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Reactions of Laser-Ablated Ag and Au Atoms with Carbon Monoxide: Matrix Infrared
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Laser-ablated Ag and Au atoms have been reacted with CO molecules followed by condensation in excess
neon at 4 K. Besides the neutral carbonyls [Ag(€@)= 2, 3), Au(CO) (n = 1, 2), Aw(CO))], the metal
carbonyl cations [M(CQ) (n = 1—4)] have been formed and identified. The CO concentration, isotopic
substitution and CGldoping experiments confirm the identification of the cationic species. Excellent agreement
between observed bands and frequencies and isotopic frequency ratios from the DFT calculations support the
vibrational assignments and identification of the metal carbonyl complexes.

I. Introduction bound while the dicarbonyl cations have the largest binding
energies® To our knowledge, for neutral silver and gold
carbonyls, only AgCO and AuCO have been calcul@tédAn
extremely small binding energy (4®0 cnt?) casts serious
doubt on the claimed matrix observation of AgCO.

Binary transition metal carbonyls are among the earliest
known' and most commonly encountered organometallic com-
pounds? Many industrial processes, from hydroformylation and

Fischer-Tropsch synthesis to the synthesis of acetic acid and Laser ablation coupled with matrix isolation has proven to

the water-gas shift reaction, employ CO as a reagent and - - o
o he an efficient method to stabilize metal carbonyl ionic
transition metal compounds as heterogeneous or homogeneous

iAn@4—29 ; ;
catalysts and involve metal carbonyl intermedid&®reover, Zgﬁc\;\iﬁch ai%c%njlri/d Vg:r[:)eopnont(acit?o(;\ngr?é (;iri%?gyilrn\r/]isggi;l
the monocarbonyls offer zeroth-order models for interpreting trix 28 In thi ﬁ/ lov th techni A
the chemisorption of carbon monoxide on metal surfdées. matrix”"1n this paper, we will empioy the same technique o
As noble metal compounds, silver and gold carbonyls have study the V|brat|ona| spectra of silver and gold carbonyls.
been studied both experimentally and theoretichllzin et al Th(_eoretlcal ca_lculanons will also be performed on the neutral,
. S - cation and anion carbonyls to expand our knowledge of these
reported infrared and UWvisible spectra of the reaction compounds
products made by thermal metal atom co-deposition with CO '
in low-temperature argon, krypton and xenon matrices, and
concluded that silvérforms mono-, di-, and tricarbonyls while
gold® only gives mono- and dicarbonyls. Later, two groups  The experimental method for laser ablation and matrix
performed matrix electron spin resonance studies of AgCO, isolation has been described in detail previodgiy? Briefly,
Ag(CO),, Ag(CO); and AuCO, and suggested that AgCO is the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
not a chemical species in the rare gas matrit. Although with 10 ns pulse width) was focused to irradiate rotating silver
neutral silver and gold carbonyls have been synthesized in matrixor gold (pure metal) targets. Typically, low laser powet &
samples, there are no reports of ionic carbonyls in matrix mJ/pulse) was used, which favors the stabilization of ionic
isolation. However, in superacid solutions and in the presence species and minimizes cluster formation. Laser-ablated metal
of counteranions, Ag(CQ@) (n = 1-3) and Au(CO)*" (n=1, atoms, cations and electrons were co-deposited with carbon
2) have been synthesiz&#.1®> The vibrational spectra of these  monoxide (0.1%-0.4%) in excess neon onto-&6&K Csl cryo-
cations and their neutral counterparts reveal the bonding genic window at 24 mmol/h for 0.5-1 h. A quartz crystal
difference between neutral and cation species. Some of thesemicrobalance was used to measure the amount of metal
salts have also been crystallized at low temperature, and single-deposited in the matri%® we estimate the metal concentration
crystal X-ray diffraction patterns show shorter—O bond to be about 0.02%-0.03% of the neon matrix. Carbon monoxide
lengths in the cations than in the CO molecule, and suggest(Matheson) and isotopiéC1%0 and'2C180 (Cambridge Isotopic
stronger C-O bonds in the carbonyl cations. Finally, sequential Laboratories) and selected mixtures were used in different
bond energies of Ag(CQ@J (n = 1—4) cations have been experiments. Infrared spectra were recorded at 0.5'cm
determined by collision-induced dissociatitn. resolution on a Nicolet 750 spectrometer with 0.1 &@ccuracy
As closed-shell species, both silver and gold carbonyl cations using a mercury cadmium telluride (MCTB) detector down to
have received more theoretical attention than their neutral 400 cn!. Matrix samples were annealed at different temper-

II. Experimental and Computational Methods

counterparts, which are open-shell speéfe’ Barnes et al. atures, and selected samples were subjected to photolysis using
reported silver mono- and dicarbonyl cation calculations and a medium-pressure mercury lan#p> 240 nm) with the globe
proposed an electrostatic bonding moHelWatanabe et al. removed.

studied the potential energy surface of AgC& the MP4 level, Density functional theory (DFT) calculations were performed

but found no bound stafé Veldkamp et al. reported MP2 level  on all of the proposed reaction products using the GAUSSIAN
studies of M(CO)" (M = Ag, Au; n = 1-3); all of them are 94 progran* and the BPW9% or hybrid B3LYP functional.
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Figure 3. Infrared spectra in the 225@®163 cnT1! region for laser-

_ ) ablated Ag co-deposited with 0.2%C0 + 0.2%*3CO in neon at 4 K:
Figure 1. Infrared spectra in the 2242190 and 21251750 cn* (a) sample deposited for 50 min; (b) af® K annealing; (c) after 10
regions for laser-ablated Ag co-deposited with 0.4% CO in neon at 4 i annealing; (d) after 11 K annealing () after 12 K annealing; (f)
K: (a) sample deposited for 40 min; (b) af@ K annealing; (c) after after A > 240 nm photolysis.

10 K annealing; (d) afted > 240 nm photolysis; (e) after 12 K
annealing.
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Figure 2. Infrared spectra in the 2085750 cn1? region for laser- K: (a) sample deposited for 40 min; (b) af@ K annealing; (c) after

ablated Ag co-deposited with 0.2%CO + 0.2%*3CO in neon at 4 K: 10 K annealing; (d) after 11 K annealing; () after> 240 nm
(a) sample deposited for 60 min; (b) afe K annealing; (c) after 10 photolysis; (f) after 12 K annealing.

