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Laser-ablated Ag and Au atoms have been reacted with high-frequency dischargell@8ed by
condensation in excess argon at 4 K. Besides the known metal and carbon disulfide reaction products, binary
silver and gold thiocarbonyls [MCS, M(C§)and M,CS (M = Ag and Au)] were formed via the reactions

of ground-state metal atoms or dimers with CS in solid argon. The product absorptions were identified by
isotopic substitutions and density functional calculations. This work provides the first vibrational spectroscopic
characterization of the binary Ag and Au thiocarbonyl complexes.

Introduction standard manometric technique. G&as cooled to 77 K with
liquid N2 and evacuated to remove volatile impurities.

The experimental setup for pulsed laser ablation and matrix
isolation FTIR spectroscopic investigation has been described
in detail previoushf.” Briefly, the 1064-nm fundamental of a
Nd:YAG laser (10 Hz repetition rate and 8 ns pulse width) was
focused onto the rotating silver or gold metal target through a
hole in a Csl window. The laser-ablated metal atoms were co-
deposited with the Tesla coil discharged 28 sample onto
the 4 K Csl window fo 1 h at arate of 3-5 mmol/h. Infrared
spectra were recorded on a Bruker Equinox 55 spectrometer at
0.5 cnt! resolution with a DTGS detector. Matrix samples were
annealed at different temperatures, and selected samples were
subjected to broadband irradiation with use of a high-pressure
mercury arc lamp.

Density functional theoretical calculations were performed

Carbon monoxide and carbon monosulfide are isovalent
molecules. Both are very common and important ligands in
organometallic chemistry. Although a very large number of
binary transition metal carbonyl complexes have been well-
studied! analogous transition metal thiocarbonyl complexes
have received far less attention, partly because of the lack of
the stable molecular CSPrevious theoretical investigations
have shown that the bonding mechanisms on transition metal
monothiocarbonyls and monocarbonyls are similar, but the
thiocarbonyls are much more strongly bound than the corre-
sponding carbonyl3.

Experimentally, the CS molecules can be prepared with
discharge of the CSmolecules'® By co-deposition of micro-
wave discharged G&nd argon mixture with thermal evaporated

nickel atoms, Ni(CS)has been first synthesized and character- ;i the Gaussian 98 prograhThe most popular Becke three-

!zed in solid argoﬁl Recently, we reported matri>§ isolation parameter hybrid functional with the Le&'ang—Parr correla-
infrared absorption spectra of binary copper thiocarbonyls: {io, corrections (B3LYP) was uséd® Previous work has shown

CUC.S’ Cu(CS) and CQCS.’ which were produced by_ th‘? that this hybrid functional can provide very reliable predictions
reactions of copper atoms with CS molecules generated via high-¢ the state energies, structures, and vibrational frequencies of

frequency discharge of GSapor in excess argdrin this paper, yansition metal containing compountisFor instance, the
we report a similar matrix isolation FTIR spectroscopic and pg3) vp fynctional worked well for binding energies and
density functional theoretical investigation of the silver and gold i, ational frequencies of the copper, silver, and gold carbon-

thiocarbonyls. yls 1213 The 6-311-G* basis set for C and S atoms and the
) ) Los Alamos ECP plus DZ basis sets for Ag and Au atoms were
Experimental and Theoretical Methods used!4 For comparison, calculations were also performed with

The CS molecules were prepared by subjecting/@S thg BPW91 f_unct?onal as welb Qeometries were.fully optij
mixtures to high-frequency discharge with a high-frequency mized and _V|br_at|0nal frequenae_s ca_lcula_lted with ar_1a|yt|cal
generator (Tesla coif) The tip of the Tesla coil was connected sec_ond derivatives, and zero point vibrational energies were
to a copper cap on one end of a quartz tube extending into thederived.
vacuum chamber. The other end of the quartz tube was
connected to a copper tube with ground potential. Discharge
takes place between the cap and the copper tube/A€S Infrared Spectra. Our recent study has shown that high-
mixtures were prepared in a stainless steel vacuum line usingfrequency discharge of G¥apor readily produces CS mol-
ecules® Compared to the experiments without discharge, the

* Author to whom correspondence should be addressed. E-mail: mfzhou@ integrated intensity of the GSabsorption at 1528.3 crh
f“dTa”-ed“'C”-. . decreased by about 30% in discharge experiments. Therefore,

Fudan University. . . . .

