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Reactions of laser-ablated Cu atoms with CO and NO mixtures in solid argon and neon have been investigated
using matrix-isolation infrared spectroscopy. Copper carbonyls and copper nitrosyls have been observed,
whereas copper carbonyl nitrosyl complexes are absent from the present experiments. New products, (CuCO)2,
[NO]Cu[NO], Cu2(µ2-NO), and Cu(NO)2Cu, have been formed in the copper experiments and characterized
using infrared spectroscopy on the basis of the results of the isotopic shifts, mixed isotopic splitting patterns,
stepwise annealing, the change of reagent concentration and laser energy, and comparison with theoretical
predictions. Density functional theory calculations have been performed on these copper carbonyls and copper
nitrosyls, which support the identification of these products from the matrix infrared spectrum. A plausible
reaction mechanism has been proposed to account for the formation of copper carbonyls and copper nitrosyls.
Similar matrix experiments with Ag and Au produce no new species.

Introduction

The interaction of transition metal centers with carbon
monoxide and nitric oxide is of considerable interest from an
academic or an industrial viewpoint.1-3 Many industrial pro-
cesses employ CO as a reagent and transition metal compounds
as heterogeneous catalysts and involve the intermediates of metal
carbonyls. For instance, metal polycarbonyl cations have been
used to catalyze the carbonylation reactions of olefins, alcohols,
and saturated hydrocarbons.4 The so-called “low-temperature”
Cu/ZnO catalyst is widely used to catalyze the water-gas shift
reaction (CO+ H2O f CO2 + H2), and metallic Cu provides
the active site for catalysis; in the surface redox mechanism,
CO reacts with an adsorbed oxygen atom to produce CO2.5 On
the other hand, the reaction of nitric oxide on metal surfaces
and in contact with metal cations in zeolites is important in the
development of effective catalysts that can reduce atmospheric
pollution.3 Copper-exchanged zeolites have high activities in
the catalytic reduction of NO, and considerable experimental
and theoretical work has been done to understand the reduction
mechanisms.6 Furthermore, the study of reduction of NO by
CO on several metal surfaces has been achieved through
molecular beams in conjunction with mass spectrometry and
in situ infrared spectroscopy coupled with temperature-
programmed reaction techniques.7 Recently, a series of metal
carbonyl nitrosyl complexes have been observed in the matrix
investigations of the reactions of manganese, iron, and cobalt
atoms with NO and CO mixtures.8-10

Recent studies have shown that, with the aid of isotopic
substitution, matrix isolation infrared spectroscopy combined
with quantum chemical calculations is a powerful technique for
investigating the spectrum, structure and bonding of novel
species.11,12For instance, argon and neon matrix investigations
of the reaction of Cu atoms with CO molecules have character-
ized a series of copper carbonyls, Cu(CO)n (n ) 1-3),

Cu2(CO)6, Cu(CO)1-4
+, and Cu(CO)1-3

-.13 Similarly, the
Cu(NO)n (n ) 1, 2), CuNO+, and Cu(NO)2- molecules have
been identified from isotopic shifts and splitting patterns in the
rare-gas matrix infrared spectra.14 Here, we report a study of
the reactions of laser-ablated Cu, Ag, and Au atoms with CO/
NO mixtures in excess neon and argon. IR spectroscopy coupled
with theoretical calculations provides evidence for the formation
of new products, (CuCO)2, [NO]Cu[NO], Cu2(µ2-NO), and
Cu(NO)2Cu, with the absence of metal carbonyl nitrosyl
complexes.

