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Reactions of laser-ablated iron atoms with dinitrogen in excess neon produce the iron dinitrogen complexes
Fe(N2), Fe(NN)x (x ) 1-5), and Fe(NN)3

- through capture of the ablated electron. The reaction products are
characterized on the basis of isotopic shifts, mixed isotopic splitting patterns, stepwise annealing, change of
reagent concentration and laser energy, CCl4-doping experiments, and comparison with theoretical predictions
from density functional theory calculations. The overall agreement between the experimental and calculated
vibrational frequencies, relative absorption intensities, and isotopic shifts supports the identification of these
species from the matrix infrared spectra. Natural bond orbital analysis and reaction pathways for the formation
of the products are discussed.

Introduction

Iron is a very important metal in many fields such as
materials, chemistry, and biology. Especially, the interaction
of iron with dinitrogen is of considerable practical and theoreti-
cal importance in the widely different fields of catalysis, biology,
and atmospheric chemistry.1 In catalysis, the dissociation of N2

over Fe in the Haber process is critical in the production of
NH3,2 and an iron dinitrogen intermediate has been suggested
in the nitrogen fixation by the nitrogenase enzyme.3 The long-
standing goal of elucidating mechanisms of the reactions
involving dinitrogen has motivated numerous experimental and
theoretical investigations of the interactions between iron and
dinitrogen.4-17 Molecular adsorption of N2 onto iron surfaces
and clusters indicates that the dissociative chemisorption
proceeds slowly and the adsorbed species has been proposed
as an intermediate in the catalytic dissociation of N2.5-7 The
reactions of Fe atoms with N2 in low temperature matrices have
been investigated, and the complicated IR spectra were attributed
to several unsaturated iron nitride and iron dinitrogen complexes,
among which some species were tentatively assigned.9-13 These
species are important models for understanding iron catalyst
systems. The bonding nature of iron atoms with nitrogen has
been reported by using the powerful technique of density
functional theory or other theoretical methods.14-18

Previous studies have shown that, with the aid of isotopic
substitution, matrix isolation infrared spectroscopy, combined
with density functional theory (DFT) calculation, is very
powerful in investigating the spectrum, structure, and bonding
of novel species and the related reaction mechanisms.19,20

Complexes such as FeN, NFeN, (Fe2)(N2), side-on Fe(N2), and
end-on Fe(NN) have been characterized from isotopic shifts and
splitting patterns in the excess argon and nitrogen.11 Recently,
the binary iron-dinitrogen complex Fe(NN)5 has been synthe-
sized by codepositing mass-selected Fe cations with N2 and
electrons and identified by comparing the recorded FTIR

spectrum with the results of DFT calculations.12 To further
understand the bonding nature of iron with dinitrogen, we
investigated the structures, ground electronic states, and bonding
characteristics of iron dinitrogen complexes by probing the N-N
vibration21 in reaction products with IR spectroscopy and DFT
calculations. IR spectroscopy and theoretical calculations provide
evidence for the formations of Fe(N2), Fe(NN)x (x ) 1-5), and
Fe(NN)3

-. As compared to the previous reports on the reactions
of Fe atoms with a high concentration of N2 in solid argon or
N2

10-12 and considering that solid neon may stabilize some
species difficult to be observed in solid argon,4,19 we use a neon
matrix to study the reactions of Fe with a lower concentration
of N2, which provides clean IR spectra and new information
on Fe(N2) and Fe(NN)x (x ) 1-5) complexes. New species of
the Fe(NN)3

- anion have been obtained through the capture of
an ablated electron.

Experimental and Theoretical Methods

The experiments for laser ablation and matrix isolation
infrared spectroscopy are similar to those previously reported.22

In short, the Nd:YAG laser fundamental (1064 nm, 10 Hz
repetition rate with 10 ns pulse width) was focused on the
rotating Fe target. The laser-ablated iron atoms were codeposited
with N2 (99.95%, Suzuki Shokan Co., Ltd.) in excess neon onto
a CsI window cooled normally to 4 K by means of a closed-
cycle helium refrigerator. Typically, 10-20 mJ/pulse laser
power was used. Isotopic 15N2 (99.8%, Shoko Co., Ltd.) and
14N2 + 15N2 mixtures were used in different experiments. In
general, matrix samples were deposited for 30-60 min with a
typical rate of 2-4 mmol/h. After sample deposition, IR spectra
were recorded on a BIO-RAD FTS-6000e spectrometer at 0.5
cm-1 resolution using a liquid nitrogen cooled HgCdTe (MCT)
detector for the spectral range of 5000-450 cm-1. Samples were
annealed at different temperatures and subjected to broad band
irradiation (λ > 250 nm) using a high-pressure mercury arc lamp
(Ushio, 100 W).

