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Abstract
The coalescence of two FegN as well as the structure of the Fe;¢N; cluster were studied using density

functional theory with the generalized gradient approximation and a basis set of triple-zeta quality. It was
found that the coalescence may proceed without an energy barrier and that the geometrical structures of
resulting clusters depend strongly on the mutual orientations of the initial moieties. Dissociation of Nj is
energetically favorable on Fe 4 and nitrogen atoms share the same Fe atom in the lowest energy state of
the Fe 4N, species. The attachment of two nitrogen atoms leads to a decrease in the total spin magnetic
moment of the ground-state Fe ;¢ host by 6 up due to the peculiarities of chemical bonding in the magnetic
clusters. In order to gain insight in the dependence of properties on charge and to estimate bonding
energies of both N atoms, we performed optimizations of Fe;sN and the singly charged ions of both Fe;sN,
and Fe¢N. It was found that the electronic properties of the FesN, cluster, such as electron affinity and
ionization energy, do not appreciably depend on the attachment of nitrogen atoms but that the average
binding energy per atom changes significantly. The lowering in total energy due to the attachment of two
N atoms was found to be nearly independent of charge. The IR and Raman spectra were simulated for
FesN; and its ions, and it was found that positions of the most intense peaks in the IR spectra strongly
depend on charge and therefore present fingerprints of the charged states. The chemical bonding in the

ground-state Fe;sN,%*! species was described in terms of localized molecular orbitals.

Keywords: cluster coalescence, molecular dissociation, magnetic moment, iron cluster, IR fingerprints
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1. INTRODUCTION

High saturation magnetization, permeability and low coercivity make iron an extremely important
material for nanocrystalline magnetic recording devices,!? for producing nano-granular film magnetic
materials,>* permanent rare-earth-free magnets,>° and quantum computing.” Iron forms a large number of
various compounds including bulk carbides, oxides, and nitrides, which have been used for millennia.?
Bulk iron nitrides possess a number of stoichiometric and non-stoichiometric phases.’ In particular, the
a"-Fe;¢N, phase has received significant attention since it was reported!’ to show a large saturation
magnetization of 2.8-3.0 T. Subsequently, Sugita et al.!! have synthesized a"-FesN, single-crystal films
on the substrates of Iny,GaggAs (001) by the molecular beam epitaxy method and found a saturation
magnetization value of 2.9 T, which further confirmed that this iron nitride phase possesses a large
saturation magnetization. Iron-catalysis plays a special role in agriculture where large-scale production of
ammonia uses the Haber-Bosch process. This economically important reaction is based on the use of iron
nanoparticles as the catalysts; however, the mechanism of the H, and N, conversion into NHj is to this
day not fully understood.

These experimental findings elevated interest in studying the magnetic properties of iron nitrides.
Tanaka et al.'? calculated the band structures and magnetic properties of two proposed phases of FegNo.
In their work, the magnetic moments obtained in calculations of both phases were in serious disagreement
with the experimental data. The discrepancy has been attributed to both the limitations of the theoretical
simulations and the uncertainty in the Fe-N materials used in experiments. Another theoretical study of
the giant saturation magnetization of Fe 4N, was based on the LSDA+U method. There it was found that
a fairly large Hubbard U value is required to achieve a high magnetization value. The authors concluded!?
that the giant saturation magnetization could be related to the coexistence of the localized and itinerant
electron states. Sims et al.!* obtained for Fe 4N, the average local spin magnetic moments of 2.9 pg using

a hybrid density functional theory (DFT) method, 2.6-2.7 pug within the GW approximation, and 2.7 pg
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using a DFT method with the generalized gradient approximation (GGA) for the exchange-correlation
functional and a Hubbard U parameter (DFT-GGA-U).

The continuous miniaturization of magnetic-based devices along with requirements for the
materials with high magnetic moments led to an increased interest in the iron-based nanoparticles. In the
past two decades, great progress has been achieved in the experimental and theoretical study of small and
medium-sized iron clusters,!>16:1718,19,20,21,22,23,24,25,26,27,28.29 i which the magnetic properties of the
clusters were found to be highly size-dependent. The peaks at n =7, 13, 15, 19, and 23 in the mass spectra
of Fe, obtained by Sakurai et al.’® possessed higher intensities than their nearest neighbors, and these n
numbers were referred to as “magic numbers". The results of theoretical studies on iron clusters generally
agree with this experimental finding.

Interactions of neutral and charged iron clusters with different small chemical species have also
been extensively studied.’! Recent publications include the studies on the iron-pyrene cluster anions,3?
the absorption of CO on Fe," (n = 4-17),3% absorption and dissociation of ammonia on small iron
clusters,3* and the absorption and reduction of CO on neutral and charged iron clusters.? It was found that
dissociation of water molecules on iron clusters depends3® on the cluster size as well as on the doping of
iron clusters with other 3d-metal atoms.3” Interactions of hydrocarbons with iron clusters are represented
by studies of complexes of iron cluster cations with methane® and ethylene®® as well as of benzene*
adsorption on small iron clusters. The recent investigations of the interactions of iron clusters with the
smallest chemical species, atoms, are presented by an experimental work*' on Fe,O™ and FesO™ and a
theoretical study*? on Fe,C%*! (n < 13).

