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Laser-ablated iron, cobalt, and nickel atoms, cations, and electrons have been reacted with NO molecules
during condensation in excess neon and argon. The end-on bonded Fe(NO)1-3, Co(NO)1-3, and Ni(NO)1-2

nitrosyls and side-bonded Fe-(η2-NO), Co-(η2-NO), and Ni-(η2-NO) species are formed during sample
deposition or on annealing. The FeNO+, CoNO+, and NiNO+ mononitrosyl cations are also produced via
metal cation reactions with NO. Evidence is also presented for the Ni(NO)1,2

- and Co(NO)1,2
- anions. The

product absorptions are identified by isotopic substitution (15N16O, 15N18O, and mixtures), electron trapping
with added CCl4, and density functional calculations of isotopic frequencies. This work provides the first
vibrational spectroscopic characterization of Fe, Co, and Ni nitrosyl cations and anions.

Introduction

The chemistry of nitric oxide with transition metal centers is
of great importance in several areas, including surface chemistry,
biochemical systems, and especially environmental chemistry.
The important interaction of NO with metal surfaces and metal
ions on zeolites and metal oxides has been the focus of many
extensive studies.1-11 There are relatively few investigations of
NO interacting with bare metal atoms and cations. Thermally
evaporated Fe, Co, Ni, Cu, and Zn atom reactions with NO
were first studied by Ruschel et al., and iron, cobalt, nickel,
and copper nitrosyls were identified using matrix isolation
spectroscopy.12 Recently, infrared spectra of nickel mononitrosyl
complexes isolated in solid argon were reinvestigated by Krim
et al., who reported convincing evidence for two nickel
mononitrosyl complex isomers.13 In the gas phase, Oriedo and
Russell examined the reactivity of NO with Fe+ using ion
cyclotron resonance mass spectrometry and concluded that only
excited Fe+ reacts with NO.14 In addition, binding energies of
FeNO+, CoNO+, and Ni(NO)1-3

+ were determined from a series
of ion-molecule reactions.15,16Bauschlicher and Bagus reported
complete active space (CASSCF) and configuration interaction
(CI) calculations on NiNO,17 and Fenske and Jensen also
performed CI calculations on CoNO.18 More recently, density
functional studies of first-row transition metal mononitrosyl
neutrals as well as cations,19,20 the structure and bonding of
different [Fe,N,O] isomers,21 and the bonding of NO to nickel
and cobalt clusters have been investigated.22,23

Laser-ablated early transition metal atom reactions with NO
molecules have been carried out in this laboratory.24-27 Due to
the high reactivity of laser-ablated metal atoms, insertion
reactions to form distinct NMO oxide-nitride molecules were
observed, while addition reactions to form the end-on bonded
nitrosyls and sided-bonded species proceeded on annealing. In
this regard, reactions of Fe, Co, and Ni with NO have been
reinvestigated using the laser-ablation technique. We will show
that besides end-bonded and sided-bonded nitrosyls, mononi-
trosyl cations and anions are also produced and identified in
solid neon.

Experimental Section

The experiment for laser ablation and matrix isolation
spectroscopy has been described in detail previously.24,28Briefly,
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
with 10 ns pulse width) was focused on the rotating metal targets
using laser energy ranging from 1 to 20mJ/pulse with lower
energies for neon and higher energies for argon matrix
investigations. The argon matrix studies employed still lower
laser energy and metal concentration than previous studies from
this laboratory.24-27 The present argon matrix experiment used
lower metal concentrations than measured by Krim et al.13 based
on the NiNO product yield, and the present argon matrix metal
concentrations are therefore estimated to be 0.1%. Metal
concentrations in the present neon matrix experiments are an
order of magnitude lower and are estimated to be 0.01%. Laser-
ablated metal atoms were co-deposited with nitric oxide (0.05-
0.5%) in excess argon or neon onto a 10 or 4 K CsI cryogenic
window at 2-4 mmol/h for 30 min to 2 h. Nitric oxide
(Matheson) and isotopic15N16O and15N18O (Isomet, 99%) and
selected mixtures were used in different experiments. FTIR
spectra were recorded at 0.5 cm-1 resolution on a Nicolet 750
spectrometer with 0.1 cm-1 accuracy, using a HgCdTe detector.
Matrix samples were annealed at different temperatures, and
selected samples were subjected to broadband photolysis by a
medium-pressure mercury arc (Philips, 175 W) with the globe
removed and glass filters.

Results

Infrared Spectra. Infrared spectra were recorded for laser-
ablated iron, cobalt, and nickel co-deposited with NO in neon
and argon. Product absorptions are listed in Tables 1-3 and
representative spectra are shown in Figures 1-6 with annealing
and photolysis behavior. Bands due to NO, (NO)2, (NO)2+,
(NO)2-, NO2, and NO2

- are characteristic of laser-ablated metal
and neon discharge experiments with NO24-27,29,30and are not
listed in the tables. Experiments were done with14N16O, 15N16O,
15N18O, and mixed14N16O + 15N16O and 15N16O + 15N18O
samples, and selected spectra are shown in Figures 7-10.
Finally, similar experiments were carried out with 0.01% CCl4

added to 0.1% NO in neon to serve as an electron trap.
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Calculations. Density functional calculations were performed
on metal-NO species using the Gaussian 94 program.31 The
BP86 and B3LYP functionals,32,33and the 6-311+G* basis set
for N and O atoms, and the Wachters and Hay sets as modified
by Gaussian 94 for iron, cobalt, and nickel atoms34,35 were
employed as a guide for vibrational assignments; such calcula-
tions have accurately predicted product vibrational frequencies
for early transition metal-NO reaction products in this
laboratory.24-27 Geometries were fully optimized and the
vibrational frequencies were computed using analytical second

derivatives. Calculations were first done on MNO, M-(η2-NO),
MNO+, and MNO- using both functionals, and the optimized
geometries, relative energies, vibrational frequencies, and
intensities are listed in Tables 4 and 5. Similar calculations were
also done on the M(NO)2 dinitrosyl neutrals, cations, and anions,
and the trinitrosyl species using the BP86 functional, and the
results are listed in Tables 6 and 7. Figure 11 shows the
calculated iron nitrosyl structures.

TABLE 1: Infrared Absorptions (cm -1) from Co-deposition
of Laser-Ablated Iron with NO in Excess Neon and Argon

14N16O 15N16O 15N18O R(14/15) R(16/18) assignment

neon 1897.3 1859.9 1816.9 1.0201 1.0237 FeNO+

1815.5 1778.4 1740.2 1.0209 1.0220 ONFe-(η2-NO)
1812.5 1775.4 1737.4 1.0209 1.0219 ONFe-(η2-NO)
1810.8 1774.0 1735.0 1.0207 1.0225 Fe(NO)2
1766.0 1729.6 1693.2 1.0210 1.0215 FeNO
1760.7 1726.5 1685.5 1.0198 1.0243 Fe(NO)3 site
1757.8 1723.6 1683.2 1.0198 1.0240 Fe(NO)3
1755.7 1721.7 1681.2 1.0197 1.0241 Fe(NO)3 site
1744.6 1709.4 1671.9 1.0206 1.0224 Fe(NO)2
1671.3 1642.8 1.0173 Fex(NO)y
1342.2 1320.2 1283.2 1.0167 1.0288 Fe-(η2-NO)
1276.2 1254.9 1220.1 1.0170 1.0285 ONFe-(η2-NO)
1274.3 1253.0 1218.4 1.0170 1.0284 ONFe-(η2-NO)

argon 3579.4 3509.2 3428.8 1.0200 1.0234 Fe(NO)3
3503.3 3432.2 3358.8 1.0207 1.0219 Fe(NO)2
3475.7 3408.2 3328.7 1.0198 1.0239 Fe(NO)3
1799.0 1761.5 1724.0 1.0213 1.0218 ON-Fe-(η2-NO)
1798.1 1761.5 1723.0 1.0208 1.0223 Fe(NO)2
1794.6 1758.3 1.0206 Fe(NO)3
1748.9 1711.9 1676.3 1.0216 1.0212 FeNO
1746.9 FeNO site
1742.6 1708.8 1668.7 1.0198 1.0240 Fe(NO)3
1731.6 1696.3 1659.7 1.0208 1.0221 Fe(NO)2
1667.0 1637.7 1593.3 1.0179 1.0279 Fex(NO)y
1343.8 1321.5 1284.8 1.0169 1.0286 Fe-(η2-NO)
1275.4 1252.7 1219.2 1.0181 1.0275 ON-Fe-(η2-NO)
942.7 926.8 917.0 1.0172 1.0107 NFeO?
920.1 920.0 876.7 1.0494 FexNO
872.8 872.8 834.5 1.0459 FeO
673.8 671.3 644.0 1.0037 1.0424 FexNO
522.8 509.7 509.6 1.0257 FexNO
513.4 499.9 495.7 1.0270 1.0085 Fe(NO)3