Experimental and Theoretical Methods

The experiment for laser ablation and matrix isolation infrared
spectroscopy is similar to those previously reported.15,16Briefly,
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
with 10 ns pulse width) was focused on the rotating Cu, Ag,
and Au targets. The laser-ablated Cu, Ag, and Au atoms were
co-deposited with CO/NO mixtures in excess neon (or argon)
onto a CsI window cooled normally to 4 K (or 7 K) by means
of a closed-cycle helium refrigerator. Typically, 1-20 mJ
pulse-1 laser pulse energies were used. CO (99.95%, Japan Fine
Products Co.),13C16O (99%,18O < 1%, ICON), 12C18O (18O
enrichment 99%, ICON), NO (99.8%, Sumitomo Seika),15N16O
(15N enrichment 99%, SHOKO Co. Ltd.), and14N18O (18O
enrichment 93%, SHOKO Co. Ltd.) were used to prepare the
CO + NO/Ne (or CO+ NO/Ar) mixtures. In general, matrix
samples were deposited for 30-60 min with a typical rate of
2-4 mmol per hour. 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 5000-400 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). Experiments have also been conducted for the
co-deposition of laser-ablated Cu, Ag, and Au atoms with
separated CO and NO samples to confirm the new absorptions.* Corresponding author. E-mail: q.xu@aist.go.jp.
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Quantum chemical calculations were performed to predict
the structures and vibrational frequencies of the observed
reaction products using the Gaussian 03 program.17 The BP86
and B3LYP density functional methods were used.18 The
6-311+G(d) was used for C, N, and O atoms,19 the Wachters-
Hay all-electron basis set for Cu and the LANL2DZ basis set
for Ag and Au.20 Geometries were fully optimized and
vibrational frequencies were calculated with analytical second
derivatives. Transition-state optimizations were done with the
QST3 algorithm within the synchronous transit-guided quasi-
Newton (STQN) method, followed by the vibtrational calcula-
tions showing the obtained structures to be true saddle points.
The intrinsic reaction coordinate (IRC) method was used to track
minimum energy paths from transition structures to the corre-
sponding local minima. A step size of 0.1 amu1/2 bohr was used
in the IRC procedure. The previous investigations have shown
that such computational methods can provide reliable informa-
tion for metal carbonyls and metal nitrosyls, such as infrared
frequencies, relative absorption intensities, and isotopic shifts.2

Results and Discussion

Experiments have been done with CO and NO concentrations
ranging from 0.01% to 1.0% in excess neon and argon. New
absorptions have been observed in the copper experiments but
not in the silver and gold experiments. Here, mainly the results
from the reactions of Cu with CO and NO will be presented
for discussion. Typical infrared spectra for the reactions of laser-
ablated Cu atoms with CO and CO/NO mixtures in excess neon
in the selected regions are illustrated in Figures 1-6, and the
absorption bands in different isotopic experiments are listed in
Table 1. Metal independent absorptions due to the (NO)2,
(NO)2+, (NO)2-, NO2, NO-, (NO)3-, and N2O3 species have
been reported previously21-24 and are not listed here. The
stepwise annealing and photolysis behavior of the product
absorptions are also shown in the figures and will be discussed
below. Experiments were also done with different concentrations
of CCl4 serving as an electron scavenger.

Quantum chemical calculations have been carried out for the
possible isomers and electronic states of the potential product
molecules. Figure 7 shows the optimized structures of the
reaction products. Calculated C-O and N-O stretching modes

with different functional methods have been compared with the
experimental values in Tables 2 and 3, respectively.

Cu(CO)n (n ) 1-3) and Cu(NO)n (n ) 1, 2). The
absorptions at 2038.7, 2035.1, and 2029.0 cm-1 (Table 1 and
Figures 1 and 4) are due to the C-O stretching vibration of the
CuCO molecule, which is consistent with the previous reports
of 2034.9 and 2029.7 cm-1 absorptions.13c The 1904.9, 1902.0,
and 1995.5 cm-1 bands (Table 1 and Figures 1 and 4) are due
to the antisymmetric C-O stretching vibrations of the Cu(CO)2

and Cu(CO)3 molecules, respectively. The absorptions at 1602.5
and 1635.9 cm-1 (Table 1 and Figure 1) are due to the N-O
stretching vibrations of the CuNO and Cu(NO)2 molecules,
respectively. Detailed discussions about these copper carbonyls
and copper nitrosyls have been reported previously13,14and we
will focus on the new reaction products.

(CuCO)2. In the Cu + CO experiment, the absorption at
1946.0 cm-1 that appears during sample deposition increases

Figure 1. Infrared spectra in the 2050-1600 cm-1 region from co-
deposition of laser-ablated (18 mJ pulse-1) Cu atoms with 0.2% CO+
0.2% NO in Ne: (a) 30 min of sample deposition at 4 K; (b) after
annealing to 8 K; (c) after annealing to 10 K; (d) after 15 min of broad-
band irradiation; (e) after annealing to 11 K; (f) 0.2% CO+ 0.2% NO
+ 0.05% CCl4, after annealing to 10 K.

