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ABSTRACT: The sequence of elementary steps leading to reductive ammonia
formation from N, and H, catalyzed by a Fe ¢ cluster is studied using generalized
gradient approximation density functional theory and an all-electron basis set of
triple-{ quality. The computational methods are validated by comparison to
experimental data such as binding energies where possible. First, the associative @
and dissociative attachment of N, to Fe 4 is considered, followed by exploration of \\‘ﬂ%k 4
the pathways leading to distal (Fe;c—N—NH,) and enzymatic (NFe;,—NH,)
formation of an amino group. Next, the pathways leading to NH; formation in
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both distal and enzymatic cases are examined. Two mechanisms for NH;

detachment have been discovered. An interesting peculiarity of the pathways is that they often proceed with total spin fluctuations,
which are related to the rupture and formation of bonds on the surface of the catalyst over the course of the reactions. The reaction
Fe,s + N, + 2H, — Fe;(NH + NHj is found to be exothermic by 1.02 eV (93.8 kJ/mol).

1. INTRODUCTION

Ammonia is an important component of many fertilizers and is
widely used in many industrial applications. The use of ammonia
in hydrogen storage' and as a carrier or supplier of hydrogen
energy has attracted considerable attention in the scientific
community.” A significant amount of effort has been spent on
searching for more environmentally friendly and energy-efficient
ways of reducing N, to NH;, compared to the current industry
standard, the Haber—Bosch process.3 The latter has many
drawbacks, such as its high energy demand (about 2% of global
energy consumption), need for high temperatures of 400—500
°C and pressures of ~200 atm, and large carbon footprint
(~1.0% to the global CO, emission). There are numerous
approaches to reduce atmospheric nitrogen into ammonia®”
involving nitrogen fixation via nitrogenase complexes,”” found
in nitrogen-fixing bacteria. Other molecular complexes with
active nd-metal centers®” are also capable of nitrogen fixation.
Presently, one of the more popular related areas of research is
the electrochemical nitrogen reduction reaction (NRR) at
ambient conditions,'’”™"” including single-atom catalysis.'"* A
relevant approach is presented by the photocatalytic ammonia
synthesis'” based on a redox conversion of dinitrogen and water
into ammonia and dioxygen. However, the Haber—Bosch
process, despite its high consumption of energy and high
carbon dioxide emission, remains the only major industrial
process of ammonia production estimated at about 150 million
metric tons per year.

A quantum chemical study of N, activation by nitrogenase
complexes appears to have been first attempted by Siegbahn et
al.'® by using several iron—sulfur clusters imitating the FeMo

© 2023 American Chemical Society

WACS Publications

9052

cofactor. More realistic models of nitrogenase were considered
recently.'” Heterogeneous catalytic formation of ammonia was
modeled using FeN;-embedded graphene,'® Co;Mo;N surfa-
ces,"” oxynitrides,”” and many others (see references in ref 20).
Such studies are commonly based on several mechanistic
models®" of the NH; formation, which include

1. Distal: the NH; formation atop of an N atom attached to a
catalyst surface.

2. Alternative: the NH; formation involving both N atoms of
an N, dimer attached to a catalyst surface.

3. Enzymatic: the NH; formation on an N atom left after
dissociation of an N, dimer on the catalyst surface.

The smallest catalyst for ammonia formation from N, is
presented by a Ta," dimer. In the suggested process,” the N,
dimer first dissociates to form a Ta,N, rhombus and two NH;
are formed after adding three H,. Zhang etal” used a
superalkaline cluster Ca;B for the NH; formation and obtained
Ca;BNHj; which is a congener of ammonia borate H;NBH;. In
the recent research,”* the clusters Fe,,X, where X is a 3d- or 4d-
metal atom, were used for the ammonia formation via
enzymatic-type pathways. Ammonia can also be formed from
N, and H, on catalysts containing no nd-metal atoms.
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The present work is focused on a detailed computational
study of the reaction pathways of NH; formation on a 16-atom
nanoparticle of pure iron, Fe)s. To the best of our knowledge,
this is the first computational study of this catalytic reaction on
this form of Fe catalyst. As is well-known, the Haber—Bosch
process uses an iron catalyst (with small amounts of additives)
but not in nanoparticle form. The relevance of this study stems
from the following considerations:

(a) The most active sites on a crystalline catalyst tend to be
the defects, which deviate significantly from the periodic
crystal geometry and may be closer to nanoparticle
surfaces.

(b) The high surface energy of subnanometer metal clusters
can contribute to increased catalytic activity. In our
previous work,”® the Fe,s nanoparticle was found to
promote dissociative attachment of dinitrogen. That
study also found that both N atoms and N, dimers prefer
cluster surface sites and do not penetrate 1n51de the
cluster. The same cluster was also recently tested”® as a
catalyst for reactions of the CO, dissociation into
separated atoms C and two O atoms on the surface of
the cluster.
(c) Computationally, studying reactions of small molecules
on small 3d-transition metal clusters makes it possible to
use all-electron basis sets which can yield more precise
descriptions—compared to plane wave methods that
incorporate effective core potentials—of relevant elec-
tronic effects including the dependence of ground state
energies on spin multiplicity which, the results of the
present study show, play an important role in reaction
energetics.

(d) It is now possible to synthesize size-selected subnan-

ometer clusters of metals and metal oxides.”” Therefore,

the catalytic activity of ultrasmall nanoparticles is now
amenable to be studied in detail in the laboratory.

