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Laser-ablated tantalum and niobium atoms react with CO and N2 mixtures in excess neon to produce
carbonyl metal dinitrogen complexes, NNMCO �M =Ta, Nb�, �NN�2TaCO, and NNTa�CO�2, as
well as metal carbonyls and dinitrogen complexes. These carbonylmetal dinitrogen complexes are
characterized using infrared spectroscopy on the basis of the results of the isotopic substitution and
mixed isotopic splitting patterns. Density functional theory calculations have been performed on
these novel species. The good 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 plausible reaction
mechanisms for the formation of the products are discussed. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3186759�

I. INTRODUCTION

The interaction of transition-metal atoms with small
molecules �i.e., CO, O2, CO2, H2, N2, CH4, etc.� is of con-
siderable interest in the widely different fields of catalysis,
synthesis, and biology.1 Among these small molecules, CO
and N2 are two of the most important in transition-metal
chemistry from an academic or an industrial viewpoint.1–5

Since the discovery of the first metal carbonyl Ni�CO�4 and
metal dinitrogen complex �Ru�NH3�5�N2��2+,6,7 the synthe-
sis, structural characterization, and reactivity of transition-
metal carbonyls and dinitrogen complexes have been the
subject of intensive studies and are still important compo-
nents of modern transition-metal chemistry. Compared to the
extensive investigations on metal carbonyls or dinitrogen
complexes,8–10 few works have been done on carbonylmetal
dinitrogen complexes. The first carbonyl dinitrogen complex,
�C5H5�Mn�CO�2N2,11 exhibits a potential for a catalyst in
nitrogen fixation.12 The M�CO�5N2 �M =Cr, Mo, W� com-
plexes have been observed in the liquid xenon and low-
temperature matrices.13 The Rh�CO�N2, RhII�CO��N2�2+, and
RhII�CO�2�N2�2+ species have been produced from the reac-
tions of nitrogen gas with rhodium carbonyls supported on
dealuminated Y zeolite and an Al2O3 surface.14,15

Previous studies have shown that, with the aid of isoto-
pic substitution, matrix isolation infrared spectroscopy, com-
bined with density functional theory �DFT� calculation, is
very powerful in investigating the spectrum, structure, and
bonding of novel species and the related reaction
mechanisms.16,17 Recently, various metal carbonyls have
been prepared in low-temperature matrices by codeposition
of laser-ablated transition-metal and main-group-element at-
oms with CO.8,9 Neon matrix investigations of the reaction
of laser-ablated tantalum and niobium atoms with carbon

monoxide molecules have characterized the M�CO�x

�x=1–6� �M =Ta, Nb� molecules.18 Similarly, some tantalum
and niobium dinitrogen complexes have been identified in
the argon matrix experiments.19 In this paper, we report a
study of the reactions of laser-ablated Ta and Nb atoms with
CO and N2 mixtures in excess neon. IR spectroscopy
coupled with theoretical calculation provides evidence for
the formation of the new carbonylmetal dinitrogen com-
plexes, NNMCO �M =Ta, Nb�, �NN�2TaCO, and
NNTa�CO�2.

II. EXPERIMENTAL AND THEORETICAL METHODS

The experiments for laser ablation and matrix isolation
infrared spectroscopy are similar to those previously
reported.20 Briefly, the Nd:yttrium aluminum garnet laser
fundamental �1064 nm, 10 Hz repetition rate with 10 ns
pulse width� was focused on the rotating Ta and Nb targets.
The laser energy was varied from 5 to 25 mJ/pulse. The
laser-ablated Ta and Nb atoms were codeposited with CO
and N2 mixtures in excess neon onto a CsI window cooled
normally to 4 K by means of a closed-cycle helium refrig-
erator. CO �99.95%, Japan Fine Products�, 13C16O �99%,
18O�1%, ICON�, 12C18O �99%, ICON�, N2 �99.95%,
SUZUKI SHOKAN Co., Ltd.�, 15N2 �99.8%, SHOKO Co.,
Ltd.�, and mixed isotopic samples were used to prepare the
CO /N2 /Ne mixtures. In general, matrix samples were depos-
ited 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 liq-
uid nitrogen cooled HgCdTe �MCT� detector for the spectral
range of 5000−400 cm−1. Samples were annealed at differ-
ent temperatures and subjected to broadband irradiation
���250 nm� using a high-pressure mercury arc lamp
�Ushio, 100 W�.