TABLE 2: Infrared Absorptions (cm -1) from Co-deposition
of Laser-Ablated Co with NO in Excess Neon and Argon

14N16O 15N16O 15N18O R(14/15) R(16/18) assignment

neon 1957.5 1919.0 1874.7 1.0201 1.0236 CoNO+

1912.0 1876.0 1829.5 1.0192 1.0254 (Co(NO)3
+ site)

1910.7 1874.9 1828.4 1.0191 1.0254 (Co(NO)3
+)

1902.7 1866.4 1821.2 1.0194 1.0248 (Co(NO)2
+)

1899.5 1863.3 1818.0 1.0194 1.0249 (Co(NO)2
+ site)

1825.6 1789.0 1749.7 1.0205 1.0225 Co(NO)3

1794.2 1756.2 1720.7 1.0216 1.0206 CoNO
1782.1 1744.9 1706.6 1.0213 1.0224 Co(NO)3

1749.1 1714.0 1676.0 1.0205 1.0227 Co(NO)2

1732.4 1697.3 1660.6 1.0207 1.0221 Cox(NO)y
1593.8 1561.3 1527.7 1.0208 1.0220 Co(NO)2

-

1585.7 1554.5 1519.0 1.0201 1.0234 CoNO-

1317.4 1295.4 1259.5 1.0170 1.0285 Co-(η2-NO)
argon 3630.8 3559.3 3478.0 1.0201 1.0234 Co(NO)3

3530.9 3461.8 3382.4 1.0200 1.0235 Co(NO)3

3524.8 3454.0 3378.7 1.0205 1.0223 Co(NO)2

1846.1 1808.3 1769.4 1.0209 1.0220 OCoNO
1827.2 1790.4 1750.6 1.0206 1.0227 Co(NO)2

1814.6 1778.2 1738.9 1.0205 1.0226 Co(NO)3

1770.1 1735.4 1695.4 1.0200 1.0236 Co(NO)3

1761.0 1724.0 1689.3 1.0215 1.0205 CoNO
1737.6 1702.6 1665.2 1.0206 1.0225 Co(NO)2

1284.2 1262.1 1228.6 1.0175 1.0273 Co-(η2-NO)
822.0 821.8 787.3 1.0002 1.0438 OCoNO
620.1 615.4 599.4 1.0076 1.0267 CoNO
581.5 577.1 565.3 1.0076 1.0209 Co(NO)2

579.3 566.1 563.8 1.0233 1.0041 Co(NO)3

493.8 481.7 478.8 1.0251 1.0061 Co(NO)3

TABLE 3: Infrared Absorptions (cm -1) from Co-deposition
of Laser-Ablated Ni with NO in Excess Neon and Argon

14N16O 15N16O 15N18O R(14/15) R(16/18) assignment

neon 3572.8 3501.1 3424.6 1.0205 1.0223 Ni(NO)2

3337.0 3273.3 3196.8 1.0195 1.0239 NiNO site
3331.5 3268.2 3191.2 1.0194 1.0241 NiNO
2001.9 1962.5 1917.3 1.0201 1.0236 NiNO+

1926.2 1890.4 1842.8 1.0189 1.0258 Ni(NO)2
+

1918.3 1882.0 1835.7 1.0193 1.0252 (Ni(NO)3
+)

1916.2 1880.0 1833.8 1.0193 1.0252 (Ni(NO)3
+) site

1762.0 1726.4 1688.9 1.0206 1.0222 Ni(NO)2

1759.9 1724.3 1686.8 1.0206 1.0222 Ni(NO)2 site
1682.8 1650.5 1611.3 1.0196 1.0243 NiNO site
1680.1 1647.8 1608.6 1.0196 1.0244 NiNO
1665.3 1634.9 1592.9 1.0186 1.0264 (NO)xNiNO
1660.4 1630.2 1588.1 1.0185 1.0265 (NO)xNiNO
1592.2 1559.1 1526.9 1.0212 1.0211 Ni(NO)2

-

1588.9 1555.9 1524.2 1.0212 1.0208 Ni(NO)2
- site

1454.7 1428.2 1392.1 1.0186 1.0259 NiNO-

1292.6 1270.4 1236.0 1.0175 1.0278 Ni-(η2-NO)
argon 3555.2 3483.9 3408.2 1.0205 1.0222 Ni(NO)2

3323.7 3259.1 3185.4 1.0198 1.0231 NiNO
1842.0 1804.9 1764.4 1.0206 1.0230 ONiNO
1813.5 1776.3 1738.3 1.0209 1.0219 NixNO
1802.6 1766.1 1727.4 1.0207 1.0224 NixNO
1749.7 1714.2 1677.2 1.0207 1.0221 Ni(NO)2

1676.6 1643.4 1606.3 1.0202 1.0231 NiNO
1651.7 1621.5 1580.2 1.0186 1.0261 (NO)x-NiNO
1503.8 1474.3 1440.7 1.0200 1.0233 NixNO
1500.5 1470.9 1436.7 1.0201 1.0238 NixNO
1293.7 1271.3 1237.1 1.0176 1.0276 Ni-(η2-NO)
883.5 883.4 848.4 1.0001 1.0413 O58NiNO
879.4 879.3 844.0 1.0001 1.0418 O60NiNO
608.5 58NiNO
605.2 60NiNO
580.9 574.6 563.7 1.0110 1.0193x-58NiNO
577.9 571.7 560.5 1.0108 1.0200x-60NiNO
524.4 521.8 511.2 1.0050 1.020758Ni(NO)2

520.2 517.5 506.8 1.0052 1.021160Ni(NO)2

Figure 1. Infrared spectra in the 1905-1730 cm-1 region from co-
deposition of laser-ablated iron with 0.1% NO in neon: (a) after 30
min sample deposition at 4 K, (b) after annealing to 6 K, (c) after
annealing to 8 K, (d) after 15 min broadband photolysis, and (e) after
annealing to 12 K.
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Discussion
Fe(NO)1-3. Bands at 1748.9, 1731.6, and 1742.6 cm-1 in

the Fe+ NO/Ar system are the major product absorptions in
the N-O stretching region. The 1748.9 cm-1 band is the
strongest after deposition in lower NO concentration experi-
ments, it increases on lower temperature annealing, but less than
the 1713.6 and 1742.6 cm-1 absorptions on higher temperature
annealing. In the mixed14N16O + 15N16O and15N16O + 15N18O
experiments, only pure isotopic counterparts are present, which
confirms the involvement of only one NO subunit. The 1748.9
cm-1 band is assigned to FeNO, which is in good agreement
with the 1748.7 cm-1 argon matrix and 1746.8 cm-1 nitrogen
matrix bands reported earlier.12,36The weak 1731.6 cm-1 band
after sample deposition increases markedly on lower temperature
annealing. In the mixed14N16O + 15N16O and15N16O + 15N18O
experiments, triplets with approximately 1:2:1 relative intensities
are produced, which indicate that two equivalent NO submol-
ecules are involved in this vibration. This band is assigned to
the antisymmetric N-O stretching vibration of the Fe(NO)2

molecule, which has been observed at 1731.8 cm-1 in the

thermal Fe experiments.12 A weak band at 1798.1 cm-1 tracked
with the 1731.6 cm-1 band, and also exhibited nitrosyl N-O
stretching vibrational frequency ratios, and is assigned to the
symmetric N-O stretching vibration. A much weaker band at
3503.3 cm-1 (1% of 1731.6 cm-1) is due to the combination
band, which is 26.4 cm-1 below the sum of stretching
fundamentals and supports their assignment.