It is hoped that insights into the pathways of ammonia
formation on the Fe 4 cluster will contribute to the design and
optimization of improved catalysts for this extremely important
reaction.

The geometrical structure of the ground-state Fe4 is less
symmetric than that of the Fe,; cluster where all surface atoms
have S-fold coordination, while the surface atoms of Fe,4 have
both 5-fold and 6-fold coordination sites. The Fe,, clusters with n
= 17-19 also have surface atoms with 4-fold coordination and
possess less smooth surface than Fe,.”*~*° Therefore, we have
chosen Fe 4 as a representative nanoparticle for N, — NH;
catalysis. First, we consider the attachment of N, to Feq
associatively to form Fe 4—N,, or dissociatively to produce
two N atoms on the cluster surface. Adding H, in both cases of
associative and dissociative attachment of N,, pathways for the
formation of —N—NH, (the distal case) and —NH, (the
enzymatic case) are determined. By adding the second H, in
both cases, we obtain NH; bound to an iron cluster (the —NH,
type) or via an N atom (the —N—NH,j type).

2. COMPUTATIONAL DETAILS

Our computations were carried out by using all-electron spin-
polarized density functional theory (DFT) with the generalized
gradient apprommatlon (DFT-GGA) realized in the GAUS-
SIAN 16 program.”’ The well tested BPW91 method, where the
exchange -correlation functional is cornposed of Becke’s
exchange and Perdew—Wang’s correlation,” 3 and the 6-
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311+G* basis [Fe: (15s11p6d1f/10s7p4dif),>* N: (12s6p1d/
Ss4pld) and H:(3slsls)™ were used. Many assessments of
various pure and hybrid DFT methods have shown the BPW91
method to be one of the most suitable methods for compounds
containing transition metals.>*” In a recent work,* the
BPWO91 binding energies of nitrogen atoms to the Fe, clusters in
the range 4 < n < 10 were found to match the experimental
values”' within the experimental accuracy bars. Computed in
this work, the Fe ,,—N bond strength of 5.19 eV is also in
excellent agreement with the experimental value of "' 5.18 + 0.51
eV. An important advantage of the BPW91 method is its
superior reproduction of antiferromagnetic states than that of
several other widely used methods.*”

=0=25+1=51 =0=25+1=53

A

=0=25+1=51 =0=25+1=53

N
=)

Dlpole moment
-
=)

4.7
4.6
4.5
4.4
4.3

4.2 1 T T T v
1.0 2.0 3.0 4.0 5.0

Polarizability

@
=0=25+1=51 =0=2S+1=53 e

Total Energy (eV)
e B = N
%} [=] [ (=}

e
=)

R(Fe-N), A

Figure 1. Total energy curves for the Fe;4(25 + 1 =53) + N,(2S+ 1=
1) and Fe 4(2S + 1 = 51) + N,(2S + 1 = 1) systems as a function of the
distance (in A) between an N, dimer and a Fe atom on the surface of the
Fey4 cluster. Zero energy corresponds to the total energy of the
Fe 4N, (2S + 1 = S1) state (the lowest panel); the corresponding static
electric polarizabilities per atom in A® (the middle panel); and dipole
moments in Debye (the top panel).

A typical reaction pathway consists of reactants followed by
several transition states separated by local minima and
terminates with the reaction products. After choosing a trial
geometrical configuration, we perform computations by using
the modified conjugate gradient algorithm developed by
Schlegel™ and subsequently improved by other authors*' to
reach a first-order transition state (TS) with one imaginary
frequency. Next, we carry out intrinsic reaction coordinate
(IRC)** computations to find two states which are connected
via this TS. If one of these states is close in total energy to the
previous state of the pathway and has a close geometric

https://doi.org/10.1021/acs.jpca.3c05426
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Figure 2. A pathway of N, dissociation on the ground-state Fe 4 cluster to an NFe 4N isomer when N, dimer was attached to a 5-fold coordinated Fe
atom. The zero energy is below the sum of total energies (including the ZPVE) of Fe s and N, by —0.46 eV. The top panel shows the imaginary
frequencies obtained at transition states TSi. The pathway contains two spin multiplicity changes on the local minima states. In this figure and those

that follow, M = 2S + 1.

structure, we perform the geometry optimization of this state to
make sure that the state found in the IRC procedure fits the state
for which this TS search was performed. It should be noted that
in the case of magnetic clusters several states may have close
geometries but appreciably different total energies correspond-
ing to several possible accommodations of the local total spin
magnetic moments of magnetic atoms. This is quite a typical
case for ferrimagnetic states but is less common for
ferromagnetic states. In most cases, optimizations lead to the
lowest energy states, but in some cases, additional effort is
required to confirm that the IRC state and the lowest energy
state with the same geometrical structures differ by only
accommodations of local spins on iron atoms.

In the case of a magnetic catalyst, one should keep in mind
that adsorption of atoms or molecules usually leads to changes in
the total magnetic moment, whose predominant part in the case
of iron clusters is due to the total spin magnetic moment.*® For
example, adding a single N atom to Feg leads to a decrease in the
total spin magnetic moment by 1.0 g, from 24 pg to 23 g,
whereas deposition of two N atoms onto the Fe 4 cluster surface
results in reduction of the cluster total spin magnetic moment by
6 pp, from 52 piy to 46 pp.> In reactions catalyzed by Fe,, the
surface reactant compositions change which consequently
results in changes of spin multiplicities (a spin multiplicity 2S
+ 1 corresponds to the total spin magnetic moment of 25 i) of
the local minima states in reaction pathways.