K annealing; (d) aftef > 240 nm photolysis; (e) after 12 K annealing.
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The 6-318-G* basis set was used for carbon, oxygémnd o
the LanL2DZ effective core potential for silver and géfd.

Basis-set superposition error (BSSE) was evaluated using the
counterpoise method of Boys and BernafdiThis method

usually gives reasonable estimation of BSSE, although there
are concerns that this method overestimates BSSE and this 5
evaluation should be considered as an upper bdund.
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I1l. Results

Infrared spectra of laser-ablated Ag and Au atom, cation and
electron reaction products with CO molecules in excess neon
are displayed in Figures—16, and the absorption bands in

different isotopic experiments are listed in Tables 1 and 2.
Common bands in both silver and gold experiments, also Figure 5. Infrared spectra in the 2171990 and 19961800 cnr*

observed with coppé® are only listed in Table 1. These bands regions for laser-ablated Au co-deposited with 0.1%0 + 0.1%
13CO in neon at 4 K: (a) sample deposited for 40 min; (b) after 6 K

include a very strong CO absorption at 2140.8¢mits annealing; (c) afte9 K annealing; (d) aftek > 240 nm photolysis;

0.04

Wavenumbers (cm™)

aggregate absorptions at 2159.9 and 2151.8'cenweak CO (e) after 10 K annealing: (f) after 12 K annealing.
absorption at 2194.3 cm, a comparatively stronger, (C8)
absorption at 2056.3 ch, and (CO)~ at 1517.5 cm'.2841The (neutrals and cations), both linear and bent forms were

metal dependent product bands and their isotopic counterpartscomputed, but only the most stable ones are reported. For metal

are listed in Tables 1 and 2 for silver and gold, respectively; tricarbonyl species, the starting symmetries incliig, Cs,,

their behavior in different experiments and assignments will be andC,,, the converged geometries of all the tricarbonyl species

described in the next section. are essentiallyD3, as listed. For metal tetracarbonyl cations,
The results of DFT computations on related species are listedthe starting symmetries includi, Cs, andDyg, and bothCg,

in the Tables 3-5. For metal mono- and dicarbonyl species andDyy symmetries converge to essentially. Different spin



9158 J. Phys. Chem. A, Vol. 104, No. 40, 2000

Liang and Andrews

TABLE 1: Infrared Absorptions (cm ~1) from Reaction of Laser Ablated Ag Atoms with CO in Excess Neon at 4 K

12C180 1BC%0 2C180 13C%0 + 13C60 R(12/13) R(16/18) assignment
2234.6 2184.3 2183.0 2234.6, 2184.3, 2187.6, 2238.6 (sym) 1.0230 1.0236 Ag(CO)
2233.1 21829 2181.3 2233.1,2182.9 1.0230 1.0237 AgCO

2216.0 2166.5 2164.4 1.0228 1.0238 Ag(€0)

2205.7 2156.6 2154.1 1.0228 1.0240 Ag(GO)

2194.3 1.0226 1.0225 co

2159.9 2112.6 2108.8 2159.8, 2112.5 1.0224 1.0242 CO aggregate
2151.8 2104.4 2100.9 2151.8,2104.4 1.0225 1.0242 CO aggregate
2140.8 2093.6 2089.7 2141.1, 2093.6 1.0225 1.0245 (6{0]

2056.3 2010.9 2007.4 2056.3, 2018.4, 2010.9 1.0226 1.0244 2(CO)

1970.4 1927.1 1925.0 1970.3, 1951.2, 1936.7, 1926.7, 2077.5 (sym), 2062.7 (sym) 1.0225 1.0236 3 Ag(CO)
1872.1 18305  1828.4  1872.1,1848.5, 1830.5, 2011.1 (sym) 1.0227 1.0239 AG{EO)
1858.7 1817.6 1815.7 1859.0, 1835.7, 1817.6, 2007.6 (sym) 1.0226 1.0237 Ag(CO)
1517.5 1484.2 1481.3 1517.5,1499.4, 1484.2 1.0224 1.0244 2(CO)

1516.4 1483.0 1480.4 1516.4, 1498.3, 1483.0 1.0225 1.0243 2(GlDy

TABLE 2: Infrared Absorptions (cm ~1) from Reaction of Laser Ablated Au Atoms with CO in Excess Neon at 4 K

12C160 13C160 12C180 13C160 + 13C160 R(12/13) R(16/18) assighment
2238.9 2187.2 2189.2 2239.0, 2187.2 1.0236 1.0227 Augie
2236.8 2185.3 2187.0 2236.7,2185.2 1.0236 1.0228 Auco
2233.4 2182.9 2182.0 2233.3,2196.1, 2182.9, 2253.8 (sym) 1.0231 1.0236 At(CO)
2203.5 2154.0 21525 2203.5, 2165.0, - -, 2154.0 1.0230 1.0237 Ag(CO)
21935 Au(CO)*

2118.0 2070.4 2068.8 2118.0, 2077.9, 2070.4, 2128.6 (sym) 1.0230 1.0238  ,(COWusite
2116.6 2069.2 2067.5 2116.6, 2076.0, 2069.2, 2126.6 (sym) 1.0229 1.0237 2ACO

21154 2068.0 2066.3 2115.4,2074.6, 2068.0, 2125.3 (sym) 1.0229 1.0238 2ACHhussite
2053.2 2007.5 2004.7 2053.2, 2007.6 1.0228 1.0242 AuCO
2048.1 2003.0 1999.9 2048.2,2002.9 1.0225 1.0241 AuCO site
1943.7 1898.5 1902.1 1943.7,1917.0, 1898.5, 2058.1 (sym) 1.0238 1.0219 AUu(CO)
ool Aucoy  AUCON o and tracks with the triplet. The 1858.7 chband is assigned

N UL U 2o VSN . WU

0.010 M,\/\J[\,_\_ﬁﬂmwu

Au(CO); ®
| ad
0.008 AuCO™ ®

0.006 A (e)

(d)

Absorbance

0.004
(c)

0.002 (b)

.
o @

0.000
2250

2220 2210 2200 219 2180

Wavenumbers (cm’)

240 2230
Figure 6. Infrared spectra in the 225@170 cnt? region for laser-
ablated Au co-deposited with (a, b, ¢) 0.2%60, (d, e, f) 0.1%4°CO,
and (g, h, i) 0.15962CO + 0.15%*3CO in neon at 4 K: (a, d, g)
sample deposited for 40 min; (b, e, h) afe K annealing; (c, f, i)
after A > 240 nm photolysis.

