PBE3PBE Perdew-Burke-Ernzerhof three-parameter hybrid GGA functional

TPSS+D Exchange and correlation functions from Tao, Perdew, Staroverov,
and Scuseria with dispersion correction

X3LYP mixed hybrid functional by Xu and Goddard from two different GGA
functionals

B3PW91+D  Becke's three-parameter hybrid with Perdew-Wang 91 correlation
functionals supplemented by dispersion correction

HISSbPBE Henderson, Izmaylov, Scieseria, and Savin's middle-range hybrid
functional with Perdew-Burke-Ernzerhof correlation functional

revTPSS revised Tao, Perdew, Staroverov, and Scuseria functionals

mPWI1LYP meta-GGA hybrid functional with Perdew-Wang exchange and Lee-
Yang-Parr correlation functionals

OmPWILYP  revised version of mPW1LYP functional.

B3P86 Becke's three-parameter hybrid with Perdew 86 correlation
functional

wB97XD range-separated Becke 97 exchange and correlation functionals with
dispersion correction

TPSSh Hybrid meta-GGA functional developed from the TPSS functionals

OmPW3PBE  revised version of three-parametric hybrid Perdew-Wang exchange
and Lee-Yang-Parr correlation functional

tHCTHhyb Hybrid functional using the kinetic-energy density (t) HCTH-
functional

HCTH147 Hamprecht, Cohen, Tozer, and Handy least-square fitted functional
for 147 molecular systems with 15 parameters

PHREEQC USGS-developed software for modeling aqueous geochemistry

Minteq USEPA-developed speciation database
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Continuum only, no explicit water solvation

AG® (AH®) in kJ/mol

Precursor assembly

Fe(Il)(aq) + HS ™ (aq) < Fe(SH)"(aq)
Fe(SH)" + H,0  FeS + H30™
Fe(SH)" + HO™ & FeS + Hy0

Clustering of reduced species

2 [FeS] & [2Fe—2S]

2 [2Fe—2S] & [4Fe—4S]

3 FeS < (FeS)3

[2Fe—2S] + FeS < (FeS)3

4 FeS < (FeS)4, bent at Fe site

4 FeS < (FeS)y, bent at S site

4 FeS < (FeS)y, linear/zigzag

4 FeS & [4Fe—4S]

zigzag (FeS)4 < cubane [4Fe—4S]

Oxidation by proton

FeS +H30" < [FeS]" + HyO + % Ha

Fe(SH)" + H30" « Fe(SH)?* + Hy0 + %4 Hy
FeCl™ + H30" & FeCl>* + Hy0 + % Hy
[2Fe—2S] +H30" & [2Fe—2S]" + H20 + % Hy

Clustering of oxidized species
[2Fe-2S] + [2Fe—2S]" & [4Fe—4S]"
2 [2Fe—2S]" « [4Fe—4S]%+

-8 (—11)
+100 (+72)
—132 (-160)

—121 (-174)
+37 (-15)
—198 (-297)
—77 (-123)
—428 (-276)
—399 (-252)
—274 (—427)
—205 (—363)
+69 (+64)

—70 (-55)
+94 (+110)
+146 (4-161)
—60 (—40)

—14 (-163)
—52(-112)

Continuum and Explicit Water solvation:

AG® (AH®) in kJ/
mol

Precursor assembly.

Fe(IDx6W + HS x4W < Fe(SH) "x5W + HoOx4W

Fe(SH)"x5W + HS™ x4W & Fe(SH)ox5 W + 4W

Fe(I)x6 W + HS™ x4W < (FeS); x5 W + H30 " x4W

Fe(ID)x6 W + HoSx4W + HoOx4W & (FeS){ x5 W + 2H30" x4W
Fe(SH) " x5W + HyOx4W & (FeS); x5 W + H30 " x4W
Fe(SH)"x5W + HO ™ x4W & (FeS); x5 W + HyOx4W

Clustering of reduced species

2 (FeS); x5 W & [2Fe—2S] or (FeS); + 2 HoOx4W
2 (FeS);1 x5W < [2Fe—2S] or (FeS); +25W