*National Institute of Advanced Industrial Science and Technology the concentration of CS in solid argon was roughly estimated

(AIST). to be about 0.15% when a 0.5% £& sample was used. The

Results

10.1021/jp0374049 CCC: $27.50 © 2004 American Chemical Society
Published on Web 02/04/2004



1532 J. Phys. Chem. A, Vol. 108, No. 9, 2004

0.9

cs Ag(CS),
(CS)2
° 0.6 4 Ag cs
e 2 AgCS
g | (d)
[<}
4 ‘___JNLJJ
0.3 ©
JJ ®)
J @
0.0 T T y T T
1350 1300 1250 1200 1150

Wavenumber (cm™)

Figure 1. Infrared spectra in the 135150 cnt? region from co-
deposition of laser-ablated silver atoms with discharged 0.5%ACS
sample: (21 h sample deposition at 4 K, (b) after annealing to 30 K,
(c) after 20 min of broadband irradiation, and (d) after annealing to 40
K.
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Figure 2. Infrared spectra in the 138200 cnt? region from co-
deposition of laser-ablated gold atoms with discharged 0.5%ACS
sample: (21 h sample deposition at 4 K, (b) after annealing to 30 K,
(c) after 20 min of broadband irradiation, and (d) after annealing to 40
K.
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TABLE 1: Infrared Absorptions from Co-deposition of
Laser-Ablated Silver and Gold Atoms with Discharged
CS,/Ar Sample

s B’es 2Cs + 1°Cs R(12/13) assignment
1176.1 11424 1176.1,1142.4 1.0295 AgCS
2553.3 2476.3 2553.3,2516.8,2476.3 1.0311 AgfCS)
1232.3 11949 1232.3,1210.1,1194.9 1.0313 AgiCS)
1308.2 1268.9 1308.2,1268.9 1.0310 B8
1320.8 1280.7 1320.8,1280.7 1.0313 B site
1239.5 1202.4 1239.5,1202.4 1.0309 AuCS
2698.7 2614.0 2698.7,2659.5,2614.0 1.0324 AufCS)
1317.6 1276.6 1317.6,1291.6,1276.6 1.0321  AufCS)
1366.8 1323.7 1366.8, 1323.7 1.0326 B8
1372.1 1328.7 1372.1,1328.7 1.0327 B site

infrared spectra in selected regions from co-deposition of laser-
ablated Ag and Au atoms with discharged»@$ (0.5%) sample

in excess argon are shown in Figures 1 and 2, and the produc
absorptions are listed in Table 1. Bands common to other CS
discharge experiments including (GSE,S;, CS, CsS,, and
S(CS) are omitted" 16 Similar to the recently reported metal

CS reactionst’ the AgSCS (1507.1 cm, not shown) and
AuSCS (1485.9 cmt, not shown) absorptions were observed
on sample deposition and increased markedly on annealing

Kong et al.
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Figure 3. Infrared spectra in the 134@.120 cn1? region from co-
deposition of laser-ablated silver atoms with discharged 0.285%;

+ 0.25%13CS/Ar sample: (31 h sample deposition at 4 K, (b) after
annealing to 25 K, (c) after annealing to 30 K, and (d) after annealing
to 35 K.
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Figure 4. Infrared spectra in the 2582440 cn1! region showing
the combination bands of Ag(CS)(a) discharged 0.5% G&\r, (b)

discharged 0.5%°CS)/Ar, and (c) discharged 0.25%CS, + 0.25%
BCS/Ar.

