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Meteorite Impacts on Ancient Ocean Opened Up Mul-
tiple NH; Production Pathways’

Kohei Shimamura,** Fuyuki Shimojo,” Aiichiro Nakano,® and Shigenori Tanaka*¢

Recent series of shock experiments by Nakazawa et.al. starting in 2005 (e.g. [Nakazawa et al.,
Earth Planet. Sci. Lett., 2005, 235, 356] suggested that meteorite impacts on ancient ocean would
have yielded a considerable amount of NH; to the early Earth from atmospheric N, and oceanic
H,O through reduction by meteoritic iron. To clarify the mechanisms, we imitated the impact
events by performing ab initio molecular dynamics in the framework of density functional theory
in combination with multi-scale shock technique (MSST) simulations. Our previous simulations
with impact energies close to that of the experiments revealed that a picosecond-order rapid NH;
production during shock compression [Shimamura et al., Sci. Rep., 2016, 6, 38952]. It was also
shown that the reduction of N, took place with an associative mechanism as seen in the catalysis
of nitrogenase enzyme. In this study, we performed an MSST-AIMD simulation to investigate the
production by the meteorite impacts with higher energies, which are closer to the expected values
on the early Earth. It was found that the amount of NH3 produced further increased. We also
found that the increased NHj3 production is due to emergence of multiple reaction mechanisms at
increased impact energies. We elucidated that the reduction of N, was not only to the associative
mechanism but also to a dissociative mechanism as seen in the Haber-Bosch process and to a
mechanism through a hydrazinium ion . The emergence of such multiple production mechanisms
capable of providing a large amount of NH; would support the suggestions from the recent ex-
periments much more strongly than was previously believed, i.e., shock-induced NH3 production

played a key role in the origin of life on Earth.

1 Introduction

NH; is a molecule indispensable for the birth of life on the prim-
itive Earth. This is because NHj3 is thought to have played an im-
portant role as a relevant nitrogen source for abiotic amino acid
synthesis such as Strecker reaction.! However, the nitrogen com-
pound predominant on the early Earth was not NH3 but, similar
to the current Earth, the chemically inert N, .23 Current life has
acquired it by biological nitrogen fixation from N, by the nitroge-
nase enzyme. 4 In addition, human beings have established chem-
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ical nitrogen fixation by the Haber-Bosch method for the purpose
of fertilizer production, and produce huge amounts of NH3 annu-
ally.” In the absence of such established production methods, the
question of how NH3 was originally produced on the early Earth is
an important issue related to the origin of life. Many experimental
and theoretical studies®® have been conducted to investigate the
mechanisms of NH; production on the early Earth. Concerning
these studies, Nakazawa et al. 10 suggested experimentally that
meteorite impacts on the prebiotic ocean could produce a large
amount of NH3; from atmospheric N, and sea water by reduction
of N, molecules by abundant metallic iron contained in the me-
teorites. Their experiments were conducted from the viewpoint
that meteorites had rich metallic iron during the Late Heavy Bom-
bardment (LHB) period based on previous studies. For example,
Bottke et al. 11 suggested that the impactors during the LHB pe-
riod came from the E-belt that existed around the Mars transverse
zone. Most E-belt asteroids are believed to have acquired a tra-
jectory similar to the trajectory of Hungarian asteroids containing
a large amount of metallic iron. According to a rough estimate
using the observed nitrogen conversion rate from the experiment
by Nakazawa et al.,!0 the product amount during the LHB pe-
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riod reaches 1.1 x 107 tons yr—', 12 which corresponds to 7% of

the current annual production amount by the Haber-Bosch pro-
cess (1.6 x 108 tons yr—1).%> Such a source of NH; would have
been comparable in magnitude to the proposed mineral-catalyzed
reduction of crustal N, under oceanic hydrothermal systems, %7
oceanic reduction by Fe>*,8 and terrestrial TiO, photochemical
catalysis of atmospheric N,.? Therefore, the hypothesis of NH3
production induced by meteorite impacts on the ocean can be
considered to be relevant as one of the production models on the
early Earth.

However, this production model currently has some fundamen-
tal problems. Although a Haber-Bosch like reaction process from
the similarity of their experimental conditions was assumed by
Furukawa et al.,13 from the similarity of their experimental con-
ditions, the production process has not actually been clarified.
It is also not well understood whether the production occurred
during period of shock compression immediately after an impact
or in the subsequent cooling process. Furukawa et al. 1416 re-
cently succeeded in producing at most nine types of proteinogenic
amino acids and two types of nucleobases by impacting a sample
containing NH3 as a nitrogen source. Therefore, elucidation of
the shock-induced NH3 production process is quite important for
understanding the production mechanism of important nitrogen
precursors of fundamental biomolecules such as amino acids. It is
worth noting that the meteorite impact-induced NH3 production
could be a probable model for providing NH; on Mars as well
as on Earth, according to previous studies which suggested that
atmospheric N, 17 and spacious ocean!® existed during the LHB
period.

In order to address these issues, we performed computer sim-
ulations based on ab initio molecular dynamics (AIMD) method.
Moreover, to reproduce atomic motions during the passing of a
shock wave generated by the meteorite collision, we used Multi-
Scale Shock Technique (MSST) method 1920 in combination with
the AIMD simulation (referred to as MSST-AIMD simulation).

In our previous study, 12 a simple initial atomic configuration
consisting of N, H,O, and metallic iron was created with ref-
erence to the sample composition of the experiment, 10 imitat-
ing the early Earth’s environment during the LHB period (see
Fig. 1(a)). Then, two MSST-AIMD simulations were performed,
where two practical shock waves with different speeds of 4 and
5 km/s were given. While the former was prepared to reproduce
the experimental conditions1? of pressure, temperature, and im-
pact velocity, the latter was to realize a higher energy condition.
We confirmed the rapid NH3 production in the MSST-AIMD sim-
ulation with the higher energy shock wave during shock com-
pression. The NH3 production occurred three times within 4 ps.
On the other hand, in the simulation reproducing the experimen-
tal condition, no production was observed within the same time
range. These results make one expect an increase in the amount
of produced NH; molecules by giving higher impact velocities
than that of the experiment. Besides, we found that the NHj3
molecules were produced only by an associative mechanism of a
N, molecule, 2122 i.e., after the top N atom of a N, molecule ad-
sorbed on the Fe slab surface as shown in Figs. 1(a) or 1(b) was
hydrogenated, an NH3 molecule was produced by dissociation of
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the bond between the N atoms. The detailed reaction process is
described in subsection 3.2.