Interactions of nitrogen atoms and dimers with iron clusters have received less attention, probably
because the N, dimer possesses a very large bond energy of 9.76 eV. According to the results of mass-
spectrometry studies,* the activation of the N, bond occurs at higher collision energies and the formation

of both mononitride Fe,N* and dinitride Fe,N," cluster ions have been observed. The smallest observed
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Fe,N," was for n = 4 and the production of Fe,N," became prominent for » > 16. Spectroscopic constants
of the smallest mononitride cluster, FeN, were obtained by several experimental groups.443-46

The computational studies on Fe,N and Fe,N, are quite scarce, with the sole exception of the FeN
dimer which was the subject of a number of publications.*’ It was found*® that dissociation of N, is
energetically favorable for the neutral and charged Fe,N, clusters, whereas N, attaches to a slightly smaller
Fe; cluster in an end-on position.*® The structure and electronic properties of neutral and singly charged
Fe,N were recently studied® in the range of 1 <n <7, and it was found that Fe4,N and Fe4N are the most
stable in the series. In our recent work’! on modifications of properties of the Feg and Feg™ clusters via
interactions with a single N atom, it was shown that the nitrogen absorption leads to distortions of the
initial cluster geometries but does not seriously affect the total spin magnetic moment.

In the present work, we extend our previous study on FegN to its dimer counterpart Fe;sN, to gain
insight on the behavior of N, after its dissociation on the Fe¢ cluster. We performed a systematic study
on the structure, geometry and bonding patterns in the neutral, anionic and cationic Fe¢N; clusters. Our
search for the ground state of the neutral Fe;(N, was performed in the whole range of possible spin
multiplicities 1 <285 +1 < 55 using a large number of various trial geometrical structures. For comparison
and evaluation of binding energies of the N atoms, the neutral, anionic and cationic Fe 4N clusters were
also optimized. The chemical bonding patterns were explored using Adaptive Natural Density Partitioning
(AdNDP) method>? which allows for the construction of multicenter bonding molecular orbitals.

2. COMPUTATIONAL DETAILS

Our calculations were carried out using all-electron spin-polarized density functional theory with
the generalized gradient approximation as implemented in the GAUSSIAN 09 program.’* We have used
the BPW91 functional composed of the Becke exchange* and Perdew-Wang correlation®> combined with
the 6-311 + G* basis set of triple- quality.’® Smaller basis sets are considered unreliable in the
computations of transition metal compounds.’” Despite the age of the BPW9l method and the

development of many exchange-correlation functionals in the intervening years, it remains to be one of
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the most reliable methods when dealing with compounds containing multiple transition metal atoms. For
the clusters containing iron atoms, it was found that there is a close agreement between the results of

BPWOI91 computations and the experimental data obtained by different methods, mainly via mass and
photoelectron spectroscopies. The illustrative examples include the Fe,O and Fe, O™ series’® and the

Fe, "0 series.”® The performance assessment of different pure and hybrid DFT approaches was made
using the results of computations of the large number of different transition metal oxides, and the BPW91
method was found to be one of the most suitable methods.60-61.6263.64 Capabilities of reproducing
antiferromagnetic states in the Feg— FegOg pair were tested® for several DFT methods: BPW91, PW91,%
PBE,%” revTPSS,% and M06L.% Whereas the results of computations obtained for the bare iron clusters
were practically independent of the method used, the performance of both revTPSS and MO6L was
unsatisfactory for the antiferromagnetic states of the iron oxide cluster. Among all three other congener
methods, the BPW91 method was found to be more reliable.

The trial geometries were generated in several ways. The first set was obtained using the
CALYPSO global search approach’, the second set was prepared by placing two nitrogen atoms onto two
symmetrically nonequivalent faces on the surface of the ground-state Fe4 cluster since such positions
seems to be preferred.”!’ We also tested a N, dimer situated on the cluster surface in the side-on and end-
on positions. The geometries obtained by insertion of two separated N atoms as well as an N, dimer were
also among the trial structures. Optimizations of the states with each trial geometry were started with the
maximal spin multiplicity of 25 +1 = 55 which is slightly larger than the spin multiplicity of the Fey4
cluster and then we moved down in spin multiplicity using the final wavefunction of the previous spin
multiplicity state as an initial guess for the current one.