to the antisymmetric €0 stretching mode of Ag(CQ) The
2007.6 cm! band is the symmetric €0 stretching mode of
the Ag(2CO)(3CO) molecule where interaction between the
symmetric and antisymmetric-€O stretching modes is allowed
because of symmetry breaking. The result of this interaction
not only increases the intensity of the symmetric stretching mode
of Ag(**CO)(3CO) but also red shifts the antisymmetric
stretching mode by 2.6 cré from the Agf2CO),—Ag(*3CO),
median. The 1970.4 cn band shows a quartet splitting pattern
in the mixed2CO/MA3CO experiment with intermediate bands at
1951.2 and 1936.7 cm (in Figure 2, the intensity ratio is 5:4:
3:6 owing to slightly more!3CO than!2CO). This band is
assigned to the doubly degenerate @ stretching mod® of
Ag(CO). Similar to the Ag(CO) molecule, two mixed isotopic
bands for the symmetric-€0 stretching mode are also observed
in the 12CO + 13CO isotopic experiment at 2077.5 and 2062.7
cm! (Figure 2). The present neon matrix bands are blue shifted
15 and 17 cm? from the previousargon matrix observations
for Ag(CO), and Ag(COj}.

states are attempted for selected molecules, and as expected, |, oyr Ne matrix experiment, no evidence of the isolated silver
the most stable spin states are doublet and singlet for carbonylynonocarbonyl is found. Earlier researchers claimed the existence

neutrals and cations, respectively.

IV. Discussion

Ag(CO), (n = 2, 3). Two strong absorptions observed at
1970.4 and 1858.7 cm on deposition increase during anneal-

of the monocarbonyl in Ar, Kr, and Xe matricésdowever,
later experimentéland theoreticdf studies have questioned the
existence of the isolated silver monocarbonyl. In the argon
matrix ESR study, Kasai et al. found for AQCO the spin density
in the Ag 5s orbital is 0.99, and tHéC hyperfine interaction is

ings (Figure 1), and the higher CO concentration experiments of the magnitude expected for “Ag atoms” substitutionally

favor the formation of the 1970.4 crhband. In13C1%0O and
12C180 experiments, the 1858.7 ciband has isotopic coun-
terparts at 1817.6 and 1815.7 chwith isotopic ratios of 1.0225
and 1.0236, while the 1970.4 cthband has isotopic counter-
parts at 1927.1 and 1925.0 chwith similar isotopic ratios of
1.0226 and 1.0237. In the mixé8CO/A3CO experiments, the
1858.7 cm! band shows a 1:2:1 triplet feature with an
intermediate band at 1835.7 ch(Figure 2). Another new band
at 2007.6 cm! is observed in the mixed isotopic experiment

incorporated in the matrix separated from CO by the nearest-
neighbor distance of the host lattizdhis result suggests that
AgCO is not a bona fide complex, and that the infrared
absorption at 1958 cm in argon assigned to AgCO is
guestionable since the large red-shift (180 éntompared to
isolated CO suggests strong bonding between Ag and CO.
DFT calculations have been performed on silver carbonyls.
The ground state of silver monocarbonyl is found to?Ag a
bent molecule. The ground states of silver di- and tricarbonyls
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TABLE 3: Ground Electronic States, Equilibrium Geometries, Dissociation Energies, and Frequencies Calculated for the Ag
Carbonyls?

species  elec state point groupDe (kcal/molp Do (kcal/molp Dy’ (kcal/moly geometry (A, deg) frequencies (intenstty)
B3LYP
CO 3 Cey C-0: 1.128 2211.8(89)
AgCO 2N Cs 0.9 0.7 —0.2 Ag—C: 2.636 44.9 (1), 163.7 (7),
C-0: 1.133 2130.4 (631)
OJAQCO: 125.4
Ag(CO), A Co, 24 1.7 0.7 Ag-C: 2.276 217.4(7), 291.1 (29), 1999.2
C-0: 1.142 (4108), 2082.2 (8)
OCAgC: 172.8
OAQCO: 136.6
Ag(CO) 2N, Dan 1.4 —0.2 —-1.2 Ag-C: 2.147 247.8 (0), 319.7 (6< 2), 2024.8
C-0: 1.139 (3521x 2),2143.3 (0)
AgCO" DX Ce 21.F 20.6 20.3 Ag-C: 2.232 217.0 (0x 2), 220.7 (0),
C-0: 1.116 2314.8 (77)
Ag(CO)* 3t Don 24.9 23.3 22.4 AgC: 2.170 276.0 (Ox 2),291.0 (1), 2313.9
C-0: 1.116 (231), 2321.6 (0)
Ag(CO)* 1AL Dan 8.3 7.9 7.4 Ag-C: 2.294 233.3 (0), 246.8 (6« 2), 2291.0
C-0: 1.118 (163 % 2), 2298.0 (0)
Ag(CO)* 1A, Ty 7.0 6.4 5.7 Ag-C: 2.377 215.3 (1x 3), 2280.9 (138« 3),
C-0: 1.119 2288.2 (0)
BPW91
CcO =+ Ceon C-0: 1.139 2128.1 (75)
AgCO A Cs 4.0 3.6 2.3 Ag-C: 2.273 148.8 (3), 260.8 (8),
C-0: 1.153 1984.5 (856)
OAgCO: 128.9
Ag(CO), 2A; Co 9.1 8.0 6.6 Ag-C: 2.107 259.9 (1), 374.1 (24), 1923.7
C-0: 1.159 (2991), 2002.5 (0)
OCAgC: 176.4
OAgCO: 147.9
Ag(CO) 2N Dan 5.4 4.0 2.9 Ag-C: 2.102 267.6 (0), 345.2 (G 2), 1972.8
C-0: 1.152 (2289x 2), 2061.5 (0)
AgCO* = Ceov 24.3 23.2 23.0 Ag-C: 2.157 219.3 (0x 2), 250.6 (1),
C-0: 1.128 2221.8 (92)
Ag(CO)* =gt Do 27.6 26.0 24.9 AgC: 2.120 281.7 (0x 2), 304.9 (7), 2221.0
C-0: 1.127 (273), 2234.5 (0)
Ag(CO)* A/ Dan 8.5 8.0 7.4 Ag-C: 2.224 249.7(0), 273.6 (& 2), 2197.3
C-0: 1.130 (205 x 2), 2208.5(0)
Ag(COu* 1A, Ty 6.9 6.3 5.6 Ag-C: 2.297 239.5 (1x 3),2185.6 (171x 3),
C-0: 1131 2197.1 (0)

aDFT calculation: B3LYP or BPW91 functional, 6-3+G* basis set on C and O, LANL2DZ basis set and ECP on Ag. The ground state of
Ag atom is calculated as [Kr]48bs! configuration.? Dissociation energies refer to reactions: Ag(g0) Ag(CO}-19 + CO. D¢ is electronic
energy,Do is electronic energy plus zero-point energy (ZPE) correciiyhjs Do plus basis set superposition error (BSSE) correctiételative
energy compared to AgCO (IE of AgCO) is 157.9 and 158.6 kcal/mol in B3LYP and BPW91, respectidMégiest frequencies listed, no negative
roots for any frequencies.