DFT calculations were performed to predict the structures
and vibrational frequencies of the observed reaction products
using the Gaussian 03 program.23 The BP86 and B3LYP density
functional methods were utilized.24 The TZVP basis set was
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used for the N atoms, and the DZVP basis set was used for the
Fe atoms.25 All geometrical parameters were fully optimized,
and the harmonic vibrational frequencies were calculated with
analytical second derivatives. A natural bond orbital (NBO)26

approach was employed to elucidate the electron configuration
and bonding characteristics. Trial calculations and recent
investigations have shown that such computational methods can
provide reliable information for metal complexes, such as
infrared frequencies, relative absorption intensities, and isotopic
shifts.19-21

Results and Discussion

Experiments have been done for laser-ablated Fe atoms
reactions with N2 in excess neon using low laser energy with
different N2 concentrations. Typical infrared spectra for the
products in the selected regions are illustrated in Figures. 1-3,
and the absorption bands in different isotopic experiments are

listed in Table 1. These bands are observed in lower laser power
experiments and not favored with higher laser energy and low
N2 concentration, suggesting that one iron atom is involved.
The stepwise annealing and photolysis behavior of the product
absorptions is also shown in the figures and will be discussed
below.

Figure 1. Infrared spectra in the 2200-2000 and 1950-1800 cm-1 regions from codeposition of laser-ablated Fe atoms with 0.3% N2 in Ne at 4
K. (a) Spectrum obtained from initial deposited sample for 40 min, (b) spectrum after annealing to 8 K, (c) spectrum after annealing to 10 K, (d)
spectrum after 10 min of broadband irradiation, (e) spectrum after annealing to 12 K, and (f) spectrum obtained from initially depositing laser-
ablated Fe atoms with 0.3% N2 + 0.03% CCl4 in Ne at 4 K for 40 min.

Figure 2. Infrared spectra in the 2200-1950 cm-1 region from
codeposition of laser-ablated Fe atoms with 0.2% 14N2 + 0.2% 15N2 in
Ne at 4 K. For the meaning of (a-e), see Figure 1.

Figure 3. Infrared spectra in the 1950-1750 cm-1 region from
codeposition of laser-ablated Fe atoms with 0.2% 14N2 + 0.2% 15N2 in
Ne at 4 K. For the meaning of (a-e), see Figure 1.

TABLE 1: IR Absorptions (in cm-1) Observed from
Reaction of Laser-Ablated Fe Atoms with N2 in Excess Neon

14N2
15N2

14N2 + 15N2
14N2/15N2 assignment

2184.2 2111.7 2184.1, 2172.8, 2151.3, 2111.7 1.0343 Fe(NN)5

2126.2 2055.4 2126.1, 2107.5, 2055.4 1.0344 Fe(NN)4,5

2115.9 2045.8 2115.9, 2078.7, 2046.0 1.0343 Fe(NN)4

2091.0 2021.4 2090.9, 2078.7, 2035.1, 2021.7 1.0344 Fe(NN)3

2060.8 1992.3 2060.7, 2011.4, 1992.3 1.0344 Fe(NN)2

2051.2 1984.2 2052.0, 1984.3 1.0338 Fe(NN)
2027.0 1960.7 2027.0, 1960.7 1.0338 Fe(NN) site
1949.3 1885.2 1949.3, 1918.1, 1898.5, 1884.7 1.0340 Fe(NN)3

-

1834.2 1773.3 1834.1, 1772.9 1.0343 Fe(N2)
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Density functional theory calculations have been carried out
for the possible isomers and electronic states of the potential
product molecules. Figure 4 shows the ground state structures
of the products calculated at the BP86/6-311+G(d)-LANL2DZ
and B3LYP/6-311+G(d)-LANL2DZ levels. The results calcu-
lated with the B3LYP functional are in good agreement with
those from BP86 calculations. Table 2 reports a comparison of
the observed and calculated isotopic frequency ratios for the
N-N stretching modes of the observed products. It can be found
from Table 2 that the BP86 functional gives calculated N-N
stretching vibrational frequencies (unscaled) much closer to the
experimental values than the B3LYP functional, consistent with
the previous theoretical calculations.27 Hereafter, mainly BP86
results are presented for discussion. Ground electronic states,
point groups, vibrational frequencies, and intensities are listed
in Table 3. The summary of electronic configurations, natural
charge distributions, and bond orders for the Fe(NN)x (x ) 1-5)
complexes are given in Table 4. Molecular orbital depictions
of the highest occupied molecular orbitals (HOMOs) and
HOMO-1s of the products are representatively illustrated in
Figure 5.

