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Ling Jiang and Qiang Xu*

National Institute of Adanced Industrial Science and Technology (AIST), Ikeda, Osaka 563-8577, Japan, and
Graduate School of Science and Technology, Kobeéssity, Nada Ku, Kobe, Hyogo 657-8501, Japan

Receied: July 1, 2006; In Final Form: August 18, 2006

Reactions of laser-ablated silver atoms with carbon monoxide molecules in solid argon and neon have been

investigated using matrix-isolation IR spectroscopy. Small silver cluster carbonyls, (AgD@®)AgCO
(n = 2—4), as well as mononuclear silver carbonyls, Ag(e@d Ag(CO), are generated upon sample

annealing in the argon experiments and are characterized on the basis of the isotopic substitution, the CO
concentration change, and the comparison with theoretical predictions. However, these polynuclear carbonyls
are absent from the neon experiments. Density functional theory calculations have been performed on these

silver carbonyls and the corresponding ligand-free silver clusters, which support the identification of these
silver carbonyls from the matrix IRspectrum. A terminal CO has been found in the most stable structures of
(AgCO), Ag.CO, AgCO, and AgCO. Furthermore, a plausible reaction mechanism has been proposed to

account for the formation of the (AgC®and Ag,CO (h = 2—4) molecules.

Introduction increase with lower reagent concentration and higher laser
energy. Taking the CO reagent as an example, some small metal
cluster carbonyls, such as &0 1° Co,CO2° B,CO, and B-
(COX,2tM,CO (M =S¢, Y, and La)8¢22Ti(CO), (n= 1, 2),

The interaction of silver atoms with small molecules (i.e.,
CO, O, COy, Hy, CoHy, etc.) is of considerable interest because
of its importance in heterogeneous catalysslver clusters and and T§(CO), (n = 1-3)23 M,CO (M = Si. Ge, Sn, Pbp =

oW cleclionic materaf The reactions of siver atoma win 29} and AUCO (1 = 1-5) and AU(COR *=have been
’ . synthesized via tuning the metal/CO ratios. In contrast with

g)(;i/gr?tri]amgleefﬂljrisssh:gleo(l,?:lfzr;z dpgggémzdmtg d;g dfirrsrtsggctﬁlgrrcon&derable studies of mononuclear silver carbohlitsvever,
dioxygen surface complexes, which are known to participate much less work has been done on small silver cluster carbopyls.
in silver-catalyzed oxidation ,reactioﬁsNeutraI and cationic Here, we report a study of t'he reactions of Iaser-aplated silver
silver carbonyls have been synthesized in low-temperature atoms and small clusters with CO molecules in solid neon and
argon. IR spectroscopy coupled with theoretical calculations

matrices, superacid solutions and in the presence of counter- . : .
anions®? Re(F:)entIy the reactions of Cu Agpand Au atoms with pr02V|ci§ ewcljencle for the formation of (AgC£xind AgCO (0
’ A = 2—4) molecules.

a CO and @ mixture in solid argon have been studied, and it
is found that the carbonyl metal oxides may act as the precursor
for the oxidation of CO to C@° Extensive experimental and
theoretical studies have also been performed to understand the The experiment for laser ablation and matrix isolation IR
properties of the silver clustets; 13 spectroscopy is similar to those previously repoR€ds27
Among these small ligands, carbon monoxide is one of the Briefly, the Nd:YAG laser fundamental (1064 nm, 10 Hz
most important in transition-metal chemistry from an academic repetition rate with 10 ns pulse width) was focused on the
or an industrial viewpoint? In the past 15 years, there has been rotating Ag target. The laser-ablated Ag atoms were co-deposited
a rapid development in the preparation and characterization ofwith CO in excess neon (or argon) onto a Csl window cooled
new homoleptic carbonyls of metals from groups 6 through 12, normally b 4 K (or 7 K) by means of a closed-cycle helium
which are usually prepared using weakly coordinating anions, refrigerator. Typically, +15 mJ/pulse laser power was used.
superacids, or strong aci#fsRecently, a series of cationic Ag Carbon monoxide (99.95% CCPC0 (99%,80 < 1%), and
(COXW™ (L = x = 15, n = 1-3) species were produced by ?C*O (99%) were used to prepare the CO/Ne or CO/Ar
electron impact ionization and mass spectrometrically identified mixtures. In general, matrix samples were deposited for 1 to 2
but their structures were not characterizéd. h with a typical rate of 24 mmol/h. After sample deposition,
Recent studies have shown that, with an aid of isotopic IR spectra were recorded on a BIO-RAD FTS-6000e spectrom-
substitution technique, matrix isolation IR spectroscopy com- eter at 0.5 cm! resolution using a liquid-nitrogen-cooled
bined with quantum chemical calculation is very powerful in HgCdTe (MCT) detector for the spectral range of 56@00
investigating the spectrum, structure, and bonding of novel cm 1. Samples were annealed at different temperatures and
specied’180f particular interest is that the mononuclear metal Subjected to broad-band irradiation 250 nm) using a high-
complexes are favored under the experimental conditions of pressure mercury arc lamp (Ushio, 100 W).
higher reagent concentration and lower laser energy, whereas Quantum chemical calculations were performed to predict
the yields of the polynuclear metal complexes remarkably the structures and vibrational frequencies of the observed
reaction products using the Gaussian 03 progi&inne B3LYP
* To whom correspondence should be addressed. E-mail: g.xu@aist.go.jp.and BPW91 density functional methods were u¥edhe
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TABLE 1: Infrared Absorptions (cm ~1) Observed after Co-deposition of Laser-Ablated Silver Atoms with CO in Excess Argon
at 7 K