Figure 2. Infrared spectra in the 1550-1100 cm-1 region from co-
deposition of laser-ablated (18 mJ pulse-1) Cu atoms with 0.2% CO+
0.2% NO in Ne: (a) 30 min of sample deposition at 4 K; (b) after
annealing to 8 K; (c) after annealing to 10 K; (d) after 15 min of broad-
band irradiation; (e) after annealing to 11 K; (f) 0.2% CO+ 0.2% NO
+ 0.05% CCl4, after annealing to 10 K.

Figure 3. Infrared spectra in the 1550-1100 cm-1 region from co-
deposition of laser-ablated (18 mJ pulse-1) Cu atoms with isotopic CO/
NO mixtures in Ne after annealing to 10 K: (a) 0.2%12C16O + 0.2%
14N16O; (b) 0.3%12C16O + 0.2% 14N16O + 0.2% 15N16O; (c) 0.2%
12C16O + 0.2%15N16O; (d) 0.3%12C16O + 0.2%14N16O + 0.2%14N18O;
(e) 0.2%12C16O + 0.2% 14N18.

Reactions of Copper Atoms J. Phys. Chem. A, Vol. 111, No. 14, 20072691



slightly on sample annealing, increases visibly after broad-band
irradiation and increases slightly on further annealing (Figure
4). The 1946.0 cm-1 band shifts to 1901.5 cm-1 with 13C16O
and to 1902.8 cm-1 with 12C18O, exhibiting isotopic frequency
ratios (12C16O/13C16O, 1.0234;12C16O/ 12C18O, 1.0227) charac-
teristic of C-O stretching vibrations (Table 1 and Figure 6).
The 1946.0 cm-1 band has also been observed in the Cu+ CO
+ NO experiments (Figure 1) and exhibits no isotopic shifts
with 15N16O and14N18O. This suggests that no NO subunit is
involved in this vibration. A triplet at 1946.0, 1918.5, and 1901.5
cm-1, together with a weak associated band at 2022.1 cm-1,
has been observed in the mixed12C16O + 13C16O experiment
(Figure 6, trace b), indicating that two CO subunits are
involved.25 A similar isotopic splitting feature has been obtained
in the mixed12C16O + 12C18O isotopic spectra (Figure 6, trace
d). The IR spectra as a function of changes of CO concentrations
and laser powers are of particular interest here. The Cu(CO)n

(n ) 1-3) molecules are the primary products under the
experimental conditions of high CO concentration (0.2%) and
low laser power (8 mJ pulse-1) (Figure 5), whereas the intensity

of the 1946.0 cm-1 band increases greatly under the experi-
mental conditions of lower CO concentration (0.05%) and higher
laser power (15 mJ pulse-1) (Figure 4). Considering that the
experimental conditions of higher CO concentration and lower
laser energy favor the formation of the mononuclear metal
carbonyls whereas the experimental conditions of lower CO
concentration and higher laser energy favor the formation of
the polynuclear metal carbonyls,26,27this new absorption (1946.0
cm-1) should involve more than one Cu atom. Doping with CCl4

has no effect on this band (Figure 1, trace f), suggesting that
the product is neutral.2 Furthermore, N2- or H2O-doping exhibits
no effect on the absorption at 1946.0 cm-1 (not shown here),
indicating that N2 and H2O are not involved in the formation
of this species. Accordingly, the 1946.0 cm-1 band is assigned
to the antisymmetric C-O stretching mode of (CuCO)2. The
bands observed at 2022.1 cm-1 in the mixed12C16O + 13C16O
experiment and 2021.9 cm-1 in the12C16O + 12C18O experiment
are due to the symmetric C-O stretching modes of (Cu12CO)-
(Cu13CO) and (CuC16O)(CuC18O), respectively. Analogous
molecular structures have been obtained from (MCO)2 (MdAg,
Au; Si, Ge, Sn) spectra.26,27