According to a recent experimental study’’ of nitromethane
by the time-resolved photoelectron spectroscopy, deexcitation
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of the first excited state occurs in 24 fs, while experiments using
the ultrafast pump probe spectroscopy have shown deexcitations
to occur within 110 + 20 fs in the largest Fe;sO4 cluster
studied.”® Generally, experimental demagnetization times are in
the range 50—100 fs,* which is in line with the results of
calculations by using spin-polarized time-dependent DFT for
the bulk ferromagnets of Fe, Co, and Ni,*° and with theoretical
demagnetization lifetimes obtained in computations based on
the spin—orbit coupling mechanisms.”"”** Since vibrational
excitation times are longer than the time scales of magnetic
relaxations which are on the femtosecond scale, one should
expect that magnetic relaxation times are much smaller than the
times required to reach transition states. Therefore, magnetic
relaxation can lead to states with smaller or larger spin
multiplicities. For this reason, we always performed energy
optimizations of local minima states obtained in the IRC
procedure for several values of spin multiplicity in the vicinity of
the spin multiplicity value of the preceding reaction step and
identified the spin multiplicity of the lowest energy state. This
procedure was repeated until the total energies of states with
larger and smaller spin multiplicities became larger than total
energies of their predecessors. The spin multiplicity of the lowest
energy state found is regarded as the spin multiplicity of the next
reaction step. Vibrational analysis was conducted on all
stationary states to ensure that there were no imaginary
frequencies. This process was continued until the final state,
also optimized in the spin multiplicity, was reached.

https://doi.org/10.1021/acs.jpca.3c05426
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Figure 3. A pathway of N, dissociation on the ground-state Fe 4 cluster to an NFe 4N isomer when N, dimer was attached to a 6-fold coordinated Fe
atom. The zero energy is the same as that in Figure 2. The top panel shows the imaginary frequencies obtained at the transition states TSi. The pathway

contains three spin multiplicity changes on the local minima states.

The convergence threshold for total energy and the force
threshold were set to 107 eV and 107* eV/A, respectively. All
energies in this work are obtained at 0 K. Occasionally, the force
threshold was decreased to obtain a stronger convergence of
optimized geometrical structures. Vibrational analysis was
conducted on all stationary states to ensure there were no
imaginary frequencies and on all transition states to verify that
only one of the vibrational modes corresponded to an imaginary
frequency. The energies of the stationary and transition states
shown in the following section include zero-point energies.
Local total spin magnetic moments on atoms were computed by
using the natural atomic orbital populations (NAO) obtained
from the NBO analysis.”

3. RESULTS AND DISCUSSION

This Section is organized as follows. First, in Section 3.1, we
consider associative and dissociative attachments of N, to the
ground-state Fe ¢ cluster. In Section 3.2, two pathways with the
associative attachment of N, and two reaction pathways with the
dissociative attachment of N, of the amino group formation are
presented as well as a pathway for the dissociation of an H,
dimer. In Section 3.3, the ammonia formation was modeled by
adding the second H, to the amino groups. Both the distal Fe,s—
N-NH, and enzymatic NFe;s—NH, cases were considered.
Finally, the optimal combinations of the pathways leading to the
ammonia production and the rate-limiting steps are discussed.
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3.1. Attachment and Dissociation of N,. According to a
number of studies,”™> the preferred attachment of N, to nd-
metal atoms and clusters is in the end-on position, which was
experimentally confirmed for the [Fe,(N,),]" (n = 8-20)
clusters’®®” and mixed rhodium—iron clusters [Rh,Fe,]*
clusters.’® Our optimizations have shown that the spin
multiplicity 25 + 1 = 53 of the ground-state Fes cluster
decreases by two in the case of the Fe (N, cluster with N, in the
end-on position. To gain insight in the behavior of total energy
curves of the Fe 4N, states with the spin multiplicities of 2§ + 1 =
53and 2§ + 1 = 51 when an N, dimer is in its ground singlet state
approaches to Fes from a large distance, relaxed potential
energy scan computations with a step of 0.1 A were performed.
The total energy curves obtained are presented in Figure 1
together with the curves of the static electric polarizabilities and
dipole moments of both states.

At large distances, the energy curve of Fe;s + N, with 2§ + 1 =
51 is higher than the energy curve with 25 + 1 = 53 (the spin
multiplicity of the isolated ground-state Feys cluster). Both
energy curves intersect at a distance of ~2.5 A, and the curve of
the 2S5 + 1 = 51 state drops below the curve with 25 + 1 = 53 at
smaller distances. Note that the orientation of N, toward the
cluster remains the same as the dimer approaches the cluster.
The total energy difference between the states of the Fe 4 cluster
with the spin multiplicities 2§+ 1 =51and 2§+ 1 =53is0.12 eV,
whereas the difference between the minima on the two energy
curves equals 0.47 eV; i.e., the differences in total energies of the

https://doi.org/10.1021/acs.jpca.3c05426
J. Phys. Chem. A 2023, 127, 9052—-9068
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Figure 4. A pathway of the NH, formation when N, was attached associatively to a 5-fold coordinated Fe on the Fe 4 cluster. The total energy shift with
respect to the ground state of Fe ¢ + N, equals —0.46 eV plus the total energy of H,, —31.67 eV, i.e., —32.13 eV (computed at the BPW91/6-311+G*
level). The top panel presents the pathway energetics, while the geometrical presentation of the pathway is given below. The top panel also shows the
imaginary frequencies obtained for the corresponding transition states TSi, separated by the local minima LMi on the potential energy surface. The

pathway contains three spin multiplicity changes on the local minima states.