12C160  13C160  12C180 12C160 + 13C160 12C160 + 12C180 R(12/13) R(16/18) assignment
2119.8 2072.9 2070.5 2120.1,2072.9 2119.8, 2070.5 1.0226 1.0238,CQAg

2113.8 2066.9 2064.3 2113.8,2066.9 2113.8, 2064.3 1.0227 1.0240,CQAg

2101.7 2055.2 2052.7 2101.8,2055.1 2101.7, 2052.6 1.0226 1.0239;CQAg

2077.0 2031.4 20279 2076.9,2039.8,2031.3;2123.6 (sym) 2077.0,2036.8,2079.9;2122.8 (sym) 1.0224 1.0242 , (AgCO)
1959.5 1916.1 1914.0 1959.6, 1941.2, 1927.5, 1916.2;1959.5, 1940.4, 1925.9, 1914.1 1.0227 1.0238 Ag(CO)

2077.6, 2062.6 (sym)
1842.1 1801.0 1799.5 1842.1,1819.0,1801.1;2004.8 (sym) 1842.1,1818.1,1799.5;2003.2 (sym) 1.0228 1.0237 , Ag(CO)
1826.7 1785.7 1785.9 1826.7,1804.8, 1802.6, 1785.8; 1826.7, 1804.9, 1802.9, 1785.9;  1.0230 1.0228 AGCO)"
1991.1, 1986.4 (sym) 1989.0, 1984.0 (sym)

TABLE 2: Comparison of Experimental and Calculated C—O Stretching Modes of the Silver Carbonyls
calculated frequency (cr)

experimental frequency B3LYP/6-31H-G(d)- BPW91/631#G(d)- BPW91/Aug-cc-PVTZ-
species -0 mode (cm™) LANL2DZ LANL2DZ LANL2DZ
Ag(CO), B, 1842.1 1998.3 1922.9 1922.3
Ag(CO) E 1959.5 2024.5 1970.2 1970.1
Ag,CO A 2113.8 2183.3 2059.4 2053.9
(AgCO), Bu 2077.0 2168.2 2042.5 2037.1
AgsCO A 2101.7 21215 2015.4 2016.4
Ag4CO A 2119.8 2168.1 2056.2 2053.7

TABLE 3: Ground Electronic State, Point Group, Vibrational Frequencies (cm~1), and Intensities (km/mol) of the Possible
Reaction Products Calculated at the BPW91/Aug-cc-PVTZ-LANL2DZ Level

elec  point
species state  group frequency (intensity, mode)