are found to be?A; and 2A;’, and posses<,, and Dz For Ag(CO) and Ag(CO) the antisymmetric and doubly
symmetries, respectively. Detailed geometric parameters aredegenerate €0 stretching modes are predicted at 1999.2 and
listed in Table 3. All three silver carbonyls are predicted to be 2024.8 cn? (with scale factors 0.930 and 0.973) by B3LYP
stable with positive equilibrium dissociation energies (refer to calculation, and 1923.7 and 1972.8 Tir(with scale factors

the reactions Ag(CQ)— Ag(CO»-1 + CO,n=1,2,and 3,  0.966 and 0.999) by BPW91 calculation, for Ag(G@nd
respectively, Table 3) in both B3LYP and BPW91 cglculatlons. Ag(COY, respectively. Apparently, the Ag(COJesult does not

A very smallDe value gf AgQO (0.9 angl 4:0 kcal/mol in B.3L\(I.3 fit with the experiment as well. Two possible reasons need to
and BPW91, respectively) indicates its instability and justifies e considered. First, since the isolated silver monocarbonyl does
its absence in matrix spectroscopic studies. On the other hand,, . oist the silver dicarbonyl only can be formed via a reaction

we shoul_d_ consider zero-point energy (ZPE) and basis S€hetween two CO molecules and a silver atom. This requires
superposition error (BSSE) corrections since these are on the,

order of several kcal/mol. The ZPE and BSSE corrected vaIuesthat two CO molecules and one silver atom coexist in a single

are also listed in Table 3. In B3LYP functional calculation, the mgtrlx caé;]eb. ";hSUCh ?.Ioose caged, the molteculle ISt p;ﬁne to bte
Do’ value is negative for AgCO, however it is also negative for Influenced by the malrix cage and may not refax 1o the exac

Ag(CO). Efforts are made to search for another equilibrium ground-state_ geometry that tht_e calculation_predicts. This loose
state of Ag(CO), but no lower states are found. While the C¢29e effect is also observed in our experiment; the Ag¢CO)
experimental results are confirmed by several research groups@bsorption blue shifts 13.7 crhafter ultraviolet photolysis, then
we believe that silver carbonyls present difficult theoretical On the following annealing, the band returns to its original
problems. Finally, it should also be noted that for AgCO, Position. Ozin et al. also reported erratic frequency shifts for
especially the B3LYP functional calculation, a comparatively Ag(CO). in Ar, Kr, and Xe matrices, indicating the elusive
long Ag—C distance (2.636 D) and high-@ vibrational mode ~ nature of this speciesSecond, Ag(CQ)and Ag(CO} are open-
(2130.4 cn1?) also indicate the weak nature of any interaction shell species and difficult subjects for DFT calculation. The
between Ag and CO. isotopic frequency ratios calculated for these two vibrational
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TABLE 4: Ground Electronic States, Equilibrium Geometries, Dissociation Energies, and Frequencies Calculated for the Au

Carbonyls?
species  elec state  point groupDe (kcal/moly Do (kcal/molf Dy (kcal/molp geometry (A, deg) frequencies (intensty)
B3LYP

AuCO A Cs 8.2 7.6 6.1 Au-C: 2.093 211.1 (15), 329.8 (6),
C-0: 1.141 2065.9 (833)
OAuCO: 125.4

Au(CO), 2A; Co 13.0 115 9.6 AuC: 1.998 377.6 (0), 389.4 (57), 1981.3
C-0: 1.148 (3954), 2104.2 (4)
OCAuC: 176.9
0OAgCO: 159.9

Au(CO); 2A," Dan -5.2 —6.8 -7.9 Au—C: 2.028 345.9 (0), 438.1 (5¢ 2), 2045.9
C-0: 1.141 (2437x 2), 2146.4 (0)

AuCO*" I+ Ceor 45.9 44.3 43.9 Au-C: 1.946 325.5 (0x 2), 391.9 (12),
C-0: 1.117 313.7 (208)

Au(CO)* DY Do 45.7 43.9 43.0 AuC: 2.010 376.3 (0), 391.4 (5), 408.8 (6),
C-0: 1.116 2307.4 (491), 2341.3 (0)

Au(CO)* A Dan -0.4 -0.8 -15 Au—C: 2.120 341.6 (9), 368.7 (x 2), 2274.0
C-0: 1.119 (340 2),2294.6 (0)

Au(CO)*™ A, Tq 1.4 1.2 0.2 Au-C: 2.217 301.6 (2x 3), 2266.2 (261x 3),
C-0: 1.120 2285.6 (0)

Au(COY, I3yt Deoh 65.1 63.5 61.5 Au-Au: 2.568  304.2 (0), 321.7 (G 2), 2171.4
Au—C: 2.044 (1118), 2186.1 (0)
C-0: 1.131

BPW91

AuCO A Cs 16.3 15.6 13.3 AuC: 2.016 243.0 (16), 400.2 (4),
C-0: 1.157 1973.2 (695)
OAuCO: 138.8

Au(CO), A Co, 20.1 18.6 16.1 AuC: 1.973 401.6 (0), 406.5 (26), 1944.0
C-0: 1.161 (2431), 2035.5 (2)
OCAuC: 177.3
JAgCO: 159.8

Au(CO) 2N, Dan -0.3 -1.9 -3.2 Au—C: 2.003 368.4 (0), 454.5 (& 2), 1985.5
C-0: 1.155 (1733x 2), 2063.5 (0)

AuCO* I+ Cey 55.4 53.7 53.1 Au-C: 1.903 330.9 (0x 2), 439.3 (15),
C-0: 1.130 2222.8 (204)

Au(CO)* 3t Deoh 48.8 46.9 45.7 AuC: 1.988 397.9 (0), 409.4 (4 2), 2212.6
C-0: 1.128 (510), 2254.2 (0)

