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Infrared Spectroscopic and Theoretical Studies on the Reactions of Copper Atoms with
Carbon Monoxide and Nitric Oxide Molecules in Rare-Gas Matrices
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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)
[NO]CU[NO], Cw(u2-NO), and Cu(NO)XCu, 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 CWp(CO), Cu(CO)-47, and Cu(CO)-3~.13 Similarly, the
Cu(NO), (n = 1, 2), CuNO', and Cu(NO)~ molecules have
been identified from isotopic shifts and splitting patterns in the
rare-gas matrix infrared spectthHere, we report a study of

gthe reactions of laser-ablated Cu, Ag, and Au atoms with CO/

ﬁo mixtures in excess neon and argon. IR spectroscopy coupled
with theoretical calculations provides evidence for the formation
of new products, (CuCQ@) [NO]JCu[NO], Cw(u2-NO), and

Cu(NOXCu, with the absence of metal carbonyl nitrosyl

complexes.

The interaction of transition metal centers with carbon
monoxide and nitric oxide is of considerable interest from an
academic or an industrial viewpoiht? Many industrial pro-
cesses employ CO as a reagent and transition metal compoun
as heterogeneous catalysts and involve the intermediates of met
carbonyls. For instance, metal polycarbonyl cations have been
used to catalyze the carbonylation reactions of olefins, alcohols,
and saturated hydrocarboh$he so-called “low-temperature”
Cu/ZnO catalyst is widely used to catalyze the water-gas shift
reaction (CO+ H,O — CO;, + Hy), and metallic Cu provides
the active site for catalysis; in the surface redox mechanism, ) ) o o
CO reacts with an adsorbed oxygen atom to produce The experiment fo_r laser ablation gnd matrix |solat|01_n infrared
the other hand, the reaction of nitric oxide on metal surfaces SPectroscopy is similar to those previously repotfedBriefly,
and in contact with metal cations in zeolites is important in the the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
development of effective catalysts that can reduce atmosphericWith 10 ns pulse width) was focused on the rotating Cu, Ag,
pollution3 Copper-exchanged zeolites have high activities in and Au targets. The laser-ablated Cu, Ag, and Au atoms were
the catalytic reduction of NO, and considerable experimental co-deposited with CO/NO mixtures in excess neon (or argon)
and theoretical work has been done to understand the reductiorPnto @ Csl window cooled normallpt K (or 7 K) by means
mechanism&.Furthermore, the study of reduction of NO by ©f a closed-cycle helium refrigerator. Typically,—20 mJ
CO on several metal surfaces has been achieved throughPulse * laser pulse energies were used. CO (99.95%, Japan Fine
molecular beams in conjunction with mass spectrometry and Products Co.);:3C*%0 (99%, **0 < 1%, ICON), **C**0 (**0
in situ infrared spectroscopy coupled with temperature- €nrichment 99%, ICON), NO (99.8%, Sumitomo SeiRé)i‘°0
programmed reaction techniquéRecently, a series of metal  (*°N enrichment 99%, SHOKO Co. Ltd.), andN*®0 (**0
carbonyl nitrosyl complexes have been observed in the matrix €nrichment 93%, SHOKO Co. Ltd.) were used to prepare the
investigations of the reactions of manganese, iron, and cobaltCO + NO/Ne (or CO+ NO/Ar) mixtures. In general, matrix
atoms with NO and CO mixturés10 samples were deposited for-360 min with a typical rate of

Recent studies have shown that, with the aid of isotopic 2—4 mmol per hour. After sample deposition, IR spectra were
substitution, matrix isolation infrared spectroscopy combined fecorded on a BIO-RAD FTS-6000e spectrometer at 0.5'cm
with quantum chemical calculations is a powerful technique for resolution using a liquid nitrogen cooled HgCdTe (MCT)
investigating the spectrum, structure and bonding of novel detector for the spectral range of 560000 cnT™. Samples were
speciedl12For instance, argon and neon matrix investigations annealed at different temperatures and subjected to broad-band

of the reaction of Cu atoms with CO molecules have character- iradiation ¢ > 250 nm) using a high-pressure mercury arc lamp