Ag(CO), °A;  C,  2005.1(0.5,A), 1922.3 (2876, B, 382.6 (18, B), 303.2 (0.3, A), 269.0 (23, B), 200.1 (0.3, A),
197.0 (0, A), 90.1 (2, B), 48.5 (1, A)
Ag(CO) A" Ds  2053.2(0,A’), 1970.1 (2058« 2, E), 367.6 (0.2x 2, E’), 299.5 (0, A’), 260.1 (6x 2, E), 230.8 (0x 2, E"),
2175 (0, A'), 195.9 (10, A"), 48.8 (1, A", 38.7 (0x 2, E),
Ag.CO n Cs  2053.9 (786, A), 301.6 (15, A), 204.1 (19, A), 168.3 (2, A), 152.7 (2, A), 38.7 (0.8, A)
(AgCO), A,  Ca  2052.2(0,A), 2037.1 (1762, B, 310.6 (0, A), 288.4 (42, B), 211.3 (0, A), 192.8 (33, B),
162.3 (0, B), 157.2 (0, A), 141.9 (3, A), 49.5 (0, A), 28.0 (1, B), 5.6 (0, A)
AgAg(CO) 'A; G, 20425 (469, A), 2015.6 (1446, B, 374.4 (4, B), 297.1 (4, A), 255.7 (15, B), 238.6 (0.2, A),
223.0 (2, B), 180.6 (0, A), 162.0 (1, A), 57.2 (0.2, A), 44.5 (0.3, B), 32.5 (0, B)
AgsCO 2B, C.  2016.4 (2243, A), 303.9 (2, A), 214.1 (1, B), 195.3 (4, B), 161.9 (2, A), 102.6 (2, B),
100.1 (0.1, A), 34.3 (0.1, B), 26.3 (0, B)
,  2053.7 (1091, A), 306.6 (4, A), 257.6 (1, B), 206.7 (1, B), 168.2 (0.1, A), 160.9 (4, B),
102.0 (0.1, A), 100.6 (0, B), 80.5 (2, A), 34.8 (0, B), 28.4 (0, B), 20.2 (0, B)

Ag4CO 1A1 C

N

6-311+G(d) and Aug-cc-PVTZ basis sets were used for Cand  Quantum chemical calculations have been carried out for the
O atoms*® and the Los Alamos ECP plus DZ (LANL2DZ) basis  possible isomers and electronic states of the potential product
set was used for Ag atonts Geometries were fully optimized  molecules. Calculated G0 stretching modes with different
and vibrational frequencies were calculated with analytical functional methods and basis sets have been compared with the
second derivatives. The previous investigations have shown thatexperimental values in Table 2. Note that the calculated
such computational methods can provide reliable information frequencies at the BPW91/6-31G(d)-LANL2DZ and BPW91/

for silver carbonyls, such as IR frequencies, relative absorption Aug-cc-PVTZ-LANL2DZ levels are closer to the experimental

intensities, and isotopic shifts. values than those at the B3LYP/6-31®(d)-LANL2DZ level
) ) and the former two methods give similar results (Table 2), and
Results and Discussion mainly BPW91/Aug-cc-PVTZ-LANL2DZ results are presented

Experiments have been done with carbon monoxide concen-for discussions. The ground electronic states, point groups,
trations ranging from 0.02 to 0.4% in neon and argon. Recently, vibrational frequencies, aqd intensities are listed in Table 3.
neon matrix investigations of the reaction of laser-ablated Ag Table 4 reports a comparison of the observed and calculated
atoms and CO molecules have characterized the mononucleafSOtopic frequency ratios for the-€0 stretching modes of the
silver carbonyls, Ag(CQ) (n = 2, 3) and Ag(CO)* (n = reaction proc_jucts. Energetic analysp for possible rea.ctlons of
1-3)5¢ In the more dilute CO circumstance relative to the Ag atoms with CO molecules is given in Table 5. Figure 5
previous experimerfe new absorptions of polynuclear silver shows the most stable structures of the reaction products.
carbonyls have been observed in the present argon experiments Ag(CO), and Ag(CO)s. The Ar matrix absorption at 1842.1
but not observed in neon. Typical IR spectra for the reactions cm~* (Table 1 and Figure 1) is due to the antisymmetrie@
of laser-ablated silver atoms with CO molecules in excess argonstretching vibration of the Ag(C@)molecule, which is consis-
in the selected regions are shown in Figures4l and the tent with the previous reports of 1858.7 and 1842.0-tm
absorption bands in different isotopic experiments are listed in absorptions in Ne and Arrespectively. The 1959.5 crhband
Table 1. The stepwise annealing and photolysis behavior of the(Table 1 and Figure 1) is due to the doubly degenerat®©C
product absorptions is also shown in the figures and will be stretching mode of the Ag(C@)molecule. However, no
discussed below. Experiments were also done with different absorption of AgCO has been observed in both neon and argon
concentrations of C@lserving as an electron scavenger. experiments. Detailed discussions about the mononuclear silver
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TABLE 4: Comparison of the Observed and Calculated (at
the BPW91/Aug-cc-PVTZ-LANL2DZ Level) Isotopic
Frequency Ratios of the Possible Reaction Products