In this paper, to investigate the possibility of increasing the
amount of produced NH3 molecules, a MSST-AIMD simulation
with a shock wave having higher speed of 6 km/s than our previ-
ous study was carried out. This is because, as described in subsec-
tion 3.1, the impact energies of the experiments!? and our pre-
vious MSST-AIMD simulations 12 may be smaller than the actual
those. A total of ten NH; production reactions occurred during 4
ps and five NH3 molecules remained at 4 ps, exceeding the previ-
ous study. The reason of the increase is due to multiple reaction
mechanisms to be appeared. In this simulation, NH; molecules
were produced not only by the associative mechanism but also
by dissociative mechanism of a N, molecule and reduction of a N,
molecule through the formation of a hydrazinium ion. Since there
is a possibility that these production mechanisms play significant
roles, a meteorite collision with a higher velocity would further
increase the amount of NH; molecules produced after the shock.

2 Method of Calculation

We used a system consisting of a Fesq slab, 16 N,, and 38 H,O
molecules (a total of 182 atoms; see Fig. 1(a)), which is the same
one as in our previous study, !> where the ratio of Fe atoms, N
atoms, and H,O molecules nearly coincided with that in the ex-
perimental starting material. 10 This system represents the initial
reactions when a meteorite (the Fesq slab) with adsorbed atmo-
spheric N, collides with the sea surface while engulfing other
atmospheric N,. To investigate various reactions, we created
such a model with high N, concentration. A rectangular super-
cell of dimensions 29.72 A x 8.580 A x 8.580 A under a peri-
odic boundary condition was employed. Structural optimization
by Quasi-Newton method 23 was performed to prepare an initial
atomic configuration. Using this atomic configuration, we per-
formed a MSST-AIMD simulation, in which shock waves propa-
gated in the x direction with a shock speed of 6 km/s. In our
MSST-AIMD simulation, electronic states were calculated using
the projector-augmented-wave (PAW) method based on density
functional theory (DFT).2%2> Projector functions were generated
for the 2s and 2p states of N and O atoms, the 1s state for H, and
the 3d, 4s, and 4p states of Fe atoms. The generalized gradient
approximation2® was used for the exchange-correlation energy
with non-linear core corrections. 2 Spin polarization effects were
not included here, which is a reasonable approximation as the
following consideration suggests. As described in subsection 3.1,
the temperature in our MSST-AIMD simulation far exceeded the
Curie temperature of iron (1,043 K). Thus, the iron in our simu-
lation would exhibit paramagnetism rather than ferromagnetism,
leading to a similar result without spin polarization. In our previ-
ous AIMD simulations of similar high-temperature reactions, we
compared spin-restricted and spin-unrestricted DFT calculations
and indeed found that spin polarization plays a negligible role. 28
The DFT-D method was employed for the semi-empirical correc-
tion of the van der Waals interaction.?? The momentum-space
formalism 3 was utilized, where the plane-wave cutoff energies
were set to be 30 and 250 Ry for the electronic pseudo-wave func-
tions and the pseudo-charge density, respectively. The I' point

This journal is © The Royal Society of Chemistry [year]



was used for Brillouin zone sampling. The energy functional was
minimized iteratively using a preconditioned conjugate-gradient
method.31:32 The MSST 1920 was used to simulate a stable pla-
nar shock wave by correcting the equations of motion of atoms
so that the volume of the simulation cell evolved over time, while
imposing constraints on the Rayleigh line for the stress and the
Hugoniot relation for the energy. 33 The dynamics of the system
is governed by the extended Lagrangian,

L= % Zmi(hqi)t(hqi) —@({hg;,h})

) M
+ %Vﬂ + %MVE <1 - VKO) —Py(V—Vp)
where m; is the mass of the ith atom, g; is a column vector whose
components are the ith atom’s scaled coordinates in the range of
[0, 1], @ is the potential energy, Q is a parameter with unit of
(mass)?-(length) =%, M = ¥, m; is the total mass of the system,
and V is the speed of the shock wave. The real coordinate and
the velocity of the ith atom are given by hg; and hg; respectively,
where h = (L; L, L3) is a matrix consisting of the computational
cell lattice vectors Ly (k = 1, 2, and 3). V = det h is the volume
of the computational cell. Py and V;) = det hy are the pressure
and volume of the unshocked state, respectively, where hy corre-
sponds to h in the unshocked state. In eq. (1), a dot denotes time
derivative. Initial pressure and temperature were set to 0 GPa
and 300 K, respectively. The equations of motion were integrated
numerically with a time step of 10 a.u. (= 0.242 fs). Note that
one specifies the shock speed (Vi) in the MSST, and we set V; =
6 km/s in this study. The MSST-AIMD simulation was performed
for the time duration of 4 ps.

To quantify the change in the bonding properties of atoms as-
sociated with production reactions of NH3 molecules, we used a
population analysis343> by expanding the electronic wave func-
tions in an atomic-orbital basis set. 3637 Based on the formulation
generalized to the PAW method, 38 we obtained the bond-overlap
population (BOP or 0;;(¢)) between ith and jth atoms and the
gross population Z;(¢) for ith atom. The Mulliken charge Q;(r)
was then obtained as the difference between the number of va-
lence electrons of an isolated neutral atom Z? () and the value of
the gross population Z;(#):

0i(1) =Z2(t) — Z;(1). (2)

We estimated the charges of the atoms from Q;(t). 0;;(t) gives a
semi-quantitative estimate of the strength of covalent bonds be-
tween atoms. Note that a bonding state exists between ith and jth
atoms if O;; shows a positive value. In contrast, when O;; shows
a negative value, an antibonding state exists. The charge spillage
estimating the expansion error36 is about 0.4%, which indicates
the high accuracy of the atomic-orbital basis set.

By calculating free energies, we evaluated activation energies
for the production of an NH3 molecule by the dissociative mech-
anism. For this purpose, additional constant-temperature and -
volume AIMD simulations were performed at 7 = 300 K by im-
posing geometrical constraints to obtain the free energy profile3°
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along the NHj3 production reaction path. The Lagrange multi-
plier (A) was introduced to constrain the interatomic distance
rN_Fe Detween one N and one Fe atoms to be reacted. By taking
time average, we obtained the average Lagrange multiplier ().
A constant-temperature and -volume AIMD simulation based on
the Nosé-Hoover thermostat technique *° was performed for 1 ps
at each interatomic distance ry_pe. The (1) becomes zero at an
equilibrium interatomic distance ry. On the other hand, the value
of rN_re is increased from this distance, and again (1) becomes
zero at which an NHj; molecule is produced. The relative free
energies AF were obtained for ry > ry_pe > rq by the following
integral: 41

AF — / "G )ar. ©
ro

We calculated the free energy profiles along the corresponding
reaction path using the following two models,

(a) 1 Feys5 cluster + 1 NHj3 fragment

(b) 1 Feys cluster + 1 NH; fragment + 1 N atom.
The details of the models are described in the subsection 3.4.