DFT calculations were performed to predict the struc-
tures and vibrational frequencies of the observed reaction
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products using the GAUSSIAN 03 program.21 The BP86 den-
sity functional method was utilized,22 which have been
shown to provide vibrational frequencies close to the experi-
mental values.23–25 The 6-311+G�d� basis set was used for
the C, O, and N atoms,26 and the Los Alamos effective-core-
potential plus double zeta �LANL2DZ� basis set was used for
the Ta and Nb atoms.27 All geometrical parameters were
fully optimized and the harmonic vibrational frequencies
were calculated with analytical second derivatives. Natural
bond orbital28 �NBO� approach was employed to elucidate
the electron configurations 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 ab-
sorption intensities, and isotopic shifts.16–19,23–25

III. RESULTS AND DISCUSSION

Experiments have been done for laser-ablated Ta and Nb
atoms reactions with CO and N2 mixtures in excess neon
using low laser energy with different CO and N2 concentra-
tions. Typical infrared spectra for the products in the selected
regions are illustrated in Figs. 1–4, and the absorption bands
in different isotopic experiments are listed in Table I. Ab-
sorptions common to these experiments such as metal carbo-
nyls, metal dinitrogen complexes, and 13CO have been re-
ported previously18,19 and are not listed here. The stepwise
annealing and photolysis behavior of the product absorptions
is also shown in the figures and will be discussed below.
Meanwhile, experiments have also been done for the codepo-
sition of laser-ablated Ta and Nb atoms with separated CO
and N2 samples to confirm the new absorptions.

DFT calculations have been carried out for the possible
isomers and electronic states of the potential product mol-
ecules. Figure 5 shows the ground state structures of the new
products. The ground electronic states, point groups, vibra-
tional frequencies, and intensities are listed in Table II. Table
III reports a comparison of the observed and calculated iso-
topic frequency ratios for the N–N and C–O stretching

modes of the novel products. The summary of electronic
configurations, natural charge distributions, the TaCO bond
angles and C–O stretching frequencies of tantalum monocar-
bonyl subunits in the series of complexes are listed in Table
IV. Energetic analysis for possible reactions of Ta and Nb
atoms with CO and N2 is given in Table V. Molecular orbital
depictions of the highest occupied molecular orbitals �HO-
MOs� and HOMO-1s of the new products are representa-
tively illustrated in Fig. 6.

A. NNTaCO

In the Ta+CO+N2 experiments, the absorptions at
1970.6 and 1880.7 cm−1 appear together after sample an-
nealing, visibly decrease after broadband irradiation, and
markedly recover after further annealing to higher tempera-
ture �Table I and Fig. 1�. The lower band at 1880.7 cm−1

FIG. 1. Infrared spectra in the 2120−1790 cm−1 region from codeposition
of laser-ablated Ta atoms with 0.1%CO+0.3%N2 in Ne. �a� 40 min of
sample deposition at 4 K, �b� after annealing to 10 K, �c� after 10 min of
broadband irradiation, and �d� after annealing to 12 K.

FIG. 2. Infrared spectra in the 2100−1780 cm−1 region for laser-ablated Ta
atoms codeposited with isotopic CO /N2 mixtures in Ne after annealing to
10 K. �a� 0.1%CO+0.3%N2, �b� 0.1% 13CO+0.3%N2, �c� 0.1% 12CO
+0.1% 13CO+0.3%N2, �d� 0.1%C 18O+0.3%N2, �e� 0.1%C 16O
+0.1%C 18O+0.3%N2, �f� 0.1%CO+0.3% 15N2, and �g� 0.1%CO
+0.2% 14N2+0.2% 15N2.