2 [2Fe—2S]x2 W & [4Fe—4S] x4W

(FeS)3 + (FeS); x5 W < (FeS)3 +5W

(FeS)3 + (FeS); x5 W < (FeS)4 +5W

(FeS)3 + (FeS); x5 W < (FeS)4 + 5 W, bent at Fe site
(FeS)3 + (FeS); x5 W < (FeS)4 + 5W, bent at S site
(FeS)3 + (FeS); x5 W < (FeS)4 + 5W, zigzag

Oxidation by proton
(FeS); x5 W + H30"x4W & (FeS){ x5 W + HoOx4W + ' Hy
Fe(SH)" x5 W+ H30" x4W « Fe(SH)?" x5 W + HyOx5 W + % Hy
[2Fe—2S] + H30" x4W & [2Fe—2S]" + HyOx4W + % Hy
[2Fe—2S]1x2 W+ H30"x4W & [2Fe—2S]Tx2 W + HoO x4W + Y
Ha
[4Fe—4S]x4W + H30 " x4W < [4Fe—4S] " x4W + %
Hy 4+ HOx4W
[4Fe—4S]" x4W + H30 " x4W & [4Fe—4S]*"x4W + %
Hp + HyOx4W

15

—20 (-23)
+10 (-6)
+83 (+88)
+105 (+97)
+103 (+111)
+10 (+14)

—88 (—38)
—93 (—65)
—52 (-98)
—63 (—68)

—65 (-76)

—41 (—48)
—62 (~76)

+0.4 (+11)
+90(+111)
+8 (+33)
-8 (+19)
—17 (—46)
+45(+51)

(continued on next page)
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Continuum and Explicit Water solvation:

AG® (AH°) in kJ/
mol

[2Fe-2S(SH)]%~ + H30" x4W < [2Fe-2S(SH),1™ + %
Hy + HoOx4W

Clustering of oxidized species

(FeS)1 x5 W + (FeS){ x5W & [2Fe—2S]Tx2W + 2 4W
2 (FeS){ x5 W & [2Fe—2S]*" x2 W + 2 4W

(FeS); x5 W + (FeS){ x5 W « [2Fe—2S]"x4W + 6 W
[2Fe—2S]x2 W + [2Fe—2S]"x2 W & [4Fe—4S]" x4W
2 [2Fe—2S]" x2 W « [4Fe—4S]%" x4W

Dimerization of the Fe(SH)™

2 Fe(SH)"x5 W & [2Fe-2(SH)]*" + 2 HyOx4W
2 Fe(SH) " x5 W « [2Fe-2(SH)]?" x2 W + 2 4W
2 Fe(SH) " x5 W « [2Fe-2(SH)]*" x4W + 6 W.

Deprotonation of the Fe(SH)" dimer
[2Fe-2(SH)1** X2 W + 2 HyOx4W & [2Fe—2S]x2 W + 2

H30 " x4W
[2Fe-2(SH)1%" x4W + 2 HyOx4W < [2Fe—2S] x4W + 2 H30 x4W
[2Fe-2(SH)1** X2 W + 2 HO™ x4W & [2Fe—2S]x2 W + 2 HyOx4W
[2Fe-2(SH)1?* x4W + 2 HO™ x4W & [2Fe—2S] x4W + 2 HyOx4W

Dehydrogenation of the Fe(SH)™" dimer
[2Fe-2(SH)]*" x2 W & [2Fe—2S]%"x2 W + H,
[2Fe-2(SH)1* x4W + 4W < [2Fe—2S]>"x2 W + Hy + 6 W
[2Fe-2(SH)(SH),] < [2Fe-2S(SH),]%* + Ha
[2Fe-2(SH)(SH),] + 2 HS~ x4W < [2Fe-2S
(SH)41%™ + Hax2 W+ 6 W
[2Fe-2(SH)(SH)2] + 2 HS ™ x4W « [2Fe-2S(SH)4]%~ + Hy + 2 4W
[2Fe-2S(SH)4]?~ + [2Fe—2S] < [4Fe-4S(HS)4]%~