Density functional theory (DFT) calculations have been
performed to support the (CuCO)2 assignment. At the BP86/
6-311+G(d) and B3LYP/6-311+G(d) levels, the (CuCO)2

molecule is predicted to haveC2h symmetry with an1Ag ground
electronic state (Table 2 and Figure 7), which lies 38 kcal mol-1

lower in energy than the triplet state. The calculated12C16O/
13C16O and12C16O/12C18O isotopic frequency ratios of 1.0240
and 1.0228 (BP86), 1.0236 and 1.0235 (B3LYP) are in
agreement with the experimental observations, 1.0234 and
1.0227, respectively. Both functionals predict that the singlet
and triplet CuCu(CO)2 isomers withC2V symmetry are about 2
and 28 kcal mol-1 higher in energy than singlet (CuCO)2,
respectively. At the BP86/6-311+G(d) level, the symmetric and
antisymmetric C-O stretching frequencies in the singlet
CuCu(CO)2 isomer are calculated at 2048.7 (480) and 2013.8
(1383 km/mol) cm-1, showing 12C16O/13C16O and 12C16O/
12C18O isotopic frequency ratios of 1.0240 and 1.0236, 1.0230
and 1.0236, respectively. Considering that the CuCu(CO)2

isomer needs two sets of triplet patterns while only one set of
triplet pattern with a weak associated band has been observed
for the 1946.0 cm-1 band in the mixed12C16O + 13C16O and
12C16O + 12C18O isotopic spectra (Figure 6, traces b and d),

Figure 4. Infrared spectra in the 2050-1800 cm-1 region from co-
deposition of laser-ablated (15 mJ pulse-1) Cu atoms with 0.05% CO
in Ne: (a) 30 min of sample deposition at 4 K; (b) after annealing to
8 K; (c) after annealing to 10 K; (d) after 15 min of broad-band
irradiation; (e) after annealing to 11 K.

Figure 5. Infrared spectra in the 2050-1800 cm-1 region from co-
deposition of laser-ablated (8 mJ pulse-1) Cu atoms with 0.2% CO in
Ne: (a) 30 min of sample deposition at 4 K; (b) after annealing to 10
K; (c) after annealing to 11 K.

Figure 6. Infrared spectra in the 2050-1800 cm-1 region from co-
deposition of laser-ablated (15 mJ pulse-1) Cu atoms with isotopic CO
in Ne after 15 min of broad-band irradiation and annealing to 11 K:
(a) 0.05%12C16O; (b) 0.03%12C16O + 0.03%13C16O; (c) 0.05%13C16O;
(d) 0.03%12C16O + 0.03%12C18O; (e) 0.05%12C18O.
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respectively, the CuCu(CO)2 structural isomer should be ruled
out. Recent studies indicate that, in most cases, the BP86
functional gives calculatedνC-O and νN-O frequencies much
closer to the experimental values than the B3LYP func-
tional.2,3,13,14Hereafter, mainly BP86 results are presented for
discussions.

[NO]Cu[NO]. In the Cu + CO + NO experiment, the
absorption at 1436.4 cm-1 that appears during sample deposition

increases markedly upon annealing, disappears after broad-band
irradiation, and recovers slightly after further annealing to 11
K (Table 1 and Figure 2). This band shifts to 1411.8 cm-1 with
15N16O and to 1399.1 cm-1 with 14N18O, exhibiting isotopic
frequency ratios (14N16O/15N16O, 1.0174;14N16O/14N18O, 1.0267)
characteristic of N-O stretching vibrations.3 The 1436.4 cm-1

band exhibits no isotopic shifts with13C16O and 12C18O,
suggesting that no CO subunit is involved in this vibration. As
shown in Figure 3, a triplet at 1436.4, 1423.4, and 1411.8 cm-1

together with a associated band at 1493.4 cm-1 has been
observed in the mixed CO+ 14N16O + 15N16O experiment,
suggesting that two NO subunits are involved.25 A similar
isotopic splitting feature has been obtained in the mixed CO+
14N16O + 14N18O isotopic spectra (Figure 3). Doping with CCl4

has no effect on these bands (Figure 1, trace f), suggesting that
the product is neutral.2 The 1436.4 cm-1 band is therefore
assigned to the N-O stretching vibration of the side-bonded
dinitrosyl [NO]Cu[NO]. The absorptions assigned to the
[NO]Cu[NO] molecule were not observed in the previous Cu
+ NO experiments.14