two Fe (N, states are four times larger. The curves in Figure 1
show that there are no repulsive barriers for molecular N,
adsorption. The binding energy of N, depends somewhat on the
position of the Fe atom on the cluster surface to which Nj is
attached, and the adiabatic binding energies of N, to the 5-fold
and 6-fold coordinated Fe atoms are 0.46 and 0.32 eV,
respectively, and can be compared to the experimental binding
energy of 0.29 + 0.02 eV of N, on the Fe(110) surface.”” The
higher binding energy on Fe 4 can be reasonably attributed to
the higher surface energy of the nanocluster relative to the
crystal surfaces. The local spin magnetic moment of the Fe atom
to which N, is attached decreases by 1.1 yg due to an increase in
the Fe f-3d4p electron population available for bonding. The
bonding of N, to a nd-metal atom is understood® to be due to
interactions of the metal atomic orbitals (AO) and the 7* orbital
of N,.

It can be seen in Figure 1 that the polarizability increases and
reaches its maximum at R(Fe ,—N,) ~ 2.5 A, which corresponds
to the vicinity of the intersection point of both energy curves,
and it decreases when the Fe (—N, distance decreases. That is,
the movement of N, toward the Fe atom is due to polarization
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forces at large distances and the Fe—N, bond formation leads to
a decrease in the polarizability. On the contrary, the dipole
moments increase near the equilibrium bond distances.

No transition state was found for N, approaching the Fe 4
cluster by using the gradient-based search, which is in line with
the barrierless attachment of N, to a Fe atom in Figure 1. A
search for pathways of N, dissociation was performed for two
cases where N, attached to 5-fold and 6-fold coordinated iron
atoms. The pathway with the lowest energy with respect to the
sum of total energies (including the ZPVE) of Fe;s and N,,
shown in Figure 2 starts with N, attached to a five coordinate Fe
atom and has three transition states (TS) before the N, bond
cleavage occurs. The first TS1 corresponds to N, tilting toward a
neighboring Fe atom in such a way that the bottom N atom
attaches to this Fe atom. The IRC procedure leads to a local
minimum (LM) with the attachment of both N atoms to iron
atoms. Optimizations of the LM1 state in the spin multiplicity
around 2§ + 1 = S1 did not result in any lower energy state.
Therefore, the next step was started with 2§ + 1 = 51 and the
LM2 state relaxes to a state with 25§ + 1 = 49. The next step

https://doi.org/10.1021/acs.jpca.3c05426
J. Phys. Chem. A 2023, 127, 9052—-9068
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proceeds with 28 + 1 = 49, and the final state of the pathway
relaxes to the ground state of the NFe (N cluster.

The second pathway where an N, dimer is attached to a 6-fold
coordinated Fe atom has two TSs preceding the N, collapse to
two N atoms (see Figure 3) has the same first step as the
previous pathway. The second TS2 now corresponds to a
cleavage of N, and is higher in energy by almost 1.0 eV than TS2
in Figure 2. The IRC procedure leads to the final state, with N
atoms attached to two Fe; faces on the Fe4 cluster surface.
Optimizations of states with the geometrical structure of the
final state and the spin multiplicities of 47, 49, S1, and 53
resulted in the lowest energy state with 25 + 1 = 49. Two more
steps are required to reach the ground-state NFe (N cluster.
Dissociation energy of N, on the Fe ¢ cluster of 0.36 is somewhat
less compared to the energies obtained for the N, dissociation
on smaller iron clusters.”

3.2. Formation of Amino Groups. Since the Haber—
Bosch process utilizes molecular hydrogen, we consider how
NH, is formed by adding H, to Fe ,—N, in which the N, is
attached associatively, and to N—Fes—N, in which the N, is
attached dissociatively and the H, reacts with a single N atom on
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the cluster surface. First, we consider the case when N, is
attached associatively to a Fe atom on the surface of the Fe 4
cluster. Relative to the asymptotic ground states of Fe;,N, + H,,
the formation of the Fe,c—N—NH, lowest energy state with 25 +
1 = S1 is energetically unfavorable by +1.36 eV. To gain insight
into interactions of the top N atom with H,, relaxed potential
energy scan computations were performed for Fe (N, + H, as a
function of distance between this N atom and one of the H
atoms. The results, shown in Figure S1 of the Supporting
Information, indicate that the energy curve is repulsive and
attachment of H, to Fe(N, appears to follow a different
mechanism. As will be seen below, the formation of Fe;(—N—
NH, from Fe s—N—N and H, is a complicated process that
proceeds via multiple-step reaction pathways.