We used our own AIMD code, *> which has been implemented
on parallel computers using the message passing interface library
for interprocessor communications.

3 Results and Discussions

3.1 Time Evolution of Physical Quantities

Before discussing NH; productions, we first discuss the time evo-
lution of four physical quantities, i.e., the volume ratio (V/V with
Vo being the initial volume), pressure (P), particle velocity (Up),
and temperature (7) as shown in Figs. 2(a)-(d). In particular,
since the particle velocity is comparable to actual impact velocity
of meteorites, it is an essential quantity to characterize the re-
ality of simulation. For all the four quantities, there were rapid
changes at around 0.2 ps. The respective values of V/V, P, and
U, converged to 0.50, 43.0 GPa, and 3.00 km/s at 4 ps. In con-
trast, the temperature rapidly increased at around 0.2 ps, and
subsequently it gradually increased from around 2,450 to 3,180
K. This indicates that some exothermic reactions occur. For com-
parison, the values of the volume ratio, pressure, particle velocity,
and temperature at 4 ps in the 5 km/s shock-wave simulation '2
were 0.58, 27.6 GPa, 2.30 km/s, and 2,100 K, respectively. Due to
the higher compression ratio (V/Vy = 0.50 < 0.58), P, Up, and T
of the present simulation were greater than those of the previous
one. Such higher pressure and temperature in the 6 km/s shock-
wave simulation increased the reactivity and accelerated the NH3
production reactions as described in the following subsections.
Meanwhile, the particle velocity of our simulation would be in
a realistic impact velocity range. It is much slower than a typical
meteorite’s impact velocity (above 10 km/s),* but this typical
velocity does not account for the effects of aerobraking by the
Earth’s atmosphere*4 and of deceleration of breakup while pass-
ing through the atmosphere. 4> Even if the initial velocity before
entering the atmosphere is 10 km/s or more, considering these ef-
fects, the impact velocity on the planetary surface could be about
1 km/s. % This would be comparable to the present simulation.
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However, it should be also mentioned that these deceleration ef-
fects of meteorites strongly depend on the density of the atmo-
sphere. The density of the early atmosphere is still uncertain,
thus the deceleration effects would be weakened if the density
was lower than what was assumed in ref. 44 (where the current
atmospheric density was used). Taking into account such possi-
bilities, we will continue to implement MSST-AIMD simulations
with shock waves having further greater speeds in the future.

3.2 Time Evolution of Number of Produced NH; Molecules

Here, the number of produced NH3 molecules in the 6 km/s
shock-wave simulation and the outline of the production pro-
cesses are described. Figure 2(e) shows the time evolution of
the cumulative number of produced NH3 molecules or NH4™
ions (solid line) and of remaining number of the produced NHj;
molecules or NH; " ions (dashed line) in the 6 km/s shock-wave
simulation. In total, 10 NH; molecules were produced (noted
with [a]-[i]). Five of these produced NH; molecules have bro-
ken, but other five remained at 4 ps, which is more than that
in the 5 km/s shock-wave simulation. 12 The reason why the five
NH; molecules were broken is described in subsection 3.4. The
increase in the production amount is due to the production mech-
anism, as addressed below.

We reported that all the NH; production that occurred in the 5
km/s shock-wave simulation was due to an associative mechanism
of N, on the Fe slab surface. A N, molecule, of which one N atom
(bottom N atom) is bonded on the Fe slab surface as shown in
Figs. 1(b) and 1(c), becomes an ammoniacal nitrogen (NH3-N) by
hydrogenating the other N atom (top N atom), and finally an NH3
molecule is produced by breaking the bond between the two N
atoms. This is analogous to the mechanism in the nitrogenase en-
zyme. 2122 We found that the formation of tetra-coordinate with
the Fe atoms for the bottom N atom triggered cleavage of the
bond of N-N and an NHj3 production. Since the temperature ex-
ceeded the melting point of metallic iron (1,810 K) and thus the
mobility of Fe atoms is high, so that the number of bonds be-
tween Fe atoms and the bottom N atom can easily be increased.
This is the reason why the NH; productions could occur within
such a short period of 4 ps in the 5 km/s shock-wave simulations.
Note that no production occurred in the 4 km/s shock-wave sim-
ulation, where the temperature did not exceed the melting point.
However, according to previous studies, 2122 the strict associative
mechanism proceeds as follows:

*+ Ny — *No 4@

*Njp + 6H — *NNH + 5H (5
*NNH + 5H — *NNH, + 4H (6)
*NNH, +4H — %N +NH3 + 3H (7
*N + 3H — «NH + 2H ®
*NH 4 2H — *NH, + 1H 9
*NH, 4 1H — *NHj3 (10)
*NH; — NHj + * (11)
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or,

*NNH + 5H — *NHNH -+ 4H (6a)
«NHNH + 4H — «NHNH, + 3H (7a)
«NHNH, + 3H — *NH,NH, + 2H (8a)
«NH,NH, + 2H — *NH, + NH; + 1H, (9a)

where x denotes an adsorption site on the Fe slab surface, and
the reaction eq. (9a) continues to that of eq. (10). In our 5 km/s
shock-wave simulation, the desorption reaction eq. (11) did not
occur. Therefore, we called it the associative mechanism for NHj3
production reaction from the top N atom (i.e. egs. (7) and (9a)).
In the present 6 km/s shock-wave simulation, two NH3 molecules
were produced at [c] and [d] in Fig. 2(e) by the associative mech-
anism of N, on the Fe slab surface, which is because the tempera-
ture (3,180 K at 4 ps) was much higher than the melting point of
metallic iron.