The 1742.6 cm-1 band only appeared on annealing; it became
the strongest band after higher temperature annealing. In the
mixed 14N16O + 15N16O experiment, a quartet with ap-
proximately 3:1:1:3 relative intensities is observed (Figure 7);
this quartet is characteristic of the doubly-degenerate mode of
a trigonal species.37 Accordingly, the 1742.6 cm-1 band is
assigned to the antisymmetric N-O stretching vibration of the
Fe(NO)3 molecule. A weak associated band at 1794.6 cm-1

showed a slightly higher 14/15 ratio, and a quartet with
approximately 1:3:3:1 relative intensities, which is characteristic
of the nondegenerate vibration mode of a trigonal species; hence,

Figure 2. Infrared spectra in the 1810-1720 cm-1 region from co-
deposition of laser-ablated iron with 0.3% NO in argon: (a) after 1 h
sample deposition at 10 K, (b) after annealing to 25K, (c) after annealing
to 30 K, (d) after annealing to 35 K, and (e) after annealing to 40 K.

Figure 3. Infrared spectra in the 1970-1720 cm-1 region from co-
deposition of laser-ablated cobalt with 0.1% NO in neon: (a) after 30
min sample deposition at 4 K, (b) after annealing to 6 K, (c) after
annealing to 8 K, (d) after 15 min broadband photolysis, and (e) after
annealing to 12 K.

Figure 4. Infrared spectra in the 1880-1720 cm-1 region from co-
deposition of laser-ablated cobalt with 0.3% NO in argon: (a) after 1
h sample deposition at 10 K, (b) after annealing to 25 K, (c) after
annealing to 30 K, (d) after annealing to 35 K, and (e) after annealing
to 40 K.

Figure 5. Infrared spectra in the 635-475 cm-1 region from
co-deposition of laser-ablated cobalt with 0.3% NO in argon: (a) after
1 h sample deposition at 10 K, (b) after annealing to 25 K, (c) after
annealing to 30 K, (d) after annealing to 35 K, and (e) after annealing
to 40 K.
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this band is assigned to the symmetric N-O stretching vibration
of the Fe(NO)3 molecule withC3V symmetry. A weak band at
513.4 cm-1 exhibited the same annealing and photolysis
behavior as the 1742.6 cm-1 band; it shifted to 499.9 cm-1 with
15N16O and to 495.7 cm-1 with 15N18O and gave a large 14/15
ratio (1.0270) and small 16/18 ratio (1.0085). In the mixed
14N16O + 15N16O experiment, a quartet was also observed. This
band is assigned to the antisymmetric Fe-NO stretching
vibration of the Fe(NO)3 molecule. Much weaker bands at
3579.4 and 3475.7 cm-1 (A ) 0.006 and 0.005) are due to the
overtones of the N-O stretching fundamentals as they are below
twice the fundamentals by 9.8 and 9.5 cm-1, respectively. The
antisymmetric N-O stretching vibrations of FeNO, Fe(NO)2,
and Fe(NO)3 are observed at 1766.0, 1744.6, and 1757.8 cm-1

in neon, which are blue-shifted 17.1, 13.0, and 15.2 cm-1 from
the argon matrix band positions. The isotopic frequency ratios
in neon are identical to those in argon.

The assignments are strongly supported by DFT calculations.
Previous calculations reported a2∆ ground state for FeNO;19,21

our DFT calculations predicted 1785.7 cm-1 (BP86) and 1775.7
cm-1 (B3LYP) N-O stretching vibrational frequency for the
2∆ ground state FeNO, which are in good agreement with the
observed value. There is no previous report of Fe(NO)2 and
Fe(NO)3 calculations; our BP86 calculation predicts a bent1A1

ground state for Fe(NO)2 with antisymmetric and symmetric
N-O stretching vibrations at 1752.4 and 1825.6 cm-1. The Fe-
(NO)3 molecule is calculated to have a2A1 ground state with
C3V symmetry; the antisymmetric and symmetric N-O and
antisymmetric Fe-NO stretching vibrations are predicted at
1775.0, 1861.9, and 537.5 cm-1, which are in excellent
agreement with the observed values.

Co(NO)1-3. Absorptions at 1761.0 and 620.1 cm-1 observed
on sample deposition in Co+ NO/Ar experiments increased
together on lower temperature annealing, and then decreased
on higher temperature annealing, giving way to 1737.6 and
1770.1 cm-1 absorptions that will be assigned to Co(NO)2 and
Co(NO)3 molecules. The 1761.0 cm-1 band shows typical
nitrosyl N-O stretching isotopic ratios (1.0215 for 14/15; 1.0205
for 16/18), while the 620.1 cm-1 band exhibits isotopic ratios
of 1.0076 for 14/15 and 1.0267 for 16/18. Although the mixed
isotopic structure for the 1761.0 cm-1 band is not clear due to

band overlap in this region, a clear doublet is observed for the
620.1 cm-1 band, which confirms that only one NO submolecule
is involved. Ruschel et al.12 assigned a 1767.2 cm-1 band to
CoNO and a 1760.6 cm-1 band to the Co2NO molecule in their
argon matrix. However, there is no 1767 cm-1 band observed
in our experiments, and the preferential growth of strong Co-
(NO)2 and Co(NO)3 absorptions at the expense of the 1761.0
cm-1 absorption suggests a single Co atom in this product. The
1761.0 and 620.1 cm-1 bands are assigned here to the CoNO
molecule. Note that no Co(NO)3 absorptions were observed in
the thermal Co experiments;12 this shows that the Co concentra-
tions are relatively high and metal cluster species dominate. In
spite of the fact that Co tends to dimerize in the absence of
other reagents, the present observation of Co(NO)3 demonstrates
that the Co/NO ratio is substantially less in the present laser-
ablation experiments than in the previous thermal experiments.12

Previous DFT calculations predicted the CoNO molecule to
have a triplet ground state with bent geometry.12,19 Although
our B3LYP calculation finds the3A′′ state lower in energy, the
calculated N-O and Co-NO stretching frequencies are too low
to fit the experimental values; however, our BP86 calculation
predicted the linear1Σ+ state more stable than the triplet state
and N-O and Co-NO stretching vibrational frequencies at
1832.0 and 704.5 cm-1. Of at least equal importance, the
calculated isotopic frequency ratios (14/15: 1.0225, 1.0067; 16/
18: 1.0202, 1.0284) fit the experimental values much better
than the triplet state isotopic frequency ratios. All of these
strongly suggest a linear1Σ+ ground state for the CoNO
molecule. Note that both the isoelectronic NiCO38 and NiNO+

species have1Σ+ ground states. The CoNO molecule was
observed at 1794.2 cm-1 in solid neon with almost the same
isotopic ratios as the argon matrix frequencies.