Fe(N2). The absorption at 1834.2 cm-1 appears after sample
deposition, increases after sample annealing, and slightly
decreases after further annealing and broad band irradiation
(Table 1 and Figure 1). The 15N2 counterpart at 1773.3 cm-1

gives the isotopic ratio of 1.0343, which is characteristic of a
N-N stretching vibration. The 14N2 + 15N2 experiment reveals
a clear 1834.1 and 1772.9 cm-1 mixed isotopic doublet (Figure
3); hence, one NN subunit is involved in these vibrations.
Doping with CCl4 has no effect on the band, which suggests
that the product is neutral. The isotopic 14N2/15N2 ratio 1.0343
is slightly higher than the ratio 1.0338 for Fe(NN), which
suggests more nitrogen participation in the vibrational mode
owing to stronger Fe-N bonds in the side-on complex as
compared to the end-on complex Fe(NN) (vide infra). Accord-
ingly, this band is assigned to the N-N stretching vibration of

the neutral side-on Fe(N2) complex, which is about 7.6 cm-1

blue-shifted from the corresponding absorption in an argon
matrix.11

The BP86 calculations predict the side-on Fe(N2) complex
to have a 3B1 ground state with C2V symmetry (Table 3 and
Figure 4), which lies 3.4 kcal/mol higher in energy than the
end-on Fe(NN) isomer (Figure 4). The present calculations are
ingoodagreementwiththepreviousDFTfrequencycalculations.11,17

Briefly, the N-N stretching vibration frequency of Fe(N2) is
calculated at 1728.1 cm-1 (Table 3). As listed in Table 2, the
calculated 14N2/15N2 isotopic frequency ratio (1.0349) is also
consistent with the experimental observation (1.0343). The
assignment is strongly supported by the DFT calculations.

The dissociation of N2 is the rate-limiting step in the important
Haber process for the catalytic synthesis of ammonia.2 Molecu-
larly adsorbed N2 on Fe(111) has been characterized as a side-
on type π-bonded surface complex in which both nitrogen atoms
interact with the metal, which has been proposed as an
intermediate in the catalytic dissociation of N2.5 The N-N
frequency has been measured by high-resolution electron-
energy-loss spectroscopy and was found to be 1555 cm-1 at
110 K. The νN-N values of the end-on species Fe(NN)1-5 as
observed in the present work (vide infra) are about 500 cm-1

higher than that of N2 on Fe(111), while the 1834.2 cm-1 neon
matrix frequency for the side-on Fe(N2) molecule may be
compared with the 1555 cm-1 fundamental for N2 adsorbed on
Fe(111).

Fe(NN). The band at 2051.2 cm-1 with a trapping site at
2027.0 cm-1 appears after sample deposition, increases after
sample annealing, visibly decreases after broad band irradiation,
and recovers after further annealing to higher temperature (Table
1 and Figure 1). It shifts to 1984.2 cm-1 with 15N2, giving a
1.0338 14N/15N isotopic frequency ratio, which is characteristic
of a N-N stretching vibration. The 14N2 + 15N2 experiment
reveals a clear 2052.0 and 1984.3 cm-1 mixed isotopic doublet
(Figure 2); hence, one NN subunit is involved in these
vibrations.29 Doping with CCl4 has no effect on the band, which
suggests that the product is neutral. Accordingly, this band is
assigned to the N-N stretching vibration of the neutral Fe(NN)
complex, which is about 31 cm-1 blue-shifted from the
corresponding absorption in an argon matrix9 and about 33 cm-1

blue-shifted from the corresponding absorption in a pure
dinitrogen matrix.11 It is noted that early krypton experiments
tentatively assigned the absorption of Fe(NN) at 2002 cm-1.10