12C160/ 13C%0 12C180/ 12C180

molecule mode obsd calcd obsd calcd
Ag(CO), C—Ostr. 1.0228 1.0234 1.0237 1.0238
Ag(CO)s C—Oasym-str. 1.0227 1.0235 1.0238 1.0237
Ag.CO C-O str. 1.0227 1.0230 1.0240 1.0248
(AgCO), C—Oasym-str. 1.0224 1.0228 1.0242 1.0248
AgAg(CO) C—0O sym-str. 1.0233 1.0240
AgAg(CO),, C—0O asym-str. 1.0230 1.0243
AgsCO C-O str. 1.0226 1.0234 1.0239 1.0239
AgsCO C-O str. 1.0226 1.0233 1.0238 1.0240

TABLE 5: Energetics for Possible Reactions of Silver Atoms
with CO Calculated at the BPW91/Aug-cc-PVTZ-LANL2DZ
Level

reaction energy

no. reaction (kcal/mol)
1 Ag(Sw2) +Ag (*Sw2) —~ Ag2 (Y3.q") —37.26
2 Ag('yg") + Ag (*Si2) — Ags (°B2) —17.00
3 Ag (251/2) + AgQs (282) — AQa (lAg) —40.94
4 Ag('3e) + Ag(U3g") — As (A9 —20.68
5 Ag (Sy) +2CO (3 ) —~ Ag(CO) (*Ay) —19.17
6 Ag(COR(*Ay) + CO (3*) — Ag(CO) (*Ay) —8.57
7 Ag(*ygh) + CO (yT) — Ag.CO (A) —10.45
8 Ag(COR(*A1) + Ag (*Si) — (AgCO), (*A) —37.45
9 AgCO (tA) + CO (3 1) — (AgCO). (*Ay) —8.92
10 Ags(®By) + CO (3 1) — AgsCO (B)y) -16.71
11  AgCO (A) + Ag (3Sy) — AgsCO (B)) —23.26
12 Ag(*Ag) + CO (1Y) — AgsCO (Ay) -17.71
13 AgCO (A) + Ag; (1547 — AgsCO (A,) —27.94
14 Ag3CO (2B2H Ag (2S1/2)— Ag4CO (*A,) —41.94

a A negative value of energy denotes that the reaction is exothermic.
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Figure 1. IR spectra in the 21601800 cn1* region from co-deposition

of laser-ablated (12 mJ/pulse) Ag atoms with 0.02% CO in Ar: (a) 1
h of sample deposition at 7 K, (b) after annealing to 25 K, (c) after
annealing to 30 K, (d) after 15 min of broad-band irradiation, (e) after
annealing to 35 K, and (f) 0.02% C® 0.005% CCJ, after annealing

to 30 K.

carbonyls have been reported previousbnd we will focus
on the small silver cluster carbonyls in this study.
(AgCO),. The absorption at 2077.0 crhthat appears on
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Figure 2. IR spectra in the 21601800 cnT! region for laser-ablated
Ag atoms co-deposited with different CO concentration and laser power

after annealing to 30 K in Ar: (a) 0.02% CO and 12 mJ/pulse, (b)
0.03% CO and 10 mJ/pulse, and (c) 0.4% CO and 7 mJ/pulse.

As can be seen in Figure 3, a triplet at 2076.9, 2039.8, and
2031.4 cm! together with a weak associated band at 2123.6
cm! has been observed in the mixédC%0 + 13C'60
experiment, suggesting that two CO subunits are invobged.
similar isotopic splitting feature has been obtained in the mixed
12C160 + 12C180 isotopic spectra (Figure 3). The IR spectra as
a function of changes of CO concentrations and laser energies
are of particular interest here. The Ag(G@) = 2, 3) molecules
are the primary products at the experimental condition of high
CO concentration (0.40%) and low laser energy (7 mJ/pulse)
(Figure 2c), whereas the 2077.0 chband was produced at
the experimental conditions of lower CO concentration (0.02%)
and higher laser power (12 mJ/pulse) (Table 1 and Figure 2a).
Doping with CCl has no effect on this band (Figure 1f),
suggesting that the product is neuffaFurthermore, N or
H,0O-doping exhibits no effect on the absorption at 2077.0%cm
(not shown here), indicating that,dnd HO are not involved
in the formation of this species. By analogy with AQ0),%¢:25
and Mp(CO), (M = Si, Ge, Sn) spectr#,the 2077.0 cm! band
is assigned to the antisymmetric—© stretching mode of
(AgCO),. The bands observed at 2123.6 ©nin the mixed
12C160 + 13C160 experiment and 2122.8 crhin the 12C160 +
12C180 experiment are due to the symmetrie-Q stretching
modes of Ag(*2CO)(3CO) and Ag(C®0)(C'0), respectively.
The assignment is strongly supported by the present DFT
calculations. The (AgCQ)molecule is predicted to havé,
symmetry with an'Ag ground electronic state (Table 2 and
Figure 5), which lies 38.14 kcal/mol in energy lower than a
triplet state. The singlet and triplet AGAg(COsomers with
C,, symmetry are calculated to be 2.91 and 29.72 kcal/mol in
energy higher than the singlet (AgCQYespectively. At the
BPW91/Aug-cc-PVTZ-LANL2DZ level, the antisymmetric
C—0 stretching frequency in the singlet (AgCOnolecule is
calculated to be 2037.1 criy which requires a 0.981 scale
factor. The calculatet’C'60/ 13C1%0 and™C'60/2C'80 isotopic
frequency ratios of 1.0228 and 1.0248 are again in good
agreement with the experimental observations, 1.0224 and
1.0242, respectively. The symmetric and antisymmetrieOC