Ruschel et al.12 assigned a 1794.6 cm-1 band to the Co(NO)2

molecule, and two bands at 1737.1 and 1846.2 cm-1 to Co2-
(NO)2 molecules without benefit of isotopically mixed precur-
sors. In our experiments, a weak absorption is observed at 1795
cm-1 only after annealing, so this must be due to an aggregate
species. Our 1846.1 cm-1 band tracks with an 822.0 cm-1

absorption and will be assigned below to OCoNO. However, a
sharp band at 1737.6 cm-1 increased markedly on annealing,
and aclear triplet with approximately 1:2:1 relative intensities
was observed in the mixed14N16O + 15N16O experiments
(Figure 8), which is appropriate for the antisymmetric N-O
stretching vibration of the Co(NO)2 moleculewith two equiVa-
lent NO subunits. A weak band at 1827.2 cm-1 tracked with
the 1737.6 cm-1 band and is assigned to the symmetric N-O
stretching vibration mode. The combination band (A ) 0.007)
was observed at 3524.8 cm-1, which is 40.0 cm-1 below the
sum of fundamentals and supports their assignments. The anti-
symmetric N-O stretching vibration of the Co(NO)2 molecule
is observed at 1749.1 cm-1 in neon, and no obvious band can
be assigned to the symmetric N-O stretching vibration, sug-
gesting that Co(NO)2 has linear or near linear geometry in neon.
Our BP86 calculation predicted a2B1 ground state for Co(NO)2

with antisymmetric and symmetric N-O stretching vibrations
at 1767.3 and 1836.7 cm-1. The weight of evidence with both
symmetric and antisymmetric N-O stretching fundamentals and
their combination band confirms the present new assignment
and spectroscopic identification of Co(NO)2.

Four bands at 1814.6, 1770.1, 579.3, and 493.8 cm-1

increased together on annealing in solid argon (Figures 4 and
5). The two upper bands exhibited N-O stretching frequency
ratios. The two lower bands showed large 14/15 ratios (1.0233
and 1.0251) and small 16/18 ratios (1.0041 and 1.0061),

Figure 6. Infrared spectra in the 1800-1650 cm-1 region from co-
deposition of laser-ablated nickel with 0.1% NO in neon: (a) after 30
min sample deposition at 4 K, (b) after annealing to 6 K, (c) after
annealing to 8 K, (d) after 15 min broadband photolysis, and (e) after
annealing to 12 K.
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indicating that these two bands belong to Co-NO stretching
vibrations. In the mixed14N16O + 15N16O experiment, clear
quartets were observed for the 1770.1, 579.3, and 493.8 cm-1

bands, indicating that three equivalent NO submolecules are
involved in these vibrational modes.37 Following the Fe(NO)3
molecule, these four bands are assigned to the symmetric and
antisymmetric N-O and Co-NO stretching vibrations of the
Co(NO)3 molecule with C3V symmetry. Again, the N-O
stretching overtone bands were observed, at 3630.8 and 3530.9
cm-1 (A ) 0.013 and 0.011); these bands are 1.6 cm-1 aboVe
and 9.3 cm-1 below the sum of fundamentals. The N-O
stretching vibrations are shifted to 1825.6 and 1782.1 cm-1 in
solid neon, but the Co-NO stretching modes could not be

observed due to noise caused by mechanical vibration of the 4
K cold machine. The assignments are strongly supported by
DFT calculations, which predict a1A1 ground state with
symmetric and antisymmetric N-O and Co-NO stretching
vibrations at 1886.2, 1796.0, 595.2, and 531.7 cm-1, which are
in good agreement with experimental values. The compound
Co(NO)3 is of some interest as a closed-shell transition metal
nitrosyl since the chromium compound Cr(NO)4 is the only
transition metal nitrosyl yet isolated.24,39

Ni(NO)1,2. The NiNO molecule has been studied in detail
very recently; the overtone and N-O and Ni-NO stretching
vibrational modes were reported at 3324.3, 1677.1, and 608.4
cm-1 in solid argon,13 and the strongest band at 1676.2 cm-1

Figure 7. Infrared spectra in the 1810-1680, 1350-1240, and 530-490 cm-1 regions from co-deposition of laser-ablated iron with 0.15%14N16O
+ 0.15%15N16O in argon: (a) after 1 h sample deposition at 10 K, (b) after annealing to 25 K, (c) after annealing to 30 K, (d) after annealing to
35 K, and (e) after annealing to 40 K.

Figure 8. Infrared spectra in the 1860-1690 cm-1 region from co-
deposition of laser-ablated cobalt with 0.15%14N16O + 0.15%15N16O
in argon: (a) after 1 h sample deposition at 10 K, (b) after annealing
to 25 K, (c) after annealing to 30 K, (d) after annealing to 35 K, and
(e) after annealing to 40 K.

Figure 9. Infrared spectra in the 630-470 cm-1 region from
co-deposition of laser-ablated cobalt with 0.15%14N16O + 0.15%
15N16O in argon: (a) after 1 h sample deposition at 10 K, (b) after
annealing to 25 K, (c) after annealing to 30 K, (d) after annealing to
35 K, and (e) after annealing to 40 K.
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was observed in the earlier work.12 Similar bands at 3323.7,
1676.6, and 608.5 cm-1 in our argon matrix experiments are
assigned to the NiNO molecule. The 1676.6 and 608.5 cm-1

bands are 30:1 relative absorbance. The resolved58NiNO and
60NiNO bands at 608.5 and 605.2 cm-1 clearly show that a
single Ni atom is involved in this vibrational mode and
molecular species. The overtone and N-O stretching vibration
of NiNO are observed at 3331.5 and 1680.1 cm-1 in our neon
matrix. Our BP86 and B3LYP and earlier DFT calculations12,13

predict a2A′ ground state for NiNO with bond angle around
140°. The two modes were calculated at 1703.9 and 644.8 cm-1

with BP86 with 42:1 relative intensity and at 1726.0 and 518.3
cm-1 with B3LYP and 22:1 relative intensity.

Bands at 3555.2, 1749.7, 524.4, and 520.2 cm-1 in argon
matrix experiments increased on annealing. The weak 3555.2
cm-1 band also shifted with15N16O and 15N18O as expected
for a N-O stretching mode. The 1749.7 cm-1 band exhibited
N-O stretching vibrational ratios, and triplets were presented
in the mixed experiments. The 524.4 and 520.2 cm-1 bands
exhibited the intensity distribution appropriate for natural
abundance58Ni and 60Ni, clearly indicating one Ni atom
involvement. These bands are assigned to the combination band
of sym and antisym N-O stretching modes, and the antisym-
metric N-O and Ni-NO stretching vibrations of the Ni(NO)2

molecule. The difference 3555.2-1749.7) 1805.5 cm-1, with
correction for anharmonicity, is reasonable for the symmetric
N-O stretching mode. The N-O stretching combination and
fundamental were observed at 3572.8 and 1759.9 cm-1 in solid
neon. BP86 calculation predicted a linear Ni(NO)2 molecule to
have a3Σg

- ground state with symmetric and antisymmetric
N-O and Ni-NO stretching frequencies at 1848.7, 1777.3, and
533.8 cm-1, which are in excellent agreement with observations.

The 1651.7 cm-1 argon and 1660.4 cm-1 neon matrix bands
increase markedly on later annealings and appear to be due to
a higher nitrosyl (NO)x-NiNO with a single end-bonded nitrosyl
weakly interacting with other inequivalent NO subunit(s).