On the other hand, in the 6 km/s shock-wave simulation the
remaining eight NH3 molecules were produced by different two
mechanisms. Six NH3 molecules were produced at [a] and [e]-[i]
in Fig. 2(e) by a dissociative mechanism of N, on the Fe slab sur-
face, where an NH3 molecule was produced by desorption from
the surface of the Fe slab after hydrogenation occurred in a single

N atom dissociated from a N, molecule on the surface: 21,22
2%+N; — 25N (12)
2% N+ 6N — *N -+ «*NNH + 5N 13)
#N + «xNNH + 5N — 2« NH + 4N (14)
2xNH+4N — xNH + *NH; + 3N (15)
«NH + *NH, 4 3N — 2+ NH, + 2N (16)
2 %NH, +2N — +NH, + #NH; + IN a”n
#NH, + *NH; + IN — 2+ NH; (18)
2xNH3 — *NHj3 + NH3 + * (19)
«NH; + NH; + # — 2NH;z + 2% . (20)

Production in the Haber-Bosch process proceeds along this dis-
sociative mechanism. 2122 It should be noted that the reactions
egs. (8)-(11) in the strict associative mechanism cannot be dis-
tinguished from the case of one N atom of the dissociative mech-
anism except for the reaction eq. (12). Actually, in the 6 km/s
shock-wave simulation, NH3 production by the strict associative
mechanism occurred once, where two NH3 molecules were pro-
duced from top and bottom N atoms at [c] and [f] in Fig. 2(e).
However, since the production process at [f] was equivalent to
that by the dissociation mechanism except the reaction eq. (12),
it was counted as a production by the dissociation mechanism.
The question is why the desorption reaction eq. (11) (or (19) and
(20)) occurred in the 6 km/s shock-wave simulation, which is in-
volved with the rapid NH; production. The reason is discussed in
subsection 3.4.

The remaining two NHj3 molecules were produced from those
N, molecules which were not adsorbed on the Fe slab surface.
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By receiving H atoms, a hydrazinium ion (N,Hg?t) was firstly
formed from a N, molecules away from the Fe slab, and then two
NH;3 molecules were produced at [b] in Fig. 2(b). N,H¢2" ions
have been regarded as precursors to produce NHj3 from N, us-
ing an electrocatalyst in previous studies. 22448 While we have
confirmed the production of ion in the 5 km/s shock-wave simu-
lation in our study, 12 two productions were observed at 0.535 ps
and 1.500 ps in the 6 km/s shock-wave simulation. Although the
first formed ion was deconstructed at 1.181 ps by bonding with
Fe atoms, the second ion became two NH3 molecules at 1.663 ps.
The detail reaction processes are discussed in subsection 3.6.

Due to the addition of two production mechanisms to the as-
sociative mechanism, increase in the production amount could
be expected if an experiment with a higher impact velocity is
executed. Especially, since the production by the dissociative
mechanism was the most frequent, this mechanism would be re-
sponsible for those in real meteorite impacts, as inferred by Fu-
rukawa et al.13 Although our calculation model has quite high
N, concentration, it is worth mentioning that the annual produc-
tion amount of NHj3 during shock compression is estimated to be
about 7.2 x 107 tons (see Supplementary Information), which is
larger than the estimated annual production amounts from our
5 km/s shock-wave simulation (4.3 x 107 tons) and from the
shock experiment by Nakazawa et al. (1.1 x 107 tons). This re-
sult also implies that shocks with greater impact velocities would
increase the yield of NHj3. In fact, in order to estimate the exact
amount of produced NH3, it is necessary to reproduce the quench-
ing process after the shock compression. 4%-°0 We plan to perform
additional AIMD simulations of about 100 ps as a future work.
However, the rapid production of NH3 during shock compression
is important because it would be an ingredient for biomolecules
such as amino acids. Previous shock studies 1>#° that succeeded
in the production of amino acids assumed that a large amount of
NH; molecules existed before the meteorite collisions. In addi-
tion, Goldman et al. 4° have confirmed the formation of glycine,
which is one of amino acids, during the quenching process after
the shock compression using AIMD simulations. If the production
of biomolecules such as amino acids occurs in the quenching pro-
cess, the NH3 molecules observed in our simulations potentially
become the ready-to-use ingredient, and makes one expect the
production of biomolecules from not pre-existing NH; but atmo-
spheric Nj.

The following subsection 3.3 describes dehydrogenation mech-
anism of H,O molecules, which is a key to NH3 production as a
source of H atoms. In subsection 3.4, the production processes by
the dissociative mechanism is discussed. Subsections 3.5 and 3.6
describe the formation reaction of a NoHe2t ion and the subse-
quent NHj3 production process, respectively. In subsections 3.4,
3.5, and 3.6, we also elucidate the reason why no production
based on these mechanisms occurred in the 5 km/s shock-wave
simulation.

3.3 Dehydrogenation Mechanisms of H,O molecules

Figures 2(f) and 2(g) show the time evolution of the numbers
of bonds between H-O, O-Fe, H-N and H-Fe atoms in the 6 km/s
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shock-wave simulation. To calculate the numbers of those bonds,
a bond was defined between two atoms that were within the cut-
off length continuously for a prescribed lifetime. The lifetime was
chosen to be 2.42 fs, and the cutoff lengths for H-O, O-Fe, H-
N, and H-Fe bonds were 1.25, 1.50, 2.00, and 2.50 A, respec-
tively. The cutoff lengths were determined from the first minima
of partial radial distribution functions obtained from the 5 km/s
shock-wave simulation. 12 The lifetime and the cutoff length for
H-N were also used to calculate the number of produced NHj
molecules shown in Fig. 2(e).

The number of bonds of H-O and O-Fe in the 6 km/s shock-
wave simulation reached 37 and 52 at 4 ps, respectively, indicat-
ing that H,O molecules were dehydrogenated and the dehydro-
genated O atoms oxidized the Fe slabs. The numbers of dissoci-
ated H atoms within 4 ps were 39 (= 76 - 37) and 33 for the
6 and 5 km/s simulations, respectively. A large fraction of the
dissociated H atoms formed a bond with the N atom (see H-N
in Fig. 2(g)), the numbers of which were 31 and 24 at 4 ps for
the 6 and 5 km/s simulation, respectively. The rest existed as
single atoms on the surface of Fe slab or its inside (see H-Fe in
Fig. 2(g)). The corresponding numbers were 8 (= 39 - 31) and
9 for the 6 and 5 km/s simulations, respectively. (This number
8 is not in agreement with that of H-Fe at 4 ps because the sin-
gle H atoms formed bonds with multiple Fe atoms). As described
in next subsection 3.4, the increase in the number of dissociated
H atoms from the 5 to 6 km/s simulations provided more hydro-
genated N atoms on the Fe slab that played a catalytic role as well
as precursors of NH; molecules.