sample annealing changes little after broad-band irradiation andstretching frequencies in the singlet AgAg(GQO3omer are
increases slightly upon further annealing, as shown in Figure predicted to be 2042.5 (469) and 2015.6 (1446 km/moly’tm

1. The 2077.0 cm! band shifts to 2031.4 cn with 13C1€0,
and to 2027.9 cmt with 12C180, exhibiting isotopic frequency
ratios {2C'60/*3C10, 1.0224;12C150/*?C*e0, 1.0242) charac-
teristic of C-0O stretching vibrations (Table 1 and Figure 3).

(Table 3), showing2C60/*3C160 and!2C60/*2C180 isotopic
frequency ratios of 1.0233 and 1.0230, 1.0240 and 1.0243 (Table
4), respectively, which do not match the observed patterns in
the mixed isotopic spectra.
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Figure 4. IR spectra in the 20101780 cnT1! region for laser-ablated
(12 mJ/ pulse) Ag atoms co-deposited with isotopic CO in Ar after
annealing to 30 K: (a) 0.02%C*0, (b) 0.01%2C*%0 + 0.01%
13C%Q, (c) 0.02%*3C0, (d) 0.01%C*0 + 0.01%1?C*0, and (e)

Figure 3. IR spectra in the 21602010 cnT! region for laser-ablated
(12 mJ/ pulse) Ag atoms co-deposited with isotopic CO in Ar after
annealing to 30 K: (a) 0.02%C0, (b) 0.01%C*0 + 0.01%
13C%0, (c) 0.02%'3C*¢0O, (d) 0.01%'°C0 + 0.01%?C*0, and (e)

0.02912CH0. 0.02%*CH0.
0

AgnCO (n = 2—4). The formation of small silver cluster (1:1-152
carbonyls has also been observed in the present argon experi- 1758 |2062
ments. For instance, new absorptions at 2113.8, 2101.7, and c e CL¥ Ay
2119.8 cnt! are observed upon sample annealing (Table 1and ~ ©7 1544 72050 0 / g\
Figure 1). As can be seen from Figure 2, the experimental A2(COY, Cay CAY) L C_
condition of lower CO concentration and higher laser power OA COm Der A 0O
favors the formation of these new bands, implying that these §COn: Pan AT
bands are attributed to polynuclear silver carbonyls. /O.W

The 2113.8, 2101.7, and 2119.8 chabsorptions shift to 63 O 2568, e
2066.9, 2055.2, and 2072.9 ciwith 13C1%0 and to 2064.3, 1609 fc‘/lm Agr—Ag *
2052.7, and 2070.5 chhwith 12C80, respectively. In the mixed A Ag™ s S 582
12C160 + 13C160 and 12C'60 + 12C'80 samples, only pure - 0 .