A LCGTO-KS-DF calculation predicted the ground state of
Fe(NN) as quintet ground state, and the triplet state lies 2.4
kcal/mol higher in energy.14 N2 is isoelectronic with CO. The
previous BP86 and B3LYP calculations predicted a 3Σ- ground
state with linear geometry for Fe(CO).28 The present BP86
calculations predict Fe(NN) to have a 3∆ ground state with a
linear geometry (Figure 4), which are in good agreement with
the previous calculations by the DGauss program.11 The N-N
stretching vibration frequency of Fe(NN) is calculated at 2021.2
cm-1 (Table 3), which is in accord with our observed value of
2051.2 cm-1 (Table 2). As listed in Table 2, the calculated 14N/
15N isotopic frequency ratio (1.0350) is also consistent with the
experimental observation (1.0338). The assignment of the
Fe(NN) molecule is supported by the agreement between
the experimental and the calculated vibrational frequencies and
isotopic shifts.

Fe(NN)2. The absorption at 2060.8 cm-1 appears after sample
deposition, increases after sample annealing, decreases after
broad band irradiation, and recovers after further annealing to
higher temperature (Table 1 and Figure 1). The band shifts to

Figure 4. Optimized structures (bond lengths in angstroms, bond angles
in degrees) of the Fe(N2), Fe(NN)x (x ) 1-5), and Fe(NN)3

- complexes
calculated at the BP86/6-311+G(d)-LANL2DZ and B3LYP/6-311+G(d)-
LANL2DZ (in parentheses) levels.
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1992.3 cm-1 with 15N2, exhibiting isotopic frequency ratio (14N2/
15N2 1.0344) characteristic of the N-N stretching vibration. A
triplet isotopic pattern is observed in the mixed 14N2 + 15N2

isotopic spectra (Figure 2), which indicates that two N2 units
are involved in the complex.29 Doping with CCl4 has no effect
on the band, which suggests that the product is neutral.
Accordingly, the absorption at 2060.8 cm-1 is assigned to the
asymmetric N-N stretching mode of Fe(NN)2. This assignment
confirms the previous tentative assignment in solid argon (2045
cm-1).11 The N-N stretching mode for Fe(NN)2 in the neon
matrix is blue-shifted 15.8 cm-1 relative to previous argon
matrix experiments.11

The Fe(NN)2 species is predicted to have a 3Σg
+ ground state

with D∞h symmetry (Table 3 and Figure 4), consistent with the
previous LCGTO-KS-DF studies.14 The N-N asymmetric
stretching mode for this linear complex is predicted at 2059.0
cm-1, only 1.8 cm-1 lower than the neon matrix value. The
calculated 14N/15N isotopic frequency ratio (1.0350) of the
asymmetric N-N stretching vibration is consistent with the ex-
perimental value (1.0344). These agreements support the
identification of the Fe(NN)2 complex.

Fe(NN)3. The absorption at 2091.0 cm-1 appears after sample
deposition, increases after sample annealing, slightly decreases
after broad band irradiation, and recovers after further annealing

to higher temperature (Table 1 and Figure 1). It shifts to 2021.4
cm-1 with 15N2, giving an isotopic 14N/15N ratio of 1.0344, which
is characteristic of a N-N stretching vibration. In the 14N2 +
15N2 experiment, a quartet mixed isotopic pattern (2090.9/
2078.7/2035.1/2021.7) has been observed (Figure 2), which is
reminiscent of the Rh(NN)3 complex.30 Doping with CCl4 has
no effect on the band, which suggests that the product is neutral.
Accordingly, this band is suitable for the N-N stretching
vibration of the Fe(NN)3 complex. Note that the band at 2032
cm-1 was tentatively assigned to Fe(NN)3 in the early solid
krypton experiments.10

The previous demon-KS calculations predicted the triple state
with C2V geometry to be the ground state for Fe(NN)3.14 The
present BP86 calculations predict that the Fe(NN)3 complex has
a 3A1 ground state with C2V symmetry (Table 3 and Figure 4)
and three N-N stretching modes are calculated at 2154.7 cm-1