As with the 5 km/s shock-wave simulation described in our pre-
vious research, 12 there were two dehydrogenation mechanisms
of HO molecules. The first was accompanied by the densifica-
tion of H,O molecules due to sudden shock compression.>! For
example, assuming that there are two water molecules, the inter-
molecular H-O bond distance between H,O molecules becomes
close to the intra-molecular ones, leading to the formation of a
metastable H3O, cluster sharing one H atom. Then, an extra H
atom is released. In the previous study,'® we reported that the
released H atoms induced proton transfers to N atoms on the Fe
slab surface by Grotthuss mechanism.>2 The other mechanism
was dehydrogenation of H,O molecules adsorbed on the Fe slab
surface. The O atom of adsorbed H,O molecule released the H
atoms to form bonds with Fe atoms according to the electroneg-
ativity. The released H atoms bonded to N atoms on the Fe slab
surface or existed as single atoms on the surface. Furthermore,
when the H atoms were released to other H,O molecules away
from the Fe slab surface, proton transfers were induced, and fi-
nally distant N atoms on the Fe slab surface often obtained them.
When H atoms are supplied to N atoms on the Fe slab surface by
these dehydrogenation mechanisms, coordinate bonds using a N
atom’s lone pairs are temporarily created, and then covalent N-H
bonds are formed by receiving electrons from Fe atoms. It should
be noted that transfer of H atoms between N atoms on the Fe slab
surface was observed from 0.5 ps after the shock, as shown in Fig.
S1 of Supplementary Information.
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3.4 Dissociative Production Mechanism of an NH3; Molecule

As described in subsection 3.2, in the dissociative mechanism, hy-
drogenation occurs after a N, molecule adsorbed on the Fe slab
surface is dissociated to become a two single N atoms, and then
the hydrogenated N atom is desorbed as an NH3; molecule. 21:22
In our shock-wave simulations, such single N atoms are formed
from N, molecules taking an adsorption configuration on the Fe
slab surface as shown in Fig. 1(c). The formation of N12 shown
in Fig. S1 of supplementary information is an example for the sin-
gle N atoms. Since the Fe slab surface was heterogeneous, elec-
trons were easily supplied and dissociation of N-N bonds was pro-
moted. In addition, as described in subsection 3.3, many dissoci-
ated H atoms from H,O molecules immediately bonded to them.
Even in our 5 km/s shock-wave simulation, 12 such hydrogenated
N atoms (called NH, fragments (x = 1, 2, and 3)), precursors
of NH3 molecules, were formed on the Fe slab surface. Figure 3
shows time evolution of the number of NH, fragments on the Fe
slab surface for the 5 and 6 km/s shock-wave simulations. These
fragments were rapidly formed even in the 5 km/s shock-wave
simulation, and the first NH; fragment appeared at 0.5 ps after
the shock. However, since survival time of the NH; fragments
was quite short (< 20 fs), the fragments could not desorb from
the Fe slab surface as NH3; molecules and the production by the
dissociative mechanism was not observed in the 5 km/s shock-
wave simulation. On the other hand, in the 6 km/s shock-wave
simulation, survival time of the NH3 fragments was much longer.
This is because the increase in the number of dissociated H atoms
led to more formation of NH; fragments. Following this increase
in the NH; fragments, the NH, and NH;3 fragments also became
more abundant. Maintaining the NHj3 fragments for such a long
time would be one of the important factors for rapid production
of NH3. In fact, NH3 molecules were produced by desorption of
the NHj3 fragments from the Fe slab surface at [a] and [e]-[i] in
Fig. 2(e).

Furthermore, the presence of other N atoms on the Fe slab sur-
face is the other key factor for the rapid production. It worked
to weaken the bonds between the NHj fragments and Fe atoms
and promoted the production of NH3 (in other words, it helped
desorption of NH; fragments). The reason could be explained
using an example of the desorption reaction processes. Figure 4
shows the desorption process of an NHj fragment in the disso-
ciative mechanism occurring at [e] of Fig. 2(e). Time evolution
of the atomic configuration is shown in Fig. 4(a), where an NHj
fragment consisting of N1, H2, H3, and N1 was desorbed from
Fel at 2.568 ps. For simplicity, omitting the reaction processes
that resulted in the NH; fragment (e.g., the dissociation reaction
of the N, molecule and the hydrogenation processes,) we start
from the situation that the NH; fragment was formed. In addi-
tion, a NH; fragment consisting of N2 and H4 was present near
the NH; fragment. As described below, this N2 played the most
important catalytic role. Although the H,O molecule containing
O1 seen in Fig. 4(a) was not directly involved in the desorption,
it is necessary to explain the large change of bond strengths be-
tween the H and N atoms. We address this issue at the end of this
subsection. Figures 4(b) and 4(c) show the time evolution of the
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bond-overlap populations O;;(¢) and the Mulliken charges Q;(¢)
for specified atoms using the Mulliken bond-overlap population
analysis (see section 2).

An NHj; fragment was formed by supplying H3 from surround-
ing H30™ to N1 at 2.306 ps. Since the sum of Mulliken charges
0i(#) of N1, H1, H2, and H3 was almost zero, the production of an
NH;3 molecule was likely to occur soon. However, it did not occur
immediately, and the corresponding NH3 molecule was produced
at 2.568 ps after 0.3 ps. The breakage of the bonds between N
and Fe atoms was needed for the production, but On;_pe; () or
On1_re2 () had a positive value (~0.2) until 2.568 ps. NHj frag-
ments cannot easily escape from the influential range of the Fe
atoms even at high temperature in this way. At 2.338 ps, the bond
between N1 and Fel was broken (Onj_re1 (£)) reached zero). This
is due to that N2 formed a strong bond with Fel (Onp_pge1 ()
rapidly increased) with dissociated H4. That is, electrons from
Fel, which formed bonds with N1, were subsequently involved in
the formation of bond with N2. N1 strengthened the bond with
Fe2 (Oni28_Fe177(t) reached ~0.3), but the bond was broken at
around 2.384 ps because N2 also began to strengthen the bond
with Fe2. Although N1 formed a bond with Fel again at around
2.372 ps (see ONi_re1(?)), the bond was unstable (Onj_pe; (£)
showed zero at many times during the remaining process). In ad-
dition, since the bond of N2-Fel gently increased, the bond of N1-
Fel gradually weakened the bond with Fel. Finally, at 2.568 ps,
N1 broke the bond with Fel and then the bond strength of N1-Fel
reached almost zero (see Oni—_re1 (1)), i.e., an NH3 molecule was
produced. In this way, NH;3 fragments can become NH3; molecules
(or can be desorbed) with the support of the N atoms such as N2.
Similar catalytic reactions have been observed in previous studies
using the AIMD simulations, >3->4 where H, production processes
on Ni cluster was discussed. It was clarified that C atoms existing
on the Ni cluster surface catalytically supported the desorption
of Hy molecules from the Ni cluster. In the present study, the
N atoms bidentate-coordinated to Fe atoms (called Njg. atoms)
such as N2 were seen in all of the desorption processes in the dis-
sociative mechanism in the 6 km/s shock-wave simulation. For
example, N12 in another desorption process occurring at 0.908
ps (see Fig. S1 in Supplement Information) played a role similar
to N2. Time evolutions of the numbers of N,g. atoms in the 5
and 6 km/s shock-wave simulations are shown in Fig. 5. Com-
pared with Npg. atoms in the 5 km/s simulation, those of the 6
km/s simulation appeared at a much higher frequency, resulting
in the six NH; production reactions in the 6 km/s shock-wave
simulation. Such Njg. atoms can be formed from the single N
atoms dissociated from N, molecules on the Fe slab surface, as
another desorption reaction shown in supplemental information.
However, in many cases, the NH; fragments become N,g, atoms
by releasing their H atoms as shown in Fig. 4(a). This reflects
the fact that many NH; fragments were formed in the 6 km/s
shock-wave simulation (see Fig. 2(e)).