Au(CO)* AL Dsn 2.2 1.7 0.8 Au-C: 2.075 362.5(8), 397.6 (k 2), 2177.0
C-0: 1.131 (378x 2),2202.0 (0)

Au(CO)* 1A, Ty 2.3 2.1 0.7 Au-C: 2.153 335.4 (2% 3), 2168.5 (308« 3),
C-0: 1.132 2193.4 (0)

Auy(CO), 3t Do 66.7 65.3 62.4 Au-Au: 2.562 334.8 (0x 2), 350.0 (0), 2077.0
Au—C: 2.002 (1162), 2095.5 (0)
C-0: 1.145

aDFT calculation: B3LYP or BPW91 functional, 6-3+G* basis set on C and O, LANL2DZ basis set and ECP on Au. The ground state of
Au atom is calculated as [Xe]#6d'%s' configuration.” Dissociation energies refer to the reactions: Au(@6) Au(CO)-1% + CO, D is electronic
energy,Do is electronic energy plus zero-point energy (ZPE) correciiyhjs Do plus basis set superposition error (BSSE) correctiételative
energy compared to AuCO (IE of AuCO) is 179.5 and 180.0 kcal/mol in B3LYP and BPW91, respectidégiest frequencies listed, no negative
roots for any frequencies except Au(GO)n B3LYP calculation and Au(CQj in both calculations (see tex)Refer to the reaction: A(CO),

— 2AuCO.

modes are listed in Table 5, and they predict correct trends for basis of the annealing and isotopic splitting behaviors, it is clear

these two modes.

Au(CO), (n = 1, 2). Similar to silver experiments, two
bands at 2053.2 and 1943.7 chare observed after deposition
(Figure 4). In the 0.1% CO experiment, the 1943.7 ¢ipand
is about 2 times stronger than the 2053.2 ¢nband on
deposition, and 10 times stronger afeK annealing. In the
extremely low CO concentration (0.005%) experiment, the
2053.2 cn1! band is about 3 times stronger than the 1943.7
cm! band after deposition, but aft8 K annealing, the 1943.7
cm~! band is 2 times stronger than the 2053.2¢iand. The
2053.2 cm! band hasCO and G®0 counterparts at 2007.5
and 2004.7 cmt, while the 1943.7 cm! band has isotopic
counterparts at 1898.5 and 1902.1¢énThe isotopic splitting
patterns of these two bands in the miXédO/A3CO experiment,
however, are different from the silver experiment. The 2053.2
cm~1 band shows a doublet feature with only two pure isotopic
absorptions. The 1943.7 cthband has a 1:2:1 triplet feature
with an intermediate band at 1917.0 ch(Figure 5). On the

that the absorptions at 2053.2 and 1943.7 tare due to the
C—0 stretching mode of AuCO and the antisymmetric @
stretching mode of Au(CQ) respectively. The symmetric
stretching mode of AGCO)(3CO) is observed at 2058.1 cta
This result is compatible with the previous ar§omatrix
experiment, with 13.8 and 17.1 cthblue shifts in neon for
AuCO and Au(CO), respectively. However, no evidence is
found for the Au(CO3 molecule. The previous neon matrix
experimeritusing 10% CO reported a broad Au(G@psorption
at 1935.8 cm?, 7.9 cnt! below our sharp spectrum with 0.1%
CO. Clearly the previous 10% CO experiment contained Au-
(CO)(CO) aggregates, which shows that Au(G@gannot be
formed.

Our DFT calculations predict that gold carbonyls have the
same ground states and similar geometries as the silver
counterparts (Table 3). In B3LYP calculations, AuCO is
predicted to be 6.1 kcal/mol (ZPE and BSSE corrected value)
more stable than Au and CO, while Au(CQ3 9.6 kcal/mol
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TABLE 5: Comparison of Computed and Experimental C—0O Stretching Modes of the Silver and Gold Carbonyls

experimental computed scale factor
species vc-omode  freq (cm?) R(12/13) R(16/18) method freq (cnt) R(12/13) R(16/18) (exp/comp)

Ag(CO), b, 1858.7 1.0226 1.0237 B3LYP 1999.2 1.0226 1.0251 0.930
BPW91 1923.7 1.0230 1.0244 0.966

Ag(CO); e 1970.4 1.0225 1.0236 B3LYP 2024.8 1.0230 1.0244 0.973
BPW91 1972.8 1.0233 1.0240 0.999

AgCO* o 2233.1 1.0230 1.0237 B3LYP 2314.8 1.0232 1.0242 0.965
BPW91 2221.8 1.0232 1.0241 1.005

Ag(CO)* oy 2234.6 1.0230 1.0236 B3LYP 2313.9 1.0233 1.0241 0.966
BPW91 2221.0 1.0233 1.0241 1.006

Ag(CO)* e 2216.0 1.0228 1.0238 B3LYP 2291.0 1.0230 1.0244 0.967
BPW91 2197.3 1.0231 1.0231 1.009

Ag(COu~ to 2205.7 1.0228 1.0240 B3LYP 2280.9 1.0230 1.0244 0.967
BPW91 2185.6 1.0230 1.0245 1.009

AuCO d 2053.2 1.0228 1.0242 B3LYP 2065.9 1.0225 1.0251 0.994
BPW91 1973.2 1.0228 1.0248 1.041

Au(CO), b, 1943.7 1.0238 1.0219 B3LYP 1981.3 1.0235 1.0235 0.981
BPW91 1944.0 1.0238 1.0233 1.000

AuCO" o 2236.8 1.0236 1.0228 B3LYP 2313.7 1.0237 1.0234 0.967
BPW91 2222.8 1.0241 1.0228 1.006

Au(CO)* oy 2233.4 1.0231 1.0236 B3LYP 2307.4 1.0233 1.0241 0.968
BPW91 2212.6 1.0233 1.0240 1.009

Au(CO)* e 2203.5 1.0230 1.0237 B3LYP 2274.0 1.0230 1.0244 0.969
BPW91 2177.0 1.0231 1.0242 1.012
Au(CO)* to 2193.5 B3LYP 2266.2 1.0229 1.0245 0.968
BPW91 2168.5 1.0230 1.0245 1.012

Auy(CO) Ou 2116.6 1.0229 1.0237 B3LYP 2171.4 1.0230 1.0244 0.975
BPW91 2077.0 1.0233 1.0241 1.019