Broadband irradiation destroyed these complex absorptions and
produced the SAgCS (1362.2 ci not shown) and SAUCS
(1382.1 cm, not shown) absorptions. Besides these metal
CS reaction products, new product absorptions also were
observed as listed in Table 1. Different temperature annealing
and broadband irradiation were demonstrated in Figures 1 and
2 to characterize the absorption species.

The experiments were repeated with isotopically labeled
I3CS, and a?CS, + 13CS, mixture. The spectra in selected
regions are shown in Figures—3, and the absorptions are
summarized in Table 1.

Calculation Results. DFT calculations were done for the
potential product molecules with use of the B3LYP functional
to be consistent with previous MCO and CuCS calculatfdfs?

The optimized structures are shown in Figures 6 and 7, and the
calculated vibrational frequencies and intensities are summarized

in Table 2.

tDiscussion

The new absorptions listed in Table 1 were produced only
in the discharged experiments, which suggest that these absorp-
tions are most likely contributed by the metal and CS reaction
products, and will be identified as silver and gold thiocarbonyl
.complexes.
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Figure 5. Infrared spectra in the 146150 cnT?! region from co-
deposition of laser-ablated gold atoms with discharged 0.26% +

0.25% 13CS/Ar sample: (& 1 h sample deposition at 4 K, (b) after
annealing to 30 K, (c) after 20 min of broadband irradiation, and (d) A

after annealing to 35 K.
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Figure 6. Optimized (B3LYP) structures of the Ag(CSx = 1—3)
and AgCS molecules (bond length in A, bond angle in deg).
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Figure 7. Optimized (B3LYP) structures of the Au(CSx = 1-3)
and AwCS molecules (bond length in A, bond angle in deg).

AgCS. As shown in Figure 1, absorption at 1176.1¢nis
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TABLE 2: Calculated (B3LYP) Vibrational Frequencies
(cm™1) and Intensities (km/mol) for MCS, M(CS),, Ag(CS),
and M,CS (M = Ag and Au)

frequency (intensity)

AgCS @A) 1216.4 (746), 309.8 (12), 138.1 (8)

AgCS €=+)2  1322.7 (181), 402.2 (106), 85.8 (4)

Ag(CSy (1)  1353.5 (0), 1297.5 (2650), 330.7 (16), 292.6 (23),
250.9 (0), 239.2 (6), 206.0 (0), 38.0 (0)

Ag.CS (A") 1304.3 (735), 267.1 (22), 171.4 (10), 134.8 (11),

132.7 (1), 28.5 (3)

1330.8 (0), 1271.5 (4506), 284.1 (0), 211.4 (7),
198.2 (0), 192.2 (2), 167.1 (0), 143.6 (0),
24.4 (1), 20.9 (1)

Ag(CS)(°A2")

AUCS @A) 1240.7 (561), 425.3 (8), 184.3 (13)

AUCS €=*)P  1334.0 (348), 254.4 (0), 1152.8i (2140)

Au(CS) (I1,)  1407.5 (0), 1340.5 (1646), 392.7 (9), 332.7 (28),
331.3 (0), 307.4 (2), 258.9 (0), 44.0 (1)

Au,CS (A") 1398.8 (534), 341.7 (0), 305.7 (0), 302.7 (0),

161.5 (7), 34.0 (1)
apAg—C: 2.447 A.C-S: 1.533 AP Au—C: 2.010 A. G-S: 1.535

of the thiocarbonyl complex. In the mixe#CS, + 13CS,
experiment (Figure 3), only the 1176.1- and 1142.4-tbands
were observed, indicating that only one CS is involved in this
mode. Therefore, we assign the 1176.1=¢ipand to the &S
stretching vibration of AgCS.