Experimental and Theoretical Methods

ized a series of copper carbonyls, Cu(G@h = 1-3), (Ushio, 100 W). Experiments have also been conducted for the
co-deposition of laser-ablated Cu, Ag, and Au atoms with
* Corresponding author. E-mail: g.xu@aist.go.jp. separated CO and NO samples to confirm the new absorptions.
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Figure 1. Infrared spectra in the 205600 cnt? region from co-
deposition of laser-ablated (18 mJ pui§eCu atoms with 0.2% CG-
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% G&.2% NO

+ 0.05% CCl, after annealing to 10 K.
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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 prograihe BP86
and B3LYP density functional methods were usg&dlhe
6-3114-G(d) was used for C, N, and O atoifshe Wachters-
Hay all-electron basis set for Cu and the LANL2DZ basis set
for Ag and Au?® 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 afiiohr 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.

Results and Discussion

J. Phys. Chem. A, Vol. 111, No. 14, 200691

0.10
Cu,(1,-NO)  [NOJCU[NO] Cu(NO),Cu
/ [
0.08 ‘\
V)
8
g 0.06 - (e)
2 (d)
< 0.04-

o

(b)

A A (@) AN

1 1 1 )
1500 1400 1300 1200 1100
Wavenumber (cm‘1)

Figure 2. Infrared spectra in the 155100 cnt? region from co-
deposition of laser-ablated (18 mJ pul§eCu atoms with 0.2% CG-
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% &@.2% NO

+ 0.05% CCl, after annealing to 10 K.
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Figure 3. Infrared spectra in the 155100 cnt? region from co-

deposition of laser-ablated (18 mJ pui§eCu atoms with isotopic CO/
NO mixtures in Ne after annealing to 10 K: (a) 0.296%0 + 0.2%
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Experiments have been done with CO and NO concentrations4N60; (b) 0.3%2C160 + 0.2% 14N160 + 0.2% 5N16O; (c) 0.2%

ranging from 0.01% to 1.0% in excess neon and argon. New

absorptions have been observed in the copper experiments bute) 0.2%*C**0 + 0.2%

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-

12C1%0 + 0.2%°N*%0; (d) 0.3%2C%0 + 0.2% N0 + 0.2%N®0;

14N18.

with different functional methods have been compared with the

experimental values in Tables 2 and 3, respectively.
Cu(CO), (n = 1-3) and Cu(NO), (n = 1, 2). The

ablated Cu atoms with CO and CO/NO mixtures in excess neon absorptions at 2038.7, 2035.1, and 2029.0 &(Table 1 and

in the selected regions are illustrated in Figuressland the
absorption bands in different isotopic experiments are listed in
Table 1. Metal independent absorptions due to the GNO)
(NO).™, (NO)~, NO2, NO—, (NO);~, and NOs species have
been reported previougly2* and are not listed here. The
stepwise annealing and photolysis behavior of the product

Figures 1 and 4) are due to the-O stretching vibration of the
CuCO molecule, which is consistent with the previous reports
of 2034.9 and 2029.7 cm absorptiong3¢ The 1904.9, 1902.0,
and 1995.5 cm! bands (Table 1 and Figures 1 and 4) are due
to the antisymmetric €0 stretching vibrations of the Cu(C9O)
and Cu(COymolecules, respectively. The absorptions at 1602.5

absorptions are also shown in the figures and will be discussedand 1635.9 cm! (Table 1 and Figure 1) are due to the-®

below. Experiments were also done with different concentrations
of CCl, serving as an electron scavenger.

stretching vibrations of the CuNO and Cu(NQjolecules,

respectively. Detailed discussions about these copper carbonyls

Quantum chemical calculations have been carried out for the and copper nitrosyls have been reported previd&shand we
possible isomers and electronic states of the potential productwill focus on the new reaction products.

molecules. Figure 7 shows the optimized structures of the
reaction products. Calculated~© and N-O stretching modes