There are two scenarios of the NH, formation in the case of
the associative attachment of N, to an iron cluster; namely, when
the NH, formation involves the top N atom of the N, dimer (the
so-called distal case) and when NH, sticks to the surface of the
cluster (the so-called enzymic case). The pathway for —-N—NH,
formation is presented in Figure 4. The first transition state TS1
corresponds to the stretching of the H—H bond with the

https://doi.org/10.1021/acs.jpca.3c05426
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Figure 7. One-step formation of the —NNH group by lifting up an H
atom from the cluster surface by a N, dimer attached associatively in
one step. The complex number is the imaginary frequency obtained for
the transition state.

subsequent formation of — N—NH and an H atom attached to
an Fe—Fe edge (LM1). Optimizations of the LM1 states in 2S +
1 resulted in the multiplicity decreasing by two from S1 to 49.
The TS2 corresponds to the bending of —N—NH, and both N
atoms become attached to iron atoms in the second local
minimum state LM2 which relaxes to a 2S5 + 1 = 47 state. The
TS3 corresponds to an H atom displacement and the LM3 has
nearly the same geometrical structure as the TS3 and relaxes to a
state with a larger spin multiplicity. Thus, the spin relaxation can
proceed in both decreasing and increasing directions of the total
spin magnetic moment. The TS4 corresponds to the H atom
displacement into the Fe; face position in the LM4 state without
the 2§ + 1 change. In the final TSS state, H detaches from the

9058

face and attaches to an N atom. In the final state of the pathway,
—N—NH, is formed on the top of a Fe; triangle. This state is
above the dissociation limit Fe (N, + H, by +0.95 eV, and the
highest energy barrier of + 1.87 eV attained at TSS is related to
the rupture of two Fe—H bonds without changing the spin
multiplicity of the final state.

In the second scenario presented in Figure 5, the N—N bond
breaks and both N atoms become attached to the cluster surface
during the reaction process; this results in an amino group being
formed on the cluster surface. Three pathways were found for
this scenario; one of them with the lowest energy barrier is
presented in Figure 5 and two others may be found in the
Supporting Information. Comparing Figures 4 and 5, one can
see that both TS1 correspond to the stretch of the H, bond, but
the first local minima of LM1 are different. At the second step,
the —N—NH group changes its supporting Fe atom in the TS2,
and the second N atom attaches to the Fe atom which previously
supported the —N—NH group in the LM2 state which relaxes to
a state with the spin multiplicity 2S + 1 = 47 where the —NNH
group tilts toward a Fe atom and both N atoms become bound
to the third Fe atom. The third transition state TS3 corresponds
to the single H atom migration to a Fe; face which leads to an
increase of the spin multiplicity by two of the LM3 state.
Separation of nitrogen atoms occurs in TS4, where the single H
atom moves to an Fe, edge position that leads to reducing the
spin multiplicity of the LM4 state by two.

The single H atom becomes attached to both Fe and N atoms
in TSS, and the final state is formed by breaking the Fe—H bond
which leaves the amino group NH, in the bridge position
between two Fe atoms. Such position was found to be preferred
in the DFT study of adsorption of NH, on the Fe(110)
surface.”’ The adsorption energy E_; is computed in this work
according to the formula:
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pathway contains a spin-multiplicity change on the LM3 state.

Eads(FeléN_NHZ)

= [Eel + Ezp]FemN + [Eel + Ezp]NH2 - [Eel + Ezp]FemNzH2
1

where E, is the Born—Oppenheimer energy and E_,, is the zero-
point vibrational energy. The value obtained, E_; = 3.46 eV, is in
reasonable agreement with the value range of 2.97—3.03 eV
obtained for the NH, attachment to the Fe(110) surface,
especially if one accounts for the higher surface energy of a
nanocluster compared to a crystal surface. Experimental data
were also obtained®” for binding energies of ND, to a series of
the Fe,* cations, and the average binding energy“ of 3.2 +0.2
eV is in line with our value for the NH, binding energy.

Two more pathways of amino group formation are presented
in Figures S2 and S3 of the Supporting Information. The largest
barrier heights in these figures are 1.91 and 2.29 eV, respectively,
whereas the largest barrier heights in Figures 4 and S are 1.87
and 1.44 eV, respectively.

It is not necessary that H, interacts directly with N or N,; H,
can first dissociate, and H atoms formed could approach an N
atom or an N, dimer due to the high mobility of H atoms.
Dissociation of H, on Fe 4 cluster proceeds in one step and the
next three steps are required to reach the ground state of the
Fe 4H, cluster. As can be seen in Figure 6, the barrier heights for
the H movement over Fe—Fe edges are ~0.1 eV.

Hydrogen atoms can approach an N, dimer attached
associatively to the Fe4 cluster, and a “NNH group can be
formed in one step (see Figure 7) similar to the —NNH group
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formation shown in Figure 5, and the formation of amino group
can proceed in a similar way.

In the case of dissociative attachment of N, to Fe,, there are
two N atoms separated by a Fe atom, and NH, is formed by
adding H, to one of the nitrogen atoms. We found two pathways
leading to the formation of NH, with all ferromagnetic local
minima states and with intermediate ferrimagnetic states where
one local total spin magnetic moment flips, ie. couples
antiparallel to the local total spin magnetic moments of all
other Fe atoms. The first scenario is presented in Figure 8, where
the first transition state TS1 corresponds to the sharing of the H,
dimer between the Fe and N atoms. After the H-H bond
rupture in the LM1 state, one H atom attaches to the N atom,
and NH is tetracoordinate. The next two steps are required for
the single H atom movement toward NH; the LM3 state relaxes
in the spin multiplicity, and NH becomes tricoordinate. Next,
the migrant H atom shares the same Fe atom with NH in the
TS4, and the IRC procedure delivers the final state with NH, in a
bridge position. This process is exothermic, with the highest
energy barrier being quite moderate: + 0.82 eV.