The assignment is supported by density functional calcula-
tions. Our DFT/B3LYP calculation found &' ground state
with a strong G-S stretching vibration at 1216.4 crh) which
is 40.3 cnm! higher than the observed value. The calculated
12C/13C isotopic frequency ratio of 1.0295 fits the experimental
value very well. The Ag-C stretching and the bending modes
of AgCS were predicted to absorb below 400¢mwith much
lower intensity than that of the CS stretching mode. The linear
structure £=*) was predicted to be 12.2 kcal/mol higher in
energy than the bent structure. The-& stretching frequency
in the linear structure was calculated at 1322.7 €m

AUCS. Similar absorption at 1239.5 crh in the gold
experiments (Figure 2) is assigned to the AuCS molecule. This
band was observed on sample deposition, increased slightly on
30 K annealing, but decreased on 40 K annealing. It shifted to
1202.4 cnr! with 18CS;, and gave &2C/'3C isotopic frequency
ratio of 1.0309. This ratio is indicative of a terminal CS
stretching vibration. As shown in Figure 5, only the pure isotopic
counterparts were presented in the mixe€S, + 1°CS,
experiment, indicating that only one CS subunit is involved in
the mode. The assignment is confirmed by DFT/B3LYP
calculations, which found a befA’ ground state with a strong
C—S stretching vibration at 1240.7 cAwith a12C/13C isotopic
frequency ratio of 1.0305. The linear structurE’) was
predicted to be 9.4 kcal/mol higher in energy than the bent
structure, and is only a transition state based on the presence of
negative calculated bending frequency.

In transition metal carbonyls, the interactions between metal
and ligand CO are dominated by the synergic donation of
electrons in 8 HOMO of CO to an empty symmetry matching
orbital of the metal and the back-donation of the metal
electrons to the COr* orbital. Similarly, thiocarbonyls are
formed by the interactions of metal with CS. The ground state
of AgCS and AuCS correlates to the ground-state metal atom
with the di st electronic configuration. Analogous to the CuCS
and CuCO molecules!?18hoth the AgCS and AuCS mono-
thiocarbonyls prefer a bent geometry to reduce the repulsion

weak on sample deposition, and increased on annealing. Thisbetween the metal valence s and the @Sbitals. The bond

band shifted to 1142.4 cm with 13CS,. The 12C/13C isotopic

frequency ratio of 1.0295 suggests & & stretching vibration

angles of AgCS and AuCS were predicted to be 13hé
139.3.
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Figure 8. The energy levels of the valence orbitals of CO, CS, Cu,
Ag, and Au calculated with the BPW91 functional.

Figure 9. Depiction of the highest occupied molecular orbital)(of
Ag(CS).

The binding energies of AgCS and AuCS were computed to
be 12.8 and 25.6 kcal/mol with respect to their dissociation
limits: ground-state metal atom and CS. In our recent study,
the binding energy of CuCS was predicted to be 26.9 cal/mol
at the B3LYP/6-31%G* level ® The binding energies of CuCS
and AuCS are very close, while the binding energy of AgCS is
significantly lower than that of CuCS and AuCS. However, the
binding energies of these thiocarbonyls are significantly larger
than that of the corresponding metal monocarbonyls. Both

Kong et al.

closer to the CO & than for Cu and Ag. Hence, AuCO is a
stable complex. The energy level of the HOMO of CS is
higher than that of thecddHOMO of CO, whereas the energy
level of thesr* LOMO of CS is lower than that of the* LUMO

of CO, and therefore, thiocarbonyls have significantly mere
donation andr back-donation than those of the corresponding
carbonyls. Thus, the monothiocarbonyls are more strongly bound
than the monocarbonyls and AgCS is a stable complex.

Ag(CS).. The next band observed to markedly gain intensity
on first annealing is at 1232.3 crh Annealing to high
temperature (35 and 40 K) produced more of the 1232.3'cm
band (Figure 1). This band dominated the spectrum after 35 K
annealing, and is favored in the experiments with high, CS
concentrations. This band shifted to 1194.9-émwith 1°CS,.

