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ABSTRACT: Simulations of prebiotic NH3 synthesis from
NO3

− and NO2
− on pyrite surfaces under hydrothermal

conditions are reported. Ab initio metadynamics calculations
have successfully explored the full reaction path which explains
earlier experimental observations. We have found that the
reaction mechanism can be constructed from stepwise single
atom transfers which are compatible with the expected
reaction time scales. The roles of the hot-pressurized water
and of the pyrite surfaces have been addressed. The mechanistic picture that emerged from the simulations strengthens the
theory of chemoautotrophic origin of life by providing plausible reaction pathways for the formation of ammonia within the
iron−sulfur-world scenario.

I. INTRODUCTION

According to the iron−sulfur world theory, life has begun as an
autocatalytic surface metabolism of small organic molecules on
minerals.1,2 On an early Earth such scenario could operate in
hydrothermal deep sea vents at high pressure and temperature.
In this environment, iron-sulfide minerals are available
abundantly providing conditions suitable for prebiotic redox
processes.3,4 The role of iron-sulfide minerals, and in particular
pyrite in important prebiotic processes (e.g., synthesis of
peptides or nucleic acid components) has been widely
investigated and discussed, and the catalytic and support roles
of the surfaces have been demonstrated.2,5−13 An important
constituent of the prebiotic pool of reactants is the most
reduced nitrogen compound NH3 which is a necessary
precursor for nitrogen-containing organic molecules. Its
formation from NOx species (e.g., NO2

− or NO3
−) under

assumed hydrothermal vent conditions has been already
demonstrated in the presence of Fe2+ and on various iron-
sulfides.14−18 In particular, FeS has been used as reductant in
refs 1d and 15−17, whereas FeS2 was used in refs 15 and 18.
The mechanism of the process leading to NH3 is not only very
significant from the perspective of prebiotic chemistry, but it
can also provide important clues to interpret mineral surface
reactivity and their oxidation in general.19,20

The current understanding of the reduction mechanism is
still limited because of its complexity. The first attempt for the
description of these processes at the molecular level has been
provided by the calculation of adsorption energies and the
assignments of IR spectra by means of small cluster models.18

The decomposition of NO2 and NO catalyzed by FeS2 surfaces

has also been studied theoretically because of its relevance in
the acid mine drainage phenomenon; high dissociation barriers
have been found indicating that molecular adsorption is
preferred under normal conditions.21 Still, a complete reaction
mechanism is not available for the NH3 formation. In order to
achieve a detailed picture of the reaction mechanism more
ambitious computational efforts are necessary. To this end we
have performed an ab initio molecular dynamics (AIMD) study
on large mineral−water interface models in combination with
metadynamics to obtain information on the free energy surface
(FES) of the elementary steps. Metadynamics22 is a very
efficient technique to explore and characterize reaction
mechanisms by means of suitably chosen reaction coordi-
nates.23,24 In this work, we performed metadynamics
simulations to uncover the mechanism of the NO3

− → NH3

transformation on FeS2 surfaces. In particular we address the
role of the mineral surface and of hydrothermal conditions in
this primordial heterogeneous key reaction. Although the
reaction steps leading to the formation of ammonia are not
known, various scenarios for pyrite oxidation are possible and
all indicate a very high (98−173 kcal/mol) reaction enthalpy
driving the ammonia formation.25 The extreme conditions may
trigger a multitude of reactions and side reactions which would
require enormous computational efforts to be fully explored.
Therefore, we here aim at finding possible reaction paths
leading to NH3 formation rather than attempting to explore the
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whole reaction space defined by our reactants (NOx
− ions,

pyrite, and water).

