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Abstract Anoxic, sulfidic conditions have been prev-
alent since the early Proterozoic and favor aqueous iron-
sulfur (FeS,,) clusters as a major fraction of the soluble,
reduced iron and sulfur pool. FeS,; cluster formation
and nucleation is driven by the high affinity between
ferrous iron (Fe(II)) and sulfide (HS™), ultimately yield-
ing particles that precipitate as iron sulfide minerals.
FeS,, clusters were recently shown to be bioavailable
sources of iron and sulfur for a variety of anaerobes, yet
little is known of the factors that influence the kinetics
of their formation and nucleation. Here we apply com-
putational and spectroscopic approaches to investigate
the dynamics of FeS,, nucleation, cluster growth, pre-
cipitation, and redissolution as a function of Fe(Il)/
HS™ concentration, temperature, and pH. Experiments
were conducted under excess HS™ to mimic euxinic
conditions common to contemporary anaerobic aquatic
ecosystems and those of the Proterozoic. Density func-
tional theory calculations reveal the key role of water
oxygen-iron interactions in stabilizing small FeS,,
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clusters and promoting solubility. Dynamic light scat-
tering revealed a concentration-dependent increase in
the kinetics of FeS,, nucleation and cluster aggregation.
Increasing temperature promoted FeS,, cluster nuclea-
tion and aggregation while also enhancing dissolution.
Alkaline pH also promoted FeS,, nucleation and cluster
aggregation. At 25 °C, pH 7.0, and at reactant concen-
trations of 30 puM, FeS,; clusters<10 nm in diameter
remained in solution for> 2 h. These results underscore
the importance of temperature, pH, and reactant con-
centration in the kinetics of FeS,; nucleation and clus-
ter growth that, in turn, influence their bioavailability in
anaerobic ecosystems.

Keywords Mackinawite - Iron sulfide -
Nanoparticle - Density functional theory - Dynamic
light scattering - Nanoparticle - Cluster growth -
Aquatic ecosystems

Introduction

The chemistry of soluble transition metals in anoxic
systems is largely controlled by reactions involving
reduced sulfur compounds such as sulfide (HS™).
Paramount among these metals is the ferrous iron
(Fe(II)) ion that readily reacts with HS™ to form solu-
ble (aqueous) multinuclear clusters (FeSaq) (Eq. 1)
[1, 2]. Fc:Silq is widespread in a variety of anoxic
compartments in marine and estuarine environ-
ments [3-6], deep ocean hydrothermal vent fluids
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[5], freshwater lakes [7], terrestrial sediment porewa-
ters [8], as well as riparian[9] and vadose zone flu-
ids [10], among others. FeS,,, as well as other tran-
sition metal clusters/complexes, have been suggested
to be the primary form of reduced, soluble metals
in many anaerobic ecosystems [11, 12], and likely
have had a key role in metal transport since early in
Earth history. Prior to> 2.4 Gya, ocean basins were
ferruginous, with Fe(II) concentrations exceeding
those of HS™ [13, 14]. This would have created con-
ditions of HS™ limitation due to the thermodynamic
drive to form FeS,, and ultimately more stable and
increasingly less soluble phases such as mackina-
wite (FeS,,,, and pyrite (FeS,). In contrast, during
the Proterozoic 2.4 to 0.6 Gya, ferruginous condi-
tions began to give way to euxinic conditions where
HS™ concentrations exceeded those of Fe(Il) (e.g.,
in ref. [15-18]). Such sulfidic conditions can lead to
Fe(Il) limitation due to the thermodynamic drive to
form FeS,.

Consistent with their prevalence and importance in
anoxic environments over geological history, in par-
ticular during the Proterozoic, FeS,, likely also serve
as building blocks in the formation of iron-sulfur min-
erals [19, 20]. FeS,, clusters are predicted to be rela-
tively stable, small (<1000 nm), and soluble when
concentrations of reactants are low (<2 pM) [21].
However, at higher reactant concentrations (e.g.,> 10
HM), FeS,, nucleation is increasingly favored and can
result in the condensation of FeS,  to form FeS,_
and eventually FeS, via Eqgs. 2 to 4 [22-25].