The 12C/13C isotopic frequency ratio of 1.0313 is indicative of
a C—S stretching vibration. The 1232.3-cfnband formed a
sharp triplet pattern at 1232.3, 1210.1, and 1194.9%cwith
approximately 1:2:1 relative intensities with th€S, and 13-
CS mixture (Figure 3), which indicates the vibration of two
equivalent CS subgroups. The Ag(G®)olecule is the most
likely absorber. The intermediate component for &gES)-
(*3CS) is 3.5 cm? lower than the means of pure isotopic
frequencies, which points to a higher frequency symmetr&C
stretching mode. The pure isotopic symmetric stretching mode
is not observed here, which suggests that Ag¢GSh linear
molecule.

An associated weaker absorption at 2553.3 tmwas
observed with approximately 4% of the intensity of the 1232.3-
cm! band, and is due to a combination band. TRES,
counterpart was observed at 2476.3 ¢mand triplet mixed
isotopic bands were clearly observed at 2553.3, 2516.6, and
2476.3 cmlin the 12CS, + 13CS; experiment (Figure 4). The
2553.3-cntt band is separated from the 1232.3-drband by
1321.0 cmt. Analogous separations of 1306.5 and 1281.3%tm
were deduced for the AHCS)(CS) and Agl;CS), bands,
respectively. These frequency separations and the ded#ced
13C isotopic frequency ratio of 1.0310 are appropriate for a

copper and gold monocarbonyls are stable and have beerFymmetric C-S stretching vibration. Taking the anharmonicity

experimentally characterizé&131%2°The binding energies of
CuCO and AuCO were predicted to be 7.4 and 7.6 kcal/mol.
Silver is the only transition metal that failed to form the stable

into consideration, the symmetric< stretching mode of
AgQ(CS), should be some 20 crh higher near 1340 cni.?®

The Ag(CS) molecule was predicted to have’H, ground

binary monocarbonyl. Although earlier researchers claimed the State with linear structure (Figure 6). Geometry optimization

existence of the silver monocarbonyl in rare gas matrtes,
evidence of the isolated silver monocarbonyl was found in the
later experiment$32223The matrix ESR and theoretical studies
showed that silver monocarbonyl is not a stable compiéx.

on a bent structure converged to the linear structure. The
antisymmetric and symmetric €S stretching modes were
computed at 1297.5 and 1353.5¢mwith 12C/A3C isotopic ratios

of 1.0315 and 1.0316, respectively, in good agreement with the

Kasai and Jones discussed in detail the relative stability of the €xperimentally determined values. The antisymmetric CS
copper, silver, and go|d monocarbomys based on energy |eve|sstretCh|ng mode has the Iargest IR intensity (2650 km/mol versus

of the valencer{ — 1)d, ns, andnp orbitals of the Cu, Ag, and
Au atoms and those of the lone pair &nd vacantr* orbitals

of CO2 Figure 8 shows schematically the energy levels of the
valence orbitals of the metal atoms and those of @570
lone pair and the vacanti2or 37 antibonding orbitals of CO
and CS calculated with the BPW91 functional. The energy
separation between the Cu 3d and €0evels is smaller than
the separation between the Cu 4s and GOobbitals, theo
donation is small, and ther back-donation is primarily
responsible for the formation of CuCO. The Ag 5s and 5p

orbitals are virtually at the same energy levels as those of Cu,

but the energy level of the Ag 4d orbital is about 2.4 eV lower
in energy than that of the Cu 3d orbital. The extra stability of