M-(η2-NO). Weak bands in the 1350-1250 cm-1 region were
observed in all three metal+ NO reaction systems. These bands
exhibited almost the same isotopic frequency ratios as the
diatomic NO molecule, which indicates that these bands are
due to N-O stretching vibrations. Since the frequencies are
500-600 cm-1 lower than NO, side-bonded species must be

considered following several examples in the Sc, V, and Cr
systems.24,26,27

The 1343.8 and 1342.2 cm-1 absorptions are assigned to the
Fe-(η2-NO) molecule in solid argon and neon based on doublet
isotopic structure in the mixed experiments. A band at 1347.2
cm-1 in solid nitrogen assigned to Fe+NO- is apparently the
same species.36 Our DFT calculations predicted a2A′ ground
state, in agreement with previous calculations,21 which is 20.4
kcal/mol (BP86) higher in energy than2∆ FeNO. The N-O
stretching vibrational frequency is calculated at 1271.0 cm-1

with BP86, which is lower than the observed value; apparently,
other low-energy configurations contribute to the ground state
of Fe-(η2-NO). The 1275.4 cm-1 band with iron gave a broad
doublet in the mixed14N16O + 15N16O and15N16O + 15N18O
experiments, indicating slight perturbation from another NO,
and a weak band at 1799.0 cm-1 associated with the 1275.4
cm-1 band, showed terminal N-O stretching vibrational
frequency ratios. These two bands are assigned to the N-O
stretching vibrations of the ON-Fe-(η2-NO) molecule.

The 1284.2 and 1317.4 cm-1 absorptions are assigned to the
Co-(η2-NO) molecule in solid argon and neon, respectively.
This mode was calculated at 1341.8 (BP86) and 1394.5 cm-1

(B3LYP) in its1A′ ground state, which are 16.8 kcal/mol (BP86)
and 13.2 kcal/mol (B3LYP) higher than the1Σ+ CoNO
molecule.

The N-O stretching vibration of Ni-(η-NO) is observed at
1293.7 cm-1 in argon and 1292.6 cm-1 in neon, which is in
good agreement with the recently reported 1293.8 cm-1 argon
matrix value.13 Present DFT calculations predict a2A′′ ground
state for Ni-(η2-NO), which is 20.5 (BP86) and 11.6 kcal/mol
(B3LYP) higher in energy than2A′ NiNO molecule, with N-O
stretching vibrational frequency at 1313.4 (BP86) and 1374.7
cm-1 (B3LYP).

MNO+. Weak bands were observed in the 2010-1890 cm-1

region in neon matrix experiments for all three metal systems
studied here: Fe 1897.3 cm-1, Co 1957.5 cm-1, and Ni 2001.9
cm-1. These bands increased on lower temperature annealing
and disappeared on full arc photolysis. The band positions are
higher than the diatomic NO frequency at 1874.4 cm-1 in neon
and are enhanced in CCl4 doping experiments on sample
deposition, with respect to the MNO species, which strongly
suggest cation assignments.29,40 All these bands exhibit N-O
stretching vibrational frequency ratios, and only pure isotopic
counterparts are present in the mixed14N16O + 15N16O and
15N16O + 15N18O spectra (Figure 10 for Ni). These three bands
are assigned to the N-O stretching vibrations of the FeNO+,
CoNO+, and NiNO+ cations.

The cation assignments are further confirmed by DFT
calculations. Thomas et al.20 reported a detailed study on binding
of NO to first-row transition metal cations and predicted a3∆
ground state for FeNO+, 2∆ ground state for CoNO+, and1Σ+

state for NiNO+. The same ground states are obtained using
both BP86 and B3LYP functional calculations, and the N-O
stretching frequencies were calculated at 1951.0 and 1970.0
cm-1 for FeNO+, 2009.6 and 2034.9 cm-1 for CoNO+, and
2043.2 and 2144.8 cm-1 for NiNO+, respectively, which are in
good agreement with experimental values. The BP86 scale
factors are 0.972, 0.974, and 0.980, respectively.

A previous ion cyclotron resonance mass spectrometric study
on the reactivity of NO with Fe+ reported that only metastable
excited Fe+ reacts with NO;14 however, in our experiments, the
FeNO+ cation absorption increased on annealing (Figure 1).
There are two possible routes to form FeNO+ in our neon
matrix: Fe+ reaction with NO or Fe reaction with NO+. Since

Figure 10. Infrared spectra in the 2010-1910 and 1470-1350 cm-1

regions from co-deposition of laser-ablated nickel with isotopic NO in
excess neon: (a) 0.1%14N16O, (b) 0.1%14N16O + 0.1% 15N16O, (c)
0.1% 15N16O, (d) 0.1%15N16O + 15N18O, and (e) 0.1%15N18O.
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TABLE 4: Calculated Geometries, Relative Energies (kcal/mol), Mulliken Charge Populations, and Dipole Moments (D) for
MNO+, MNO, and MNO- (M ) Fe, Co, Ni)

molecule rel energy geometry M N O D

BP86 FeNO (2∆) 0 Fe-N 1.593 Å
N-O 1.186 Å
linear

+0.25 -0.21 -0.04 3.5

Fe-(η2-NO)(2A′′) +20.4 Fe-N 1.703 Å
N-O 1.268 Å
Fe-O 1.964 Å

+0.21 -0.11 -0.10 3.5

Fe-(η2-NO)(2A′) +27.1 Fe-N 1.705 Å
N-O 1.285 Å
Fe-O 1.918 Å

+0.42 -0.17 -0.25 3.3

FeNO+ (3∆) +171.8 Fe-N 1.668 Å
N-O 1.151 Å
linear

+0.81 -0.01 +0.19 3.7

FeNO- (3A′) -29.1 Fe-N 1.646 Å
N-O 1.224 Å
∠FeNO 158.6°

-0.56 -0.24 -0.20 2.2

CoNO (1Σ+) 0 Co-N 1.569 Å
N-O 1.182 Å
linear

+0.22 -0.18 -0.04 3.5

CoNO (3A′′) +6.3 Co-N 1.675 Å
N-O 1.190 Å
∠CoNO 141.4°

+0.09 -0.12 +0.03 1.6

Co-(η2-NO)(1A′) +16.8 Co-N 1.669 Å
N-O 1.253 Å
Co-O 1.906 Å

+0.16 -0.09 -0.07 3.1

CoNO+ (2∆) +178.0 Co-N 1.649 Å
N-O 1.140 Å
linear

+0.74 +0.03 +0.23 2.6

CoNO- (2A′) -24.6 Co-N 1.598 Å
N-O 1.217 Å
∠CoNO 161.4°

-0.54 -0.28 -0.19 2.3

CoNO- (4A′′) -18.2 Co-N 1.685 Å
N-O 1.233 Å
∠CoNO 153.7°

-0.57 -0.24 -0.20 0.9

NiNO (2A′) 0 Ni-N 1.665 Å
N-O 1.187 Å
∠NiNO 140.2°

+0.06 -0.10 +0.04 1.7

Ni-(η2-NO)(2A′′) +20.5 Ni-N 1.783 Å
N-O 1.271 Å
Co-O 1.891 Å

+0.22 -0.17 -0.05 3.9

NiNO+ (1Σ+) +172.9 Ni-N 1.637 Å
N-O 1.134 Å
linear

+0.65 +0.10 +0.25 1.8

NiNO- (1A′) -28.5 Ni-N 1.702 Å
N-O 1.228 Å
∠NiNO 125.9°

-0.58 -0.30 -0.12 2.0

NiNO- (3A′′) -22.7 Ni-N 1.675 Å
N-O 1.233 Å
∠NiNO 149.3°

-0.55 -0.27 -0.18 0.8

B3LYP FeNO (2∆) 0 Fe-N 1.702 Å
N-O 1.184 Å
linear

+0.30 -0.26 -0.04 3.4

Fe-(η2-NO)(2A′) +21.0 Fe-N 1.849 Å
N-O 1.273 Å
Fe-O 1.950 Å

+0.40 -0.27 -0.13 5.1

FeNO+ (3∆) +166.9 Fe-N 1.721 Å
N-O 1.146 Å
linear

+0.90 -0.06 +0.16 4.4

FeNO- (3A′) -32.1 Fe-N 1.818 Å
N-O 1.217 Å
∠FeNO 152.7°

-0.52 -0.30 -0.18 2.1

CoNO (1Σ+) 0 Co-N 1.560 Å
N-O 1.172 Å
linear

+0.31 -0.21 -0.10 4.0

CoNO (3A′′) -7.6 Co-N 1.757 Å
N-O 1.183 Å
∠CoNO 136.3°

+0.13 -0.13 0.00 1.4

Co-(η2-NO)(1A′) +13.2 Co-N 1.658 Å
N-O 1.240 Å
Co-O 1.890 Å

+0.23 -0.11 -0.12 3.6

CoNO+ (2∆) +159.2 Co-N 1.689 Å
N-O 1.134 Å
linear

+0.82 -0.01 +0.19 3.2
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no NO+ absorption is observed in our experiments, we suggest
that FeNO+ is formed by the reaction of ground state Fe+ with
NO. Our reagents are completely relaxed in the cold neon
matrix.