II. COMPUTATIONAL DETAILS
A. Quantum Chemical Calculations. Born−Oppenheimer

molecular dynamics simulations based on density functional theory
have been performed using the Quickstep module of the CP2K
program suite.26 The Perdew−Becke−Ernzerhof (PBE) exchange and
correlation functional has been used.27 The GTH-type pseudopoten-
tials have been employed to describe the interaction between the
valence electrons and the ionic cores.28 The short-range, molecularly
optimized MOLOPT-SR double-ζ basis sets have been used to expand
the valence orbitals.29 For the S, O, N, and H atoms the basis was
augmented by a set of polarization functions (DZVP). An auxiliary
basis set of plane waves with a kinetic energy cutoff of 400 Ry has been
employed to expand the electronic charge density. Only the Γ-point
has been considered for the k-point sampling. The present setup gives
a nonmagnetic ground state. The calculations have been performed in
restricted Kohn−Sham formalism assuming closed shell states.
Empirical dispersion corrections30 have not been included into the
Hamiltonian. While they can be very important when long-range
interactions play an important role, in our systems the reactive events
are localized; therefore, we do not expect large improvements from
disperion corrections.31 Our methodology yields an optimal cell
constant of 5.417 Å with a 96-atom bulk pyrite supercell which agrees
nicely with experiment (e.g., 5.416 Å,32 5.428 Å33). The estimated
band gap is 0.4 eV (experimental value34 is 0.95 eV). This
underestimation is typical for functionals applying only standard
semilocal approximations35 but in the light of earlier evi-
dence11,12,36−38 we do not expect that this feature affects the main
conclusions. The charge state of the intermediates has been
determined by analyzing the maximally localized Wannier functions
of the Kohn−Sham orbitals.31,39

B. Model Construction. In this study we employ the same large
pyrite−water interface models which have been employed in our
previous study.40 The pyrite−water interface has been modeled by a
pyrite slab of 12 pyrite layers (Figure 1). Each layer is composed of
eight iron or sulfur atoms; that is, they represent a 2 × 2 surface

supercell. The bottom of the slab has been saturated by water
molecules attached to the surface iron atoms. This termination has
been shown to provide bulk-like electronic configuration for the iron
surface atoms.36 The three bottom pyrite layers and the O atoms of
the terminating H2O molecules are kept fixed during all the
simulations. Two configurations of the (100) surface have been
considered: the ideal configuration with no defects which was shown
not to reconstruct in previous works and a configuration with a sulfur
vacancy. This has been created by removing a top sulfur atom from the
perfect surface. The sulfur vacancy is known to be one of the most
frequent surface defects on pyrite.41 The size of the periodic
simulation cells is 10.8348 × 10.8348 × 26.8348 Å3. The slabs are
separated by ∼14 Å distance and this space is filled up with water
molecules The supercritical conditions have been modeled by setting
the temperature to 800 K and the density of the water layer to 0.5
g/cm3 with 28 water molecules which is equivalent to 0.1 GPa
according to the water equation of state.42 We note that the volume
available between the two pyrite layers is not well-defined therefore the
density and the corresponding pressure is only approximately
determined by the number of the H2O molecules.

C. MD Simulations. For this study we have selected the conditions
from ref 15 (800 K, 0.1 GPa), because in this case the NH3 production
was more than 70%, while milder conditions led to very limited NH3
yield (∼5%).18,43 The MD simulations have been performed under
NVT conditions employing the velocity rescaling thermostat of Bussi
et al.44 The coupling time constant of the thermostat has been set to 1
ps for the equilibration and 80 fs for the metadynamics. The time step
for integrating the Verlet equations of the MD was 0.4 fs. This was
sufficiently small to obtain a stable integration around the target
temperature of 800 K. The water-pyrite interfaces have been
equilibrated for ∼40 ps. Then a NO3

− or a NO2
− ion has been inserted

into the water layer in the vicinity of the surface and a ∼ 10 ps
equilibration has been performed. In the Quickstep code the negative
charge is compensated by a uniform positive countercharge in order to
have neutral periodic images.

During the equilibration of the system containing a NO3
− ion and

defect-free FeS2 surface a harmonic wall potential was applied to keep
the nitrate ion in the vicinity of the surface (within 3.6 Å layer from the
surface iron atoms). The force constant of the quadratic wall potential
switched on if the nitrate leaves this region was set to 1.0 Ha/bohr2.

The free energy barriers have been obtained by applying the
metadynamics technique.22,45 Metadynamics is a highly efficient
technique to sample the FES of rare events as a function of a few
selected reaction coordinates (collective variables, CVs). It has been
employed successfully in various fields,46 and its various aspects have
been reviewed recently.23,24,47 Several functions of the relevant bond
distances have been considered to describe the O transfers between
the NOx

− species and the pyrite surface, and the H transfers from the
water molecules to N. We have selected various functions of
coordination numbers48 (CNs) as CVs. CNs are functions of the
nuclear coordinates as shown in eqs 1 and 2. A CN between a single
atom (A) and a group of atoms ({B}) can be written as

∑=
−

−
−
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where ri is the distance of atom A from the ith B atom, and rc is a cutoff
distance related to the bond distance between A and B. CN can also be
defined conveniently between two groups of atoms ({A} and {B}):
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where rij is the distance between two atoms of the two groups and rc is
again a suitable cutoff distance. p and q are integer parameters. The
above CNs provide an easy way to follow the chemical changes in the
system: they count the number of the bonds between the selected

Figure 1. Model of the pyrite−water interface with a NO3
− anion

embedded into its periodic images used in the simulations. The
simulation cell is colored, the periodic images are translucent gray.
Color code: brown: Fe; yellow: S; red: O; blue: N; white: H.
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atoms and any change (bond breaking or bond formation) yields an
approximately unit change in their value. The selected CVs and their
chemical roles together with further technical details of the
metadynamics simulations are given in the Supporting Information
(SI).