(6{0) o 21411 1.0227 1.0246 B3LYP 2211.8 1.0228 1.0248 0.968
BPW91 2128.1 1.0228 1.0248 1.006
COo" o 2194.3 B3LYP 2302.5 1.0228 1.0247 0.953
BPW91 2213.2 1.0228 1.0247 0.991

(COx* by 2056.3 1.0226 1.0244 B3LYP 2126.4 1.0228 1.0248 0.967
BPW91 2045.9 1.0228 1.0247 1.005

more stable than AuCO and CO. However, gold tricarbonyl is isotopic bands, while the weaker band around 2126ciw
7.9 kcal/mol less stable than CO and gold dicarbonyl. Similar higher than the puré?CO band (Table 2). On the basis of the
dissociation energies are also produced by BPW91 calculation.characteristic 12/13 and 16/18 isotopic ratios and splitting pattern
In previous and present low-temperature matrix studies, no in the mixed isotopic experiment, this band is due to a dicarbonyl
evidence has been found for gold tricarbonyl. species. In the 0.2% CO experiment, the Au(egnd is 31
Compared to other transition metal carbonyl stutiés?2° times and the AuCO band is 9.4 times stronger than this band
where saturated carbonyls are more stable than unsaturate@n deposition, while after 12 K annealing, the Au(G®and
carbonyls and the dominant absorptions after higher temperaturds 68 times and the AuCO band is 8.9 times stronger. In the
annealing in the matrix experiments, the gold carbonyl system 0.4% CO experiment, the Au(C®pand is 31 times and the
is different. Kasai et al. attributed this phenomenon to a higher AuCO band is 2.1 times stronger than this band on deposition,
6s — 6p promotion energy for the gold atom since it is the while after 12 K annealing, the Au(C@®band is 66 times and
metal p, orbitals that give back-donation in the trigonal-planar the AuCO band is 4.9 times stronger. Since this band is favored
tricarbonylst® In our DFT calculation, the negative binding over the AuCO band by a higher CO concentration, and less
energy for Au(CO) simply means the energy required to make favored by annealing than both AuCO and Au(G®ands, this
this 6s— 6p promotion cannot be compensated by the energy band can be assigned to the antisymmetrid3Cstretching mode
lowering due to the formation @f donation andr back-donation of Au,(CO),. The band observed at 2125.3 cthin the mixed
metal-CO bonds. 12COM3CO isotopic experiment is the symmetrie-O stretching
The calculated frequencies and the isotopic ratios of the mode of Ay(*?CO)(3CO).
observed modes are listed in the Table 4. As expected, the DFT calculations characterize this £CQO), molecule with
calculations predict correct trends for gold carbonyl vibrational D.n Symmetry and &4t ground electronic state (Table 4). In
modes with scale factors of 0.994 and 0.981 in B3LYP, 1.041 the DFT/B3LYP calculation, no negative frequencies are
and 1.000 in BPW91, for modes belonging to AuCO and Au- produced. The predicted antisymmetric-O stretching fre-
(CO),, respectively. quency is 2171.4 cri, and the 12/13 and 16/18 isotopic ratios
Auz(CO),. The band observed at 2118.0, 2116.6, and 2115.4 are 1.0230 and 1.0244. This frequency requires a 0.975 scale
cm~! on deposition increases slightly during annealings, and factor, an expected value for DFT/B3LYP calculati§ion the
shows no change on photolysis (Figure 4). In tH€O basis of relative intensities in different CO concentration
experiment, the band shifts to 2070.4, 2069.2, and 2068:0 cm experiments and on annealing, the mechanism for producing
with an average 12/13 isotopic ratio 1.0229. In théCGC this Au(CO), molecule is probably dimerization of AUCO. The
experiment, the band shifts to 2068.8, 2067.5, and 2066:3 cm binding energy of the dimerization is calculated as 65.1 kcal/
with an average 16/18 isotopic ratio 1.0238. In the mil&&D mol. In BPW91 calculation, similar results are produced and
and 13CO experiment, two sets of new associated bands arethe scale factor of the, C—O stretching mode is 1.019. A
observed besides two sets of ptheO and'3CO isotopic bands. small negative doubly degenerate bending mode fourdL4t0
The stronger band around 2076 this between the two pure  cm!is attributed to numerical problems.
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Compared to the thermal metal reactions, laser ablation also Hurlburt et al. synthesized [Ag(CO)][B(OTefz] and
introduces cations and electrons into the reaction system.[Ag(CO),][B(OTeFs)4] as crystalline solids when reacting the
Additional weak bands are observed in the higherCC extremely hygroscopic compounds AgOFednd AgB(OTek)4
stretching region, above the free-O stretching frequency,  with a CO atmospher®.They also reported the antisymmetric
2140.8 cmiL. These bands are photosensitive, and the absorptionC—O stretching mode of Ag(C@Y at 2196-2198 cn1l, and
intensities increase in the CCtloping experiments. Hence, the C-O stretching mode of AgCOat 2189-2208 cn1?. Later,
cation species must be considef&d® the same group identified Ag(C@)at 2192 cmit in a similar