In the second scenario presented in Figure 9, an H, dimer
attaches to the Fe atom connecting two nitrogen atoms
practically without an energy barrier. The local minimum
LM1 obtained with the initial spin multiplicity of 47 relaxes to 2S
+ 1 = 45 accompanied by the spin flip on the Fe atom which is
bonded to two N atoms and H, in the side-on position. The local
total spin magnetic moment computed as the difference of
excess spin densities of this Fe atom is —2.3 yp and is coupled
antiparallel to the local total spin magnetic moments of all other
Fe atoms. The second transition state TS2 has the geometrical

https://doi.org/10.1021/acs.jpca.3c05426
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Figure 10. A switch mechanism between the distal and enzymatic
attachments of NH,.

structure similar to that of the first transition state TS1 in Figure
8, where H, is bound to both Fe and N atoms in a fan-like type.
But the H—H bond rupture in the LM2 state leaves the second
H atom in the vicinity of NH and no H migration is required.
This H atom moves to NH in the TS3 state, and the Fe—H
breakage results in a magnetically excited final state. The spin
relaxation leads to an increase in the multiplicity from 43 to 49
and the final state becomes ferromagnetic. This pathway has two
spin multiplicity decreases on the local minima states and
multiple changes in the spin multiplicity on the final state from
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2§ + 1 =43 to 25 + 1 = 49. The largest energy barrier of this
pathway has a moderate height of +0.87 eV.

As can be seen in Figure S4 of the Supporting Information
where the lowest energy isomers of Fe;(N,H, with different
geometrical structures are presented, the global minimum state
has the structure with dissociative attachment of both H, and
N,. Dissociation of both dimers on the cluster surface leads to a
sharp decrease in the spin multiplicity of the initial Fe 4 cluster,
from 2§ + 1 = 53 to 28 + 1 = 4S. It is remarkable that N and H
atoms share three adjacent Fe vertices, thus forming a seven-
atom chain. The lowest energy isomer with NH, attached to a
Fe—Fe edge is higher in energy by only 0.29 eV, followed by an
isomer with two NH dimers sharing the same Fe atom. The
higher energy isomers possess geometric strictures correspond-
ing to various distributions of H and N atoms over the Feq
cluster surface.

The distal and enzymatic positions of NH, can be
transformed (switched) from one another via two transition
states as shown in Figure 10. The middle reference state is
similar to the LM4 state in Figures S1 and S2 of the Supporting
Information. Depending on the position of a single N atom, the
spin multiplicity of the lowest energy state of NFe ,—NH, can
be 2§ +1 =47 or 2§ + 1 = 49 with quite a small energy difference
between them. One can observe in Figure 8 that a transition to
the distal -N—NH, position is endothermic by 0.10 eV, whereas
it is exothermic by —1.61 eV in the enzymatic case and the
energy difference between the resulting states is 1.71 eV.

https://doi.org/10.1021/acs.jpca.3c05426
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Figure 11. A pathway of the NH; formation when an N—NH, group is attached to the Fe ¢ cluster. The total energy shift with respect to the ground
state of Fe 4 + N, + H, equals +0.39 eV + the total energy of H,, —31.67 €V, i.e,, —31.28 eV (computed at the BPW91/6-311+G* level). The top panel
presents the pathway energetics, while the geometries are presented below. The complex numbers in the top panel are the imaginary frequencies
obtained for the corresponding transition states TSi, separated by the local minima LMi on the potential energy surface. The pathway splits in the end
to TS4-1 and TS4-2, one of which leads to the detachment of NH;, and another one results in NH; directly attached to the cluster.

3.3. Formation of NH;. Adding an H, dimer to the final
states of Fe(N,H, obtained in the previous section, the
pathways leading to the formation of NH; were obtained for
both the distal and enzymatic cases. First, we consider a pathway
that starts with adding H, to the distal —Fe,—N—NH,
geometrical configuration and the spin multiplicity 2§ + 1=
51, which is the spin multiplicity of the lowest energy state of
Fe (N,H, with this geometry. The initial state with the edge
attachment, shown in Figure 11, corresponds to a local
minimum and can be obtained from the final state in Figure 4
by breaking one Fe—N bond in the —Fe;—N—NH, config-
uration. The energy difference between the states with two- and
three-coordinate attachment of NNH, is only 0.06 eV. The
pathway shown in Figure 11 consists of four steps with two final
states, one of which corresponds to NH; detachment (Final-1)
and the other one corresponds to the formation of NH; attached
to a single Fe atom on the cluster surface (Final-2). All states of
the former pathway have the same spin multiplicity 25 + 1 = 51,
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while the detachment of NH; leaves Fe;(NH in a state with the
spin multiplicity of 2§ + 1 = 47.

The first transition state TS1 corresponds to bonding of a
stretched H, dimer to a Fe atom, the distal N atom followed the
H—H bond rupture in the first local minimum state, and a distal
NH; is formed in one step. It requires only 0.02 eV to reach the
second transition state TS2 which connects LM1 with LM2
where the single H atom attaches to the second Fe atom to form
a Fe—H—Fe bridge. The next transition state corresponds to the
tilting of the H atom toward the N—NH; group and the H atom
becomes three-coordinate in LM3. In TS4-1, the H atom moves
toward the N atom and the formation of a NH group leads to
detachment of NHj in the final state. This detachment proceeds
via the formation of metastable NH, when the H atom pushes
NH; up. However, TS4-1 corresponds to a high energy barrier
of +1.61 eV with respect to the LM3 state, whereas there is the
second transition state TS4-2, where the N—NH; bond is
stretched, which is higher in energy than the LM3 state by only
0.08 eV, where the N—NHj; bond is stretched. The next local

https://doi.org/10.1021/acs.jpca.3c05426
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Figure 12. A pathway leading to the detachment of NH; for the second pathway in the previous case. The top panel presents the pathway energetics
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separated by the local minima LMi on the potential energy surface. The pathway has two spin flips, leading to an increase in the spin multiplicity from
47 to S1. The dissociation energies of ammonia with respect to the initial and LM2 states are 0.67 and 0.32 eV, respectively.

minimum state has a geometrical configuration where NHj is
attached to a single Fe atom, and the second N atom is three-
coordinate. The double relaxation from the spin multiplicity 25
+ 1= 51 to 28 + 1= 47 results in the second final state of this
pathway.