The [NO]Cu[NO] molecule is predicted to haveC2h symmetry
with an 2Au ground electronic state (Table 3 and Figure 7),
which lies 31 kcal mol-1 (BP86) higher in energy than the linear
2Πu isomer, Cu(NO)2. The activation energy for the isomer-
ization of [NO]Cu[NO] to Cu(NO)2 is calculated to be 273 kcal
mol-1. Presumably, this large activation barrier prevents isomer-
ization and both species can be observed in rare-gas matrix
isolation studies. Interestingly, the [NO]Cu[NO] molecule is
only observed in the Cu+ CO + NO experiments and not in
the Cu+ NO experiments, whereas the Cu(NO)2 molecule is
observed in both matrix experiments. This suggests that the
presence of CO allows this high-energy structural isomer of
[NO]Cu[NO] to be formed in the Cu+ CO + NO experiments.
The calculatedνN-O value (1280.2 cm-1, Table 3) of the doublet
[NO]Cu[NO] is quite lower than the observed value (1436.4
cm-1). However, the calculated 14N16O/15N16O and

TABLE 1: Infrared Absorptions (cm -1) Observed for the Copper Carbonyls and Nitrosyls in Excess Neon at 4 K
12C16O 13C16O 12C18O 12C16O + 13C16O 12C16O + 12C18O R(12/13) R(16/18) assignment

2038.7 1994.2 1990.7 2038.7, 1994.2 2038.7, 1990.7 1.0223 1.0241 CuCO
2035.1 1991.0 1987.4 2035.1, 1991.0 2035.1, 1987.4 1.0221 1.0240 CuCO site
2029.0 1984.5 1981.2 2029.0, 1984.5 2029.0, 1981.2 1.0224 1.0241 CuCO site
1995.5 1950.3 1950.1 1995.5, 1975.1, 1960.3, 1950.1 1995.3, 1975.3, 1961.5, 1950.1 1.0232 1.0233 Cu(CO)3

1946.0 1901.5 1902.8 1946.0, 1918.5, 1901.5, 2022.1 (sym) 1946.0, 1919.6, 1902.0, 2021.9 (sym) 1.0234 1.0227 (CuCO)2

1904.9 1860.7 1863.8 1904.9, 1879.5, 1860.7 1904.9, 1881.5, 1863.8 1.0238 1.0221 Cu(CO)2 site
1902.0 1857.9 1860.9 1901.9, 1876.6, 1857.9 1902.0, 1878.6, 1860.9 1.0237 1.0221 Cu(CO)2

1866.4 1833.8 1838.2 1866.5, 1833.9 1866.4, 1838.2 1.0178 1.0153 CuxCO

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

1635.9 1606.5 1605.3 1635.9, 1619.6, 1606.5 1635.9, 1618.7, 1605.3 1.0183 1.0191 Cu(NO)2

1602.5 1574.9 1559.2 1602.5, 1574.9 1602.5, 1559.2 1.0175 1.0278 CuNO
1503.7 1476.3 1468.6 1503.7, 1476.3 1503.7, 1468.6 1.0186 1.0239 Cu2(µ2-NO)
1492.7 1465.8 1458.1 1492.7, 1465.8 1492.7, 1458.1 1.0184 1.0237 Cu2(µ2-NO) site
1436.4 1411.8 1399.1 1436.4, 1423.4, 1411.8, 1493.4 (sym) 1436.5, 1416.2, 1399.2, 1486.0 (sym) 1.0174 1.0267 [NO]Cu[NO]
1199.1 1181.7 1175.7 1198.9, 1190.3, 1182.3 1199.3, 1186.9, 1176.0 1.0147 1.0199 Cu(NO)2Cu

Figure 7. Optimized structures (bond length in angstrom, bond angle
in degree) of the reaction products calculated at the BP86 and B3LYP
(in parentheses) levels.

TABLE 2: Comparison of Experimental and Calculated C-O Stretching Modes of the Copper Carbonyls

observed calculated

species mode freq 12C/13C 16O/18O method freq 12C/13C 16O/18O

CuCO a′ 2038.7 1.0223 1.0241 BP86 1959.4 1.0230 1.0244
(2A′, Cs) B3LYP 2036.8 1.0227 1.0250
Cu(CO)2 σu 1902.0 1.0237 1.0221 BP86 1954.0 1.0242 1.0226
(2∏u, D∞h) B3LYP 1999.1 1.0241 1.0228
Cu(CO)3 e′ 1995.5 1.0232 1.0233 BP86 1986.1 1.0238 1.0231
(3A2′′, D3h) B3LYP 2050.2 1.0235 1.0237
(CuCO)2 bu 1946.0 1.0234 1.0227 BP86 2031.4 1.0234 1.0239
(1Ag, C2h) B3LYP 2142.3 1.0231 1.0243

Reactions of Copper Atoms J. Phys. Chem. A, Vol. 111, No. 14, 20072693



14N16O/14N18O isotopic frequency ratios of 1.0176 and 1.0273
are in accord with the experimental observations, 1.0174 and
1.0267, respectively.