FIG. 3. Infrared spectra in the 2100−1800 cm−1 region from codeposition
of laser-ablated Nb atoms with 0.15%CO+0.1%N2 in Ne. �a� 40 min of
sample deposition at 4 K, �b� after annealing to 8 K, �c� after 10 min of
broadband irradiation, and �d� after annealing to 10 K.
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shifts to 1841.5 cm−1 with 13C16O and to 1836.5 cm−1 with
12C18O, exhibiting isotopic frequency ratios
�12C16O / 13C16O: 1.0213; 12C16O / 12C18O: 1.0241� character-
istic of C–O stretching vibrations. The mixed 12C16O
+ 13C16O+N2 �Fig. 2, trace c� and 12C16O+ 12C18O+N2 �Fig.
2, trace e� isotopic spectra only provide the sum of pure
isotopic bands, implying that one CO unit is involved in this
mode.29 This band is 15.5 cm−1 higher than the band for
TaCO in a neon matrix.18 Furthermore, the 1880.7 cm−1

band also shows a small shift with 15N2 �19.1 cm−1� �Table I
and Fig. 2�, suggesting that the N2 unit is involved in this
complex. The upper band at 1970.6 cm−1 shows very small
shifts with 13C16O and 12C18O �12C16O / 13C16O: 1.0004;
12C16O / 12C18O: 1.0005� but a large shift with 15N2

�14N2 / 15N2: 1.0242�, indicating that this mode is mainly due
to a N–N stretching vibration. This band is 17.8 cm−1 higher
than the N–N vibrational frequency of TaNN in an argon
matrix.19 The mixed CO+ 14N2+ 15N2 isotopic spectra �Fig. 2,
trace g� only provide the sum of pure isotopic bands, which
indicates only one N2 unit is involved in the complex.29 Ac-

cordingly, the absorptions at 1970.6 and 1880.7 cm−1 are
assigned to the N–N and C–O stretching modes of NNTaCO,
respectively.

DFT calculations have been performed for the NNTaCO
complex to support the above assignment. The NNTaCO
complex is predicted to have a 4A� ground state with Cs

symmetry �Table II and Fig. 5�. The N–N and C–O stretching
vibrational frequencies of the bent NNTaCO complex are
calculated to be 1938.9 and 1849.7 cm−1 �Table II�, respec-
tively, which are in accord with the corresponding experi-
mental values. For the C–O stretching mode of the bent
NNTaCO complex, the calculated 12C16O / 13C16O,
12C16O / 12C18O, and 14N / 15N isotopic frequency ratios of
1.0217, 1.0204, and 1.0101 �Table III� are consistent with the
experimental observations, 1.0213, 1.0241, and 1.0103, re-
spectively. The calculated 12C16O / 13C16O, 12C16O / 12C18O,
and 14N / 15N isotopic frequency ratios of the N–N stretching
mode of the bent NNTaCO complex also agree with the ex-
perimental values �Table III�.

FIG. 4. Infrared spectra in the 2100−1780 cm−1 region for laser-ablated Nb
atoms codeposited with isotopic CO /N2 mixtures in Ne after annealing to 8
K. �a� 0.15%CO+0.1%N2, �b� 0.15% 13CO+0.1%N2, �c� 0.1% 12CO
+0.1% 13CO+0.1%N2, �d� 0.15%C 18O+0.1%N2, �e� 0.1%C 16O
+0.1%C 18O+0.1%N2, �f� 0.15%CO+0.2% 15N2, and �g� 0.2%CO
+0.15% 14N2+0.15% 15N2.

TABLE I. IR absorptions �in cm−1� of new species observed from reaction of laser-ablated Ta and Nb atoms
with CO and N2 mixtures in excess neon.

CO+N2
13CO+N2 C18O+N2 CO+ 15N2 R�12CO / 13CO� R�C16O /C18O� R�14N / 15N� Assignment

Tantalum
2074.0 2073.5 2073.8 2006.1 1.0002 1.0001 1.0339 NNTa�CO�2

2022.2 2022.1 2022.0 1954.9 1.0001 1.0001 1.0344 �NN�2TaCO
1970.6 1969.9 1969.7 1924.0 1.0004 1.0005 1.0242 NNTaCO
1943.6 1901.2 1900.6 1937.5 1.0223 1.0226 1.0031 NNTa�CO�2

1909.6 1868.8 1863.0 1908.2 1.0218 1.0250 1.0007 NNTa�CO�2

1891.7 1855.4 1854.7 1877.5 1.0196 1.0200 1.0076 �NN�2TaCO
1880.7 1841.5 1836.5 1861.6 1.0213 1.0241 1.0103 NNTaCO

Niobium
1990.8 1986.3 1986.6 1923.1 1.0023 1.0021 1.0352 NNNbCO
1870.2 1828.2 1823.6 1868.7 1.0230 1.0256 1.0008 NNNbCO