Fe(ll)(,, + HS(_aq) — FeSy, + H* 1
FeS(y — nFeSg, )
nFeS(aq) — FeS(mk’s) 3)

FES(mk,s) + HS~

) Feszm + O.SHz(g) @)

Previous studies have employed Density Func-
tional Theory (DFT) and small-angle X-ray scat-
tering (SAXS) and potentiometric titrations with
surface complexation modeling to probe the struc-
ture, surface, and the early stages of FeS. [26-28]
These studies established key properties of FeS_, .
including its metallic, non-magnetic bulk nature
and its S-terminated {001} surface as the dominant
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low-energy surface (0.07 J m~2) [26]. In situ SAXS
further revealed that FeS ,, forms via a nonclassical
pathway, in which primary FeS_, , particles assemble
into mass-fractal aggregates that undergo oriented
attachment and layer into the metastable phase [29].
Dispersion-corrected DFT also showed that incorpo-
ration of transition metals is favored through Fe-site
substitution, which modulates lattice parameters and
interlayer spacing [27]. These advances in bulk and
surface FeS set the stage for probing hydrated FeS,
clusters, the soluble precursors to solid phases, whose
behavior under environmental conditions had not yet
been addressed. Understanding the kinetics of FeS,,
formation and nucleation and transition towards met-
astable phases such as FeS ., and FeS, (Eqs. 1-4)
takes on additional importance considering that a
variety of anaerobes, including methanogens [30-35],
have been shown to use FeS,, as a source of Fe and
S. Similarly, fermenters, fumarate-respirers, and
sulfate-reducing bacteria have been demonstrated to
use FeS,, clusters as sources of Fe and S for biosyn-
thesis of vitamins, amino acids, and cofactors [36].
Members of these anaerobic guilds inhabit a range of
anoxic environments, both today and in the geologic
past, including marine and freshwater sediments,
hydrothermal vents, subsurface ecosystems where
Fe(I) and HS™ co-exist and where FeS,, are likely
to be the predominant form of bioavailable Fe and/or
S [21]. The use of FeS,, as sources of Fe and Sin a
variety of anaerobes is perhaps not surprising given
their apparent prevalence in anoxic environments and
their structural and chemical similarity to iron-sulfur
cofactors in metalloenzymes [25, 36] that function in
catalysis, electron transfer, and chemical sensing in
all forms of life [37, 38].

At circumneutral pH, FeS,, are thought to be
neutrally charged which may enable their diffu-
sion across the membrane in a manner similar to
diatomic gases such as hydrogen, oxygen, and
nitrogen [31, 35]. However, for this to be effec-
tive, FeS,, would need to be of small diameter,
especially considering the generally small (sev-
eral pm diameter) size of microbial cells. Despite
the importance of FeS,, as a predominant soluble
Fe(II) and/or reduced S phase in anaerobic ecosys-
tems, little is known of the kinetics of FeS,, nuclea-
tion, growth, aggregation, and redissolution. This is
a critical knowledge gap with implications for the
distribution, function, and activity of anaerobes in
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anaerobic ecosystems. Here, the kinetics of FeS,q
formation are investigated under controlled condi-
tions, with a focus on how environmental variables
such as Fe(II)HS™ concentration, reaction tem-
perature, and fluid pH influence cluster and particle
formation and redissolution. Results are discussed
as they relate to metal transport and acquisition in
anaerobic microbial ecosystems.

Materials and methods
Computational chemistry

Geometry optimizations were performed using DFT
with the WB97xD functional [39] and def2-TZVP
[40] basis sets. The initial structure of FeS,, was
sourced from the Inorganic Crystal Structure Data-
base (ICSD) to ensure accurate representation of the
starting material [41]. All calculations were executed
using the Gaussian 16 software suite [42], with stand-
ard convergence criteria applied for the geometry
optimizations. Broken-symmetry calculations were
employed to model the antiferromagnetically coupled
(AFC) system [43-45]. The solvent density-based
(SMD) polarizable continuum model was used for
implicit solvation of the clusters [46]. The optimized
geometries were validated as local minima through
the confirmation of no imaginary frequencies in sub-
sequent vibrational analyses. Chemcraft software was
used to analyze and visualize the optimized struc-
tures, facilitating detailed examination of the molecu-
lar geometries and interactions (https:/chemcraftp
rog.com/).