less than 23 km/mol for the other modes). The symmetric CS
stretching mode is IR inactive, but this mode of the %GS)-
(*3CS) molecule is IR active because of the reduced symmetry.
It was predicted at 1339.4 crhwith an IR intensity of 273
km/mol. This band could either be too weak to be observed or
be overlapped by the strong S’&GS or AgCS absorptions.
AU(CS),. Similar bands at 1317.6 and 2698.7 ¢hin the
gold reaction are assigned to the antisymmetric CS stretching
and the combination of symmetric and antisymmetric CS
stretching modes of the linear Au(GSholecule following the
example of Ag(CS) These bands are weak on sample deposi-
tion and greatly increased on annealing (Figure 2). The
1317.6-cm! band shifted to 1276.6 cnt with °CS; and gave

the Ag 4d orbital blocks the back-donation occurrence and thus a 1>C/*3C isotopic ratio of 1.0321. In the mixédCS; + 1°CS,
makes the AgCO molecule unbound. In the case of Au, the experiment, a triplet at 1317.6, 1291.6, and 1276.6cwith
metal 5d is between Cu and Ag, but the metal s orbital is much approximately 1:2:1 relative intensity was observed (Figure 5),
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indicating that two equivalent CS subgroups are involved in bonded to both the two silver atoms was predicted to be 15.3
this mode. The 2698.7-cmh band is much weaker than the kcal/mol higher in energy than the end-on structure. The CS
1317.6-cmi! band, and a similar triplet was observed at 2698.7, stretching frequency for the ground-state,&& molecule was
2659.5, and 2614.0 cm in the mixed'?CS, + 13CS, experi- calculated at 1304.3 cmh, just 3.9 cn?! lower than the observed
ment. The 2698.7-cn absorption is 1381.1 cm above the value. The bridged structure of AQS was predicted to absorb
strong 1317.6-cm! band, and thé3CS counterpart is separated at 1105.3 cm?, which is too low to fit the observed frequency.
by 1337.4 cm?. These intervals are appropriate for a symmetric ~ Au,CS.A similar band at 1366.8 cm in the gold experiment
CS stretching mode of Au(C8g) is assigned to the ACS molecule. Thé3CS counterpart was

The Au(CS) molecule also has 41, ground state with linear ~ Observed at 1323.7 crh The ground state of ACS was
structure as shown in Figure 7. The antisymmetric and sym- Predicted to béA’ with an end-on structure. The CS stretching
metric C-S stretching modes were computed at 1340.5 and frequency and isotopic frequency ratio were computed to be
1407.5 cn1 with 12C/A3C isotopic ratios of 1.0321 and 1.0330, 1398.8 cm* and 1.0320. _ o
respectively. The stretching frequencies and isotopic frequency ~The bonding of MCS (M= Cu, Ag, and Au) is very similar
ratios are in good agreement with the experimental values.  to that of otherzénz%tal dimer complexes such as@, Fe-