AgsCO, G ('A) (AgCOY, Cp ('Ag)

isotopic counterparts are observed. The isotopic rati@90/

13C160, 1.0227, 1.0226, and 1.022&C60/2C180, 1.0240, Ag

1.0239, and 1.0238, respectively) and the mixed isotopic AS_ 240 2_794/\
characteristic (Figure 3) indicate that only one CO subunit is 28 'A 2,055 1.147 AT\ 2050 Ly
involved in each modé? It has been found that a high metal/ 37> ¢—0 £

CO ratio favors the formation of higher clusters during Ag 1488 & e
annealing®=2% It can be seen from Figure 2 that the absorptions Ag;CO, Cz, (By) Ag

at 2113.8 (AgCO) and 2077.0 cmt ((AgCO)) are more AgCO, Cpy (‘A

favored in the experiment of 0.083% CO with 10 mJ/pulse Figure 5. Optimized structures (bond lengths in angstroms, bond angles
(Figure 2b), whereas the 2101.7 and 2119.8 timands are in degrees) of the most stable isomers for the reaction products
more favored in the experimental conditions of lower CO calculated at the BPW91/Aug-cc-PVTZ-LANL2DZ level.
concentration (0.02%) and higher laser power (12 mJ/pulse)

(Figure 2a). Doping with CGlhas no effect on these bands ~ The present optimized AgAg distance in the naked Ag

(Figure 1f), suggesting that the products are ned#B&lrther- cluster is 2.585 A,_ in accord with the_ experimental value (2.531
more, N~ or H,O-doping exhibits no effect on these absorptions A)**?and the previous VWN calculations (2.504 &JThe Ag—
(not shown here), which excludes the effect ofand HO to Ag stretching of the Agcluster is IR inactive, but the vibrational

the formation of the products. By analogy with spectra previ- frequency of Agin the gas phase was observed at 192 &t
ously reported for AgCO (n = 1-5) and M\CO (M = Si, Ge, A harmonic frequency of the Agcluster is calculated to be
Pb;n = 2—5)5¢2425he 2113.8, 2101.7, and 2119.8 chbands 185.4 cnit at the BPW91/ Aug-cc-PVTZ-LANL2DZ level,
are assigned to the-€0 stretching vibrations of small silver ~ which is beyond the present spectral range of 50410 cnv ™.
cluster AGCO (0 = 2—4) carbonyls, respectively, based onthe The present DFT calculations predict that .89 has an
results of the isotopic substitution and the CO concentration asymmetric structure with abA’ ground state (Table 2 and
change and the comparison with theoretical predictions (TablesFigure 5), which lies 39.80 kcal/mol in energy lower than a
2—4) (vide infra). triplet state. The singlet and triplet AQCOAg isomers are predict-

It can be seen that the calculated frequencies and the isotopiced to be 50.00 and 41.31 kcal/mol in energy higher than the
frequency ratios are in good agreement with the experimental singlet AgCO, respectively. The AgC bond length and the
values (Tables 1 and 2). As shown in Figure 5, a terminal AgAgC angle in the singlet AgCO are calculated to be 2.116
CO has been found in the most stable structures oiCAY A‘and 160.9, respectively. For AgCO, the Ag-Ag bond length
AgsCO, and AgCO, which is consistent with the recent DFT is 2.597 A, which is 0.012 A longer than that of ligand-free
predictionst2¢ Ago.
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The naked Ag cluster has &B; ground state withCy, mononuclear silver carbonyls, small silver cluster carbonyls,
symmetry, which is in accordance with the previous stutfies. (AgCO), and Ag,CO (n = 2—4), have been observed in the
The calculated results predict that &80 has &B, ground state present argon experiments but absent from the neon experiments.
with a terminal CO, which lies 65.68 kcal/mol in energy lower On the basis of the results of the isotopic substitution, stepwise
than a quartet state. In AGO, the apex angle is predicted to annealing, change of CO concentration and laser energy, and
be 62.8 (Figure 5). the comparison with theoretical predictions, the absorption at

For Ags, a planar rhombus arrangement wida, symmetry 2077.0 cnt! has been assigned to (AgG@nd the absorptions
in the A4 ground state is the most stable structure, which is in at 2113.8, 2101.7, and 2119.8 chhave been assigned to Ag
agreement with the previous studi@S he most stable structure ~ CO, AgCO, and AgCO, respectively. The present study reveals
of Ag4CO is predicted to have d; ground state with a planar ~ that CO is terminally bonded in these small silver cluster
geometry ofC,, symmetry, which lies 21.68 kcal/mol in energy  carbonyls. The observation of (AgC&ynd AgiCO (h = 2—4)
lower than a triplet state. The CO molecule is terminally bonded is in good agreement with the prediction of DFT calculations.
to one of the apex Ag atoms near the rhombus. Age CAgAg
angle is calculated to be 119.6In contrast, A4CO was Acknowledgment. We gratefully acknowledge financial
predicted to have a planar structure withsymmetry, in which support for this research by a Grant-in-Aid for Scientific
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