Reaction buffer selection

All glassware used in experiments was soaked in trace
metal-grade nitric acid for 24 h and then rinsed a min-
imum of three times with Milli-Q (MQ) water (18.2
MQ-cm). All chemicals used in experiments were
ACS-grade or higher. Several buffers (pH 7.0) were
examined for use in experiments aimed at measuring
FeS,, cluster formation: sodium bicarbonate, sodium
phosphate, and Tris-Base (tris(hydroxymethyl)ami-
nomethane). Each buffer was prepared by dissolv-
ing an amount to generate a final concentration of 1
mM or 100 pM in an initial ~95 mL of anoxic MQ
water, as specified. Anoxic MQ water was prepared

by sparging the solution with N, passed over heated
(210 °C) and H,-reduced copper shavings using a
needle cannula. All manipulations of anoxic solu-
tions were conducted inside an anaerobic chamber
(Coy Labs, Grass Lake, MI). The pH of buffer solu-
tions was adjusted to 7.0 by adding anoxic 0.1 N HCL.
Once pH 7.0 was attained, the volume was adjusted
to 100 mL with anoxic MQ water. Ferrous chloride
tetrahydrate (FeCl,-4H,0) was added to a final con-
centration of 80 uM, and the pH was again measured
to evaluate the effectiveness of each buffer. Dynamic
light scattering (described below) was used to evalu-
ate particle formation once Fe(Il) was added to each
buffer. Solutions were also filtered (20 nm) followed
by determination of Fe(II) concentration in filtrate via
the ferrozine assay to further evaluate the potential
for particle formation and buffer component compl-
exation with Fe(Il). All solutions were filtered using
Whatman Anotop 10 syringe filters [0.02 pm pore
size; aluminum oxide membrane; Cytiva, Marlbor-
ough, MA, USA].

Dynamic light scattering (DLS) of FeS,, clusters

Separate solutions of Fe(Il) and HS™ were prepared
using FeCl,-4H,0 and sodium sulfide nonahydrate
(Na,S-9H,0), respectively. Solutes were dissolved in
serum bottles containing 100 mL of anoxic MQ H,O
in the Coy chamber, as described above. FeCl, and
Na,S solutions were individually filtered through 20
nm filters to remove particulate matter prior to their
use in DLS measurements. DLS measurements of
FeS,, formation and nucleation were initiated by mix-
ing 1 mL FeCl, (to generate specified final concentra-
tion) prepared in 100 uM Tris-Base buffer (pH 7.0)
with 1 mL of Na,S (to generate specified final con-
centration) prepared in 100 pM Tris-Base buffer (pH
7.0). Immediately following the mixing of the two
solutions, a 4 pL aliquot was transferred into a micro-
cuvette (Wyatt Technologies, WNDMC) equipped
with gas-tight septum cuvette. DLS measurements
were conducted using a Nanostar model 4646 DLS
(Wyatt Technology, Goletta, Georgia) at a tempera-
ture of 25 °C, unless otherwise specified. Particle size
distribution data obtained from DLS measurements
were processed with Dynamics software provided by
the instrument manufacturer.

DLS is based on the measurement of laser light
that has been scattered by particles in solution due
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to Brownian motion [47]. This method precisely
captures the time autocorrelation function (ACF)
of the intensity of the scattered light, a mathemati-
cal construct that represents the collective motion of
particle ensembles via their decay rates. These rates
in turn provide information about an apparent mean
diffusion constant, which is essential in determining
particle diameter using the Stokes-Einstein equation
[48]. This equation links the diffusion coefficient of
particles (D,) to their hydrodynamic radius and can be
expressed as:

kgT
T 6anR,

where kg signifies the Boltzmann constant, T repre-
sents the absolute temperature of the sample, and 7 is
the viscosity of the solution. This relationship under-
scores the inverse correlation between particle size
and diffusion rate, establishing a direct path to meas-
ure particle size through light scattering experiments.
The average hydrodynamic size calculated from DLS
observations provides an intensity-weighted harmonic
mean within the selected size range, allowing for the
determination of particle size distributions within the
solution.

Transmission electron microscopy (TEM)

Reactions were initiated by combining Fe(II) (30 pM)
and HS™ (38 pM) in Tris-buffered (100 pM final, pH
7.0) MQ water and incubated at 25 °C. At 5 min, 15
min, and 60 min, 4 pL of the reaction mixture was
deposited onto a glow-discharged 400-mesh carbon-
coated copper grid (EMS CF-400CU). A Pelco easi-
Glow instrument was used to glow discharge grids
for 15 s. After loading the sample twice for 5 min,
excess liquid was wicked away, and grids were air-
dried in an anaerobic chamber prior to imaging. For
the 15 min timepoint, the sample was reapplied to
the grid every 5 min over a total reaction time of 15
min, and the excess liquid was wicked away. At 60
min, the sample was applied to the grid twice, and
excess liquid was wicked away with Whatman filter
paper (Whatman #1) after 5 min. All the grids were
air-dried in an anaerobic chamber for 5 min prior to
imaging. TEM analysis was performed using a Tecnai
Spirit transmission electron microscope with a LaBg
electron source operated at 120 keV and a Gatan
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UltraScan 1000 XP CCD camera. Data was collected
at a magnification of 30,000%.