FIG. 5. Optimized structures �bond lengths in angstrom, bond angles in
degree�, electronic ground states, point groups of the new reaction products
calculated at the BP86 /6-311+G�d�-LANL2DZ level.
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B. „NN…2TaCO

In the Ta+CO+N2 experiments, the sharp bands at
2022.2 and 1891.7 cm−1 appear together after sample an-
nealing, markedly decrease after broadband irradiation, and
recover after further annealing to higher temperature �Table I
and Fig. 1�. The lower band at 1891.7 cm−1 shifts to
1855.4 cm−1 with 13C16O and to 1854.7 cm−1 with 12C18O,
exhibiting isotopic frequency ratios �12C16O / 13C16O: 1.0196;
12C16O / 12C18O: 1.0200� characteristic of C–O stretching vi-
brations. The mixed 12C16O+ 13C16O+N2 �Fig. 2, trace c�
and 12C16O+ 12C18O+N2 �Fig. 2, trace e� isotopic spectra
only provide the sum of pure isotopic bands, implying that
one CO unit is involved in this mode.29 This band is
26.5 cm−1 higher than the band for TaCO in solid neon.18

Furthermore, the 1891.7 cm−1 band also shows a small shift
with 15N2 �Table I and Fig. 2�, suggesting that the N2 unit is
involved in this complex. The upper band at 2022.2 cm−1

shows a large shift with 15N2 �14N2 / 15N2: 1.0344�, indicating
that this mode is mainly due to a N–N stretching vibration. A
triplet isotopic pattern is observed in the mixed CO+ 14N2

+ 15N2 isotopic spectra �Fig. 2, trace g�, which indicates two
N2 units are involved in the complex.29 This band is
51.6 cm−1 higher than the N–N vibrational frequency of

NNTaCO in present experiments. Accordingly, the absorp-
tions at 2022.2 and 1891.7 cm−1 are assigned to the asym-
metric N–N and C–O stretching modes of �NN�2TaCO, re-
spectively.

The �NN�2TaCO complex is predicted to have a 4B2

ground state with C2v symmetry �Table II and Fig. 5�. The
symmetric and asymmetric N–N and C–O stretching fre-
quencies of the �NN�2TaCO species are calculated to be
2065.0, 2005.8, and 1885.7 cm−1 �Table II�, respectively.
The intensity of the symmetric N–N stretching vibration in
�NN�2TaCO is predicted to be about 1/350 that of the asym-
metric N–N stretching vibration �Table III�, which is consis-
tent with the absence of the symmetric N–N stretching vibra-
tion of the �NN�2TaCO complex from the present
experiments. The calculated 12C16O / 13C16O,
12C16O / 12C18O, and 14N / 15N isotopic frequency ratios of the
asymmetric N–N and C–O stretching vibrations are consis-
tent with the experimental values �Table III�, respectively,
which support the identification of the �NN�2TaCO complex.

C. NNTa„CO…2

In the Ta+CO+N2 experiments, new bands at 2074.0,
1943.6, and 1909.6 cm−1 exhibit the same behavior of depo-

TABLE II. Ground electronic states, point groups, vibrational frequencies �cm−1�, and intensities �km/mol� of
the new products calculated at the BP86 /6-311+G�d�-LANL2DZ level.

Species Ground electronic state Point group Frequency �intensity, mode�

NNTaCO 4A� Cs 1938.9 �453, A��, 1849.7 �1123, A��, 514.2 �0.4, A��,
470.1 �4, A��, 433.2 �20, A��, 369.1 �1, A��, 335.4 �2,
A��, 320.8 �2, A��, 85.6 �1, A��

�NN�2TaCO 4B2 C2v 2065.0 �5, A1�, 2005.8 �1750, B2�, 1885.7 �976, A1�,
509.2 �4, A1�, 485.4 �0.005, B2�, 452.4 �4, A1�, 399.3
�0.06, B1�, 389.2 �3, A1�, 361.8 �42, B2�, 328.7 �2, B1�,
328.6 �10, B2�, 287.3 �0, A2�, 80.7 �1, B2�, 73.6 �1, A1�,
51.4 �2, B1�

NNTa�CO�2
4A� Cs 2078.8 �347, A��, 1940.5 �1668, A��, 1886.2 �1010, A��,

539.9 �7, A��, 480.7 �0.4, A��, 452.0 �4, A��, 404.6 �10,
A��, 398.7 �0.03, A��, 343.2 �21, A��, 329.2 �1, A��,
321.4 �20, A��, 279.8 �0.07, A��, 80.7 �1, A��, 65.6 �1,
A��, 34 �2, A��

NNNbCO 4A� Cs 1991.9 �517, A��, 1868.5 �1060, A��, 541.8 �0.3, A��,
460.9 �3, A��, 414.1 �17, A��, 345.6 �3, A��, 321.2 �5,
A��, 303.3 �3, A��, 84.4 �1, A��

TABLE III. Comparison of observed and calculated IR frequency ratios for the new products.

Species

Frequency
�cm−1�

Mode

R�12CO / 13CO� R�C16O /C18O� R�14N / 15N�

Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc.

NNTaCO 1970.6 1938.9 �N–N 1.0004 1.0023 1.0005 1.0021 1.0242 1.0247
1880.7 1849.7 �C–O 1.0213 1.0217 1.0241 1.0204 1.0103 1.0101

�NN�2TaCO 2022.2 2005.8 �N–N 1.0001 1.0000 1.0001 1.0000 1.0344 1.0350
1891.7 1885.7 �C–O 1.0196 1.0231 1.0200 1.0221 1.0076 1.0024

NNTa�CO�2 2074.0 2078.8 �N–N 1.0002 1.0018 1.0001 1.0015 1.0339 1.0293
1943.6 1940.5 �C–O 1.0223 1.0220 1.0226 1.0216 1.0031 1.0054
1909.6 1886.2 �C–O 1.0218 1.0238 1.0250 1.0231 1.0007 1.0001

NNNbCO 1990.8 1991.9 �N–N 1.0023 1.0013 1.0021 1.0012 1.0352 1.0303
1870.2 1868.5 �C–O 1.0230 1.0226 1.0256 1.0219 1.0008 1.0045
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sition, annealing, and broadband irradiation experiments,
suggesting that they are due to different vibrational modes of
the same molecule �Table I and Fig. 1�. The 1943.6 and
1909.6 cm−1 bands shift to 1901.2 and 1868.8 cm−1 with
13C16O, and to 1900.6 and 1863.0 cm−1 with 12C18O, re-
spectively, exhibiting isotopic frequency ratios characteristic
of C–O stretching vibrations. The mixed 12C16O+ 13C16O
+N2 �Fig. 2, trace c� and 12C16O+ 12C18O+N2 �Fig. 2, trace
e� isotopic spectra show a triplet isotopic pattern, respec-
tively, implying that two CO units are involved in this
mode.29 Furthermore, the 1943.6 and 1909.6 cm−1 bands
also show a small shift with 15N2 �Table I and Fig. 2�, sug-
gesting that the N2 unit is involved in this complex. The
1943.6 and 1909.6 cm−1 bands are 25.3 and 71.0 cm−1

higher than the symmetric and asymmetric C–O vibrational
frequencies of bent Ta�CO�2 in a neon matrix, respectively.19

The upper band at 2074.0 cm−1 shows a large shift with 15N2

�14N2 / 15N2: 1.0339�, indicating that this mode is mainly due
to a N–N stretching vibration. The mixed CO+ 14N2+ 15N2

isotopic spectra �Fig. 2, trace g� only provide the sum of pure
isotopic bands, which indicates only one N2 unit is involved
in the complex.29 This band is 121.2, 103.4, and 51.8 cm−1,
respectively, higher than the N–N vibrational frequency of
TaNN in solid argon,19 and those of NNTaCO and
�NN�2TaCO in solid neon in the present experiments. Ac-
cordingly, the absorptions at 2074.0, 1943.6, and
1909.6 cm−1 are assigned to the N–N, symmetric C–O, and
asymmetric C–O stretching vibrations of NNTa�CO�2, re-
spectively.