Cu2(µ2-NO). In the Cu + CO + NO experiment, the
absorption at 1503.7 cm-1 with a matrix trapping site at 1492.7
cm-1 is present during sample deposition, increases upon
annealing and broad-band irradiation (Table 1 and Figure 2).
These two bands respectively shift to 1476.3 and 1465.8 cm-1

with 15N16O and to 1468.6 and 1458.1 cm-1 with 14N18O,
exhibiting isotopic frequency ratios (14N16O/15N16O, 1.0186 and
1.0184;14N16O/14N18O, 1.0239 and 1.0237) characteristic of
N-O stretching vibrations.3 The 1503.7 and 1492.7 cm-1 bands
show no isotopic shifts with13C16O and12C18O, suggesting that
no CO subunit is involved in this vibration. As shown in Figure
3, the mixed CO+ 14N16O + 15N16O and CO+ 14N16O +
14N18O isotopic spectra only provide the sum of pure isotopic
bands, which indicates a mononitrosyl molecule.25 Doping with
CCl4 has no effect on these bands (Figure 2, trace f), implying
that the product is neutral.2 Note that these two bands are
observed in the experiments with relatively higher laser power
(18 mJ pulse-1), which implies that the new product involves
more than one copper atom. The 1503.7 and 1492.7 cm-1 bands
are assigned to the N-O stretching vibration of a species having
Cu2NO stoichiometry in different matrix sites.

BP86 calculations predict that the doublet end-on CuCuNO
with 2A′ state is 15 kcal mol-1 lower in energy than the bridge-
bonded Cu-(NO)-Cu isomer, which is in accord with the
previous theoretical investigations.14a,28 The calculated N-O
stretching vibrational frequency for the2A′ state end-on
CuCuNO (1726.6 cm-1) fits the argon experimental observation
(1734.8 cm-1)14a but does not fit the neon experimental values
(1503.7 and 1492.7 cm-1). The2A′ bridge-bonded Cu2(µ2-NO)
isomer hasCs symmetry (Figure 7), which lies 6 kcal mol-1

lower in energy than a quartet state. For the2A′ bridge-bonded
Cu2(µ2-NO), the N-O stretching vibrational frequency is
calculated at 1416.6 cm-1 (Table 3). The calculated14N16O/
15N16O and14N16O/14N18O isotopic frequency ratios of 1.0176
and 1.0280 (Table 3) are consistent with the experimental
observations, 1.0186 and 1.0239, respectively. Accordingly, the
1503.7 and 1492.7 cm-1 bands are assigned to the N-O
stretching vibration of the bridge-bonded Cu2(µ2-NO) complex
in solid neon. The argon matrix counterpart has been observed
at 1529.3 and 1524.5 cm-1 but its structure was not character-
ized.14a The absorptions assigned to the Cu2(µ2-NO) molecule
were not observed in the previous Cu+ NO experiments in
solid neon.14

Cu(NO)2Cu. In the Cu + CO + NO experiment, the
absorption at 1199.1 cm-1 appears weakly during sample
deposition, increases visibly after sample annealing, decreases
sharply after broad-band irradiation, and recovers slightly after
further annealing to 11 K (Table 1 and Figure 2). The 1199.1

cm-1 band shifts to 1181.7 cm-1 with 15N16O and to 1175.7
cm-1 with 14N18O, giving the14N16O/15N16O and14N16O/14N18O
isotopic frequency ratios of 1.0147 and 1.0199, respectively.
This band shows no isotopic shifts with13C16O and 12C18O,
suggesting that no CO subunit is involved in this vibration. Two
sets of triplet bands have been observed at 1198.9/1190.3/1182.3
and 1199.3/1186.9/1176.0 cm-1 in the mixed CO+ 14N16O +
15N16O and CO+ 14N16O + 14N18O isotopic spectra (Table 1
and Figure 3). Doping with CCl4 has no effect on this band
(Figure 2, trace f), suggesting that the product is neutral.2