For the dithiocarbonyls, the bonding is different from that of CO, a_nd CeCO; . and also involves the usual QOnatlon/back-
the monothiocarbonyls. Due to the extra stability of the filled donation mechanism. '+I'he GUAQ,, and Aw dimers were
nd'® shell of the metal, s-to-d promotion is not favored. Since predicted to have thé%, gfou.”d state+. TheA’ ground-state
metal s-to-p promotion requires quite large energy, the mono- MCS qomplexes correlate with th&, grpund state of thg
thiocarbonyls possess bent geometry that correlates to theme'[alldlmer an(_j CS.To redgce the repulsion between the filled
ground-state metal atoms. In the case of dithiocarbonyls, o molecular orbital of metal dimer and CS_’ the®8 complexes
however, there are two CS molecules to share the cost of s-to-pare bent analogous to the MCS monothiocarbonyl complexes.
promotion, the ground state of dithiocarbonyls correlates to the The MMC and ;VICS bond angles were calculated to be 165.1
first excited state of the metal atom with th¥ & p! electronic and 163.3 (Cu),> 158.2 and 147°YAg), and 177.4 and 1771
configuration. The s-to-p promotion significantly reduces the (Au), respt_actwely. Previous theoretical studies pomted out that
o repulsion and increases the metal-to«€Back-donation. All the repulsion decr.eas.es from metal-to-m.etal dimer .because of
the M(CS} (M = Cu, Ag, and Au) molecules are linear. The charge accumulation in the metahetal midbond region and
molecules prefer the linear geometry to maximize the metal- of th_e greater polar_lzat|on O.f metal dlm’ér.RepIac_lng the
to-CS bonding. Ther back-donation of Ag-to-C%* is shown terminal metal atom in MCS with more electro_negatlve atoms
clearly in the HOMO {) of Ag(CS). The dithiocarbonyls are such as sulfur could furthgr reduce the (epuIS|on. The resulting
more strongly bound than the monothiocarbonyls. The m&tal S.MCE zrgnolecul_es_were "”'f’af as predicted by DFT calcula-
bond lengths of the Cu(CS)AG(CS), and Au(CS) dithiocar- tions!”29The binding energies of BCS were computgd to b(_a
bonyls were calculated to be 1.830, 2.034, and 1.949 A, 28.2 (Cu), 12'5 (Ag), ar_1d .39'9. k(_:al_/mol (Au), respectively, with
respectively, shorter than that of the corresponding monothio- respect to their dissociation limits: ground state # CS.

carbonyls (1.875, 2.160, and 1.983 A). The binding energies of No evidence was found for the formation of the trithiocar-

the second CS were estimated to be 49.5, 30.4, and 44.4 kcalpOnyl species in th‘? present exper_imen_ts. The Cu{@Blecule
mol, after zero-point energy correction, which are much higher was not observed in the Cu reaction eith@oth the Cu(CO)

d Ag(CO} molecules have been observed in solid ma#ié
than that of the CuCS (26.9 kcal/méIpgCs (12.8 kcal/mol), ~ 2N°
and AuCS (25.6 kcal/mol) monothiocarbonyls. The order of Wtr)"Ch stL)llggegts g;:a; Ctlj(cl?st).md Ag(gsté (;jlltshotséwuld be
relative stability of dithiocarbonyls is the same as that of the observaple. Lur ca cn;a l’ons predicted tha U§CAg-
monothiocarbonyls and the dicarbonyls: &Au > Ag. The (CS), and Au(CS; all have*A;" ground state with plandDsy
M(CO), (M = Cu, Ag, and Au) dicarbonyls all are stable and symmetry. The Au(CS$)molecule was predicted to be unbound

: : : ith respect to Au(CS) + CS, the same as the Au(CO)
have been experimentally characterized. The dicarbonyls aIIWIt
have?ll, grounF()j states Wi¥h linear symmet$/13The bindin)g/; carbonyl. However, both the Cu(Gnd Ag(CS) molecules

energies of the second CO were calculated to be 18.2, 1.6, and"c'® predicted to be stable with respect to Cu(GELS and

11.5 kcal/mol, respectively, after zero-point energy correction. Ag(CS) + CS. The binding energies of the third CS were

: . P calculated to be 6.1 kcal/mol for Ag(CsSvith the B3LYP
Apparently, the bonding of dicarbonyls is significantly weaker : . . . :
than that of the dithiocarbonyls. functional. Similar calculations with the BPW91 functional gave

) a value of 10.1 kcal/mol. One possible explanation is that the
Ag.CS. In the Ag experiments, a band at 1308.2 ¢ém

! - - . trithiocarbonyl absorptions may be overlapped by the strong
appeared on first annealing and increased on subsequent highs 4 proad CS absorptions.

temperature annealing. This band shifted to 1268.9'ampon Silver and gold carbonyl cations were observed in the
replacing'’CS; by *CS,. The2C/1°C isotopic frequency ratio  eactions of laser-ablated silver and gold atoms with CO in
of 1.0310 implies that the band is due to a CS stretching gycess neol® Weak CS~ absorption was observed in the

vibration of thiocarbonyl. In the mixe#CS, +13CS, experi- present experiments, but no evidence of the thiocarbonyl cation
ment, no obvious intermediate component was observed,WaS found.

indicating that only one CS subgroup is involved in this mode.