Results
FeS,, cluster structure and size

DFT calculations were used to identify the optimum
structure for FeS,, clusters with specified stoichio-
metric units (nFeS). As the number of nFeS units was
increased (e.g., 4FeS, 8FeS, 18FeS, 32FeS), the diam-
eter of the clusters grew non-linearly (Fig. 1a) as cap-
tured by a second-order polynomial regression (Pear-
son R*=0.98). Figure 1b shows a DFT-optimized
8FeS,, cluster with water molecules interacting with
the cluster via strong iron (Fe)-oxygen (O) bonds. The
strong Fe—O bonds likely allow smaller FeS, clusters
to remain in solution. Figure 1c illustrates the struc-
tural arrangement of FeS . sheets, formed through
the nucleation of individual nFeS units. The depiction
emphasizes the geometric arrangement of Fe and S
atoms and illustrates how extended sheets of FeS
emerge from aggregated FeS,, clusters. The Cartesian
coordinates of DFT optimized FeS,, clusters are pro-
vided in Supporting Information Table 1.

Explicit solvation of FeS,,

To better understand how FeS,, cluster nucleation
relates to solubility, a solvation framework to exam-
ine how the adsorption energy (E,4) of water varies
with FeS,, cluster size was generated (Fig. 2). Total
energy calculations using DFT reveal that the smaller
clusters readily stabilize in the presence of water.
The smallest cluster, 2FeS, could only be success-
fully optimized when explicitly solvated, suggest-
ing that hydration is critical for the stability of the
smallest FeS,; units. For 4FeS-4H,0, the total E, 4
was calculated to be — 102 kJ mol~'. For larger clus-
ters, E ;. energies became more negative, indicating
stronger interactions, with a value of — 184 kJ mol™!
for 8FeS-8H,0 in its layered configuration and — 280
kJ mol~! for the same cluster in its sheet-like con-
figuration. The layered 8FeS-8H,0 has comparatively
weaker hydration forces, but these forces are strong
enough to keep the clusters explicitly solvated. The
trend could continue until a point where transition
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Fig.1 The formation of mackinawite from the nucleation
of aqueous iron-sulfur clusters (FeS, ) generated via reac-
tion of ferrous iron (Fe(Il) with sulfide (HS™). a The diam-
eter (maximum length) of FeS,, as a function of stoichio-
metric units (n) of FeSaq (i.e., 4FeS, 8FeS, 18FeS, 32FeS)
based on density-functional theory (DFT) calculations and
bulk. Note that DFT calculations are for unit cells of an;-,Saq
(n=4, 8), and those cells form sheets as mackinawite mineral,
which is not depicted. A second-order polynomial regression
@:—0.("]19x2+0.1161x) was used to relate diameter (in nm)
to FeS,; stoichiometric units (), resulting in an R?> of 0.98. b
DFT-optimized structure of an 8FeS,; cluster. The water mol-

toward bulk-like properties under appropriate condi-
tions occurs.

To further examine how these interactions evolve
with increasing FeS,, cluster size, the E, 4 energies
were normalized per water molecule by dividing the
total energy by the number of water molecules asso-
ciated with the cluster. This normalization revealed
that the smaller clusters exhibit strongly negative
E 4 values (e.g., #—26 kJ mol ™! per water molecule
for 4FeS-4H,0), indicating strong hydration forces.
The sheet-like 8FeS-8H,0 exhibited a more favorable

ecules are interacting with the cluster via iron (Fe)-oxygen
(O) interactions. ¢ Structural representation of mackinawite
sheets (FeS,,,) based on crystallographic data (ICSD#15503)
that depicts the arrangement of Fe and sulfur (S) atoms in the
mackinawite crystal and that highlights the geometry and con-
nectivity within each sheet. The model shows how individual
FeS units polymerize and aggregate to form extended sheets
during the mackinawite formation process. The nFeS units
within these individual sheets are comparable to the stoichio-
metric units (nFeS) analyzed in Panel a in terms of connectiv-
ity and arrangement