We also estimated the activation free energies when an NHj
fragment was desorbed from the surface of Fe slab as an NHj
molecule, with and without such N>, atoms. The calculation de-
tails were described in section 2. In order to obtain a qualitative
conclusion, the free energies were calculated at 300 K, not at high
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temperature of 3,180 K in the 6 km/s shock-wave simulation. The
systems shown in Figs. 6(a) and 6(b) consist of a Fe;5 cluster and
a NHj fragment with and without a Njg. atom, respectively. We
used the Fe;s cluster because the Nyg. atom could exist during
the simulations without changing the coordination number for
Fe atoms even at 300K. The calculated free energy profiles are
shown in Fig. 6(c). The estimated values of activation energies
at 300 K were 0.65 and 0.45 €V for the cases with and without
a Ny atom, respectively. In other words, the energy barrier for
NHj; production was reduced by as much as 0.2 €V in the presence
of Njge. Also, the interaction distance between the NH3 fragment
and Fe;s cluster (i.e. rN_ge) is noteworthy. In the absence of the
Ny atom, an NH3 molecule could be produced unless the NH3
fragment was 4 A away from the cluster, whereas the distance
decreased to 3 A with the atom. It is therefore concluded that
the presence of Ny, atom makes two contributions: a significant
decrease in activation energy and a shrinkage in the influential
range of Fe atoms. In the 6 km/s shock-wave simulation, five
out of ten produced NH3 molecules were broken by recombining
with Fe atoms within 4 ps (see Fig. 2(e)). The simulation cell im-
posed with the periodic boundary condition caused the produced
NH;3 molecules to return to near the Fe slab surface. The reason
why the decomposition reaction occurred is that, when the NHj3
molecule returned, there was no factor to screen the influential
range of Fe atoms (such as Nyg.) atoms on the Fe slab surface. In
actual meteorite collisions, metallic irons likely broke up in the
atmosphere or at impacts on ocean, and thus each iron cluster
was surrounded by many metallic irons. Under such conditions,
it is important to account for similar decompositions on nearby Fe
surfaces.

At 2.618 ps, the NH3 molecule produced at 2.568 ps immedi-
ately received one H atom from an adsorbed H,O molecule (see
Ogs—n1 (1)), and then became an NH, ™ ion. All the produced NH3
preferred to exist as NH; ™ under the condition of the present sim-
ulation.

Meanwhile, the bond strengths of H1-N1 and H3-N1 temporar-
ily weakened at 2.338 and 2.355 ps, respectively. This is because
N1 interchanged H atoms (H1 and H3) with a surrounding H,O
molecule, which is understandable from the fact that Ogi_o(£)
and Oys_o1 (t) temporarily had positive values during this period.
In addition, we note that the formation of the bond between H1
and H6 at around 2.396 ps indicates temporary production of a
H, molecule. This reflects that H1 had sufficient electrons, and
the Mulliken charge of H1 momentarily reached zero.

Here, we described the detailed production process by the dis-
sociative mechanism that occurred in our simulation, but since
the N, molecules in our calculation model were of high concen-
tration, the actual reaction rate is reduced somewhat due to the
decrease in the number of contacts between N, molecules and
iron. Nevertheless, once their contact occurs, an NH; molecules
would be rapidly produced. As mentioned above, in addition
to one N atom contained in an NH; molecule, another N atom
was required to work catalytically for the rapid production. Even
though there is only one N, molecule, a production reaction based
on the dissociative mechanism would occur if the two N atoms
constituting the molecule play their respective roles. In this sim-
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ulation, such a reaction actually occurred once ([g] in Fig. 2(e)).
In addition, the rapid production by the associative mechanism
would also occur if N, molecules contact iron. This is because the
production process does not depend on other N; molecules, as ex-
plained using the equations in subsection 3.2 or in our previous
study. 12

3.5 Formation Mechanism of a N,Hg2" ion from a N,
Molecule

In this subsection, the formation process of a N,Hg2" ion from
a N, molecule observed in the 6 km/s shock-wave simulation
is discussed in detail, and subsequent NH3 molecule production
process by further reduction of the NyHg%" ion is discussed in
next subsection 3.6. A N,H¢2" ion was also confirmed to be
formed even in the 5 km/s shock-wave simulation, 2 where sin-
gle H atoms with abundant electrons present on the Fe slab sur-
face were transferred into a N, molecule away from the Fe slab
surface via several H,O molecules with electrons based on the
Grotthuss mechanism. Of the two formations occurring at 0.535
and 1.500 ps of the 6 km/s simulation, the first reaction pro-
cess closely resembled that of the 5 km/s simulation, but the
formed N,Hg?t ion was broken at 1.181 ps because of bonding
to Fe atoms. On the other hand, the second formation process
at 1.500 ps was somewhat different from the first one. The key
point for the second process is that hydrogenated N, molecules
upright on the Fe slab surface (including NH, fragments) mainly
transferred their H atoms to a N, molecule directly or via some
H,0 molecules. Therefore, the N, molecule close to these hydro-
genated N, molecules on the Fe slab surface would potentially be-
come a N,Hg2" ion. Also, these hydrogenated N, molecules play
an important role in the subsequent NH3 production process. The
formation reaction of N,Hg2" ion and the subsequent production
reaction of NH; were seen only once in the 6 km/s shock-wave
simulation; thus there was a possibility that the reactions hap-
pened by chance. Considering that our calculation model has a
high nitrogen concentration, this reaction would be more difficult
to occur. However, since it can be one of the mechanisms to in-
crease the production amount of NH3, we describe the reaction
processes in detail as follows.