A pathway leading to the detachment of NH; from the second
Final-2 state in Figure 11 is shown in Figure 12. Here, the first
transition state TS1 corresponds to approaching the single H
atom to the single N atom and TS2 serves as a connector of H to
N. Next, NH tilts toward NH; to form a temporary H-NH;,
complex. In the local minimum state LM3, the NH dimer is
three-coordinate and NHj is weakly attached to the top H atom
of the NH group. The flat geometry of NHj is realized in TS4
and the inversion of all three H atoms leads to the repulsion of
NHj; in an arrow-type way. This detachment is different from
that in Figure 11 by an additional transition state required for the
inversion of the NH; geometrical structure. Note that the spin
multiplicity increases in this pathway from 2S5 + 1 =47to 2§ + 1
=S1.

A pathway which presents a sort of a hybrid of the two
pathways in Figures 11 and 12 and leads to the NH; detachment
is shown in Figure 13. The initial state in this case was formed as
a result of the first H, dissociation which left one H atom on the
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top of the adsorbed N, dimer. Addition of the second H, leads to
the first transition state TS1 followed by the local minimum
LM1 where the distal NH, is formed. This formation leads to a
decrease in the spin multiplicity due to the attachment of the
second H atom to the cluster surface in a tricoordinate position.
Next, this hydrogen atom is shared between the top N atom and
a surface Fe atom in TS2 and a distal NH; formed in LM2
accompanied by an increase in the spin multiplicity due to the
loss of the H atom on the cluster surface. The transition state
TS3 is followed by the local minimum LM3, which is lower in
total energy than LM2 by 2.60 eV. This gain in energy is due to
the formation of an additional bond between the bottom N atom
and a surface Fe atom and the formation of a single bond Fe—
NH; which results in a decrease in the spin multiplicity from 28
+1=51t02S+ 1=47. The Hand N atoms approach each other
in TS4, and the NH formation in LM4 is accompanied by an
increase in the spin multiplicity due to the removal of the H
atom from the cluster surface. The LM4 geometrical structure is
similar to the one of the LM2 state in Figure 12, but the
corresponding states have different spin multiplicities, which can
be attributed to the different positions of NH and NH; on the
Fe ¢ surface. The transition state TSS is similar to TS3 in Figure
12, and the dissociation proceeds in much the same way (the

https://doi.org/10.1021/acs.jpca.3c05426
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total energy shift with respect to the ground state of Fe,s + N, + H, equals +0.47 eV + the total energy of H,, —31.67 eV, i.e., —31.20 eV (computed at
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are five spin flips in this pathway.
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Figure 14. Dissociation of NH on the Fey4 cluster. The complex
number is the imaginary frequency of the transition state. The
dissociation pathway contains a single transition state.

transition state corresponding to the NH; planarization is
omitted).

The NH dimer was left on the Fe ¢ cluster after the ammonia
detachment. can dissociate in a one-step process, as is shown in
Figure 14. In the reverse process, NH can be formed from N and
H with the appropriate changing spin multiplicities. Dissociation
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of NH leads to the formation of new chemical bonds of the H
atom with two Fe atoms accompanied by the corresponding
lowering in the spin multiplicity. The opposite process leads to
an increase in the spin multiplicity.

The pathway of the NH; formation involving an NFe (,NH,
cluster displayed in Figure 5 as the final state is shown in Figure
15. The first transition state TS1 corresponds to the attachment
of an H, dimer to a Fe atom which dissociates to form the LM1
state. The H, dissociation results in the formation of multiple
bonds between two H atoms and the surface Fe atoms
accompanied by the triple spin multiplicity relaxation. In TS2,
an H atom becomes two-coordinate on the way toward the
amino group, and the decrease in the number of bonds leads to
an increase in the spin multiplicity in the LM2 state. In TS3, the
H atom becomes singly bonded and forms a bond with one of
the Fe atoms supporting the amino group. The H atom attaches
to the N atom of the amino group in TS4, and ammonia formed
in the final state of the pathway. Detachment of NH; may
proceed in the way shown in Figure 12. A pathway where H, is
attached to another Fe atom has a larger barrier height and is
presented in Figure SS of the Supporting Information.
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In addition to the TSS state leading to detachment of NH; in
Figure 13, there is a transition state leading to the release of H,.
Two reaction steps involving both transition states from the
initial state LM4 in Figure 13 are displayed in Figure 16. As may
be seen, the transition state that corresponds to the H,
detachment is higher by 1.92 eV relative to the initial state
(LM4 in Figure 13) and is higher by 1.28 €V than the transition
state corresponding to the NH; detachment. The energy of the
initial state in Figure 16 is below the sum of energies of reactants
Fes + N, + 2H, by —1.48 eV, which means that the barrier for
NH; detachment in Figure 13 is —0.84 eV, while that for H,
detachment is above by +0.44 eV. Therefore, the major channel
should correspond to the formation of ammonia while the
second channel produces H, which can repeatably be used in the
next cycle of the NH; production.