(CuCO),. In the Cu+ CO experiment, the absorption at
1946.0 cnt! that appears during sample deposition increases



2692 J. Phys. Chem. A, Vol. 111, No. 14, 2007

0.20 4

(Cuco), Cu(CO),

Absorbance

0.05
A A ,\ M (b)
D (@

1 1 I
1950 1900 1850
Wavenumber (cm™)

Figure 4. Infrared spectra in the 205800 cnt? region from co-
deposition of laser-ablated (15 mJ pul8eCu 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.
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Figure 5. Infrared spectra in the 205800 cnT? region from co-
deposition of laser-ablated (8 mJ pul§eCu 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.
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Figure 6. Infrared spectra in the 205800 cnt? region from co-
deposition of laser-ablated (15 mJ puf§eCu atoms with isotopic CO

in Ne after 15 min of broad-band irradiation and annealing to 11 K:
(a) 0.05%6%C10; (b) 0.03%'%C%0 + 0.03%*3C€0; (c) 0.05%C%0;

(d) 0.03%*%C*%0 + 0.03%*?C*0; (e) 0.05%C*®0.
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of the 1946.0 cm! band increases greatly under the experi-
mental conditions of lower CO concentration (0.05%) and higher
laser power (15 mJ puls® (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 carbony?s?this new absorption (1946.0
cm1) should involve more than one Cu atom. Doping with £CI
has no effect on this band (Figure 1, trace f), suggesting that
the product is neutr@lFurthermore, B or H,O-doping exhibits
no effect on the absorption at 1946.0 ©h{not shown here),
indicating that N and HO are not involved in the formation
of this species. Accordingly, the 1946.0 chband is assigned
to the antisymmetric €0 stretching mode of (CuC@)The
bands observed at 2022.1 chin the mixed!2C%0 + 13C160
experiment and 2021.9 crhin the 12C160 + 12C180 experiment
are due to the symmetric-@D stretching modes of (GeCO)-
(Cu*CO) and (Cu€fO)(CuC®0), respectively. Analogous
molecular structures have been obtained from (MG®I—=Ag,
Au; Si, Ge, Sn) spectr#:27

Density functional theory (DFT) calculations have been
performed to support the (CuCOassignment. At the BP86/

slightly on sample annealing, increases visibly after broad-band6-311+G(d) and B3LYP/6-313+G(d) levels, the (CuCQ)
irradiation and increases slightly on further annealing (Figure molecule is predicted to ha@n symmetry with artAg ground

4). The 1946.0 cm! band shifts to 1901.5 cm with 13C160
and to 1902.8 cmt with 12C80, exhibiting isotopic frequency
ratios (2C160/13C160, 1.0234:12C160/ 12C180, 1.0227) charac-
teristic of C-0O stretching vibrations (Table 1 and Figure 6).
The 1946.0 cm! band has also been observed in the4€GO

+ NO experiments (Figure 1) and exhibits no isotopic shifts
with 15N60 and“N180. 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
has been observed in the mix&€C%0 + 13C1%0 experiment
(Figure 6, trace b), indicating that two CO subunits are
involved?® A similar isotopic splitting feature has been obtained
in the mixed!2C160 + 12C180 isotopic spectra (Figure 6, trace

electronic state (Table 2 and Figure 7), which lies 38 kcalol
lower in energy than the triplet state. The calculaté@é0/
13C160 and12C'60/12C180 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(CQ)isomers withC,, symmetry are about 2
and 28 kcal moi® higher in energy than singlet (CuCg)
respectively. At the BP86/6-3#1G(d) level, the symmetric and
antisymmetric C-O stretching frequencies in the singlet
CuCu(CO) isomer are calculated at 2048.7 (480) and 2013.8
(1383 km/mol) cm?, showing 12C1%0/3C1%0 and 12C1¢0/
12C180 isotopic frequency ratios of 1.0240 and 1.0236, 1.0230

d). The IR spectra as a function of changes of CO concentrationsand 1.0236, respectively. Considering that the CuCug¢CO)
and laser powers are of particular interest here. The Cy{CO) isomer needs two sets of triplet patterns while only one set of