(4 km/mol, A1), 2083.5 cm-1 (782 km/mol, A1), and 2083.1
cm-1 (1300 km/mol, A1). The band 2154.7 cm-1 with very low
intensity (4 km/mol) is not readily observed and the band 2083.5
cm-1 couples with 2083.1 cm-1 in the IR spectra, which is in
accord with experimental observations. As listed in Table 2,
the calculated 14N2/15N2 isotopic frequency ratio is consistent
with the experimental value. The assignment of the Fe(NN)3

molecule is supported by the overall agreement between the

TABLE 2: Comparison of Observed and Calculated IR Frequencies (in cm-1) and Isotopic Frequency Ratios for the Products

observed BP86 B3LYP

species νN-N
14N2/15N2 νN-N

14N2/15N2 νN-N
14N2/15N2

Fe(N2) 1834.2 1.0343 1728.1 1.0349 1918.4 1.0350
Fe(NN) 2051.2 1.0338 2021.2 1.0350 2209.9 1.0350
Fe(NN)2 2060.8 1.0344 2059.0 1.0350 2136.8 1.0350
Fe(NN)3 2091.0 1.0344 2083.1 1.0350 2193.2 1.0350
Fe(NN)4 2126.2 1.0344 2123.1 1.0350 2234.6 1.0350

2115.9 1.0343 2112.6 1.0350 2226.3 1.0350
Fe(NN)5 2184.2 1.0343 2157.2 1.0350 2297.4 1.0350

2126.2 1.0344 2130.5 1.0350 2241.8 1.0350
Fe(NN)3

- 1949.3 1.0340 1940.9 1.0350 1993.3 1.0350

TABLE 3: Ground Electronic States, Point Groups, Vibrational Frequencies (in cm-1), and Intensities (km/mol) of Reaction
Products Calculated at the BP86/6-311+G(d)-LANL2DZ Level

species electronic state point group frequency (intensity, mode)

Fe(N2) 3B1 C2V 1728.1 (229, A1), 493.3 (24, A1), 443.5 (25, B2)
Fe(NN) 3∆ C∞V 2021.2 (971, σ), 534.3 (51, σ), 289.9 (3, π), 253.2 (3, π)
Fe(NN)2

3Σg
+ D∞h 2119.6 (0, σg), 2059.0 (1636, σu), 534.8 (131, σu), 467.4 (2, πu), 430.9 (0, πu), 376.3 (11, σg),

260.2 (0, πg), 257.6 (0, πg), 67.0 (2, πu), 44.0 (4, πu)
Fe(NN)3

3A1 C2V 2154.7 (4, A1), 2083.5 (782, A1), 2083.1 (1300, A1), 484.6 (90, B2), 436.6 (0.4, A1), 418.3
(40, A1), 405.3 (2, B1), 383.1 (2, A1), 361.1 (8, B2), 264.2 (0, B2), 228.3 (0, A2), 209.6
(0.4, B1), 73.9 (1, B2), 67.0 (1, A1), 63.7 (3, B1)

Fe(NN)4
3B1 C2V 2191.1 (11, A1), 2123.1 (686, B1), 2114.7 (616, A1), 2112.6 (1075, B1), 441.3 (65, B2), 401.4

(5, A1), 388.8 (12, A1), 388.6 (6, B1), 372.5 (38, B1), 364.6 (18, A1), 350.5 (0, A2), 344.8
(3, A1), 330.8 (17, B2), 238.1 (0, A2), 236.6 (0, B2), 230.5 (0.3, B1), 75.9 (1, B2), 74.6
(1, A1), 72.9 (1, B1), 65.6 (0, A2), 53.2 (0.1, A1)

Fe(NN)5
1A1′ D3 h 2218.4 (0, A1′), 2157.2 (745, A2′), 2137.3 (0, A1′), 2130.5 (724 × 2, E′), 536.3 (52 × 2, E′),

488.3 (97, A2′′), 441.2 (0 × 2, E′), 410.4 (6 × 2, E), 402.5 (6, A2′′), 386.1 (0, A1′), 362.5
(0, A1′), 331.5 (29, E′), 280.4 (0, A2′), 273.8 (0 × 2, E′′), 105.1 (0.2 × 2, E), 97.9 (1, A2′),

93.2 (0 × 2, E′′), 51.3 (0.01 × 2, E′)
Fe(NN)3

- 2A1′ D3 h 2028.3 (0, A1′), 1940.9 (1724 × 2, E′), 521.4 (78 × 2, E′), 506.6 (0.1, A2′′), 489.6 (19 × 2, E′),
437.6 (0, A1′), 308.6 (0, A2′), 225.5 (0 × 2, E′′), 69.9 (9, A2′′), 63.2 (0.3 × 2, E′)