hydration energy (E,;, ~—35 kJ mol~' per water mol-
ecule) compared to the smaller cluster. In contrast,
8FeS-8H,0 in its layer configuration exhibits weaker
hydration interactions (E,y ~—23 kJ mol~' per water
molecule). These results suggest that while larger clus-
ters generally show a reduction in hydration strength
per unit water molecule, structural configuration plays
a key role, where sheet-like configuration may pro-
mote hydration and solubility more effectively than
layered arrangements. Thermal enthalpies, which shift
from— 197 kJ mol™' for the single layer 8FeS-8H,0
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Fig. 10 Transmission Electron Microscopy (TEM) images of
aqueous iron-sulfur (FeS, ) clusters/particles. Reactors were
initiated by addition of 30 pM ferrous iron (Fe(II)) and 38 pM
sulfide (HS™) in Tris-buffered (100 pM final, pH 7.0) Milli-
Q water incubated at 25 °C. The subsamples were collected
and imaged at @ 5 min (scale bar 20 nm), b inset of a that is
zoomed in to show detailed portion (scale bar 20 nm), ¢ 15

the persistence of FeS,  clusters and nanoparticles
also has implications for colloid-mediated transport
of Fe, S, and trace metals in natural waters [58-63].
Recent work has shown that FeS colloids generated
during sulfidation reactions can remain suspended

@ Springer

min, and d 60 min (scale bar 20 nm). Imaging shows predomi-
nantly spherical and non-aggregated particles at 5 min and 15
min time points and a multimodal size distribution at 60 min.
Some particles exhibit a diffraction glow line (fringes) around
the edge, indicative of crystallinity, while others remain amor-
phous

for extended periods, thereby enhancing the mobil-
ity of nutrients and contaminants in low salinity and
low oxygen environments [58]. Our results provide
complementary evidence that the stability of nm-
scale FeS,, clusters under environmentally relevant



J Nanopart Res (2025) 27:256

Page 17 of 21 256

conditions may serve as a critical first step in such
transport processes.

The kinetics of FeS,, cluster formation at the low
Fe(Il) and HS™ concentrations (e.g., <20 uM of one
or both reactants) that are relevant to many natural
systems are challenging to test in the lab experimen-
tally using DLS due to experimental logistics and
instrument detection limitations. For example, FeS,
clusters had nucleated and grown to diameters of~6
nm within 6 min when 30 uM Fe(II) was reacted with
38 uM HS". Extrapolation of FeS,, cluster forma-
tion to low (<20 pM) Fe(Il) concentrations showed
that smaller FeS,, clusters are predicted to form and
nucleation is slow, resulting in clusters remaining
small in size (<3 nm) for extended periods (up to 20
min). Natural environments where reactant concentra-
tions are in this range (< 20 uM) would likely enhance
transport and use by anaerobic microorganisms.

Observations indicate that the equilibria between
soluble FeS,; clusters of varying sizes and nano-
particles are strongly influenced by temperature,
with elevated temperatures shortening the nuclea-
tion phase and accelerating aggregation. Increased
thermal energy lowers activation barriers and
increases motion, resulting in more frequent inter-
actions between ions and particles [64], thereby
promoting faster cluster formation and subsequent
aggregation. Studies have reported that higher tem-
peratures enhance the iron-sulfide precipitation rates
under observed conditions in various systems due
to the promotion of reaction kinetics [65, 66]. At
the same time, temperature impacts less stable “dis-
torted tetragonal FeS” by decreasing its stability and
increasing solubility [24, 28]. This contrasts with the
behavior of crystalline and stable forms of minerals,
such as cubane-type Fe,S,, which retain their struc-
tural integrity and resist thermal degradation at higher
temperatures [67]. These findings underscore the dual
role of temperature in FeS,, cluster formation/aggre-
gation and dissolution—higher temperature promotes
dissolution of FeS,, clusters/particles (Fig. 7) which
leads to the generation of reactants that, in turn, pro-
motes FeS,, cluster formation and dissolution. This
interplay may create transient windows of high FeS,
cluster bioavailability during the nucleation and early
growth phases, which anaerobes could take advantage
of, in particular in high-temperature environments
like marine hydrothermal vents (e.g., black smok-
ers). It is worth noting that Fe(II), HS™, and FeS, are

commonly detected in marine hydrothermal environ-
ment emissions [68], potentially consistent with the
prevalence of anaerobes, including methanogens and
sulfate reducers in these environments (as reviewed in
[69]), that have a high demand for iron-sulfur cofac-
tors [70].