Analogy with Ag(NO)2Ag with the extremely low N-O
stretching frequencies at 1185.5 cm-1 in Ne and 1121.1 cm-1

in Ar,29 the 1199.1 cm-1 band is assigned to the antisymmetric
N-O stretching mode of the Cu(NO)2Cu molecule. The
absorptions assigned to the Cu(NO)2Cu molecule were not
observed in the previous Cu+ NO experiments.14 Similar
reactions of laser-ablated Ag and Au atoms with NO and CO/
NO mixtures give the analogous silver atom absorptions but
not the analogous gold atom absorptions. The isomer Cu2(NO)2
with D2h symmetry has been observed at 1499.6 cm-1 in the
neon Cu+ NO experiments.14a

Our BP86 calculations predict that the Cu(NO)2Cu molecule
has a1Ag ground state withC2h symmetry (Figure 7), which
lies 35 kcal mol-1 lower in energy than the triplet one. The
∠NNO bond angle is 114.9°, which is slightly smaller than that
in Ag(NO)2Ag (118.4° (BPW91) and 117.9° (B3LYP)).29 The
antisymmetric N-O stretching vibrational frequency is calcu-
lated at 1067.1 cm-1 (Table 3), lower than the experimental
value. Employing the LANL2DZ basis set for Cu atom lifts
the nitrosyl stretching frequency up to 1093.3 cm-1. For
Ag(NO)2Ag, the calculated antisymmetric N-O stretching
vibrational frequencies (1145.9 cm-1 at the BPW91/ LANL2DZ/
6-311+G(d) level and 1128.4 cm-1 at the B3LYP/LANL2DZ/
6-311+G(d) level) match the experimental values (Ne, 1185.5
cm-1; Ar, 1121.1 cm-1) well.29 Quantum chemical calculations
for the Au(NO)2Au species on the BP86/LANL2DZ/6-311+G(d),
BPW91/LANL2DZ/6-311+G(d), and B3LYP/ LANL2DZ/6-
311+G(d) levels cannot locate the minimum, which is consistent
with the absence of Au(NO)2Au from the previous30 and present
experiments.

Other Absorptions. In the Cu + CO experiment, the
absorption at 1866.4 cm-1 appears weakly after annealing to
10 K, disappears after broad-band irradiation, and increases
sharply after further annealing to 11 K (Table 1, Figure 4). This
band is favored by higher laser energy (Figures 4 and 5),
indicating that the product may be a polynuclear copper
carbonyl. The 1866.4 cm-1 band shifts to 1833.8 cm-1 with
13C16O and to 1838.2 cm-1 with 12C18O, showing12C16O/13C16O
and 12C16O/12C18O isotopic frequency ratios of 1.0178 and
1.0153, respectively (Table 1). In the mixed12C16O + 13C16O
and12C16O + 12C18O samples, only pure isotopic counterparts

TABLE 3: Comparison of Experimental and Calculated N-O Stretching Modes of the Copper Nitrosyls

observed calculated

species mode freq 14N/15N 16O/18O method freq 14N/15N 16O/18O

CuCO a′ 1602.5 1.0175 1.0278 BP86 1652.0 1.0179 1.0276
(1A′, Cs) B3LYP 1703.6 1.0179 1.0276
Cu(NO)2 σu 1635.9 1.0183 1.0191 BP86 1738.0 1.0208 1.0221
(2∏u, D∞h) B3LYP 1797.4 1.0206 1.0226
[NO]Cu[No] bu 1436.4 1.0174 1.0267 BP86 1280.2 1.0176 1.0273
(2Au, C2h) B3LYP 1388.6 1.0183 1.0265
Cu2(µ2-NO) a′ 1503.7 1.0186 1.0239 BP86 1416.6 1.0176 1.0280
(2A′, Cs) B3LYP 1345.1 1.0172 1.0288
Cu(NO)2Cu bu 1199.1 1.0147 1.0199 BP86 1067.1 1.0179 1.0272
(1Ag, C2h) B3LYP 1077.9 1.0178 1.0277
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are observed (Figure 6). Doping with CCl4 has no effect on
this band, suggesting that the product is neutral.2 N2- or H2O-
doping exhibits no effect on the absorption at 1866.4 cm-1 (not
shown here), indicating that N2 and H2O are not involved in
the formation of this species. DFT calculations for the possible
isomers and electronic states of the smallest copper cluster
carbonyl Cu2CO do not reproduce the experimental observations.
This band is tentatively assigned to CuxCO.