HS™ saturating Fe-sites and ligand exchange

[2Fe—2S] + 2 HS™ x4W & [2Fe-2S(SH),]%™ + 2 4W

2 [2Fe-2S(SH),]%~ < [4Fe-4S(SH)4]*~

[2Fe-2S(SH)]%~ + [2Fe-2S(SH)2] ™ « [4Fe-4S(SH)4]%~

2 [2Fe-2S(SH)2] ™ « [4Fe-4S(SH)41%~

2 [2Fe—2S]x2W + 4 HS x4W & [4Fe-4S(HS)4]* +4 5W

[2Fe—2S]x2W + [2Fe—2S]"x2W + 4 HS x4W <« [4Fe-4S
(HS)41®" +45W

2 [2Fe—2S]"X2W + 4 HS x4W < [4Fe-4S(HS)4]%~ + 4 5W

[4Fe—4S]x4W + 4 HS x4W < [4Fe-4S(HS)4]* +45W

[4Fe—4S]" x4W + 4 HS x4W & [4Fe-4S(HS)41°~ +4 5W

[4Fe—4S]%* x4W + 4 HS x4W & [4Fe-4S(HS)4]> +45W

H,S oxidation

[2Fe-2S] + 2 HySx4W + 4W & [2Fe—2S]%" x4W + 2
HS™ x4W + H,

[2Fe—2S] + 2 HoSx4W < [2Fe-2S(SH),] + Hy + 2 4W

[2Fe—2S] + 2 HySx4W + 2 HS™ x4W & [2Fe-2S(SH)4]%~ + Hy + 4
4W

Water entering inner sphere

FeS(aq) + 5W < (FeS); x5W

[2Fe—2S] + 6 W < [2Fe—2S]x2 W + 4W
[2Fe—2S]" + 6 W & [2Fe—2S]"x2 W + 4W
[2Fe—2S1%" + 6 W & [2Fe—2S]*" x2 W + 4W
[ZFe—ZS]ZJr +26We [2Fe—2$]2+><4W + 2 4W
[2Fe—2S]x2 W 4+ 6 W < [2Fe—2S] x4W + 4W
[4Fe—4S] + 4W & [4Fe—4S] x4W

[4Fe—4S]" + 4W & [4Fe—4S]" x4W
[4Fe—4S]%" + 4W o [4Fe—4S]%" x4W

(FeS)4 + 4W < (FeS)4x4W

(FeS)4 + 4W < (FeS)4x4W, zigzag

(FeS)4 + 4W < (FeS)4x4W, bent at Fe

(FeS)4 + 4W < (FeS)4x4W, bent at S
[2Fe-2(SH)]*" + 6 W « [2Fe-2(SH)]?* x2 W + 4W
[2Fe-2(SH)]*" + 4W & [2Fe-2(SH)]?" x4W

—26 (—4)

—124 (-83)
-31(-11)
—100 (-102)
—78 (—160)
—42 (-121)

+51 (+133)
+6 (+61)
+5 (+23)

+84 (+70)

+122 (+121)
~102 (~125)
—64 (—74)

+169 (+195)
+127 (+135)
+98 (+122)
-5(=3)

—27 (—20)
—117 (-175)

-50 (-72)
+6 (—55)
—94 (-157)
—123 (-189)
—48 (-145)
—166 (—271)

-212 (~326)
+4 (—46)
—88 (~110)
—170 (~206)

+93 (+46).

+13 (-6)
—112(-148)

—16 (—68)
—19 (-30)
—34 (—44)
—42 (-59)
-89 (-123)
+13 (+19)
—102 (-151)
-7 (-78)
—37 (-108)

+30 (-21)
+11 (—-40)
+32 (-13)
—36 (—49)
—37 (-87)
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Appendix B. Supplementary data
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.jinorgbio.2026.113259. Additional Supporting Information
with atomic positional coordinates, electronic structures in formatted checkpoint files, scripts, analysis tools, PHREEQC database files, and PhreePlot
plotting files are also made available at DOIL: 10.5281/zenodo.18548202.
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