NNTa�CO�2 is predicted to have a Cs symmetry �Fig. 5�
with a 4A� ground state �Table II�. The N–N, symmetric
C–O, and asymmetric C–O stretching vibrations are calcu-
lated to be 2078.8, 1940.5, and 1886.2 cm−1 �Table III�, re-
spectively, which are consistent with the observed frequen-
cies. The calculated 12C16O / 13C16O, 12C16O / 12C18O, and
14N / 15N isotopic frequency ratios of N–N, symmetric C–O,
and asymmetric C–O stretching vibrations are in accord with
the experimental values �Table III�, respectively. These over-
all agreements support the above assignment of the
NNTa�CO�2 complex from the matrix spectra.

D. NNNbCO

In the Nb+CO+N2 experiments, weak absorptions at
1990.8 and 1870.2 cm−1 appear together during sample
deposition, slightly increase upon sample annealing, slightly
decrease after broadband irradiation, and slightly increase
after further annealing to 10 K �Table I and Fig. 3�. The
1870.2 cm−1 band shows large shifts �42.0, and 46.6 cm−1�
with 13C16O and 12C18O, respectively, but only a small shift
�1.5 cm−1� with 15N2. The 12C16O / 13C16O isotopic ratio of
1.0230, 12C16O / 12C18O isotopic ratio of 1.0256 and 14N / 15N
isotopic ratio of 1.0008 suggest that this band is due to a
terminal C–O stretching vibration with small coupling to ni-
trogen. This band is 61.8 cm−1 lower than the C–O stretch-

TABLE IV. Summary of the electronic configurations, natural charges, TaCO angles �deg�, and C–O stretching
frequencies �cm−1� in the �NN�xTa�CO�y molecules.

Species
Ta electronic
configuration

C electronic
configuration qTa qC �MCO

�C-O

Obs. Calc.

TaCO�6�+� 6s0.955d3.78 2s1.302p2.49 0.280 0.151 180.0 1863.0 1900.5
NNTaCO�Cs� 6s0.795d3.59 2s1.252p2.53 0.636 0.172 179.4 1880.7 1849.7
�NN�2TaCO�C2v� 6s0.665d3.68 2s1.242p2.46 0.676 0.253 180.0 1891.7 1885.7
NNTa�CO�2�Cs� 6s0.695d3.80 2s1.332p2.37 0.534 0.247 178.7 1943.6 1940.5

2s1.242p2.45 0.264 179.9 1909.6 1886.2

TABLE V. Energetics for possible reactions of Ta and Nb atoms with CO
and N2 calculated at the BP86 /6-311+G�d�-LANL2DZ level.

No. Reaction
Reaction energya

�kcal/mol�

1 Ta�4F�+CO�1�+�→TaCO�6�+� �41.4
2 Ta�4F�+N2�1�g

+�→TaNN�6�+� �26.4
3 Nb�6D�+CO�1�+�→NbCO�6�+� �44.6
4 Nb�6D�+N2�1�g

+�→NbNN�6�+� �30.9
5 TaNN�6�+�+CO�1�+�→NNTaCO�Cs� �50.0
6 TaCO�6�+�+N2�1�g

+�→NNTaCO�Cs� �35.0
7 NbNN�6�+�+CO�1�+�→NNNbCO�Cs� �41.2
8 NbCO�6�+�+N2�1�g

+�→NNNbCO�Cs� �27.5
9 Ta�NN�2�6A1�+CO�1�+�→ �NN�2TaCO�C2v� �53.1

10 NNTaCO�Cs�+N2�1�g
+�→ �NN�2TaCO�C2v� �31.4

11 NNTaCO�Cs�+CO�1�+�→NNTa�CO�2�Cs� �46.8
12 Ta�CO�2�4B2�+N2�1�g

+�→NNTa�CO�2�Cs� �24.9

aA negative value of energy denotes that the reaction is exothermic.
FIG. 6. Molecular orbital depictions of the HOMOs and HOMO-1s of the
new products.
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ing vibration frequency for NbCO and 23.0 cm−1 higher
than the antisymmetric C–O stretching vibration frequency
for Nb�CO�2 in a neon matrix.18 The 1990.8 cm−1 band ex-
hibits small shifts �4.5 and 4.2 cm−1� with 13C16O and
13C18O, respectively, but a large shift �67.7 cm−1� with 15N2.
The 14N / 15N isotopic ratio of 1.0352 indicates that this band
is mainly due to a terminal N–N stretching vibration. This
band is 76.3 cm−1 higher than the N–N vibrational fre-
quency of NbNN in solid argon.19 In the mixed 12C16O
+ 13C16O+N2, 12C16O+ 12C18O+N2, and CO+ 14N2+ 15N2

experiments �Fig. 4�, the sum of pure isotopic bands are ob-
served, indicating only one CO and N2 unit are involved in
the complex, respectively. Therefore, the absorptions at
1990.8 and 1870.2 cm−1 are assigned to the N–N and C–O
stretching vibrations of NNNbCO, respectively.