The faster nucleation and growth kinetics of FeS,g
clusters at pH 8.0 relative to pH 7.0 reflects the
increased availability of HS™ ions due to the pKa of
H,S/HS™ being pH 7.0 at 25 °C [71]. HS™ is more
reactive than H,S[72] and thus promotes nucleation
and aggregation (Fig. 9b). The deprotonated state
of HS™ increases its electron density, allowing for
faster and more efficient complexation with Fe(II).
The energies of Frontier Molecular Orbitals (FMOs)
are an important feature of the reactivity. It has been
demonstrated in the past that the highest occupied
molecular orbital (HOMO) of HS™ is less stable
(—2.31 eV) and more accessible than that of H,S
(—10.47 V) [73, 74]. As such, the HS™ species facili-
tates more facile electron donation during nucleation
of FeS,, clusters. These results are consistent with
those of others that show more alkaline pH enhanced
the rate of FeS,, cluster nucleation and precipitation
as amorphous iron sulfide or FeS,.[65].

TEM imaging of FeS, clusters provides direct evi-
dence of the structural changes that accompany nuclea-
tion, growth, and aggregation. The images reveal dif-
fraction fringes for some FeS, clusters/particles. In
contrast, smaller clusters from the nucleation and
growth phases lack such crystallinity, appearing as
amorphous or poorly ordered structures. This distinc-
tion underscores a critical transition in the properties
of FeS,, clusters as they grow and aggregate. Previ-
ous studies have shown that less stable amorphous
FeS nanoparticles and nanocrystalline FeS nanoparti-
cles can coexist, with transitions between these phases
driven by variations in redox potential, pH, and aging
processes [50, 75]. While some particles larger than
100 nm exhibit crystalline domains, others in the same
size range remain amorphous, which may be due to
localized variability in conditions (e.g., reactant con-
centration) during the nucleation and growth phase.
Importantly, TEM analysis also shows the persis-
tence of particles smaller than 5 nm even during the
later aggregation phase. These smaller clusters, which
remain amorphous, suggest that dissolution and re-
precipitation processes may sustain a reservoir of bio-
available FeS,, clusters despite the formation of larger
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particles and aggregates. The emergence of crystalline
structures in larger particles aligns with theoretical pre-
dictions of thermodynamically driven aggregation pro-
cesses, where the reduction in surface energy promotes
the formation of ordered domains [76]. However, these
crystalline particles are likely less bioavailable due
to their reduced solubility and reactivity compared to
smaller and amorphous clusters. This structural trans-
formation, combined with the persistence of smaller
clusters, highlights the dynamic equilibrium between
growth, aggregation, and dissolution that likely gov-
erns Fe and S bioavailability in natural systems.

In conclusion, the results presented in this study
offer new insight into the formation kinetics, solubil-
ity, and growth dynamics of FeS,, clusters/particles
under varied environmental conditions. The observed
dynamics of nucleation, growth, and aggregation
highlight how FeS,, clusters transition from smaller,
soluble and likely more bioavailable forms to larger,
less soluble structures that are likely of lower bioavail-
ability, underscoring the delicate interplay between
size, crystallinity, and accessibility. Circumneutral
environments with lower concentrations of Fe(II) and
HS™ promote formation of smaller, more soluble FeS,
clusters. While higher temperatures promoted FeS,
cluster nucleation and growth, they also promoted
FeS,, cluster/particle dissolution. This highlights the
dynamic equilibrium that exists between soluble ions,
aqueous clusters/particles, and minerals that together
influence the availability of Fe and S and thus the dis-
tribution of life dependent on these elements. Future
research should focus on evaluating similar questions
under ferruginous conditions that prevailed when life
likely originated, as well as the role of organic ligands
on FeS,, cluster nucleation kinetics and stabilization.
Such ligands include small peptides such as ferredox-
ins that commonly bind one or more FeS,, clusters
(i.e., 2Fe-2S or 4Fe-4S clusters, as reviewed in [77,
78]) or ferredoxin maquettes featuring the minimal
peptide coordination environments for 2Fe-2S or 4Fe-
48 clusters those proteins [79-81].
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