Ag(CO),* (n = 1-4). In the 0.1% CO experiment (not environment® Our results are in agreement, and the-28
shown), the 2233.1 cm band is observed on deposition, and cm! blue shifts in our data are understandable since the
almost does not change during annealing to 10 K, then counterion and medium constitute a different chemical environ-
disappears on the following full-arc photolysis. Another band ment. Similar 18-56 cn! blue shifts are also observed for
at 2234.6 cm’ is also observed on deposition with a similar Cu(CO}* (n = 1-4).8
intensity. Upon annealing to 10 K, the intensity of this 2234.6 ~ The DFT calculations of silver carbonyl cations are more
cm~1 band tripled, and full-arc photolysis almost destroys this straightforward than their neutral counterparts since the cations
band. Since these two bands are very close to each other, morare closed-shell species. Our calculation indicates that the four
evidence is required to identify them. Several CO concentration silver carbonyl cations [Ag(CQJ] posses€ew,, Dwn, D3n and
experiments (from 0.1% to 0.4%) were performed, and they Ty symmetries with ground statés*, 12", 1A, and*A4, when
clearly show that the 2234.6 crthband is favored by higher n=1, 2, 3 and 4, respectively. All four carbonyl cations [Ag-
CO concentrations relative to the 2233.1¢rhand. The 2234.6  (CO),", n = 1—4] are predicted to be more stable than their
cm! band has'®C0 and 12C'80 isotopic counterparts at lower homologues [Ag(CQ)1", n = 1-4] and CO. These
2184.3 and 2183.0 cm, respectively, while the 2233.1 crh results can be used to explain the observed annealing behavior
band has corresponding counterparts at 2182.9 and 2181’3 cm of these cations. The sequential dissociation energigsZPE
In the mixed2COASCO experiment (Figure 3), the 2233.1chm  and BSSE correctele) of Ag(CO)," (n = 1—4) are deduced
band only shows a doublet feature with two pure isotopic from our calculations as 20.3, 22.4, 7.4, 5.7 kcal/mol with
absorptions. The 2233.1 crhband is assigned to the—<© B3LYP, and 23.0, 24.9, 7.4, 5.6 kcal/mol with BPWO9L1.
stretching mode of the AgCOcation. In the same mixed Compared to the experimental bond energy data obtained by
isotopic experiment, the 2234.6 cfrband shows an asymmetric  collision-induced dissociation (212 1.2, 26.14 0.9, 13.1+
triplet feature that has an intensity ratio close to 1:1:1, with the 1.8, and 10.8{4.4, —0.9) for n = 1—4, respectively}? the
intermediate band at 2187.6 ci only 3.3 cnt?! higher than calculated energies are reasonably good for the mono- and
the pure!®CO absorption and a new band at 2238.6 tmhat dicarbonyl cations, but somewhat smaller for the tri- and
tracks with the triplet. The 2234.6 crhband is assigned to the  tetracarbonyl cations. Previous MP2 calculations prediigef
antisymmetric G-O stretching mode of Ag(C@}. It is worth values of 19.7, 23.8, and 11.3 kcal/mol for Ag(GQ)with n
noting that the asymmetric triplet feature and the associated= 1, 2, 3, respectively® The frequencies computed for the
comparatively strong symmetric-€O stretching absorption at  carbonyl cations also match the experimental data very well,
2238.6 cn1! show a strong interaction between the symmetric with scale factors of 0.965, 0.966, 0.967, 0.967 in B3LYP, and
and antisymmetric €O stretching modes in the AFCO)- 1.005, 1.006, 1.009, 1.009 in BPW91 for Ag(GO)n =1, 2,
(*3CO)" cation. 3 and 4, respectively. The isotopic frequency ratios are listed

Two more bands not observed on deposition grow in during in Table 5, the general trends are well represented, and not
annealings in the 0.1% CO experiment. The 2216.1%dpand surprisingly, both functionals agree better for these cationic
can be identified afte6 K annealing while the 2205.7 crh carbonyl calculations than for the neutral species.
band can only be found after 10 K annealing. In the 0.4% CO  Au(CO),™ (n = 1—4). Several bands are observed in the
experiment (Figure 1), the same two bands are observed onhigher C-O stretching region on deposition. In the 0.2% CO
deposition and increase during annealings. Both bands decreasexperiment (Figure 6ac), the 2236.8 cmt band is the strongest
about?/3 on mercury arc photolysis, and do not regain their band on deposition in the 2252170 cnt! region, and the
intensities in the following annealing. The 2216.1 ¢nband 2233.4 and 2203.5 cm bands are weaker. A sharp 2194.3¢m
is assigned to the doubly degenerate@ stretching mode of  band belongs to CQ In the following annealing cycles, the
Ag(CO)*, while 2205.7 cm! band is due to the triply = 2236.8 cmi! band increases about a fourth, the 2233.4%m
degenerate €0 stretching mode of Ag(CQ). The3C'%0 and band almost doubles, the 2203.5 @ntband more than triples
12C180 isotopic counterparts of these two bands are listed in on 8 K annealing, while a new band grows in on the red side
Table 1. Unfortunately, in the mixed?CO/3CO isotopic of CO". These bands are eliminated (or almost eliminated) by
experiment, the band splittings cannot be fully resolved becausefull arc photolysis and do not reappear following more anneal-
of the dominant absorptions of CO and aggregates around 2140dng. In the 0.4% CO experiment, the same four bands are also
cm~! and the weak nature of the intermediate bands. Finally, observed on deposition (Figure 4). The 2236.8 and 2203-%# cm
in the 0.01% CCJ doped 0.1% CO experiment, the absolute bands have similar intensities on deposition, while the 2233.4
intensities of both AgCO®and Ag(CO)" bands are tripled while  cm~! band is about two-thirds the intensity of the 2236.1¢m
their relative intensity is similar to the 0.1% CO experiment. band. The CO absorption is also observed on deposition, but
The Ag(CO}" and Ag(CO)* bands are not observed on the band is quite broad and shows evidence of another
deposition, but grow in during successive annealings. After 10 absorption on its red side. All of those bands grow on
K annealing, both bands are twice as strong as the same bandannealings, while the feature at 2193.4¢ralearly separates
in 0.1% CO experiment after the same temperature annealing.itself from the 2194.3 cm' CO"™ absorption after 10 K annealing
The CCl, molecule efficiently captures electrons, which allows (Figure 4c). All of these bands substantially decrease on
the survival of more Ag cations in these experiments. Hence, photolysis, and do not grow following more annealing. The band
the identification of cations is supported by the effect of the at 2236.8 cm! is assigned as the-@ stretching mode of
CCl, additive. AuCO™, and 2233.3 cmt is the antisymmetric €O stretching
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mode of Au(CO)", and the 2203.5 and 2193.4 chbands are classically explained by the donation andr back-donation
the doubly degenerate and triply degenerateQCmodes of model. The & electron of the CO molecule donates to the metal
Au(CO)* and Au(CO)™, respectively. The isotopic counter- valences-symmetry orbital, while the metal,celectron back-
parts of these bands in th&O and G80 experiments are listed  donates to the2* orbital of CO. If a metal atom (or ion) has

in Table 2. Only the isotopic counterparts of Au(GOEannot the ng valence electronic configuration,donation bonding is

be identified due to overlapping by the dominant CO and blocked since repulsion between the filled metal s orbital and

aggregate absorptions around 2140 &nin the mixed2CO/ CO % orbital is enormous. It is energy-wise for the metal to
13CO experiment, the AuCOabsorption at 2236.8 cm gives promote an s electron into a vacant d orbital and form two sd
a doublet feature, while the Au(C@)absorption shows a 2:3:2  hybridized orbitals, then one sd orbital can be used to form a
triplet feature with an intermediate band at 2196.T E(Figure bond. In the copper group anions witHsf configurations, the
6g—i). Another very weak feature at 2253.8 chiracks with above s— d promotion is not possible so-s p promotion and