III. RESULTS
In an earlier study we scrutinized the water-pyrite interface
under hydrothermal conditions.40 It was shown that at these
extreme conditions the pyrite surface is hardly covered by
water. This results in fully exposed surface atoms and a
reactivity which does not require prior water desorption.49 This
particular mineral-water interface accommodates the reaction
steps leading to the NOx

− → NH3 transformation. In Figure 2
the reaction pathways emerged from the simulations are shown
with the free energy barriers of the forward steps.
Representative snapshots of reaction intermediates are also
shown in Figure 2 while snapshots of the transition states are
collected in the SI. The barriers are compatible with the
reaction time scale measured experimentally (e.g., 24 h at
supercritical conditions).15,18,50 The simulations have revealed
that the NO3

− → NH3 transformation proceeds via consecutive
single atom (either O or H) transfers. Reaction steps where two
or more atoms are transferred concertedly have not been

observed. It is important to note here that the CVs of the
simulations allowed both single and concerted multiatom
transfers and metadynamics selected the path where the free
energy barrier is smaller.
The full reduction path is started by the stepwise oxygen

atom transfers from NO3
− to the pyrite surface. In these steps it

was sufficient to employ CVs which describe the bonding of
these O atoms: a coordination number (CN) describing bond
formation between any of the oxygen atoms in the NOx

− species
(x = 3 or 2) and the Fe or S atoms on the pyrite surface and
another CN boosting the cleavage of any of the N−O
bonds.31,51 MD simulations showed that the NO3

− anion
adsorbs very weakly on the perfect FeS2 surface but the
presence of a defect site strongly enhances its adsorption on the
undercoordinated Fe atoms close to the vacancy.31 All the other
N-species adsorb strongly on the surface Fe atoms in all cases at
the simulation time-scales. The weak affinity of the nitrate
anion toward the FeS2 surface can be explained by recalling that
NO3

− is a particularly weakly coordinating anion as opposed to
other NOx species.

52

During the first step NO3
− adsorbs on the perfect surface in

monodentate mode (see Figure 2A and in Figure S4 in SI),
then the N−O bond breaks leaving an O atom bound to the Fe

Figure 2. Left panel: The reaction pathways emerged from the metadynamics simulations. Letters (A−I) label the reactions steps. Red arrows
indicate oxygen transfers, while blue arrows indicate hydrogen transfers. Charge states are determined from the distribution of the centers of the
maximally localized Wannier functions.31 The activation free energies of the steps are also shown (in kcal/mol). Blue values refer to barriers obtained
on perfect pyrite surface, whereas red values correspond to the defective surface. Note that starting from stage C the defective site is filled by an O
atom. The adsorbed species form bond with an iron (Fe) atom. Right panels: Representative snapshots of the reactant, intermediate and product
species on the defective surface. For color code see Figure 1.
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atom and the NO2
− anion diffusing back into the water. On the

defective surface, the O transfer takes place in a temporary
bidentate mode to a defective iron atom (Figure S5) and then
the NO2

− desorbs. The products of the subsequent decom-
positions of NO2

− remain instead all bound to the surface.
Desorption implies that reduction of NO2

− occurs more likely at
a different site not yet oxidized by NO3

−. However, the steps
following the reduction of NO2

− all take place at the same site
because of the formation of a strong N−Fe bond. The first and
second O atoms remain on surface iron atoms after the N−O
bond breaking. Analysis of the charges showed that during
these transfers formally a neutral O atom migrated. Note that
transfer of a neutral O atom represents a 2e reduction of
nitrogen and a 2e oxidation of the surface atom binding this O
atom. The calculations have shown that when a sulfur vacancy
is present, both reduction steps are kinetically more favorable as
indicated by significantly smaller activation free energies and
the dissociating O atom fills in the defect site. Earlier
calculations8,11,12,38,40,53 as well as experiments19,20 have also
convincingly showed that vacancies are very reactive and favor
redox processes.
We have simulated both the NO3