The assignment is confirmed by DFT calculations sum-
marized in Table II. The C–O stretching frequency is calcu-
lated at 1868.5 cm−1, only 1.7 cm−1 lower than the observed
value. The calculated N–N stretching frequency
�1991.9 cm−1� also agrees with the observed value. For the
C–O stretching mode, the calculated 12C16O / 13C16O,
12C16O / 12C18O, and 14N / 15N isotopic frequency ratios of
1.0226, 1.0219, and 1.0045 �Table III� are consistent with the
experimental observations, 1.0230, 1.0256, and 1.0008, re-
spectively. Similar results have also been obtained for the
N–N stretching mode of the NNNbCO complex �Table III�.

E. Bonding considerations

It is interesting to compare the electronic configurations,
natural charge distributions, and C–O stretching frequencies
of tantalum monocarbonyl subunits in the series of com-
plexes in Table IV. The TaCO molecule is calculated to be
linear with a 6�+ ground state calculated at the
BP86 /6-311+G�d�-LanL2DZ. However, the Ta–CO bond is
weakened upon coordination of N2 ligands. As a result the
C–O stretching vibrations are increased as the natural charge
distributions of tantalum atoms become more positive. In
TaCO, � donation from the 5� molecular orbital of CO con-
tributes to the unoccupied Ta orbital of � symmetry �d��,
while the � back donation is from the 5d��Ta� orbital to the
empty antibonding orbital �2��� of CO. The 5d��Ta� orbital
is oriented to Ta–C bond with optimized ��overlap. How-
ever, the 5d��Ta�−2���CO� interaction is reduced since
both of the charge distribution of Ta atom and orientation of
the 5d��Ta� orbital are strongly perturbed by Ta–N bonding.
Therefore, the bent TaCO subunits are obtained in the
NNTaCO and NNTa�CO�2 complexes except for the C2v
symmetry �NN�2TaCO. In addition, the � back donation is
reduced from more positive Ta centers, and more electron-
poor Ta centers produce higher C–O �N–N� stretching vibra-
tions in the series of tantalum carbonyl dinitrogen com-
plexes. Therefore the C–O and N–N frequencies increase
with the total number of ligands �Table III�. Similar features
are also predicted for the niobium and other metal higher
carbonyl dinitrogen complexes.

As illustrated in Fig. 6, the HOMO in NNTaCO is the
M–N � bonding orbital and mainly results from the contri-
butions between Ta 5d and N 2p atomic orbitals, whereas the

HOMO in NNNbCO is largely Nb 4d in character and is
nonbonding. The HOMOs of �NN�2TaCO and NNTa�CO�2

are largely Ta 5d in character and are nonbonding. In addi-
tion, the HOMO-1s in NNTaCO and NNTa�CO�2 are �-type
bonds, which comprise the d��Ta�-���CO� and
d��Ta�-���N2� back bonding, leading to the weakening of
the C–O and N–N bonds. Similar to the HOMO of NNTaCO,
the HOMO-1s in �NN�2TaCO and NNNbCO are the M–N �
bonding orbitals, which are responsible for the stability of
these carbonylmetal dinitrogen complexes.