Each geometry optimization was followed by computations of the harmonic vibrational
frequencies to confirm that the optimized geometry corresponds to a stationary state. The convergence
threshold for total energy and the force threshold were set to 108 eV and 10~ eV/A, respectively. Local

total spin magnetic moments on atoms were obtained using the natural atomic orbital populations (NAO)
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from the NBO analysis.”?
3. RESULTS OF COMPUTATIONS

We start by considering the coalescence of two FegN clusters depending on the mutual orientations
of the moieties. Next, we proceed with searching for the lowest energy isomers of the neutral and singly
charged Fe¢N, clusters. Special attention was paid to the ferrimagnetic states formed due to the
superexchange via —-N—Fe—N-— bridges. For comparison purposes, we optimized the lowest energy states
of the neutral and singly charged Fe ¢N clusters and compare the electron affinities, ionization energies
and binding energies of Fe 4, FesN and Fe ¢N,. We also calculated and compared the total energies of the
lowest energy states of Fejs and Fe4N; as a function of the total spin magnetic moment when moving
down in the spin multiplicity from the ferromagnetic high-spin states to the antiferromagnetic singlet
states. The dipole electric polarizabilities of Fe,s and Fe 4N, were also compared and the IR and Raman
spectra were simulated for neutral and singly charged Fe ¢N,. Finally, the bonding patterns in the Fe 4N,
cluster are discussed.

3.1. Coalescence of two FegN clusters

The coalescence of two FegN clusters whose ground-state geometrical structures were found in
our previous work>! was considered first using the standard approach of searching for transition states
when the clusters are separated by the 7.0 A. Such a separation distance is arbitrary and was chosen on
the assumption that the clusters interact weakly with each other at such a distance and the mutual
orientations are not hindered whereas the basis sets of both clusters overlap sufficiently enough. To gain
insight into the dependence of coalescence on the mutual orientation of the moieties, we considered three
initial cluster positions; namely, when both N atoms are directed toward one another (the N-N case), when
the second cluster position is obtained by translating the first cluster without rotations (the N—Fe case),
and when both N atoms are on the opposite sides (the Fe—Fe case). Using the same initial cluster

configurations, we have also performed direct optimizations in order to check if coalescence may proceed
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without an energetic barrier. The results of direct optimizations are presented in Figure 1 whereas the

results for coalescence proceeding via transition states are displayed in Figure S1.

Coalescence of two FegN clusters

M, =24 M, =24
“Fe - Fe”

M=472.78 eV

Start Finish
M, +M,-1=47 +7.93 ¥

Figure 1. Coalescence of two ground-state FegN clusters simulated by the direct optimizations. All total
energies are given with respect to the total energy of the ground-state Fe;¢N, cluster. The distance between
FegN clusters of 7.0 A is significantly reduced in order to make more compact images and M denotes the
spin multiplicity 2.5 +1.

As may be seen in Figures 1 and S1, the geometrical topologies of the final states obtained in both
ways are different but the relative energies of the isomers belonging to the same initial cluster positions
are quite similar. Note that the lowest energy isomers in both cases correspond to the N-N case where two
N atoms are attached in the bridged -N—Fe—N- configurations. On the whole, one may conclude that
coalescence may proceed spontaneously and that the geometries of the final states depend on the mutual
orientation of the FegN clusters.

The geometry dependence of coalesced clusters on the initial orientation of two moieties is even

more evident in the case of two Feg clusters. As can be seen in Figure 2, the coalescence may result into

the ground-state Fey cluster at one mutual orientation of the initial clusters and may result into a quasi-
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linear structure composed of Feg octahedra connected via their edges at another orientation. In the latter

case, the corresponding state is substantially higher in total energy than the ground state.

Coalescence of two Feg clusters

M =53 445 eV

Start Finish
M,+M,-1 = 53 +6.97 eV

Figure 2. Coalescence of two ground-state Feg clusters simulated by the direct optimizations. All total
energies are given with respect to the total energy of the ground-state Fe,4 cluster. The distance between
Feg clusters of 7.0 A is significantly reduced in order to make a more compact presentation and M denotes
the spin multiplicity 25 +1.
Our results on coalescence of both FegN and Feg clusters show that the geometrical structures of the
resulting dimers strongly depend on the initial mutual orientations of coalescing moieties. The
dimerization energies defined as the difference between the sum of total energies of the initial ground-
state Feg and FegN clusters and total energies of the ground-state Fe s and Fe 4N, clusters are 6.97 eV and
7.93 eV, respectively. This means that the nitridation stabilizes the Fe;¢ cluster.
3.2. Optimizations of the Fe (N, Isomers

Overall, we tested more than 60 selected geometrical structures as possible candidates for the
ground state geometry of the Fe 4N, cluster. For each trial geometry, most optimizations were started with
the spin multiplicity of the ground state of the bare Fe,¢ cluster, 25 +1 = 53, and moved down in the spin

multiplicity using the electronic densities from the previous step as guesses for the next step. In some

cases, the optimizations were started with 25+1 = 55 to make sure that nitridation cannot result in the