(n

1-3) molecules are the primary products under the triplet pattern with a weak associated band has been observed

experimental conditions of high CO concentration (0.2%) and for the 1946.0 cm! band in the mixed?C'0 + 13C'60 and

low laser power (8 mJ pulsé) (Figure 5), whereas the intensity

12C160 + 12C180 isotopic spectra (Figure 6, traces b and d),
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TABLE 1: Infrared Absorptions (cm ~1) Observed for the Copper Carbonyls and Nitrosyls in Excess Neon at 4 K

1ZCl60  1Cl6Q 1210 12160 + 13CL60 120160 + 12C150 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
19955 1950.3 1950.1 1995.5,1975.1,1960.3,1950.1 1995.3, 1975.3, 1961.5, 1950.1 1.0232 1.0233 3 Cu(CO)
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)
1904.9 1860.7 1863.8 1904.9,1879.5,1860.7 1904.9, 1881.5, 1863.8 1.0238 1.0221 ,GuUECO)
1902.0 1857.9 1860.9 1901.9,1876.6,1857.9 1902.0, 1878.6, 1860.9 1.0237 1.0221 ,Cu(CO)
1866.4 1833.8 1838.2 1866.5,1833.9 1866.4, 1838.2 1.0178 1.0153,COCu

NSO 1SN16O N0 NSO + 15N160 NSO + 14N80 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 LCu(NO)
1602.5 15749 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(u-BlD)

1492.7 1465.8 1458.1 1492.7,1465.8 1492.7, 1458.1 1.0184 1.023%(uBlD) 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 LCu(NO)

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

observed calculated
species mode freq 2Ccrse 1601180 method freq 2R 160/180
CuCO a 2038.7 1.0223 1.0241 BP86 1959.4 1.0230 1.0244
(?A", Cy) B3LYP 2036.8 1.0227 1.0250
Cu(CO) oy 1902.0 1.0237 1.0221 BP86 1954.0 1.0242 1.0226
(u» Deon) B3LYP 1999.1 1.0241 1.0228
Cu(CO} e 1995.5 1.0232 1.0233 BP86 1986.1 1.0238 1.0231
(A2, Dan) B3LYP 2050.2 1.0235 1.0237
(CuCOy} by 1946.0 1.0234 1.0227 BP86 2031.4 1.0234 1.0239
(*Ag, Cop) B3LYP 2142.3 1.0231 1.0243

respectively, the CuCu(C@#tructural isomer should be ruled

increases markedly upon annealing, disappears after broad-band

out. Recent studies indicate that, in most cases, the BP86irradiation, and recovers slightly after further annealing to 11

functional gives calculatedc—o and vn—o frequencies much
closer to the experimental values than the B3LYP func-
tional 2313.14Hereafter, mainly BP86 results are presented for
discussions.

[NOJCuU[NQO]. In the Cu+ CO + NO experiment, the
absorption at 1436.4 chithat appears during sample deposition

141.3

(1386) _O 1817 1162
Cu 7160 (1.836) (1.148)
1892  (1.144) O0—C—Cu—C—0
(1.968)
CuCo, G, CA) Cu(CO),, Doy (11,
0]
| 1155 (1.141) o
C 2.320 C/1.151(1,|34)
(2.338)
| 1.856 (1.884) Cu Cuﬁm(l.m)
Cu
/ \ C 163.1 (165.3)
C c o 158.0(1592)
O N (CuCOY. Czy (')

5.0, 0
Cu(CO)s, D3y (CA2")

120.3

119.1 1709 1186
C e ICI)SS N (1.712) (1171)
4 ' O—N—Cu—N—0
1.900 (1.174)
(1.945) . CuNOY, Dy il
CuNo, G, ('A)
1.889
(1.909) (‘]ggf) soss 0, M2
1.886  1.939 " 232 : (1323)
N (1889) <@0 2925 § My =0 (z% 9\N
1.251 (3.187); :
™~ : 122.8 1149 GOSN
Cu (1.231) | 1.303
/E{)\N . (118.7) zth (3% SCu
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(424 Dihedral angle (CuCuNO ) \0