Weak bands at 1910.7 and 1902.7 cm-1 in Co + NO/Ne
experiments increased on annealing, and disappeared on pho-
tolysis, which may also be due to cation absorptions, although
the mixed isotopic spectra are not clear as this region is
complicated by NO absorptions. These bands grow more on
higher temperature annealing than CoNO+ and are tentatively
assigned to the Co(NO)2

+ and Co(NO)3+ cations. DFT calcula-
tions predicted a1A1 ground state for Co(NO)2

+ with strong
antisymmetric N-O vibration at 1930.6 cm-1 and weak
symmetric N-O stretching vibration at 2007.5 cm-1. The Co-
(NO)3+ cation was calculated to have a2A2′′ ground state with
D3h symmetry, and antisymmetric N-O vibration at 1925.3
cm-1.

A similar band at 1926.2 cm-1 in Ni + NO/Ne experiments
is assigned to the Ni(NO)2

+ cation (Figure 10); a 1918.3 cm-1

band is tentatively assigned to the Ni(NO)3
+ cation based on

annealing behavior. A triplet was observed at 1926.2, 1901.7,
and 1890.4 cm-1 in the14NO/15NO experiment and the 1926.2
cm-1 band was enhanced relative to Ni(NO)2 with CCl4 added,
which supports the Ni(NO)2

+ assignments. Our DFT calcula-
tions, which predicted a2B1 Ni(NO)2

+ ground state with
antisymmetric N-O stretching vibration at 1935.7 cm-1 and a
1A1′′ Ni(NO)3

+ with D3h symmetry and antisymmetric N-O
stretching vibration at 1926.1 cm-1, provide additional sup-
port.

MNO-. Weak bands were also observed in the 1600-1400
cm-1 region in neon matrix experiments for the Co and Ni
systems. These bands share common behavior: they are
destroyed on photolysis and do not reproduce on further
annealing after photolysis and they are reduced to<10% of
former yield on CCl4 doping, so anion species must be
considered.29,40 A 1454.7 cm-1 band in Ni + NO/Ne experi-
ments decreased on annealing, and shifted to 1428.2 cm-1 using
15N16O sample and to 1392.1 cm-1 using 15N18O sample. As
shown in Figure 10, only pure isotopic counterparts are present
in both mixed14N16O + 15N16O and15N16O + 15N18O spectra.
Accordingly, the 1454.7 cm-1 band is assigned to the N-O
stretching vibration of the NiNO- anion. DFT calculations
predicted a bent1A′ ground state with N-O stretching vibration
at 1456.4 cm-1 (BP86) and 1514.9 cm-1 (B3LYP). A weak
band at 1592.2 cm-1 is also due to an anion species; it shifted
to 1559.1 and 1524.2 cm-1 with 15N16O and15N18O samples,
and triplets with intermediates at 1571.2 and 1539.1 cm-1 were
observed in the mixed14N16O + 15N16O and15N16O + 15N18O
experiments. This band is assigned to the antisymmetric N-O
stretching vibration of linear Ni(NO)2

- anion. Our BP86
calculation predicted Ni(NO)2

- anion to have a2Πu ground state
with antisymmetric N-O stretching vibrations at 1596.5 cm-1

and symmetric N-O stretching vibration at 1647.9 cm-1 with
no intensity, which strongly supports the Ni(NO)2

- anion
assignment.

Similar absorptions were found in the Co+ NO/Ne experi-
ments: two weak bands at 1585.7 and 1593.8 cm-1 observed
on sample deposition were destroyed on photolysis and elimi-
nated on CCl4 doping. Although the mixed isotopic spectra
were complicated by strong (NO)2

+ and NO2 absorptions, these
two bands exhibited slightly different annealing behavior: the
1585.7 cm-1 band slightly decreased on annealing while the
1593.8 cm-1 band slightly increased, and accordingly, we assign
the 1585.7 cm-1 band to CoNO- and the 1593.8 cm-1 band to
Co(NO)2-. Our DFT calculation predicted a2A′ ground state

TABLE 4: (Continued)

molecule rel energy geometry M N O D

CoNO- (2A′) -34.4 Co-N 1.736 Å
N-O 1.214 Å
∠CoNO 178.1°

-0.43 -0.39 -0.18 1.8

CoNO- (4A′′) -34.1 Co-N 1.745 Å
N-O 1.221 Å
∠CoNO 179.8°

-0.45 -0.34 -0.21 1.0

NiNO (2A′) 0 Ni-N 1.711 Å
N-O 1.182 Å
∠NiNO 138.2°

+0.16 -0.16 0.00 2.7

Ni-(η2-NO)(2A′′) +11.6 Ni-N 1.830 Å
N-O 1.252 Å
Co-O 1.918 Å

+0.29 -0.20 -0.09 4.3

NiNO+ (1Σ+) +173.5 Ni-N 1.637 Å
N-O 1.117 Å
linear

+0.70 +0.09 +0.21 1.7

NiNO- (1A′) -21.2 Ni-N 1.692 Å
N-O 1.215 Å
∠NiNO 124.8°

-0.52 -0.32 -0.16 1.5

TABLE 5: Calculated Vibrational Frequencies (cm-1) and
Intensities (km/mol) for the Structures Described in Table 4

molecule N-O M-NO MNO bending

BP86 FeNO (2∆) 1785.7(714) 657.7(1) 307.9(22)
Fe-(η2-NO)(2A′) 1205.7(278) 611.1(3) 252.4(19)
FeNO+ (3∆) 1951.0(297) 581.4(1) 281.6(13)
FeNO- (3A′) 1561.3(1066) 570.6(20) 220.5(46)
CoNO (1Σ+) 1832.0(503) 704.5(9) 302.9(26)
CoNO (3A′′) 1685.5(827) 628.7(15) 277.0(8)
Co-(η2-NO)(1A′) 1341.8(180) 755.6(17) 342.1(9)
CoNO+ (2∆) 2009.6(326) 598.8(0) 223.4(13)
CoNO- (2A′) 1611.6(961) 605.0(76) 217.0(81)
CoNO- (4A′′) 1502.3(1034) 575.9(47) 244.2(40)
NiNO (2A′) 1703.9(798) 644.8(19) 269.2(7)
Ni-(η2-NO)(2A′′) 1313.4(82) 569.2(3) 353.6(6)
NiNO+ (1Σ+) 2043.2(324) 614.1(2) 230.1(8)
NiNO- (1A′) 1456.4(1070) 652.1(72) 307.8(8)
NiNO- (3A′′) 1504.3(1017) 590.8(72) 243.1(35)

B3LYP FeNO (2∆) 1775.7(1102) 481.6(0.1) 173.9(1)
Fe-(η2-NO)(2A′) 1312.0(94) 427.9(18) 306.0(2)
FeNO+ (3∆) 1970.0(369) 535.2(11) 248.0(13)
FeNO- (3A′) 1603.0(649) 374.9(24) 108.8(12)
CoNO (1Σ+) 1883.5(663) 719.7(15) 296.9(32)
CoNO (3A′′) 1700.5(968) 347.6(12) 187.8(7)
Co-(η2-NO)(1A′) 1394.5(266) 769.1(24) 353.9(12)
CoNO+ (2∆) 2034.9(439) 528.4(9) 197.6(12)
CoNO- (2A′) 1647.9(414) 402.4(54) 49.7(20)
CoNO- (4A′′) 1570.5(849) 425.4(31) 62.1(16)
NiNO (2A′) 1726.0(922) 518.3(42) 245.2(10)
Ni-(η2-NO)(2A′′) 1374.7(151) 470.9(4) 324.6(4)
NiNO+ (1Σ+) 2144.8(468) 620.0(5) 219.1(8)
NiNO- (1A′) 1514.9(1377) 666.0(79) 305.0(10)
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for CoNO- anion, with N-O stretching vibrational frequency
at 1611.6 cm-1 (BP86) and 1647.9 cm-1 (B3LYP). The same
BP86 calculation found a3B1 ground state for Co(NO)2

- with
antisymmetric and symmetric N-O stretching vibrations at
1598.0 and 1651.5 cm-1.