8
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lowest total energy states with the spin multiplicity exceeding that of the initial ground-state Fe 4 cluster.
It was found that total energy decreases in all cases to the 25+1 value ranging from 43 to 49, with 25+1 =
47 being most common, and then rises up when the multiplicity is lowered further. It was observed that
the states with geometries where both N atoms are bound to the same Fe atom are generally lower in total
energy than the other states. Such a preference can be related to a kind of superexchange mechanism via
the -N-Fe—N- bridges which is similar to the one previously found for the Cr,0,,”> Mn,0,,7* Fe,0,,7
and C0,0,7° clusters. The superexchange phenomenon arises from the specific type of bonding in late 3d-
metal atoms possessing a half-filled 3d subshell which is chemically inert. Only 4s and virtual 4p atomic
orbitals can participate in the bonding in the spin representation to which this half-filled subshell 3d
belongs. When an sp atom is inserted between two 3d-metal atoms, it can form bonds in both spin
representations indiscriminatory which allows the spins of one filled half-shell to change orientation with
respect to another one according to the Pauli repulsion principle. The total energy change when the mutual
orientations of the 3d half-shells changes from ferromagnetic to antiferromagnetic is relatively small and
is in the range of 0.1-0.2 eV according to the results of our computations for linear Mn—O—Mn and Fe—
O-Fe*.7* Peculiarities of the bonding patterns in the ferromagnetic and antiferromagnetic states were
considered in detail in the case of the Fe,O, cluster.”” Figure 3 illustrates the superexchange effect for
four lowest energy states including the ground state of Fe;4N,. As can be seen, the difference between
total energies of the ferromagnetic states and their ferrimagnetic counterparts are small and the
ferrimagnetic state of the third in energy isomer is lower in total energy than the ferrimagnetic state. It
should, of course, be expected that the superexchange interactions are much more complicated than in
simple linear cases since the nitrogen atoms are bound to several iron atoms as well as the bridge Fe atoms
are bounded to other neighbors.

The dissociation of N, on the surface of both ground-state Fe,¢ cluster and its isomers (shown in
Figure S2) was observed to always lead to a decrease in the spin multiplicity with respect to that of an

initial Fe ¢ isomer. The non-dissociative end-on attachment of N, decreases the spin multiplicity by two

9



Physical Chemistry Chemical Physics Page 10 of 31

as can be seen in Figure S3 and the corresponding state is above the ground state of FecN, by only 0.42
eV. The side-on attachment is less energetically favorable; the lowest energy state of an isomer with a
side-on geometry has a multiplicity of 25 + 1 = 49 and is higher in total energy than the ground state by
0.96 eV. Total energies of isomers with end-on and side-on attachments were found to weakly depend on

their position on the Fe4 surface.

FM-AFM pairs of Fe,cN,

M=470.00 eV M=43 +0.10 eV

2.04 1.9V
&— D /‘.\‘
hes' Ly
A By &

T/

= >

2
-

,—_’/4\@5.,\\' i::‘—.;

2

W

M=45 +0.14 eV M=41 +0.34 eV
Figure 3. Four lowest energy isomers of Fe;cN, and their ferrimagnetic counterparts. M stands for the
spin multiplicity 25+1, total energies are given with respect to that of the ground state, and the local spin
magnetic moments are in Bohr magneton.
The possibility of N and N, encapsulation was probed by incorporating a single N atom, two
separated N atoms, and the intact N, dimer inside the ground-state Feis cluster. The results of

optimizations of trial geometries with such distributions are shown in Figure 4. As one can observe, both

10
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single N atom and two separated N atoms are always pushed out to the cluster surface, while the N, dimer
remains inside the iron shell formed during the optimizations, although its total energy is significantly
higher than total energies of states with dissociative attachment of the nitrogen dimer. The figure shows
the results obtained for states with 25 + 1= 51; similar trends were found for other spin multiplicities in

the range of 47 <n < 53.

TRIAL GEOMETRY FINAL GEOMETRY

._'"\ 1R <

§ Zog B
o8 RN
S — DoAY

%\ =z w2

[N

&
N

M =51 +6.46 eV
Figure 4. The results of optimizations of Fe (N, states with the spin multiplicity M=2S+1=51whose trial
geometries contain one internal N atom and the second N on the cluster surface (the top panel), when both
N atoms are inside the cluster (two middle panels), and when the dimer N is inside the cluster (the bottom
panel). The total energies are with respect to the total energy of the ground-state Fe,¢N, cluster.
3.3. The lowest energy states of Fe;sN,%*! and Fe;(N’+!