TABLE 4: Electronic Configurations, Natural Charge Distributions, and Bond Order for Fe(NN)x (x ) 1-5) Calculated at the
BP86/6-311+G(d)-LANL2DZ Level

natural chargea bond order

species Fe electronic configuration Fe N1 N2 Fe-N1 N1-N2

Fe(NN) 4S0.823d6.85 0.312 –0.231 –0.081 0.810 2.507
Fe(NN)2 4S0.573d6.95 0.476 –0.222 –0.016 0.615 2.609
Fe(NN)3 4S0.313d6.97 0.700 –0.224 –0.002 0.527 2.645
Fe(NN)4 4S0.283d6.96 0.712 –0.192 0.018 0.465 2.697
Fe(NN)5 4S0.293d7.10 0.545 –0.085 –0.038 0.598 2.710

a N1 is the nearest neighbor of Fe and N2 is the atom bonded to N1.

2160 J. Phys. Chem. A, Vol. 114, No. 5, 2010 Lu et al.



experimental and the calculated vibrational frequencies, isotopic
shifts, and relative intensities.

Fe(NN)4. The absorptions at 2126.2 and 2115.9 cm-1 appear
together after sample deposition and increase after sample
annealing and broad band irradiation (Table 1 and Figure 1).
The two bands shift to 2055.4 and 2045.8 cm-1 with 15N2,
respectively, giving isotopic frequency ratios (14N/15N, 1.0344
and 1.0343) characteristic of N-N stretching vibrations. Two
different triplet isotopic patterns are observed in the mixed 14N2

+ 15N2 isotopic spectra (Figure 2, trace d), which indicate that
four N2 units are involved in the complex.29 Doping with CCl4

has no effect on these bands, suggesting that the product is
neutral. As compared with the DFT calculations (vide infra),
the absorptions at 2126.2 and 2115.9 cm-1 can be assigned to
the asymmetric N-N stretching modes of the Fe(NN)4 complex.
It is noted that in the previous solid krypton, the bands at 2086,
2098, and 2108 cm-1 were tentatively assigned to Fe(NN)4.10

The Fe(NN)4 complex is predicted to have a 3B1 ground state
with C2V symmetry (Table 3 and Figure 4), in accord with the
previous deMon-KS studies.14 The N-N stretching frequencies
of the Fe(NN)4 species are calculated to be 2191.1 (11 km/

mol, A1), 2123.1 (686 km/mol, B1), 2114.7 (616 km/mol, A1),
and 2112.6 (1075 km/mol, B1) cm-1, respectively. The 2191.1
cm-1 band with very low intensity (11 km/mol) is not readily
to be observed, which is in line with the absence of this mode
of the Fe(NN)4 complex from the present experiments. The band
2112.6 cm-1 couples with 2114.7 cm-1 in the IR spectra,
consistent with the observed frequency of 2115.9 cm-1. In
addition, the calculated band 2123.1 cm-1 is only 3.1 cm-1 lower
than the neon matrix value 2126.2 cm-1. All other modes of
Fe(NN)4 with IR intensities less than 70 km/mol (Table 3) are
not readily observed, which are in line with the absence of these
modes of the Fe(NN)4 complex from the present experiments.
Furthermore, the calculated 14N/15N isotopic frequency ratios
of the N-N stretching vibrations are also in accord with the
experimental values (Table 2), which supports the identification
of the Fe(NN)4 complex.

Fe(NN)5. The absorptions at 2184.2 and 2126.2 cm-1 appear
on sample deposition and increase after sample annealing and
broad band irradiation (Table 1 and Figure 1). These two bands
shift to 2111.7 and 2055.4 cm-1 with 15N2, exhibiting isotopic
frequency ratios (14N/15N, 1.0343 and 1.0344) characteristic of
N-N stretching vibrations. As can be seen in Table 1 and Figure
2, a quartet isotopic pattern (2184.1/2172.8/2151.3/2111.7) and
a triple isotopic pattern (2126.1/2107.5/2055.4) have been
observed in the mixed 14N2 + 15N2 experiments. Doping with
CCl4 has no effect on the bands, which suggests that the product
is neutral. By comparing the IR spectra with the results of DFT
calculations (vide infra), these two bands are suitable for the
N-N stretching modes of the Fe(NN)5 complex. In the previous
experiments in solid nitrogen, the bands at 2012 and 2106 cm-1

were tentatively assigned to Fe(NN)5 with D3h symmetry.10 In
recent N2 matrix experiments, three peaks at 2071, 2078, and
2095 cm-1 were attributed to the D3h end-on Fe(N2)5 complex.12