=141.9 (145.9)

Cuy(1,-NO), C; CA) Cu(NO),Cu, Czy (‘A

[NOJCu[NOJ, Cz; CA,)

K (Table 1 and Figure 2). This band shifts to 1411.8¢mith
I5N160 and to 1399.1 crit with N80, exhibiting isotopic
frequency ratios'{N60/5N160, 1.017414N60/AN180, 1.0267)
characteristic of N-O stretching vibrationd The 1436.4 cm?!
band exhibits no isotopic shifts witA3C%0 and 12C180,
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
together with a associated band at 1493.4 trhas been
observed in the mixed CG- N0 + 15N160 experiment,
suggesting that two NO subunits are invol&dA similar
isotopic splitting feature has been obtained in the mixed€0O
14N160 + 14N180 isotopic spectra (Figure 3). Doping with CCI
has no effect on these bands (Figure 1, trace f), suggesting that
the product is neutrd.The 1436.4 cm! band is therefore
assigned to the NO stretching vibration of the side-bonded
dinitrosyl [NO]JCuU[NO]. The absorptions assigned to the
[NO]Cu[NO] molecule were not observed in the previous Cu
+ NO experiment3?

The [NO]Cu[NQO] molecule is predicted to ha@, symmetry
with an 2A, ground electronic state (Table 3 and Figure 7),
which lies 31 kcal moi* (BP86) higher in energy than the linear
2[1, isomer, Cu(NOy. The activation energy for the isomer-
ization of [NO]Cu[NQ] to Cu(NOj is calculated to be 273 kcal
mol~L. Presumably, this large activation barrier prevents isomer-
ization and both species can be observed in rare-gas matrix
isolation studies. Interestingly, the [NO]JCu[NO] molecule is
only observed in the Cd- CO + NO experiments and not in
the Cu+ NO experiments, whereas the Cu(N®)olecule is
observed in both matrix experiments. This suggests that the
presence of CO allows this high-energy structural isomer of
[NO]Cu[NQ] to be formed in the Cd- CO + NO experiments.

Figure 7. Optimized structures (bond length in angstrom, bond angle 1 Ne€ calculatedn—o value (1280.2 cmt, Table 3) of the doublet
in degree) of the reaction products calculated at the BP86 and B3LYP [NOJCU[NO] is quite lower than the observed value (1436.4

(in parentheses) levels.

cmb). However, the calculated 1“N6O/5N160O and
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TABLE 3: Comparison of Experimental and Calculated N—O Stretching Modes of the Copper Nitrosyls

observed calculated
species mode freq N/SN 160/180 method freq N/N 160/180
CuCO a 1602.5 1.0175 1.0278 BP86 1652.0 1.0179 1.0276
(A", Cy B3LYP 1703.6 1.0179 1.0276
Cu(NO) oy 1635.9 1.0183 1.0191 BP86 1738.0 1.0208 1.0221
(®[Mu» Deon) B3LYP 1797.4 1.0206 1.0226
[NOJCu[No] Bu 1436.4 1.0174 1.0267 BP86 1280.2 1.0176 1.0273
(?Ay, Con) B3LYP 1388.6 1.0183 1.0265
Cu(u-NO) d 1503.7 1.0186 1.0239 BP86 1416.6 1.0176 1.0280
(;A', Cy) B3LYP 1345.1 1.0172 1.0288
Cu(NO)Cu h, 1199.1 1.0147 1.0199 BP86 1067.1 1.0179 1.0272
(*Ag, Can) B3LYP 1077.9 1.0178 1.0277

14N160/19N180 isotopic frequency ratios of 1.0176 and 1.0273

cm~! band shifts to 1181.7 cm with N0 and to 1175.7

are in accord with the experimental observations, 1.0174 andcmwith N80, giving the“N160/5N160 and“N60/1“N80O

1.0267, respectively.