Reaction Mechanism.On the basis of the behavior of sample
annealing and photolysis, together with the observed species
and calculated stable isomers, a plausible reaction mechanism
can be proposed as follows. Under the present experimental
conditions, only metal carbonyl and metal nitrosyl species have
been observed. Taking the copper carbonyls as an example, the
(CuCO)2 molecule appears together with the Cu(CO)x (x ) 1-3)
molecules during sample deposition and increases together after
sample annealing and broad-band irradiation, while there is no
obvious evidence for the formation of Cu2CO (Figure 1). This
suggests that the (CuCO)2 molecule may be generated by the
dimerization of the CuCO molecule or the addition of a Cu
atom to the Cu(CO)2 molecule (reactions 4 and 5); theC2h

structure of the (CuCO)2 molecule implies that the contribution
for the formation of (CuCO)2 from the former is larger than
from the latter. Furthermore, reaction 4 (-60 kcal mol-1) is
predicted to be more energetically favorable than reaction 5
(-45 kcal mol-1), which supports the above-mentioned analysis:

In the Cu + CO + NO experiments, the yields of new
products, [NO]Cu[NO], Cu2(µ2-NO), and Cu(NO)2Cu, increase
after sample annealing, whereas the Cu(NO)x (x ) 1, 2)
molecules change little after sample annealing. Meanwhile, the
absorptions of Cu(NO)2Cu increase upon sample annealing at
the expense oftrans-(NO)2 (1760.6 cm-1),21 suggesting that the
Cu(NO)2Cu molecule is most probably formed via the combina-
tion of two Cu atoms with thetrans-(NO)2 molecule (reaction
12). The reactions of copper atoms with NO molecules are
predicted to be exothermic (reactions 6-12), implying that the
formation of copper nitrosyls is energetically favorable.

It can be found from the calculated reaction energies that the
formation of copper nitrosyls (reactions 6 and 7) is more
exothermic than that of copper carbonyls (reactions 1-3). This
is expected since one unpaired electron in aπ* orbital in the
NO molecule makes it more reactive than other diatomics like
CO. A more interesting finding is that the absorptions of the
[NO]Cu[NO], Cu2(µ2-NO), and Cu(NO)2Cu molecules are only
observed in the Cu+ CO + NO experiments and not in the Cu
+ NO experiments. Furthermore, there is no evidence for a
group of bands that shift together upon isotopic substitution of
both CO and NO. This suggests that no mixed species Cu(CO)x-
(NO)y are observed in the present experiments. It seems that
CO has a pronounced effect on the formation of these copper
nitrosyls during the reactions of copper atoms with CO/NO
mixtures. Further investigation is required to address the reason
that the presence of CO allows these new nitrosyls to be formed:

It is noted that the reactions of laser-ablated Cu, Ag, and Au
atoms with CO and NO mixtures in solid argon and neon
produce only metal carbonyls and metal nitrosyls without metal
carbonyl nitrosyl complexes. In contrast, manganese, iron, and
cobalt carbonyl nitrosyl complexes have been generated in the
recent matrix investigations.8-10

Conclusions

Laser-ablated copper atoms with carbon monoxide and nitric
oxide mixtures in solid argon and neon produce copper
carbonyls and copper nitrosyls with the absence of metal
carbonyl nitrosyl complexes. Based on the results of the isotopic
substitution, stepwise annealing, the change of reagent concen-
tration and laser energy, and comparison with theoretical
predictions, new absorptions at 1946.0, 1436.4, 1503.7, and
1199.1 cm-1 have been assigned to (CuCO)2, [NO]Cu[NO],
Cu2(µ2-NO), and Cu(NO)2Cu, respectively. Density functional
theory calculations have been performed on these copper
carbonyls and copper nitrosyls, which support the identification
of these products from the matrix infrared spectrum. Similar
matrix experiments with Ag and Au produce no new products.
The present study reveals that it may be difficult for copper,
silver, and gold to form metal carbonyl nitrosyl complexes, while
metal carbonyls and metals nitrosyl are readily formed from
the reactions of metal atoms with CO/NO mixtures. A plausible
reaction mechanism has been proposed to account for the
formation of metal carbonyls and metal nitrosyls.
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