The formation process of NoHg?* ion is shown in Fig. 7. Figure
7(a) shows time evolution of the atomic configuration, where a
N,Hg2t ion was formed at 1.500 ps by bonding five H atoms of
H7, H9, H12, H14, and H15 to a N, molecule composed of N3
and N4. Figures 7(b) and 7(c) show the time evolution of 0;;(z)
and Q;(¢) for specified atoms.

Since the sum of the Mulliken charges of N3 and N4 was nearly
zero at 1.300 ps, the value 1.5 of On3_n4(7) indicates the strength
of the triple bond of a N, molecule. However, N3 started inter-
acting with two H atoms of H7 and H8 near 1.343 ps, so that the
bond strength between N3 and N4 decreased (see On3_n4(?)) and
the Mulliken charge of N3 (see QOn3(t)) became more negative.
This is because electrons were supplied through the bonds with
H7 and H8, although the bonds with two H atoms were broken at
around 1.355 ps by releasing H7 and H8 to N5 and to a surround-
ing H30™, respectively. At 1.362 ps, N3 began to interact with H7
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contained in the surrounding H30™" again. On the other hand, N3
also began to interact with H9 of a H,O molecule including O3,
but O3 formed a bond with H10 of H;O™. In other words, it could
be regarded that H10 was shared by O2 and O3. Subsequently,
at 1.375 ps, O3 caused proton transfers getting H10 from O2 in-
stead of giving H9 to N3. Meanwhile, by proton transfers, 04
took away H10 from N6 and then supplied H12 to N4. At 1.379
PS, On3_n4(#) showed the strength of double bond (~1.0), while
the sum of Mulliken charges Q;(¢) of N3, N4, H9, and H12 be-
came almost zero. This indicates that a diazene molecule (N,H,)
was produced. At 1.394 ps, H7 was supplied to N3 by a proton
transfer, and then N4 formed a weak bond with H13 contained in
a surrounding H3;0%. These formation bonds gave rise to further
weakening of the bond between N3-N4, decreasing the strength
of single bonds (On3_n4 reached ~0.5). N4 released H13 and
obtained H14 from N7 at 1.418 ps, where the sum of Mulliken
charges Q;(r) of N3, N4, H7, H9, H12, and H14 became zero, i.e.,
a hydrazine molecule (N,H4) was produced. After N3 formed a
bond with H15 from N8 at 1.476 ps, N4 obtained H16 from a
surrounding H;O" at around 1.500 ps. Thus, a NoHg>" ion was
formed. Of the six bonded H atom, five (H7, H9, H12, H14, and
H15) were supplied from (both directly and indirectly via H,O
molecules) the hydrogenated N, molecules upright on the Fe slab
surface. It is considered that the hydrogenated N, molecules are
useful as a source of H atoms and can be somewhat away from
the influential range of Fe slab. We describe in the next subsection
3.6 that these hydrogenated N; molecules also play an important
role in the production of NHj.

However, the sum of Mulliken charges was not equal to +2
(only +0.8) at this time, which is due to that the bond strengths
of N3-H15 and N4-H16 are only half in those for other H-N bonds
at 1.500 ps. That is, the NyHg?" ion was in a situation close to a
N,Hs+. As described in the next subsection, therefore the N,Hg2+
ion did not immediately become two NH3 molecules.

3.6 Production Mechanism of Two NH; Molecules through
Reduction of a N,H¢2" ion

In this subsection, we discuss the reaction process of NHj3 pro-
duced by reduction of the N,Hg?+ described in previous subsec-
tion 3.5. Figure 8(a) shows time evolution of the atomic con-
figuration, where two NH3 molecules were formed at 1.663 ps.
Figures 8(b) and 8(c) show the time evolution of 0;;(¢) and Q;(r)
for specified atoms.

Although the N,Hg?t ion was formed at 1.500 ps, H12 was
dissociated from N4 by proton transfers involving O5 and N9 at
1.537 ps. Furthermore, at 1.578 ps, H14 and H15 were deprived
by N10 and N8 at 1.578 and 1.588 ps, respectively. In this way,
the hydrogenated N, molecules upright on the Fe slab surface of-
ten deprives the H atoms. At 1.600 ps, the NoHg>" ion resulted
in the state of N,H3, where N3 and N4 competed with each other
for bonding with more H atoms and filling the hole of the de-
prived H atoms. It can be understood that not only Oyg N3 ()
but also Oyg_n4 () had a positive value. At this time, the bond
between N3 and N4 was temporarily broken, indicating that elec-
trons between N3 and N4 were used to form bonds with H9 and
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the bonding state of N3-N4 became unstable. From 1.609 ps, H
atoms began to be supplied to N3 and N4 again, and N4 obtained
H17 from N10. At 1.624 ps, proton transfers occurred between
surrounding one H,O molecule and H3;0™, and then H18 bonded
to N3 instead of dissociating H7. At this time, the bond strength
of N3-N4 increased to ~0.5 again. At around 1.638 ps, N3 and
N4 obtained H8 and H13 again from N5 and the surrounding
H30™", respectively (see the snapshots at 1.343 and 1.418 ps in
Fig. 7(a)). Although a NyH¢?" ion was formed again, the bond
strength between N3 and N4 could not be restored and reached
zero at around 1.663 ps, leading to the production of two NHj
molecules. The sums of Mulliken charges for the respective two
NH; molecules also became zero.

As stated above, competing H atoms between N3 and N4 would
give rise to an instability of the N3-N4 bond, thus resulting in
the NH;3 production. Then, it is considered that active exchange
of H atoms with the hydrogenated N, molecules on the Fe slab
surface is an important factor. Figure 9 shows time evolution of
the numbers of N, molecules bonded by one or more H atoms
upright on the Fe slab surface in the 5 and 6 km/s shock-wave
simulations. It can be seen that there are more hydrogenated
N, molecules formed between 1.343 and 1.663 ps in the 6 km/s
shock-wave simulation, where the formation of the NyHg2t ion
and the production of two NH3; molecules occurred. It is therefore
concluded that NHj could be produced when many hydrogenated
N, upright on Fe surfaces exist. A plausible reason why it did not
occur in the 5 km/s shock-wave simulation is because there were
not enough hydrogenated N, molecules on the Fe slab surface.