Cuz(u2-NO). In the Cu+ CO + NO experiment, the
absorption at 1503.7 cr with a matrix trapping site at 1492.7

isotopic frequency ratios of 1.0147 and 1.0199, respectively.
This band shows no isotopic shifts witBC%O and12C18Q,
suggesting that no CO subunit is involved in this vibration. Two

cm ! is present during sample deposition, increases upon Sets of triplet bands have been observed at 1198.9/1190.3/1182.3

annealing and broad-band irradiation (Table 1 and Figure 2).

These two bands respectively shift to 1476.3 and 1465.8'cm
with N0 and to 1468.6 and 1458.1 cinwith 14N180O,
exhibiting isotopic frequency ratio$*N160/A5N0, 1.0186 and
1.0184;1“N160O/“N180, 1.0239 and 1.0237) characteristic of
N—O stretching vibrationd The 1503.7 and 1492.7 crhbands
show no isotopic shifts with®C1%0 and?C'0, suggesting that
no CO subunit is involved in this vibration. As shown in Figure
3, the mixed CO+ “N160 + 15N160 and CO+ “N6O +
14N180 isotopic spectra only provide the sum of pure isotopic
bands, which indicates a mononitrosyl molecti®oping with
CCl, has no effect on these bands (Figure 2, trace f), implying
that the product is neutrdlNote that these two bands are
observed in the experiments with relatively higher laser power
(18 mJ pulse?), which implies that the new product involves
more than one copper atom. The 1503.7 and 149277 bands
are assigned to the-NO stretching vibration of a species having
CwNO stoichiometry in different matrix sites.

BP86 calculations predict that the doublet end-on CuCuNO
with 2A’ state is 15 kcal molt lower in energy than the bridge-
bonded Cu-(NO)—Cu isomer, which is in accord with the
previous theoretical investigatiof:28 The calculated N-O
stretching vibrational frequency for théA’' state end-on
CuCuNO (1726.6 cmh) fits the argon experimental observation
(1734.8 cn1h)42put does not fit the neon experimental values
(1503.7 and 1492.7 cm). The?A' bridge-bonded Cyfu,-NO)
isomer hasCs symmetry (Figure 7), which lies 6 kcal mdl
lower in energy than a quartet state. For #A¢ bridge-bonded
Cuw(u2-NO), the N-O stretching vibrational frequency is
calculated at 1416.6 cm (Table 3). The calculated'N1€O/
I5N160 andN160/4N180 isotopic frequency ratios of 1.0176

and 1199.3/1186.9/1176.0 ctnin the mixed CO+ 1“N1€O +
I5N160 and CO+ N80 + 14N180 isotopic spectra (Table 1
and Figure 3). Doping with C¢lhas no effect on this band
(Figure 2, trace f), suggesting that the product is nedtral.
Analogy with Ag(NOYAg with the extremely low N-O
stretching frequencies at 1185.5 chin Ne and 1121.1 cmt

in Ar,2°the 1199.1 cm! band is assigned to the antisymmetric
N—O stretching mode of the Cu(N@u molecule. The
absorptions assigned to the Cu(NO) molecule were not
observed in the previous Ctr NO experiments? 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 isomefN)),
with Do, symmetry has been observed at 1499.6tin the
neon Cu+ NO experiment3?

Our BP86 calculations predict that the Cu(NOY molecule
has a'Ag ground state withCo, symmetry (Figure 7), which
lies 35 kcal mot? lower in energy than the triplet one. The
CONNO bond angle is 11429which is slightly smaller than that
in Ag(NO),Ag (118.2 (BPW91) and 117 9(B3LYP)).2° The
antisymmetric N-O stretching vibrational frequency is calcu-
lated at 1067.1 cmit (Table 3), lower than the experimental
value. Employing the LANL2DZ basis set for Cu atom lifts
the nitrosyl stretching frequency up to 1093.3 €émFor
Ag(NO),Ag, the calculated antisymmetric ND stretching
vibrational frequencies (1145.9 cfat the BPW91/ LANL2DZ/
6-3114+-G(d) level and 1128.4 cmt at the B3LYP/LANL2DZ/
6-311+G(d) level) match the experimental values (Ne, 1185.5
cm~L; Ar, 1121.1 cnth) well.2° Quantum chemical calculations
for the Au(NOYAu species on the BP86/LANL2DZ/6-3115(d),
BPW91/LANL2DZ/6-31H-G(d), and B3LYP/ LANL2DZ/6-

and 1.0280 (Table 3) are consistent with the experimental 311+G(d) levels cannot locate the minimum, which is consistent
observations, 1.0186 and 1.0239, respectively. Accordingly, the with the absence of Au(N@)u from the previou¥ and present

