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Reactions of laser-ablated cadmium atoms with carbon monoxide molecules in solid argon have been
investigated using matrix isolation infrared spectroscopy. On the basis of isotopic substitution, the absorption
at 1858.2 cm' is assigned to the €0 stretching of the CdCO molecule, which is formed during the sample
deposition. Cadmium di- and tricarbonyls, Cd(G@) = 2, 3), have not been observed under the same
experimental conditions. Density functional theory calculations have been performed on the cadmium carbonyls
Cd(CO}), (n = 1-3), which lend strong support to the experimental assignments of the infrared spectra. It is
predicted that the CdCO molecule is a linear triplet molecule and its formation involves-€dpgpromotion.

This promotion increases the €€0 bonding by decreasing tlwerepulsion and increasing the Cd 5p orbital

— CO z* back-donation. The absence of cadmium di- and tricarbonyls, Cd(@GF 2, 3), has also been
discussed in some detail.

Introduction has been found that the formation of Zn(G@)volves 4s—
4p promotion of the Zn atom, which increases the—3O

The interaction of carbon monoxide with metal atoms is of bonding by decreasing tlerepulsion and significantly increas-
considerable interest from an academic and an industrial .

viewpoint! Coordinatively unsaturated metal carbonyls are 9 the Zn 4sp hybrid orbitals CO * back-donation.
build[i)n biocks of stable gr anometallic complexes an()j/can be However, the formation of zinc mono- and dicarbonyls,

Y ; Y ; comple . Zn(CO), (n=1, 2), was absent from the previous investigations.
exceedingly reactive and engage in a wide variety of chemical

. Recent studies have shown that, with the aid of isotopic
processes. Moreover, metal carbonyls are often considered as N L S .
L - Substitution, matrix isolation infrared spectroscopy combined
models for CO binding to the metal surface, which play

important roles in catalvsis and svnthesis and as a moiet inwith guantum chemical calculation is very powerful in inves-
P . aly ynth ety tigating the spectrum, structure, and bonding of novel spégiés.
the formation of long-lived complexes in the gas phasdt is : ' . . ,

; " In contrast with extensive experimental and theoretical studies
generally accepted that the bonding scheme of transition-metal fthe i . f CO lecul ith th " |
carbonyls involves a-type dative interaction between the lone- of the Interactions o molecules with the transition-meta

; ; and main-group-element ator#%,8 however, almost nothing
pair electrons of CO and the vacant orbitals of the metal atom

ands-type back-donation from the filled,drbitals of the metal |rse kgﬁv;ns?fgug? ti'?g;;i?nrg'gﬂ;ﬁéggﬁﬂ{g{??gﬁ:ﬁiuﬁ;xs
atom to the vacant* orbitals of CO molecule$:2 The bonding P y

. > o . with CO molecules in excess argon. IR spectroscopy coupled
in the group 11 carbonyls 5',5. quite different from that in other iy e oretical calculations provides evidence for the formation
transition-metal carbonyfs;® in part due to the extra stability

. . of a novel cadmium monocarbonyl, CdCO, whereas there is no
of the completed N configuration of the metal. It has been . . . . .
. L . . . evidence for the formation of the cadmium di- and tricarbonyls,
found that the d — a* donation is primarily responsible for

the formation of CuCO. The increased stability of the valence Cd(_CO)“ (n =2, 3), in contrast with the case of Zn(GO)
. -, . n=1-3).

d orbital level for the second transition row dramatically

increases the separation between the Aguad COx* levels

and therefore reduces the Ag 4d to @®donation relative to ) ) o o

that of CuCO. With neither C& donation to the metal nor The experiment for laser ablation and matrix isolation infrared
metal to COx* donation, it is not surprising that AGCO is not ~ SPectroscopy is similar to those previously repoftdtiefly,
formed. In the case of AuCO, the metal df Au is between the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate

Cu and Ag and both and donations are primarily responsible with 10 ns pulse width) was focused on the rotating Cd target.

for its thermal stability. The laser-ablated Cd atoms were codeposited with CO in excess
With the completedr(— 1)dis? configuration of the group ~ &rgon onto a Csl window cooled normally ¥ K by means of