In this way, NH3 production from hydrazinium ions might
largely depend on the number of surrounding N, molecules. Only
one production was observed even in our calculation model with
high N, concentration, which indicates that this reaction is ex-
tremely rare in reality. N, molecules that were placed in spe-
cial situations, such as those near meteorites with a large amount
of atmospheric N, molecules adsorbed on the surface, would be
an object of the NH; production mechanism. Meanwhile, hy-
drazinium ions themselves could be formed by another mecha-
nism different from the one in subsection 3.5, i.e., through sin-
gle H atoms existing on the Fe slab surface found in our previous
study. 12 We have not yet observed a case where hydrazinium ions
formed by this mechanism produce NH3 molecules. The corre-
sponding ion was broken at 1.181 ps in the 6 km/s simulation,
whereas it remained intact even at 4 ps in the 5 km/s simulation.
Therefore, we will elucidate whether the ion is transformed to
NH;3 molecules, for example, by performing a long-term calcula-
tion considering the cooling process from the state at 4 ps of the
5 km/s shock-wave simulation.

4 Conclusions

By means of an AIMD combined with MSST method, we simu-
lated a shock wave generated by a meteorite impact on ancient
ocean with a larger speed 6 km/s than the previous ones 2 (5 and
4 km/s) for a system consisting of metallic iron, N,, and H,O, imi-
tating the prebiotic Earth during the LHB period. The results sug-
gested that meteorite impacts with the larger speed could further
increase the amount of NH3 molecules produced immediately af-
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ter the shock (i.e. shock compression).

This is because the NHj3 production occurred not only by the
associative mechanism observed in the 5 km/s shock-wave simu-
lation, 12 but also by following two different production mecha-
nisms. The one is the dissociative mechanism, where a single N
atom is formed from the decomposition of a N, molecule on the
Fe slab surface, and then the single N atom bonded by three H
atoms (NHj fragment) was desorbed from the surface. Although
the formation of the NH;3 fragments has already been confirmed
even in the 5 km/s shock-wave simulation, they have never been
desorbed from the Fe slab surface due to their short life time (<
20 fs). One of the reasons that the desorption reaction rapidly
occurred in the 6 km/s simulation is because the number of de-
composed H atoms from H,O was larger than that in the 5 km/s
shock-wave simulation, leading to increases in the number of hy-
drogenated N atoms on the Fe slab surface (i.e. NH; fragment,
NH, fragments, and NH3 fragments) and in survival time of the
NH; fragments. The other reason is a catalytic function by other
N atoms on the Fe slab surface. We found that the N atoms
bidentate-coordinated to Fe atoms deprive the electrons used to
form the bonds between Fe atoms and NH; fragment, thereby ac-
celerating the desorption as an NH3; molecule.

Another production mechanism is the reduction of a N,
molecule through the formation of a N,Hg2" ion, where a N»
molecule was reduced by H atoms and then two NH3 molecules
were produced. The N,Hg2" ion itself was also formed in the 5
km/s shock-wave simulation, but none of the bond of N-N was
broken. In the 6 km/s shock-wave simulation, on the other hand,
this reduction reaction would be enhanced by high exchange of
H atoms between a NoHg?* ion and hydrogenated N, molecules
upright on the Fe slab surface. Such intense exchange rate of H
atoms destabilized the bond of N-N, resulting in the rapid NHj
production. It is considered that the number of the hydrogenated
N, molecules in the 5 km/s shock-wave simulation was insuffi-
cient to lead to the intense exchange of H atoms.

Meteorite impacts leading to such multiple production mech-
anisms may have resulted in a tremendous amount of NH; on
the early Earth, which strongly supports the experimental sug-
gestions, 10:13-15
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5 Graphics
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Fig. 1 (a) Initial atomic configuration of the system consisting of a Fes
slab, 16N, and 38 H,O molecules. (b)-(d) Three types of adsorption of
a N, molecule on the Fe slab.
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Fig. 2 Time evolution of (a) volume ratio, (b) pressure, (c) particle
velocity, and (d) temperature in the 6 km/s shock-wave simulation. (e)
Time evolution of cumulative number of produced NH3; molecules or
NH,* (solid line) and of remaining number of produced NH; molecules
(dashed line). (f) and (g) Time evolution of the number of H-O, H-N,
H-Fe, and O-Fe bonds.
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Fig. 3 Time evolution of the number of (a) NH; fragments, (b) NH,
fragments, and (a) NH; fragments, where the black and red dashed
lines represent those for the 5 and 6 km/s shock-wave simulations,
respectively.
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Fig. 4 (a) Atomistic configurations at 2.306, 2.338, 2.355, 2.396, 2.568, and 2.618 ps during the desorption of an NH3; fragment from the Fe slab
surface. Time evolution of (b) the bond-overlap populations O;;(r) and (c) the Mulliken charges Q;(r) associated with the atoms labeled in (a).
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Fig. 5 Time evolution of the number of N atoms bonded to two Fe
atoms (Nyr.), where the black solid and red dashed lines represent
those for the 5 and 6 km/s shock-wave simulations, respectively.
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Fig. 6 Atomic configurations of the systems consisting of one Fes
cluster and one NHj fragment (a) without and (b) with one N atom
bonded to two Fe atoms (N,g.). (c) Free energy profiles at 300 K for the
systems (a) and (b) as functions of the distance rn_g. between N and Fe
atoms.
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Fig. 7 (a) Atomistic configurations at 1.343, 1.362, 1.375, 1.394, 1.418, 1.476, and 1.500 ps during the formation of a NyHs 2 ion from a N, molecule.
Time evolution of (b) the bond-overlap populations 0;;(r) and (c) the Mulliken charges Q;(r) associated with the atoms labeled in (a).
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Fig. 8 (a) Atomistic configurations at 1.537, 1.578, 1.588, 1.600, 1.609, 1.624, 1.638, and 1.663 ps during the production of two NH3 molecules by
reduction of the N>He *2. Time evolution of (b) the bond-overlap populations 0;;(¢) and (c) the Mulliken charges Q;(t) associated with the atoms labeled
in (a).
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Fig. 9 Time evolution of the number of N, molecules bonded by more
than one H atoms upright on the Fe slab surface, where the black solid
and red dashed lines represent those for the 5 and 6 km/s shock-wave
simulations, respectively.
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