There is no obvious evidence for the FeNO- and Fe(NO)2-

anions. Our DFT calculations predict that FeNO- anion has a
3A′ ground state with N-O stretching vibration at 1561.3 cm-1

(BP86) and 1603.0 cm-1 (B3LYP). In addition, Fe(NO)2- was

calculated to have a2B1 ground state with antisymmetric and
symmetric N-O stretching vibrations at 1585.1 and 1631.8
cm-1.

Other Absorptions. Since higher laser power was used in
the argon experiments, the diatomic metal oxides were observed,
and these molecules may also form complexes.41-43 In Ni +
NO/Ar experiments, bands at 1842.0, 883.5, and 879.4 cm-1

were observed after deposition and slightly decreased on
annealing. The upper band showed N-O stretching vibrational
frequency ratios. The 883.5 and 879.4 cm-1 bands exhibited
intensity distribution appropriate for natural abundance58Ni and
60Ni; these two band have very little nitrogen-15 shift, but large
oxygen-18 shift, and the 16/18 ratios (1.0413 and 1.0418)
indicate a terminal Ni-O stretching vibration. The Ni isotopic
shift 3.4 cm-1 is larger than that of diatomic42 NiO 825.6, 822.7
cm-1, suggesting that the Ni atom is vibrating between two
atoms. These bands are assigned to the ONiNO molecule.

TABLE 6: Calculated (BP86) Geometries, Relative Energies (kcal/mol), Symmetric and Antisymmetric N-O and M-NO
Vibrational Frequencies (cm-1), and Intensities (km/mol) for M(NO)2

+, M(NO)2, and M(NO)2
- (M ) Fe, Co, Ni)

molecule rel energy geometry sym-NO asym-NO sym-MN asym-MN

Fe(NO)2 (1A1) 0 1.628 Å
1.182 Å
114°, 161°

1825.6(265) 1752.4(1207) 686.8(1) 700.7(0.4)

Fe(NO)2 (3B1) +10.5 1.671 Å
1.186 Å
130°, 170°

1798.7(133) 1732.2(1529) 632.0(2) 622.0(5)

Fe(NO)2+ (2A1) +184.4 1.690 Å
1.150 Å
118°, 164°

1964.0(116) 1891.3(1190) 638.2(0) 601.8(12)

Fe(NO)2- (2B1) -34.3 1.636 Å
1.221 Å
126°, 164°

1631.8(581) 1585.1(1352) 617.2(1) 660.8(23)

Fe(NO)2- (4B1) -31.0 1.674 Å
1.223 Å
150°, 180°

1617.3(156) 1565.1(1809) 571.5(26) 590.9(32)

Co(NO)2 (2B1) 0 1.648 Å
1.179 Å
128°, 166°

1836.7(151) 1767.3(1430) 590.4(0.1) 612.7(3)

Co(NO)2+ (1A1) +177.6 1.663 Å
1.142 Å
116°, 162°

2007.5(128) 1930.6(1173) 640.7(0) 627.8(28)

Co(NO)2- (3B1) -43.3 1.651 Å
1.219 Å
147°, 173°

1651.5(207) 1598.0(1622) 549.8(2) 598.6(44)

Co(NO)2- (1A1) -33.8 1.647 Å
1.220 Å
143°, 170°

1647.9(187) 1597.0(1596) 561.8(10) 636.3(44)

Ni(NO)2 (3Σg
-) 0 1.685 Å

1.178 Å
linear

1848.7(0) 1777.3(1631) 477.0(0) 533.8(28)

Ni(NO)2 (1A1) +14.3 1.676 Å, 1.179 Å
154°, 178°

1840.3(27) 1771.9(1730) 506.2(2) 602.8(7)

Ni(NO)2
+ (2B1) +191.2 1.709 Å

1.142 Å
140°, 174°

2010.9(41) 1935.7(1546) 491.2(1) 505.8(1)

Ni(NO)2
- (2Πu) -41.3 1.663 Å

1.222 Å
linear

1647.9(0) 1596.5(1757) 498.3(0) 613.6(105)

TABLE 7: Calculated (BP86) Geometries, Vibrational Frequencies (cm-1), and Intensities (km/mol) for M(NO)3 (M ) Fe, Co,
Ni)

molecule frequency (intensity)

Fe(NO)3a (2A1) 1861.9 (54)(a1), 1775.0 (1400)(e), 641.4 (10)(a1), 625.6 (16)(e), 567.7 (38)(e), 537.5 (1)(a1)
Fe(NO)3+ b (1A1) 1989.6 (62)(a1), 1898.0 (1193)(e), 667.4 (2)(a1), 598.6 (30)(e), 566.3 (29)(e), 553.6(0)(a1)
Co(NO)3c (1A1) 1886.2 (17)(a1), 1796.0 (1215)(e), 641.7 (3)(e), 595.2 (3)(a1), 547.3 (0.3)(a1), 531.7 (35)(e)
Co(NO)3+ d (2A2′′) 2011.5 (0)(a1′), 1925.3 (1295)(e′), 540.7 (58)(e′), 533.4 (8)(e′), 468.8 (0)(a1′), 411.8 (0.4)(a2′′)
Ni(NO)3

+ e (1A1′′) 2013.8 (a1′), 1926.1 (1400)(e′), 534.4 (2)(e′), 497.8 (a1′), 447.0 (24)(e′), 440.9 (a1′′)
a C3V symmetry, Fe-N 1.679 Å, N-O 1.174 Å,∠NFeN 116°, ∠FeNO 170°. b C3V symmetry, Fe-N 1.696 Å, N-O 1.146 Å,∠NFeN 110°,

∠FeNO 165°. c C3V symmetry, Co-N 1.658 Å, N-O 1.176 Å,∠NCoN 119°. d D3h symmetry, Co-N 1.706 Å, N-O 1.142 Å.e D3h symmetry,
Ni-N 1.726 Å, N-O 1.143 Å.

Figure 11. Structures calculated for iron nitrosyls using BP86/6-
311+G*/Wachters-Hay.
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Similar bands at 1846.1 and 822.0 cm-1 observed in Co+
NO/Ar experiments are assigned to the N-O and Co-O
stretching vibrations of the OCoNO molecule. The latter is
below diatomic43 CoO at 846.2 cm-1.

Several weak bands in all three metal reaction systems
increased on higher temperature annealing; these may arise from
species that contain more than one metal atom and are simply
labeled as Mx(NO)y in the tables. Finally, the only possible
evidence for a NMO insertion product is the 942.7 cm-1 band
in the Fe/NO system. This is a mixed FeN, FeO mode, and the
states are difficult to model by theory for NFeO,21,36 as is the
case for NMnO.25 Hence, we cannot make a definitive assign-
ment.