In order to gain insight into the dependence of properties of the Fe;sN, cluster on charge, we have

optimized the anion and cation states using the geometrical structures of the first ten low-lying isomers of

neutral Fe;¢N; in a wide range of spin multiplicities around 2S5 + 1 = 48, which is than the ground-state

multiplicity of Fe4N,. The results of our search for the lowest states are shown in Figure 5 where the

11
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neutral states are presented for comparison. Both the attachment and detachment of an electron leads to
an increase in the spin multiplicity of the neutral parent by one. The anion geometry presents a strongly
distorted neutral geometrical structure whereas the cation geometry is presented by a nearly unperturbed
neutral geometry. The first flip of the local spin magnetic moments occurs at the Fe atoms connected to
both nitrogens in all the cases studied. This flip results into the change of the spin multiplicity by four
which corresponds to a decrease in the total spin magnetic moment of a cluster by 4 pug. The difference in
total energies of the states in the ferro-ferrimagnetic pairs decreases from 0.10 eV in the neutral case to

0.03 eV for the anion pair.

The lowest energy FM-AFM pairs
Fey N, Fe ¢No Fe gNy

NP
v
l

M =47 0.00 eV M=48 -2.10eV  M=48 +5.46eV

Figure 5. The lowest energy states of Fe;¢N, and its singly charged ions along with the corresponding
states with the first flip of the local spin magnetic moments. M stands for the spin multiplicity 25+1, total
energies are given with respect to that of the ground state of Fe;¢(N,, and the local spin magnetic moments
are in Bohr magneton.

To assess the binding energies of separated nitrogen atoms in the FegN,%*! species, we have
optimized the Fe;sN%*! species as well. Their trial geometries were obtained by stripping one N atom from
the Fe 4N, geometrical structures and the range of spin multiplicities was restricted to 42 <25+ 1 < 54,

since the further decrease or increase in the spin multiplicity led to the states with substantially higher

total energies. The results of optimizations are presented in Figure 6. As can be seen, all iron frameworks

12
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have topologies similar to that of the ground-state bare Fes cluster and the spin multiplicities differ by
one from the spin multiplicities of the corresponding Fe;¢N,%*! clusters. It is worth to note that the first

flip energies presented in Figure 6 are substantially larger compared to those in the Fe 4N, series.

The lowest energy FM-AFM pairs

FeygN Fes N~ Fe (N*
B o5, e,
3-* 4‘ 34~ 3,¢

M=44 +0.30eV M=43 -1.76 eV  M=43 +5.96eV

- ©
Zal) ‘,‘/A
e

o

. filﬁ\ii"//ﬁ :
e~y

<

-2
LS

-'a

i
| All ] < I
L’f\@’W o NV

3.1

M=480.00eV M=47 -1.98eV  M=49 +542eV

Figure 6. The lowest energy states of Fe;¢N and its singly charged ions along with the corresponding
states with the first flip of the local spin magnetic moments. M stands for the spin multiplicity 25+1, total
energies are given with respect to that of the ground state of Fe ¢N, and the local spin magnetic moments
are in Bohr magneton.
3.4. Total energy as a function of the total spin magnetic moment

The total magnetic moment of a species is defined as p = (2S + L) where L and S are the total
angular and spin moments, respectively, and is measured in Bohr magnetons, ug. The total spin magnetic
moment, M = 2Sug, is computed as [n, - nglus, where n, and ng are the numbers of the majority and
minority spin electrons, respectively. The local spin magnetic moments on atoms are considered to be
equal to the excess spin densities obtained using the NAO populations.

Using the geometrical structures of the ground-state Fe;s and Fe ¢N, clusters as initial ones we

performed geometry optimizations for all states of both series in the range of 1 <25+ 1 < 61. The total

energies obtained in these optimizations are presented in Figure 7 as a function of the total spin magnetic

13



Physical Chemistry Chemical Physics Page 14 of 31

moment. As can be seen, the total energy increases sharply when the spin multiplicity is larger than the
ground-state value in the case of the bare iron cluster and not so fast in the case of the Fe 4N, cluster. Total
energies rise when the spin multiplicity decreases with the Fe (N, curve slowly approaching the Fes curve

from below until they nearly merge at 2S5 + 1 = 3 and next moving slightly apart at the singlet states.

=0=Fel6 =O=Fel6N2

Total Energy

Total Spin Magnetic Moment

Figure 7. Total energies of the Fe;4 and Fe (N, states originating from the corresponding ground states as
a function of the total spin magnetic moments (in Bohr Magneton). All total energies. (in eV) are with
respect to the corresponding ground-state total energies.

The singlet states of both clusters are presented in Figure 8. As can be seen, the atoms with the
mutually parallel local spin moments are not randomly placed but form two groups with the spin-up and
spin-down local spin magnetic moments similar to what was previously found for bare Mn clusters.”8.7°-30
In a sense, one may consider the atoms with the parallel spin coupling as forming two nanodomains.