This band appeared after the AgCS absorption on annealing,Conclusions

and the band intensity is large with high laser power relative to  Silver and gold thiocarbonyl complexes MCS, M(G,3)nd
the AgCS and Ag(CS)absorptions. Accordingly, we assign the  M,CS (M= Ag and Au) have been studied by matrix isolation

1308.2-cm* band to the CS stretching vibration of the /85 infrared absorption spectroscopy and density functional theory

molecule. The band position suggests that theG®molecule  calculations. These metal thiocarbonyl complexes were produced

has an end-on instead of a bridged structure. by the reactions of CS produced by high-frequency discharge
The assignment is supported by DFT calculations. As shown and metal atoms or dimers in solid argon matrix.

in Figure 6, the ground state of AQS was calculated to be The bonding in these thiocarbonyls is very similar to that in

1A with an end-on structure. The bridged structure with CS the corresponding carbonyls, and is dominated by the synergic
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donation of electrons in thea7HOMO of CS to an empty Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
symmetry matching orbital of the metal and the back-donation D-: Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
* orbital. The metal atoms M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
of the metalr electrons to the C3* orbital. Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
have (0 — 1)d'% ns! electronic configuration, the s-to-d promo-  D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
tion is not possible, so s-to-p promotion takes place instead. 8r-tlﬁ'oJer'é)Eq?bfyléﬁ}n%gr?stegqomé Er‘t-"?-?R'-"IJ_v 'GF-?O')-('th%“'kzé ﬁh PT'S.kZFIZ:
However, the energy difference betweer) s and p orbitals is Iarge,l_é'ham’ M. A.;’P'éng, C.vY.: Nar;’ayakkar’a' A. Gonzalez, C.: Challacombe,
and hence, the ground state of monothiocarbonyls correlates tow.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L;
the ground-state metal atom and prefers a bent geometry toGonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
reduce the repulsion between the metal valence s and the C$8 g‘;"gg‘k:& %ajusé'ﬁgr'n'”;Hygggg“égh'sgg 1998.
7o orbitals. There are two CS molecules to share the cost of (10) [ee, C.; Yang, E.; Par, R. ®hys. Re. B 1988 37, 785.
s-to-p promotion, the ground state of dithiocarbonyls correlates

(11) Bauschlicher, C. W., Jr.; Ricca, A.; Partridge, H.; Langhoff, S. R.
to the first excited state of the metal atom with thHé & p! In Recent Adances in Density Functional Theqi@hong, D. P., Ed.; World

Scientific Publishing: Singapore, 1997; Part Il. Siegbahn, P. E. M. Electronic

electronic configuration. The dithiocarbonyls are linear and more

strongly bound than the monothiocarbonyls.

Structure Calculations for Molecules Containing Transition Metab..
Chem. Phys1996 93. Bytheway, I.; Wong, M. WChem. Phys. Leti.998

In the Cu, Ag, and Au group carbonyls and thiocarbonyls, 282 219.

the bonding in thiocarbonyls is stronger than that in the
corresponding carbonyls, and the bonding between silver and

(12) Zhou, M. F.; Andrews, LJ. Chem. Phys1999 111, 4548.
(13) Liang, B. Y.; Andrews, LJ. Phys. Chem. R00Q 104, 9156.
(14) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639.

CS is much weaker than that of copper and gold. These krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys198Q
differences can be understood based on the energy difference§2 650. Hay, P. J.; Wadt, W. R. Chem. Phys1985 82, 270. Wadt, W.

between valence d, s, and p orbitals of the metal atoms, as wellR-+ Hay, P. JJ. Chem. Phys1985 82, 284.

as thee HOMO andxa* LUMO of CO and CS.
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