1503.7 and 1492.7 cm bands are assigned to the—®
stretching vibration of the bridge-bonded Qu-NO) complex

experiments.
Other Absorptions. In the Cu + CO experiment, the

in solid neon. The argon matrix counterpart has been observedapsorption at 1866.4 cr appears weakly after annealing to

at 1529.3 and 1524.5 crhbut its structure was not character-
ized1*2The absorptions assigned to the,Eg-NO) molecule
were not observed in the previous GuNO experiments in
solid neont*

Cu(NO).Cu. In the Cu+ CO + NO experiment, the
absorption at 1199.1 cm appears weakly during sample

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 cnt band shifts to 1833.8 cm with
13C160 and to 1838.2 crii with 12C10, showing!?C160/:3C1%0

deposition, increases visibly after sample annealing, decreasesand 2C160/*2C180 isotopic frequency ratios of 1.0178 and
sharply after broad-band irradiation, and recovers slightly after 1.0153, respectively (Table 1). In the mix&€C%0 + 13C160

further annealing to 11 K (Table 1 and Figure 2). The 1199.1

and2C160 + 12C180 samples, only pure isotopic counterparts
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are observed (Figure 6). Doping with GClas no effect on Cu -+ NO — CuNO (AE = —28 kcal mofl) (6)
this band, suggesting that the product is neudtidd— or H,O-

doping exhibits no effect on the absorption at 1866.4 tmot CuNO+NO—Cu(NO),  (AE=—39kcalmol') (7)
shown here), indicating that)Nand HO are not involved in L
the formation of this species. DFT calculations for the possible CUNO+ NO — [NOJCu[NO]  (DE = —9 kcal mol' )8
isomers and electronic states of the smallest copper cluster 8)
carbonyl CuCO do not reproduce the experimental observations. Cu+ CuNO— Cu2(u,-NO) (AE = —29 kcal mol'%)
This band is tentatively assigned to,C®.

Reaction Mechanism.On the basis of the behavior of sample 1
annealing and photolysis, together with the observed speciesCU t CU— Cu, (AE = —48 kcal mol~) (10)
and calculated stable isomers, a plausible reaction mechanis . 1
can be proposed as follows. Under the present experimental u2+ NO— Cup(u,"NO) (AE=—9kcalmol”) (11)
conditions, only metal carbonyl and metal nitrosyl species have ¢, 4 trans-(NO), + Cu— Cu(NO),Cu
been observed. Taking the copper carbonyls as an example, the L
(CuCO)» molecule appears together with the Cu(¢@)= 1—-3) (AE= —73 kcal mol~) (12)
molecules during sample deposition and increases together after
sample annealing and broad-band irradiation, while there is no  Itis noted that the reactions of laser-ablated Cu, Ag, and Au
obvious evidence for the formation of €O (Figure 1). This ~ atoms with CO and NO mixtures in solid argon and neon
suggests that the (CuCOolecule may be generated by the ~Produce only metal carbonyls and metal nitrosyls without metal
dimerization of the CuCO molecule or the addition of a Cu carbonyl nitrosyl complexes. In contrast, manganese, iron, and
atom to the Cu(CQ)molecule (reactions 4 and 5); th&n cobalt carbonyl nitrosyl complexes have been generated in the
structure of the (CuCQ@)molecule implies that the contribution ~ recent matrix investigatiorfs:'°
for the formation of (CuCQ)from the former is larger than
from the latter. Furthermore, reaction 40 kcal mot?) is Conclusions
predicted to be more energetically favorable than reaction 5