The reason for such a segregation can be related to the peculiarities in the bonding between magnetic
atoms, when 3d-3d bonds can be formed between atoms whose spin magnetic moments are parallel.
Between atoms with the antiparallel spin coupling, bonds can be formed only from 4s and 4p atomic
orbitals. Therefore, the chemical bonding between atoms with the antiparallel spin coupling is generally
weaker than the chemical bonding between atoms with the parallel spin coupling. The total effect of two
types of chemical bonding in the antiferromagnetic singlet states, i.e., inside the two domains and between

the domains, is reflected in an increase in total energy by 2.74 eV and 2.33 eV in the singlet states of the

Fe,s and Fe¢N; clusters, respectively, with respect to their lowest energy ferromagnetic states.

14
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Singlet states of Feq¢ and Feq (N,

spin-down .4/(9\‘(
( Py ’ \ /‘.

G 207

SaM
=)

spin-up
2S+1=1+2.74eV 2S+1=1+2.33 eV

Figure 8. The singlet states of Fe,¢ and Fe,cN; obtained by moving down in the spin multiplicity beginning
with the corresponding ground states.

3.5. Polarizabilities of Fe;s and Fe 4N,
The dipole electric polarizability is an important property of a chemical compound since it is
related to the response of the compound to external electric fields. The static dipole electric polarizabilities
correspond to the coefficients in the Taylor expansions of total energy perturbed by a weak uniform

external static electric field8!

1 1
E'=E'-) uF, —EZaaﬂFaFﬂ—g 2. B, FFF +.. (1)
a a.f

a.py
where EP is the perturbed total energy, F is a static electric field, E° is the total energy in the absence of
the field, x4, are the components of the permanent dipole moment, a,; are the components of the static

dipole electric polarizability tensor and /4, represent the second order nonlinear polarizabilities. Greek

subscripts denote the x, y, and z space variables. The mean electric polarizability a is the trace of the

static dipole electric polarizability tensor:
— 1
a—g(am+ayy+azz) (2)

The electric polarizabilities were computed for the states with the same topologies as those of the ground
states of Fe;s and Fe4N, in the whole range spin multiplicities from 1 to 61. The computed electric

polarizabilities per atom are presented in Figure 9 as a function of the spin multiplicity. As may be seen,

15
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the polarizability curves are not monotonic with small kinks reflecting the spin flips on Fe atoms when
the spin multiplicity decreases. It is quite surprising that addition of even two impurity atoms to the iron
cluster results in a drastic decrease in the polarizability. Generally, the polarizability weakly depends on

the spin multiplicity of a state in each series.

=0=Fe16 =O=Fel6N2

=
tn

Polarizability
=

Figure 9. Electric polarizability per atom (in A3) of the Fe;s and Fe 4N, clusters as a function of the spin
multiplicity.

To gain insight into the dependence of computed static electric polarizability value on the method
used, we performed polarizability computations using the congener BLYP method® and the B3LYP
method®® which contains the Hartree-Fock exchange since the accurate calculations of polarizability
values can critically depend®*-#3-36 on its inclusion. As can be seen from the results are presented in Tablel,
the difference between the values computed by the three method does not exceed 7 %.

Table 1. Static electric polarizabilities per atom (in A%) of Fe,¢ and Fe;¢N, computed by using three
methods and the 6-311+G* basis set.

BPWI1 BLYP B3LYP
Fee 4.87 5.02 5.24
F616N2 5.01 5.15 5.12

The polarizability of the Fe atom computed by using eight different methods and three basis sets of triple-
and quadruple-zeta quality are presented in Table S1. Comparing the table entries, one can conclude that

the results of computations does not critically depend on the method and basis set used.
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3.6. Comparison of properties between Fe4, Fe;cN, and Fe;sN;
To trace the changes in the electronic and bonding properties due to the attachment of one and two
nitrogen atoms, we computed the adiabatic electron affinities (EA) and ionization energies (IE) of neutral
FegN and Fe;¢N, and compared the values obtained to the values computed®® for Fes early using the

same BPW91/6-311+G* method. The adiabatic EA and IE values were computed according to the

equations:
EAM) = EXM) + Eo(M) — [E (M) + Eo(M")] 3)
IE(M) = E(M") + Eof(M") — [E (M) + Eo(M)] 4

where E(M), E(M"), and E(M™) are total electronic energies of the lowest energy states of neutral species
and its anions and cations, respectively, and Ey(M%), g = 0, +1, or —1, is the zero-point vibrational energy
computed in the harmonic approximation. The binding energies per atom are computed according the
equation:

BE(M) =[16E(Fe) + kE(N) — E(M) — Eo(M)]/(16+k) %)
Where M = FegN, FegN; or their ions and £ = 0, 1, or 2. The computed and previously reported EA, IE
and BE values are compared in Table 2.