− → NO2
− and the NO2

− →
NO− reactions in the presence of an empty S vacancy that is
filled by the O atom transferred to the surface. The subsequent
reaction steps (from C to I in Figure 2) on the defective surface
have been simulated in the presence of a sulfur vacancy filled by
an oxygen atom at step C. The extreme conditions have a
remarkable acceleration effect on these steps. Indeed, nudged
elastic band (NEB) calculations (without water and at 0 K)
predict much slower reaction steps in vacuum.54 The increasing
free energy barriers of the O-transfers verify a posteriori our
assumption that surface defects can be easily consumed during
the initial stage of the process and they cannot play a major role
later.
Many reaction paths are conceivable for the conversion of

nitrosyl species. We have addressed this problem by using CVs
which also involve water participation. Such CVs are the CN
between the nitrogen atom and the hydrogen atoms of the
water layer, the CNs between the water oxygen and hydrogen
atoms and a CN between the water oxygens and the surface
iron and sulfur atoms. Appropriate functions of these CVs have
been employed to describe the combined effect of the surface
water interface.31 We have found that the barrier to transfer the
last oxygen atom to the surface depends largely on the number
of hydrogen atoms bonded to N. Direct formation of a nitride
species (step C → D in Figure 2) requires a barrier of 69 kcal/
mol. Analysis of the charge distribution31 showed that this
species is analogous to the recently discovered Fe(VI)−nitrido
complex.55,56 This intermediate is highly reactive and we indeed
observed that it could rapidly build into the lattice when other
reaction did not consume it. In contrast, when an oxygen atom
transfer takes place in the presence of one or two H atoms in
the molecule, the free energy barriers are 42 (step E → F) and
20 kcal/mol (step G→ H), respectively. The high barrier of the
nitride formation indicates that this step can be excluded from
the mechanism. Interestingly the stepwise protonation also
features a decreasing trend in the barriers: along the NOx →
NHOx → NH2Ox path (x = 1 or 0) the free energy barriers
always decrease remarkably, even if oxygen loss occurs
concurrently. In agreement with earlier findings,53 the last O
atom is transferred to a neighbor S atom in all cases as seen in
Figure 2. The final step for NH3 formation requires a barrier of
only 8 kcal/mol indicating a very fast step at hydrothermal

conditions. The NH3 formed in the last step is initially
adsorbed on an iron site but it desorbs after a few hundreds of
fs. Figure 3 shows the FES of a reaction path following the

sequence NO−NHO−NH−NH2−NH3. The free energy wells
can be easily associated with the corresponding intermediate
states. In Figure 4 the temporal variations of the individual CVs

of the same run are plotted. The surface coverage by water is
also plotted to illustrate that at the simulation conditions the
surface remains dry.
As Figure 2 shows the Fe-NHO state is also a bifurcation

point: a proton transfer from water to N (E → F) and the O
loss (E→ G) have very similar (42 and 39 kcal/mol) activation
barriers. Then the further steps have lower barriers indicating
that the kinetic bottleneck is the formation of the Fe-NHO
state (as nitride formation is excluded from the mechanism).
This result also implies that the preceding nitrosyl species can
be the most likely candidate among the intermediates to be
captured experimentally. Strongin et al. have indeed detected
such species by ATR-FTIR method but under much milder
conditions.18

Figure 3. Contour plot of the FES (kcal/mol) characterizing a typical
NO− → NH3 transformation along the NO−NHO−NH−NH2−NH3
path. The labels indicate the reaction intermediates according to
Figure 2. CV1 is the difference of CN between the O atom with the
surface atoms and the CN between the same O atom and the N atom.
The value of CV1 increases by ∼1 if the N−O bond breaks and also
when the O atom forms a bond with any surface atom. CV2 is the CN
between the N atom and all the H atoms of the system. Its value
increases by ∼1 when a N−H bond is formed.