Model for NO on Metal Surface and Catalyst Systems.
The MNO+, M(NO)x, and M(NO)x- species observed here
provide an indicator of the adsorbed state of catalytically active
metallic species on the metal surface or in the bulk of oxides
and zeolites. The MNO systems are very similar to MCO
systems which have been discussed earlier.40 As listed in Table
4, adding electrons to MNO+ to form MNO and MNO-

increases the N-O bond lengths in the series, and Mulliken
charge distributions show an increase in negative charge on the
NO, and a decrease in nitrosyl vibrational frequencies.

The chemistry of group VIII metals and their interaction with
nitric oxide has been investigated extensively on zeolites and
metal oxides where NO is a probe for assessing the adsorbed
state of the active metallic species.3-11 Unfortunately, assign-
ments to specific nitrosyls are not straightforward and our work
can help in this regard. Iron(II) zeolite spectra are characterized
by a dominant band near 1880 cm-1, which appears immediately
after exposure to low NO pressure and is ascribed to a
mononitrosyl species, and weaker bands near 1910 and 1810
cm-1, which increase with more NO and have been identified
first as dinitrosyl4,6,9 and finally as trinitrosyl7 on the basis of
mixed 14NO/15NO isotopic spectra. The FeNO+ and FeNO
mononitrosyl frequencies are calculated as 1951.0 and 1785.7
cm-1 (Table 5), and a like calculation (BP86/6-311+G*) for
FeNO2+ predicts a4Σ- state, 535.6 kcal/mol above FeNO, with
1.799, 1.116 Å bond lengths, (+1.61,-0.06, +0.45) Mulliken
charges, and 2123.0 cm-1 (202 km/mol), 455.6(1), 272.8(8)
frequencies. The present scale factor for FeNO+ predicts isolated

FeNO2+ at 2064 cm-1 to go with the observed FeNO+ and
FeNO at 1897 and 1766 cm-1 in solid neon. Comparison with
our data shows that the 1880 cm-1 absorbing mononitrosyl
FeII(NO) involves iron cation with a local charge near +1but
certainly not+2. For ferrous cations on metal oxides, mono-
nitrosyls absorbing near 1810 and 1750 cm-1 have been
observed.5,6,8 Clearly, the 1810 cm-1 absorption is due to an
iron nitrosyl with only a partial positive charge, and the 1750
cm-1 band is due to a reduced nearly neutral iron nitrosyl
species.

It is clear from our spectra that Fe(NO)2 and Fe(NO)3 bands
are close together; however, mixed isotopic spectra provide a
definitive identification. The antisymmetic mode of Fe(NO)3

on zeolite is higher than the corresponding frequency for the
isolated neutral complex, which means that the metal center in
the zeolite is partially oxidized. The DFT calculations for
Fe(NO)3 and Fe(NO)3+ suggest that the effective charge is
intermediate between 0 and +1.

Infrared spectra of cobalt(II) zeolites exposed to NO exhibit
bands close to 1900 and 1815 cm-1, the exact band positions
depending on the zeolite framework.3,4,10aThese were attributed
to the antisymmetric and symmetric N-O stretches of a
dinitrosyl complex10a of Co2+, but these assignments must be
reVersedand the angle recalculated as 147°, which is in better
agreement with the present DFT angles for cobalt dinitrosyl
species. An additional band at 1880 cm-1 in the CoIIX system
has been assigned to the mononitrosyl complex of this ion.3

These frequencies are intermediate between those observed for
the neutral and +1 cation Co(NO) and Co(NO)2 species
presented in this study, and allow an estimate of the charge at
the active cobalt center to be estimated. Plots of the NO
frequency vs charge for both Co(NO)+,0,- and Co(NO)2+,0,-

show linear relationships in each case. The3∆ state CoNO2+

species is calculated at 2160 cm-1, higher by 150 cm-1 than
CoNO+. The 1880 and 1815 cm-1 mononitrosyl and dinitrosyl
absorptions quoted above yield effective charges of +0.4 and
+0.5, respectively, at the cobalt centers. The consistency of these
estimates and the linear plots obtained with both sets of data
lend indirect support to the assignment of the 1902.7 cm-1 band
in the neon experiment to Co(NO)2

+.
Finally, NO- and Ni2+-exchanged zeolites gave a sharp, strong

band at 1892 cm-1, which was interpreted as (Ni+)(NO+).11 In
the present neon matrix experiments, NiNO+ at 2001.9 cm-1

and NiNO at 1680.1 cm-1 clearly bracket the 1892 cm-1

Ni(NO)/zeolite absorption and suggest that the local charge is
near +0.7 at the metal site.

Conclusions

Laser-ablated iron, cobalt, and nickel atoms were reacted with
NO molecules during condensation in excess neon and argon.
The end-on bonded Fe(NO)1-3, Co(NO)1-3, Ni(NO)1-2 nitrosyls
and side-bonded Fe-(η2-NO), Co-(η2-NO), and Ni-(η2-NO)
species are formed during sample deposition or on annealing.
No clear evidence is found for inserted NMO oxide-nitride
molecules that dominated the early transition metal-NO
systems,24-27 which is characteristic of the lower valence, late
transition metals.

The FeNO+, CoNO+, and NiNO+ mononitrosyl cations are
produced via metal cation reactions with NO, and the Ni(NO)1,2

-

and Co(NO)1,2
- anions are formed by electron capture of neutral

molecules. Laser ablation produces clean metal atom sources
for matrix isolation and FTIR investigation. Laser ablation also
provides metal cations and electrons, which made possible the
first vibrational spectroscopic investigation of Fe, Co, and Ni

TABLE 8: Comparison of Observed (Neon and Argon) and
Calculated (BP86) Vibrational Frequencies (cm-1) and Scale
Factors (Neon/Calculated) for Fe, Co, and Ni Nitrosyl
Species

molecule obsd (Ne) obsd (Ar) calcd scale factor

FeNO+ 1897.3 1951.0 0.972
FeNO 1766.0 1748.9 1785.7 0.989
Fe(NO)2 1810.8 1798.1 1825.6 0.992

1744.6 1731.6 1752.4 0.996
Fe(NO)3 1757.8 1742.6 1775.0 0.990
Fe-(η2-NO) 1342.2 1343.8 1271.0 1.056
CoNO+ 1957.5 2009.6 0.974
CoNO 1794.2 1761.0 1832.0 0.979
Co(NO)2 1749.1 1827.2 1836.7 0.990

1737.6 1767.3
Co(NO)3 1825.6 1814.6 1886.2 0.968

1782.1 1770.1 1796.0 0.992
Co-(η2-NO) 1317.4 1284.2 1341.8 0.982
CoNO- 1585.7 1611.6 0.984
Co(NO)2- 1593.8 1598.0 0.997
NiNO+ 2001.9 2043.2 0.980
NiNO 1680.1 1676.6 1703.9 0.986
Ni(NO)2 1762.0 1749.7 1777.3 0.991
Ni-(η2-NO) 1292.6 1293.7 1313.4 0.984
NiNO- 1454.7 1456.4 0.999
Ni(NO)2

- 1592.2 1596.5 0.997
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nitrosyl cations and anions. The matrix spectra of MNO+ and
MNO bracket absorptions for M(II)NO species on oxides and
zeolites and clearly characterizepartial local positive charges
at the metal nitrosyl site.

Density functional theory calculations were employed to help
identify these nitrosyl molecules, cations, and anions. Table 8
compares the scale factors (observed/calculated) for the N-O
stretching vibrational modes of the observed species in neon
using the BP86 functional. The scale factors range from 0.968
to 0.999 for all species except Fe-(η2-NO) where the difficult
subject molecule probably has other low-energy configurations.21

Calculations using the B3LYP functional gave slightly higher
frequencies, as found in previous comparisons.45 Of more
importance, DFT calculations predicted isotopic frequencies and
isotopic frequency ratios, which match very well the subtle
differences in the observed ratios.
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