BP86 calculations predict Fe(NN)5 to have a 1A1′ ground state
with D3h symmetry (Table 3 and Figure 4), which is in line
with the previous LCGTO-KS-DF calculations.12,14 As listed in
Table 3, the asymmetric N-N stretching vibration frequencies
of Fe(NN)5 are calculated to be 2157.2 and 2130.5 cm-1,
consistent with the neon matrix observation at 2184.2 and 2126.2
cm-1. The calculated 14N/15N isotopic frequency ratios (1.0350
and 1.0349) are also consistent with the experimental values
(1.0338 and 1.0343). In addition, all other modes of Fe(NN)5

with low IR intensities (Table 3) are not readily observed, which
are consistent with the absence of these modes of the Fe(NN)5

complex from the present experiments. These agreements
between the experimental and the calculated results support the
assignment of the Fe(NN)5 complex.

Fe(NN)3
-. The absorption at 1949.3 cm-1 appears after

sample deposition, increases after sample annealing, disappears
after broad band irradiation, and does not recover after further
annealing to higher temperature (Table 1 and Figure 1). It shifts
to 1885.2 cm-1 with 15N2, giving an isotopic 14N/15N ratio of
1.0340, which is characteristic of a N-N stretching vibration.
The approximately 2:1:1:2 isotopic distribution is obtained in
14N2 + 15N2 experiments (Figure 3), indicating that three
equivalent NN subunits are involved in this molecule.29 Doping
with CCl4 in the N2/Ne sample with 1/10 concentration of N2

eliminates this band, suggesting an anionic species identification.
Accordingly, this band is assigned to the N-N stretching
vibration of the Fe(NN)3

- anion.
The Fe(NN)3

- complex is predicted to have a 2A1′ ground
state with D3h symmetry (Table 3 and Figure 4). A strong
asymmetric mode at 1940.9 cm-1 is predicted for Fe(NN)3

-,
which is only about 8.4 cm-1 lower than the neon matrix value.

Figure 5. Molecular orbital depictions of the highest occupied
molecular orbitals (HOMOs) and HOMO-1s of the Fe(N2), Fe(NN)x

(x ) 1-5), and Fe(NN)3
- complexes calculated at the BP86/6-

311+G(d)-LANL2DZ level.
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The calculated 14N/15N isotopic frequency ratio (1.0350) of the
asymmetric N-N stretching vibration is consistent with the
experimental value (1.0340), which confirms the identification
of the Fe(NN)3

- anion.
Bonding Consideration. It is interesting to compare the

electronic configurations, natural charge distributions, and bond
orders for the Fe(NN)x (x ) 1-5) complexes in Table 4. The
ground-state electronic configuration of the Fe atom is 4s23d6.
In the Fe(NN)x (x ) 1-5) complexes; however, the NBO
analyses reveal that there are some electrons (0.85-1.1 elec-
trons) transferred from 4s to 3d, implying the strong hybridiza-
tion between 4s and 3d of the Fe atom. The removal of 4s
electrons of Fe reduces the Fe-N σ repulsion and enhances
the Fe to N2 π* back-donation. The natural charge distribution
on Fe(NN) shows a transfer of about 0.312 electron from Fe to
NN. The N-N bond weakens due to the π back-donation, and
the N-N bond in Fe(NN) is elongated 0.036 Å from free N2,
and consequently, the N-N stretching frequency for Fe(NN)
is red-shifted 303.5 cm-1 from free N2. The change of natural
charge can be taken as a measure of the π back-donation. As
the number of NN ligands increases, the natural charge on the
N1 and N2 atoms decreases monotonically (N1 is the nearest
neighbor of the Fe atom whereas N2 is the atom bonded to
N1), suggesting that the π back-donation diminishes from one
NN ligand to five ligands. When five NN ligands are placed
around the Fe atom, the electron transfer from Fe to N1 and
N2 via π back-donation is not efficient, so that the natural charge
on N1 and N2 is markedly decreased in Fe(NN)5. As can be
seen from the bond orders of Fe-N1 and N1-N2 in Table 4,
the Fe-N bond is weakened whereas the N-N bond is enhanced
upon the increase of NN ligands. Therefore, the N-N stretching
vibrations increase with increasing NN ligands, in agreement
with experimental observations (Table 1).