Figure 4. Top: Temporal variation of CV1 (black) and CV2 (red) in
the simulation of Figure 3. Bottom: Variation of the surface water
coverage (number of adsorbed H2O) in the same simulation (the
number of available iron sites for adsorption is 7). A water molecule is
adsorbed when the water−iron distance is below 2.9 Å. For an
explanation of the CVs see Figure 3.
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In most of the cases the proton is transferred from a water
molecule adsorbed in a neighbor iron site (see Figures S5: G, H
and J in the SI) although we also observed proton transfer from
the water phase (e.g., Figure S5: E) or formation of a proton
wire (e.g., Figure S5: D). In these cases the surface has an
important role in promoting the reactions by confining the
reactants into close vicinity. However, we note that adsorption
and desorption were quite frequent events (albeit short, a few
hundreds fs at most) in the simulation time scale and
specifically biasing water adsorption for proton transfer has
not reduced the barriers involving H-transfers.31

Finally it is an important issue to take account of the 8
electrons transferred along the reduction path NO3

− → NH3.
The 3 O atom transfers leave 6 e on the nitrogen, and
consequently, they result in a significant oxidation of the surface
Fe and S sites, where they bind. The remaining 2 e come
directly from the surface, namely from a nearby Fe site.
Inspection of the Wannier centers shows considerable
fluctuations at the simulation conditions. This facilitates redox
processes between the different surface sites. Indeed we found
that the second proton uptake is accompanied by a 2e transfer
to the iron site binding the NHOx (x = 0 or 1) unit, which are
then transferred to the N atom.

IV. CONCLUSIONS
Overall the simulations suggest the following mechanistic
picture in agreement with earlier experiments.15 The NO3

− →
NH3 transformation can occur on a FeS2 (100) surface in a
stepwise single-atom transfer fashion. This process starts
preferably on defect sites. The kinetic bottleneck of the full
process is the reduction of NO− bound to an iron surface site.
Two quasiequivalent paths operate simultaneously from the
NHO species (E−F−H−I and E−G−H−I). We note that
these reaction intermediates show striking analogy to those
identified in the mechanism of nitrite reductase enzyme.57

Water participates in the processes as reactant and as an
environment supplying the thermodynamic conditions which
have a significant acceleration effect on the reactions. The role
of pyrite in the process is 2-fold: it is a reactant and a support. It
is a reactant by abstracting oxygen atoms stepwise. Its support
role is to bind the N-containing species on the surface during
the reactions, which allows for a simultaneous contact with
water and the surface atoms for oxygen atom and proton
transfers. The extreme conditions provide a particularly suitable
interface arrangement40 for this 2-fold role because the
accessible surface sites are not covered by water thus providing
room for both the adsorption and the reduction. Our model
provides a plausible mechanistic picture of how NH3 can form
in hydrothermal vents which may have operated on the early
Earth in the synthesis of prebiotic molecules. As ammonia is an
essential prebiotic reactant, the present mechanistic picture
provides further support for the role of iron sulfide minerals in
the chemoautotrophic origin of life.
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(16) Dörr, M.; Kaβ̈bohrer, J.; Grunert, R.; Kreisel, G.; Brand, W. A.;
Werner, R. A.; Geilmann, H.; Apfel, C.; Robl, C.; Weigand, W. Angew.
Chem., Int. Ed. 2003, 42, 1540−1543.
(17) Summers, D. P. Origins Life Evol. Biospheres 2005, 35, 299−312.
(18) Singireddy, S.; Gordon, A. D.; Smirnov, A.; Vance, M. A.;
Schoonen, M. A. A.; Szilagyi, R. K.; Strongin, D. R. Origins Life Evol.
Biospheres 2012, 42, 275−294.
(19) Rosso, K. M.; Vaughan, D. J. Rev. Mineral. Geochem. 2006, 61,
557−607.
(20) Murphy, R.; Strongin, D. R. Surf. Sci. Rep. 2009, 64, 1−45.
(21) Sacchi, M.; Galbraith, M. C. E.; Jenkins, S. J. Phys. Chem. Chem.
Phys. 2012, 14, 3627−3633.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b02911
Inorg. Chem. 2016, 55, 1934−1939

1938

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02911/suppl_file/ic5b02911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02911/suppl_file/ic5b02911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02911/suppl_file/ic5b02911_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.5b02911
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.5b02911
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02911/suppl_file/ic5b02911_si_001.pdf
mailto:stirling.andras@ttk.mta.hu
http://dx.doi.org/10.1021/acs.inorgchem.5b02911


(22) (a) Laio, A.; Parrinello, M. Proc. Natl. Acad. Sci. U. S. A. 2002,
99, 12562−12566. (b) Iannuzzi, M.; Laio, A.; Parrinello, M. Phys. Rev.
Lett. 2003, 90, 238302.
(23) Barducci, A.; Bonomi, M.; Parrinello, M. Wiley Interdiscip. Rev.:
Comput. Mol. Sci. 2011, 1, 826−843.
(24) Stirling, A.; Nair, N. N.; Lledoś, A.; Ujaque, G. Chem. Soc. Rev.
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