Table 2. lonization energies, adiabatic electronic affinities and binding energies per atom of Fe¢, FejgN,

and F€16N2.
Feq FesN FeisNo
IE, eV 5.44¢ 5.42 5.46
EA, eV 2.09°b 1.98 2.09
BE, eV 3.10 3.23 3.36

a Experimental values are 5.63 + 0.05 ¢V® and 5.64 + 0.06 ¢V.38
b Experimental values are 2.01 = 0.08 eV?® and 2.09 + 0.06 ¢V.%

The single N attachment leads to a decrease in EA by 0.11 eV and returns to the value of the initial Fe4
cluster after the second N is attached. The IE changes are in the limits of 0.02 eV, whereas the BE shows

a substantial increase after the first and next second N atom is attached.
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The binding energies of the first and second N atoms as well as of the dissociated N, dimer are

computed as the difference in total energy of the initial state and the ground-state products. They are

presented in Table 3.

Table 3. Binding energies (in eV) of N and N, in Fe (N and Fe (N, in the neutral and singly charged

ground-state clusters.

Charge Fe (N9 — Feg?+tN | Fe (N7 >FegN? +N | FejgNy? — Fe9+N,
qg=0 5.19 5.49 0.82

g=-—1 5.06 5.59 0.80

e 5.18 5.54 0.79

The binding energy of the first N atom exceeds 5 eV independent of charge and is essentially larger than

the binding energy of a Fe atom in Fe; or Fe;; which are around 3.5 eV.%° The binding energies of the

second N atom increases further by 0.30 eV in the neutral case and by 0.53 eV in the cation case. The

desorption energy of the N, dimer is nearly independent of the cluster charge and are relatively small (less

than 20 Kcal/mol). The bond dissociation energy of the N, dimer computed at the BPW91/6-311+G* is

9.94 eV and the sum of the binding energies of the first and second N atoms in the neutral case is 10.68

eV, therefore, the dissociation of N, on a neutral Fe4 cluster is exothermic by 0.74 eV. It is also exothermic

by 0.71 eV and 0.78 eV in the case of the anion and cation, respectively.

3.7. Simulated UV and IR spectra of Fe;4N,%*!

The IR and Raman spectra of the ground-state Fe;¢N,%*! clusters simulated using the computed

vibrational frequencies and corresponding IR intensities and Raman activities are displayed in Figure 10.
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Figure 10. Simulated IR (the left column) and Raman (the right column) spectra of the Fe;(N,  (a),
Fe N, (b) and Fe 4N, (c) clusters.
In the IR spectrum of each cluster, the most intense peaks are identified to be due to the symmetric

vibrations of N atoms and peaks at low frequencies are mainly due to the Fe atom vibrations. In the case

of the Fe|¢N,  anion, the strongest peak with a shoulder located at 616 cm™! and 635 cm! corresponds to
the symmetric and asymmetric stretching modes of both N atoms. The significantly less intense features
with essential contributions from the wagging N vibrations appear at frequencies of 443 cm!, 443 cm’!,
and 501 cm’! whereas the vibrations at lower frequencies involve predominantly iron atoms and the
corresponding peaks possess intensities by two-three orders of the magnitude smaller than the main peak
intensity.

The major peak and its shoulder in the spectrum of the cationic Fe;¢N,* cluster are shifted to lower
frequencies of 477 cm! and 486 cm! and also correspond to the stretching modes of two N atoms. Note
that the intensity of the major peak in the cation spectrum is about three times smaller than in the anionic
case. Four peaks at 305 cm!, 341 cm!, 574 cm! and 586 cm™! correspond to wagging vibrations of

nitrogen atoms at 242 cm!. In the IR spectrum of the neutral Fe N, cluster, the strongest peak at 461 cm!
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corresponds to the symmetrical stretching mode of both N atoms, and the shoulder at 476 cm™! is attributed
to the asymmetrical stretching of the N atoms. The prominent peaks at 355 cm™!, 362 cm!, 569 cm’!, and
590 cm! also are due mainly to the N atom wagging vibrations. From comparing all three spectra, one
may conclude that the peaks corresponding to the N atoms are fingerprints of the charged state of a Fe;¢N,
cluster.

In the Raman spectra of all three clusters, peaks at the frequencies corresponding to the most intense
peaks in the IR spectra practically disappear except for the anion case. The peak with the largest intensity
in the anion spectrum is due to the overlapping peaks at 242 cm’!, 247 cm! and 249 cm™! and the most
prominent peak at smaller frequencies is due to two nearly degenerate modes at 119 cm™!. All these peaks
are due to mostly iron atom vibrations. The strongest peak of the cation is formed by the overlap of peaks
at 249 cm!, 253 cm™! and 254 cm! whereas the peaks with the strongest Raman activities in the neutral
correspond to two nearly degenerate modes at 259 c¢cm’! and a high intensity shoulder formed by
overlapping peaks at 249 cm! and 251 cm™! and 260 cm™!. As can be seen, the positions of major peaks in
the spectra of the neutral and charged clusters depends weakly on charge, but the features at smaller
frequencies show much larger dependence on charge.