As illustrated in Figure 5, the highest occupied molecular
orbital (HOMO) in the linear Fe(NN) is of σ-type with the
contribution mainly from the Fe 3d and N 2p atomic orbitals,
whereas the HOMO in the linear Fe(NN)2 is largely Fe 4s and
3d in character and is nonbonding. The HOMO-1s in Fe(NN)
and Fe(NN)2 are degenerate of π-type and mainly result from
the contributions between the Fe 3d and N 2p atomic orbitals.
The HOMO in the side-on Fe(N2) is a σ-type bond whereas the
HOMO-1 is a δ-type bond. As can be seen from the HOMO in
the side-on Fe(N2) complex with the acute NFeN angle, the
nitrogen atoms are close enough in proximity to produce a
significant N-N bonding interaction, which facilitates the back-
donation from the Fe atom to the N2 ligand. For the Fe(NN)x

(x ) 3-5) and Fe(NN)3
- complexs, the HOMOs are of σ-type

whereas the HOMO-1s are of π-type, which are responsible
for the stability of these metal dinitrogen complexes.

Reaction Pathways. In our experiments, no IR absorptions
due to nitrides were observed in the as-deposited and annealed
spectra, suggesting that in the present experiments, the laser
ablation conditions were not significant for generating Fe atoms
with energies high enough to dissociate molecular N2 to N
atoms, indicating that the observed products were formed by
low-temperature reactions of the Fe atoms with molecular N2.
On the basis of the behavior of sample annealing and irradiation,
together with the observed species and calculated stable isomers,
plausible reaction pathways can be proposed as follows. Laser-
ablated Fe atoms are codeposited with N2 to form the Fe(N2),
Fe(NN)x (x ) 1-5), and Fe(NN)3

- complexes (Figure 1). The
absorptions of iron dinitrogen complexes increase on annealing,
suggesting the reactions to form these species are spontaneous.
The iron dinitrogen complexes may be formed from the reactions

of Fe atoms or iron dinitrogen complexes with N2 (reactions
1-7). As can be seen in reactions 1-7, all association reactions
are predicted to be exothermic (-7.5 to -43.4 kcal/mol), in
agreement with the experimental observations.

Recent investigations have shown that laser ablation of
metal targets produces not only neutral metal atoms but also
metal cations and electrons, and ionic metal complexes can
also be formed in the reactions with small molecules.31,32 In
the present experiments, the Fe(NN)3

- anion appears during
sample deposition and changes little after sample annealing
and other anions absent, suggesting the species may be
generated through the capture of ablated electron at the
expense of Fe(NN)3 (reaction 7).

Conclusions

Reactions of laser-ablated iron atoms with dinitrogen in solid
neon have been investigated using matrix-isolation infrared
spectroscopy. The absorptions at 1834.2, 1949.3, 2051.2, 2060.8,
2091.0, 2115.9, 2126.2, and 2184.2 cm-1 are assigned to the
N-N stretching vibrations of the Fe(N2), Fe(NN)3

-, Fe(NN),
Fe(NN)2, Fe(NN)3, Fe(NN)4, and Fe(NN)5 molecules, respec-
tively, on the basis of isotopic shifts, mixed isotopic splitting
patterns, and CCl4-doping experiments. Density functional
theory calculations have been performed on these complexes.
The identifications of these iron dinitrogen complexes are
confirmed by the overall agreement between the experimental
and calculated vibrational frequencies, relative absorption
intensities, and isotopic shifts.

Fe(5D) + N2(
1Σg

+) f Fe(N2)(
3B1) (1)

∆E ) -9.5 kcal/mol

Fe(5D) + N2(
1Σg

+) f FeNN(3∆) (2)

∆E ) -12.9 kcal/mol

FeNN(3∆) + N2(
1Σg

+) f Fe(NN)2(
3Σg

+) (3)

∆E ) -40.5 kcal/mol

Fe(NN)2(
3Σg

+) + N2(
1Σg

+) f Fe(NN)3(
3A1) (4)

∆E ) -21.4 kcal/mol

Fe(NN)3(
3A1) + N2(

1Σg
+) f Fe(NN)4(

3B1) (5)

∆E ) -17.6 kcal/mol

Fe(NN)4(
3B1) + N2(

1Σg
+) f Fe(NN)5(

1A1′) (6)

∆E ) -7.5 kcal/mol

Fe(NN)3(
3A1) + e- f Fe(NN)3

-(2A1′) (7)

∆E ) -43.4 kcal/mol
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