: . . Laser-ablated copper atoms with carbon monoxide and nitric
(—45 kcal mot 1), which supports the above-mentioned analysis: PP

oxide mixtures in solid argon and neon produce copper
Cu+ CO— CuCO (AE = —18 kcal mor* BP86) (1) carbonyls.and copper nitrosyls with the absence of metgl

carbonyl nitrosyl complexes. Based on the results of the isotopic
CuCO+ CO— Cu(CO), (AE = —32 kcal morl) ) substitution, stepwise annealing, the change of reagent concen-

tration and laser energy, and comparison with theoretical
Cu(CO), + CO— Cu(CO);,  (AE= —25 kcal morl %) predictions, new absorptions at 1946.0, 1436.4, 1503.7, and
1199.1 cm! have been assigned to (CuGOINO]CU[NO],
Cuy(u2-NO), and Cu(NO)Cu, respectively. Density functional
theory calculations have been performed on these copper
carbonyls and copper nitrosyls, which support the identification
Cu+ Cu(CO),— (CuCO),  (AE = —45 kcal mol'") 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.

CuCO+ CuCO— (CuCO),  (AE = —60 kcal mol'")

In the Cu+ CO + NO experiments, the yields of new
products, [NO]JCuU[NO], Cg(u2-NO), and Cu(NO)Cu, increase
after sample annealing, whereas the CuNQ®) = 1, 2)
molecules change little after sample annealing. Meanwhile, the
absorptions of Cu(NQTu increase upon sample annealing at
the expense dfans(NO), (1760.6 cnt?),21 suggesting that the
Cu(NOXCu molecule is most probably formed via the combina-
tion of two Cu atoms with thérans-(NO), molecule (reaction
12). The reactions of copper atoms with NO molecules are
predicted to be exothermic (reactions B2), 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 (reactior8)L This
is expected since one unpaired electron in*erbital in the (1) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M.
NO molecule makes it more reactive than other diatomics like Advanced Inorganic Chemistréth ed.; Wiley: New York, 1999. Liu, Z.-

. . o . . P.; Hu, P.Topics Catal 2004 28, 71, and references therein.
CO. A more interesting finding is that the absorptions of the (2) Zhou, M. F.; Andrews, L.. Bauschlicher, C. W., &hem. Re.

[NO]JCu[NQ], Cup(u2-NO), and Cu(NO)Cu molecules are only 2001, 101, 1931. Himmel, H. J.; Downs, A. J.; Greene, T. @hem. Re.

observed in the Ct- CO + NO experiments and notin the Cu 2002 102, 4191, and references therein.

+ NO experiments. Furthermore, there is no evidence for a " (3) Andrews, L.; Citra, AChem. Re. 2002 102, 885, and references

. . . . . erein.

group of bands that §h|ft together upon isotopic su_bstltutlon of (4) Xu, Q.Coord. Chem. Re 2002 231 83, and references therein.

both CO and NO. Th|§ suggests that no mlxed species Cy{CO) (5) van Herwijnen, T.; de Jong, W. A. Catal. 1980 63, 83. Campbell,

(NO), are observed in the present experiments. It seems thatC. T.; Daube, K. AJ. Catal.198Q 104 109. Nakumura, J.; Campbell, J.

CO has a pronounced effect on the formation of these copperg-;CCaTPbe"L C-CTJ,- ghgm-PSOC-YFal\fﬂad% Tfa?(wgq 36, 2725\’/-\/ W?((\Q,K
F : H . .Chdiang, L. Cal, £. 5. Pan, Y. M.} ao, X. £.; nuang, . Ale, K.

m@rosyls during the reactions _of copper atoms with CO/NO C.:Li. Y. W.: Sun. Y. H. Zhong, BJ. Phys. Chem. 2003 107, 557.

mixtures. Further investigation is required to address the reason  (g) see, for example: Shelef, Mchem. Re. 1995 95, 209, and

that the presence of CO allows these new nitrosyls to be formed:references therein.
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