the triplet and is assigned to the symmetrie-@ stretching hybridization instead take place. The energy difference between
mode of Auf?CO)(*3CO)". It is worth noting that the interaction s and p orbitals however is larger than the energy difference
of the symmetric and antisymmetric-@© stretching mode in between s and d orbitals as it is generally true that metal
Au(*?CO)(*CO)" molecule is weaker than the silver counterpart carbonyl anions are harder to form than cations and neutrals.
which shows a stronger symmetric mode absorption and weakerFor gold, a very large relativistic effééttakes place, and the
antisymmetric absorption. Again, in the 0.01% ¢@dobped contracted 6s orbital makes the energy difference between s and
experiment, the intensities of all carbonyl cation bands increasep orbitals very large. As a consequence, energy gains in the
by more than half with other experimental conditions keep formation of metal-carbonyl bonds are essentially not large
constant. enough to compensate energy costs to promote electrons into
Several groups have prepared AuC@nd Au(CO)* in gold p orbitals, and hence gold carbonyl anions are not observed.
superacid environment415 In fluorosulfuric acid, infrared ~ On the other hand, although the energy difference between s
absorptions of AuC® and Au(CO)* were reported at 2195  and p orbitals in silver and copper atoms are similar, an extra
and 2211 cm?, respectively. In sulfuric acid, the same two electron in AgCO (which is not a bona fide compound) will
cations have absorptions at 2194 and 2208 cr®ur neon make a weak bond even weaker. Efforts were made to search
matrix absorptions are again about 24 and 40 &higher for for bound states of silver and gold monocarbonyl anions, but
gold mono- and dicarbonyl cations, respectively, owing to no bound states were found in our DFT calculations. A previous
perturbations by the acid media. MP4 calculation for AgCO also failed to find a bound stafé.

DFT calculations performed on gold carbonyl cations show  In neutral carbonyl systems, only silver di- and tricarbonyl,
that all four gold carbonyl cations possess the same symmetryand gold mono- and dicarbonyl are found, while all three copper
as their silver counterparts, namely,,, Den, D3, and Ty point carbonyls have been observed. Again, the bonding can be
groups. The frequency calculations yield scale factors: 0.967, understood based on the energy differences between valence
0.968, 0.969, 0.968 for B3LYP, and 1.006, 1.009, 1.012, 1.012 orbitals of the three metal atoms. In the monocarbonyl systems,
using BPW91 for the €0 stretching modes of Au(C@), n the back-donation occurs from meta) @rbital. Since the
= 1—4, respectively. Although two imaginary modes of Au- valence ¢ orbital in silver is extremely stable compared to the
(CO)*t (at —10.5 and—6.7 cntl), one triply degenerate same orbitals in copper and gold atoms, théack-donation
imaginary mode of Au(CQY (at —49.2 cn1?) are found with bonding in silver is not efficient. The absence of silver
the B3LYP functional, and one triply degenerate mode of Au- monocarbonyl in our neon matrix study is due to the weak
(CO)™ (at—27.3 cnrl) with BPW9I1, the small magnitudes of ~ bonding interaction between silver atom and CO molecule. In
these imaginary modes is likely due to the numerical problems the Dz, symmetry tricarbonyl system, p orbitals involve in the
in the DFT calculation and the carbonyl frequency calculations 7 back-bonding in a great deal. Because of the strong relativistic
are expected to be reliable. Consistent fittings between calculatedeffect in gold atom, the energy difference between gold 6s and
and experimental vibrational frequencies and similarities be- 6p orbitals is much larger than that of the two corresponding
tween silver and gold carbonyl cations indicate that these orbitals in copper and silver atoms. A highers promotion
calculated electronic states are the ground states observed irenergy makes gold tricarbonyl an unstable molecule, which is
the neon matrix. Unfortunately, our DFT/B3LYP calculation also described by our DFT calculation.
gave —1.5 kcal/molDy' (ZPE and BSSE corrected) for Au- Metal carbonyl cations are observed for all three metals, and
(COX™, but our BPW91 functional found a positive dissociation  their spectra are extremely similar while alHO stretching
energy of 0.8 kcal/mol (Table 4). Efforts have been made to frequencies are higher than the free @ stretching frequency.
search for bound states with lower symmetries; however, all of The bonding in such nonclassical carbonyls has been described
the converged states have essenti@llysymmetry. A previous  in several previous papers, and an electrostatic bonding model
MP2 calculation predicted 8.9¢) and 7.3 kcal/mol D¢?%) has been proposédIn our experiment, the fairly close-€0
for the sameD3z, symmetry!A;' ground-state Au(CQJ, with stretching frequencies (2234.4, 2233.1, and 2236.8:émCu,
no negative mode$.Contrasting results in different calculations  Ag, and Au monocarbonyl cations, respectively) support
clearly show the difficulty for gold compounds, which have a electrostatic bonding. Strauss has recently discussed the non-
strong relativistic effect? classical behavior in silver and copper carbonyl catit§n.

Comparison of Cu, Ag, and Au Carbonyls.Compared to weaker Ag—CO bond (smalleD, value for AQCO") than
the copper and CO system, the products with silver, gold and Cut—CO is explained as a result of the larger energy difference
CO are quite different. In copper experiments, both metal between valence s angd drbitals which causes a longer Ag
carbonyl cation and anion species have been observed inCO bond and hence weaker back-donation bonding. To
addition to neutral carbony®. However, no evidence for  expand this explanation to gold, relativistic effects play an
carbonyl anions is found in silver and gold experiments, while important role once again, which reduces the energy difference
the same (CQ) absorption signifies the presence of electrons between 6s and 5d orbitals and consequently makes-Q0
in all three systems. The bonding in metal carbonyls is a stronger bond.
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V. Conclusions
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[AQ(CO)n, (n = 2, 3); Au(CO), (n = 1, 2); Aw(CO)] are
identified. Doping with the electron trapping molecule ¢ClI
confirms identification of the cationic species.

DFT calculations (B3LYP and BPW91 functionals) have been
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are more theoretically difficult as open-shell systems. The

average scale factors for the-© vibrational modes in metal
carbonyls are 0.968 0.014 (B3LYP) and 1.00A 0.016
(BPWO1).

The difference between Cu, Ag, and Au carbonyls are

explained by the classical donation andr back-donation

bonding scheme of metal carbonyls. The energy differences
between the metal valence d, s, and p orbitals are the main(Ni
reasons for different metal carbonyls in the Cu, Ag, and Au

systems.
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