F. Reaction mechanisms

On the basis of the behavior of sample annealing and
irradiation, together with the observed species and calculated
stable isomers, the plausible reaction mechanisms can be
proposed as follows. Under the present experimental condi-
tions, laser-ablated tantalum and niobium atoms react with
CO and N2 mixtures in the excess neon matrices to produce
carbonylmetal dinitrogen species as well as metal carbonyls
and metal dinitrogen complexes. Binary metal carbonyls and
metal dinitrogen species have been prepared by reactions of
Ta and Nb atoms with CO and N2 separately, and identified
by infrared spectroscopy.18,19

Table V presents the energetics for possible reactions of
Ta and Nb atoms with CO and N2 mixtures calculated at the
BP86 /6-311+G�d�-LanL2DZ. Reactions 1 and 2 are exo-
thermic by 41.4 and 26.4 kcal/mol, respectively. In contrast
to the formation of TaNN species �reaction 2�, energy
changes for the analogous carbonyl TaCO �reactions 1� are
more exothermic, hence the carbonyls are more stable, based
on the conventional wisdom that CO is a strong � donor and
� acceptor than the isoelectronic N2 molecules.30 In our
present Ta+CO+N2 experiments �Fig. 1�, TaNN was not ob-
served after matrix deposition and annealing, whereas the
TaCO species was detected after deposition and annealing,
indicating that Ta prefers the reaction with CO to the reaction
with N2, as supported by the calculated reaction energies
�Table V�. However, in the Nb+CO+N2 experiments �Fig.
3�, NbNN was observed after deposition as well as TaCO
species, indicating that the reactivity of Nb to N2 is compa-
rable to that of CO. The formation is exothermic by
44.6 kcal/mol for NbCO �reactions 3� and by 30.9 kcal/mol
for NbNN �reaction 4�.

The carbonylmetal dinitrogen complexes may be formed
from the reactions of metal carbonyls with N2 or metal dini-
trogen complexes with CO �Table V, reactions 5–12�. Fur-
thermore, the reactions of metal dinitrogen complexes with
CO are calculated to be exothermic by 50.0 kcal/mol for Ta
�reaction 5� and 41.2 kcal/mol for Nb �reaction 7� whereas
the reactions of metal carbonyls with N2 are calculated to be
exothermic by 35.0 kcal/mol for Ta �reaction 6� and
27.5 kcal/mol for Nb �reaction 8�, respectively. The
NNTaCO molecule is mainly produced from reaction 6 dur-
ing annealing. Although reaction 5 is more exothermic, the
yield of TaNN is limited and not observed in the present
neon matrix �Fig. 1�. As for the reaction of Nb with CO and
N2 mixtures, the NNNbCO may be produced from both re-
actions 7 and 8.
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The �NN�2TaCO and NNTa�CO�2 complexes are pro-
duced on sample annealing, increased markedly on further
annealing and became the dominant products, but the nio-
bium counterparts are absent from the present matrix experi-
ments. The reaction of Ta�NN�2 with CO is calculated to be
exothermic by 53.1 kcal/mol �reaction 9� whereas the reac-
tion of NNTaCO with N2 is calculated to be exothermic by
31.4 kcal/mol �reaction 10�. The �NN�2TaCO molecule is
mainly produced from reaction 10 during annealing. Al-
though reaction 9 is more exothermic, the yield of Ta�NN�2

as well as TaNN is limited and not observed in the present
neon matrix �Fig. 1�. As for the formation of NNTa�CO�2,
reactions 11 and 12 are exothermic by 46.8 and 24.9 kcal/
mol, respectively. Reactions 11 and 12 may be parallel for
the formation of NNTa�CO�2. However, in the Nb+CO
+N2 experiments, it is possible that the higher niobium dini-
trogen complexes may be formed from the reactions of pri-
mary NNNbCO with CO or N2. The yield of NNNbCO is
limited in the present experiments �Fig. 3�. Therefore
�NN�2NbCO and NNNb�CO�2 are absent from the present
Nb+CO+N2 experiments.

IV. CONCLUSIONS

Reactions of laser-ablated Ta and Nb atoms with CO and
N2 mixtures in excess neon have been studied using matrix
isolation infrared spectroscopy. Besides the metal carbonyls
and dinitrogen complexes, the carbonylmetal dinitrogen
complexes, NNMCO �M =Ta, Nb�, �NN�2TaCO, and
NNTa�CO�2, are formed during sample deposition or after
annealing and are characterized using infrared spectroscopy
on the basis of the results of the isotopic substitution and
mixed isotopic splitting patterns. DFT calculations have been
performed on these complexes. The identifications of these
carbonylmetal dinitrogen complexes are confirmed by the
overall agreement between the experimental and calculated
vibrational frequencies, relative absorption intensities, and
isotopic shifts.
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