4. PECULIARITIES OF CHEMICAL BONDING IN Fe ¢N,%1
Chemical bonding of the FegN,%*! clusters were explored by using the AANDP method. As

expected, the bonding patterns depends weekly on charge, therefore, we discuss in detail only the bonding

patterns of the neutral which are shown in Figure 11 whereas the bonding patterns of the anionic Fe N,
and cationic FesN," clusters are presented in the Supporting Information in Figures S$4 and S5,

respectively.
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Figure 11. The results of our AANDP analysis for the ground-state Fe;¢N, cluster in both spin-up and
spin-down representations. ON denotes the occupation number.

As can be seen in Figure 11, the bonding orbitals in the spin-up (o) and spin-down (f3)
representations are different and all local spin orbitals (LSO) but two belong to the a-representation. The
total number of LSOs is 84 and consists of LSOs corresponding to sixteen closed half-shells 3d° of the Fe
atoms and four LSOs corresponding to 2s? subshells of the N atoms. There are ten a-bonding orbitals
which include two two-center (2c—1le), two three-center (3c—1le) and six four-center (4c—1le) orbitals
occupied by ten electrons. The spin-down representation contains a significantly richer set of bonding
orbitals: twenty-one two-center, thirteen three-center, and ten four-center orbitals occupied by 44
electrons. The total number of electrons occupying all LSOs and bonding orbitals equals the sum of the
number of electrons in the valence electronic configurations of iron (3d%4s?) and nitrogen (2s?2p?) atoms.
Each iron LSO are occupied by one electron and may contribute one g to the total spin magnetic moment

of the cluster whereas each nitrogen LSO is occupied by two electrons and there is no contribution from
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these LSOs to the total spin magnetic moment. The total magnetic moment of the cluster equals the
difference in the number of electrons in the o- and [-spin representations measured in pg. One may
conclude that the magnetic properties of the cluster are defined primarily by the iron a-LSOs and a
decrease in the total spin magnetic moment from 52 pg in the ground-state Feq cluster to 46 pg in the
ground-state Fe 4N, cluster is due to the formation of 3-occupied orbitals due to the associative attachment
of nitrogen atoms. It is worth mentioning that exactly same patterns were found®! for the 3d-metal dimers
but the bonding patterns in the Fe;¢N, are more complicated because there are multicenter bonding
orbitals.
5. CONCLUDING REMARKS

Using density functional theory with the generalized gradient approximation and a basis set of
triple-C quality, we performed a detailed study on the structure and properties of the Fe N, cluster starting
with coalescence of two FegN. It was found that the coalescence may proceed both via transition states
and corresponding energy barriers and directly without any barrier at all. The geometrical structure of
resulting Fe ¢N, isomers was observed to depend strongly on the mutual orientation of the coalescing
moieties. A similar dependence on the mutual orientation was found for the bare iron clusters Feg as well.
The most favorable geometry of the Fe 4N, cluster is that where two nitrogen atoms share a common Fe
vertex which can be related to a kind of superexchange since the corresponding ferrimagnetic states where
the local spin magnetic moment on the shared iron atom flips are close in total energy to the initial
ferromagnetic states. Moreover, in some isomers such a ferrimagnetic arrangement of the local spin
moments is the most favorable. The ground-state geometries were used in optimizations of states of both
Feis and Fe (N, in the whole range spin multiplicities of 1 <25+ 1 < 61. Total energies of both clusters
show a similar decrease in total energy when the spin multiplicity decreases and the Fe¢N, curve
approaches the Fe;4 curve from below. In the singlet state of Fey4, the atoms with parallel spin coupling

form two domains reminding the domain formation in solid magnetic materials. Surprisingly, the addition
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of two N atoms does not influence the local spin magnetic moment distribution. In order to estimate

binding energies in the Fe;¢N, series consisting of the neutral and its singly charged ions, we optimized

the corresponding series of Fe|¢N, Fe;¢N™ and Fe;¢N*. It was found that the binding energies of the second
N are larger than those of the first one independent of charge and they are larger than the binding energies
of iron atoms in the bare Fe s— Fe;g clusters by about 2 eV. The desorption energy of a N, dimer practically
does not depend on charge and is relatively small, around 0.8 eV, which is related with the strong bond of
the N, dimer. The gain in total energy due to dissociation of N, on the Fe,¢ cluster is mostly compensated
by the energy required to break the bond in the nitrogen dimer. It is curious that the dipole electric
polarizability of Fe;¢ decreases substantially when two N atoms are added. Another curious finding is that

IR spectra may be used as fingerprints of a charge on a Fe ¢N, cluster. The chemical bonding in the Fe 4N,

FeicN, and Fe 4N, was explored using the AANDP method which allows the construction of localized
multi-center bonding orbitals. In the neutral case, there are ten bonding orbitals in the spin majority
representation and 44 in the minority spin representation. Such a disparity is due to the fact that the
majority spin representation contains sixteen half-filled 3d-subshells of iron atoms which are responsible
for the large magnetic moment in the ferromagnetic state and are chemically inert.
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