The relative order of Fe;(N,H, isomers found in a separate
search for isomers and obtained as local minima states can be
seen in Figure 17. The global minimum state has a geometrical
structure with dissociated N, and two H,. The gain in total
energy due to this dissociation computed as
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E, . (Fe ,—2N—4H)

= [Eel + Ezp]F 6 + [Eel + Ezp]N2 + 2’[Eel + Ezp]H2

€1

- [Eel + Ezp]FelﬁNzH4 (2)
(notations are explained under eq 1) equals 2.98 eV. The next
seven isomers containing an NH, group are higher in energy by
0.10—0.77 eV and are followed by a group of isomers with atop
NHj;. The adiabatic binding energy of NH; can be computed as
the difference in total energy between the isomer at +1.18 in
Figure 17 and the sum of total energies of Fe;,NH and NH; by
using modified eq 2. The value of +0.78 eV obtained in this way
can be compared with the experimental values of 0.88 & 0.02 eV
obtained®* for the Fe, clusters (n = 19, 23, 26, 29, 32, and 34),
where no size dependence of the NH; binding energy was
observed. Our value also compares well with previously found
values of +0.91 eV from DFT computationséb for Fe,;(NH;),
and +0.83 eV computed®® for the atop position of NH; on the
Fe(110) surface. However, the detachment energy of NH,
depends on the disposition of atoms N and H relative to each
other. The smallest energy of the NH; detachment with respect
to the isomer at 1.63 eV in Figure 17 is only 0.33 eV.
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Figure 17. Lowest energy states for different topologies of Fe;(N,H,
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on iron atoms are shown for the global minima state whose total energy
is the reference one. The interatomic distances are in A, the local total
spin magnetic moments (their directions are shown by arrows) are in
Bohr magneton, and M denotes the spin multiplicity 25 + 1.

4. CONCLUSIONS

In the present work, we considered the reaction pathways
leading first to the formation of an amino group, followed by the
formation of ammonia. Our simulations were performed by
using all-electron spin-polarized density functional theory with
the generalized gradient approximation (DFT-GGA) and the
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basis set of triple-{ quality. The reliability of this approach is
confirmed by the close agreement between computed and
experimental values of binding energies of an N atom and NH;
to Fe . An N, dimer attaches atop a single Fe atom with a quite
small binding energy of 0.3—0.5 eV; however, this attachment
leads to a decrease in the local total spin moment of this Fe atom
which means that the p-electron density, responsible for
chemical bonding in iron clusters,” increases, and the spin
multiplicity of Fe ,—NN decreases to 2S + 1 = 51 with respect to
the spin multiplicity of 25 + 1 = 53 of noninteracting Fe 4(2S + 1
=53) + N,(singlet). The barrier height for the dissociation of N,
appears to depend on the coordination number of the Fe atom
to which N, is attached. There are many different scenarios for
NH; formation beginning with both the associatively and
dissociatively attached N,. Compound pathways of the
dinitrogen reduction to ammonia formation can be constructed
using pathways shown in Figures 2—15.

The compound pathway with the lowest barrier heights can be
obtained by a combination of the two pathways shown in Figure
S (the NH, formation) and Figure 15 (the NH; formation).
This is shown in Figure S6, where a common energy axis relative
to Fes + N, + 2H, is adopted. The highest barrier height along
this path, relative to the reference energy, is 1.07 eV
corresponding to the TS1 of Figure 5. This compound pathway
begins with N, associatively attached to Fe .

Another compound pathway starting with the dissociated
adsorption of N, can be obtained by combining the reaction
pathways shown in Figure 2, Figure 8, and Figure 15, as shown in
Figure S7. Relative to the same zero energy as in Figure S6, the
highest barrier height on this pathway is 1.33 eV corresponding
to TS3 of Figure 2. The rate-limiting step in this case is the N,
dissociation (TS3), which was also considered by Ertl””® as the
rate-limiting step in the ammonia production catalyzed by Fe
(110), (100), and (111) single crystal surfaces.

Figure S8 shows the compound pathway beginning with
dissociation of H, on Fe s (Figure 6) followed by associative
adsorption of N,, passing through the intermediate H—Fe -
NNH (Figure 7), culminating in the formation of ammonia
(Figure 13) and involves the highest barrier of 1.68 eV
corresponding to the TS state of Figure 13.

One more compound pathway that does not require the
dissociation of N, as the first step involves the formation of
NNH, (Figure 4) and its reduction to ammonia (Figure 11) is
shown in Figure S9. The highest barriers on this compound
pathway are 1.42 eV corresponding to TS5 of Figure 4, and 2.36
eV, corresponding to TS4-1 of Figure 11.

More compound pathways with higher barrier heights may be
constructed with taking into consideration the pathways in
Figure 3 and Figures S2, S3, and S4 from the Supporting
Information. The pathway preference seems to depend on the
local distributions of reagents and ambient conditions.
Generally, the catalytic processes on the surface of an Feq
catalyst leading to the formation of ammonia are more diverse
than those on the bulk surfaces, and multiple mechanisms may
be operational simultaneously.

This work, in which we have presented the mechanistic
elucidation of the elementary reactions involved in the iron-
catalyzed reduction of N, and H, to ammonia and the
dependence of the reaction energetics on the total spin of the
initial, final, and intermediate states, provides new insights
relevant for the design and optimization of improved catalyst
architectures for this extremely important reaction.
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