12 metals, it is generally accepted that #8ground state is a closed-cycle helium refrlgerator. Typically;b mJ/lpuIse laser

distinctively passive. However, the recently reported zinc POWerwas used. Cflrblon monoxide (99.95% C&:°0 (99%,

tricarbonyl, Zn(CO), the next member of the series of 18- [ *0] < 1%), and**C**0 (99%) were used to prepare the

electron metal carbonyls, Cr(CO)~ Fe(CO} — Ni(CO)s CO/Ar mixtures. In general, matrix samples were deposited for

offers a rare example of the reaction of Zn atoms with@o.  1—2 h with a typical rate of 24 mmol/h. After sample
deposition, IR spectra were recorded on a BIO-RAD FTS-6000e

*To whom correspondence should be addressed at AIST. E-mail: SPectrometer at 0.5 crh resolution using a liquid nitrogen
g.xu@aist.go.jp. cooled HgCdTe (MCT) detector for the spectral range of 5000
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Figure 1. IR spectra in the 18801820 cnt1! region for laser-ablated
Cd atoms codeposited with 0.5% CO in argon at 7 K: (a) 60 min of
sample deposition, (b) after annealing to 25 K, (c) after annealing to
30 K, (d) after 20 min of broad-band irradiation, (e) after annealing to
34 K, and (f) doping with 0.05% Cgl after 60 min of sample
deposition.
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Figure 2. IR spectra in the 188061800 cnT? region for laser-ablated
Cd atoms codeposited with isotopic CO in Ar for 60 min of sample
deposition at 7 K: (a) 0.5%C*%0, (b) 0.25%"'*C*¢0O + 0.25%C¢0,

(c) 0.5% 3C*0, (d) 0.25%*C*0 + 0.25% *°C'®0, and (e) 0.5%
12C180.
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Figure 3. Optimized structures (bond lengths in angstroms, bond angles
in degrees), electronic ground states, and point groups of the Cg(CO)
(n = 1-3) molecules. For Cd(C@)n = 2, 3), the calculations have
been performed at the BP86/D95*-LANL2DZ level and the lettér “
denotes the imaginary frequency (ch

set was used for Cd atomi&Geometries were fully optimized,
and vibrational frequencies were calculated with analytical
second derivatives. A natural bond orbital (NBO) anah/sisms
carried out at the stationary points to give further insight into
their bonding properties.

Results and Discussion

Experiments have been done with carbon monoxide concen-
trations ranging from 0.02% to 1.0% in excess argon. Typical
infrared spectra for the reactions of laser-ablated Cd atoms with
CO molecules in excess argon in the selected regions are
illustrated in Figures 1 and 2, and the absorption bands in
different isotopic experiments are listed in Table 1. The stepwise
annealing and photolysis behavior of the product absorptions
is also shown in the figures and will be discussed below.
Experiments were also done with doping @@ different
concentrations serving as an electron scavenger in solid argon.

Quantum chemical calculations have been carried out for the
possible isomers and electronic states of the potential product
molecules. Figure 3 shows the optimized structures of the
reaction products. Molecular orbital pictures of triplet CdCO,
showing the highest occupied molecular orbitals down to the
fourth valence molecular orbital from the HOMO, are plotted
in Figure 4. Figure 5 schematically shows the energy levels of
the valence 4d, 4s, and 4p orbitals of the Cd atom and those of
the lone-pair electrons of CO and its vacamt orbitals
compared with those of the Cu, Ag, and Zn atoms. The natural
electron configuration of the CdCO molecule is listed in Table
2. To address the bonding characteristics, we report the results
from NBO analysis for the CdCO molecule in Table 3.
Meanwhile, the calculations for the Cd(G@h = 2, 3) species
have also been considered at the same theory level, and salient
results are shown in Figure 3.

400 cnTt. Samples were annealed at different temperatures and CdCO. The feature in the €O stretching region at

subjected to broad-band irradiatioh 250 nm) using a high-
pressure mercury arc lamp (Ushio, 100 W).
Quantum chemical calculations were performed to predict

1858.2 cn! (Table 1 and Figure 1) has been observed after
sample deposition. This band sharply decreases on annealing,
disappears after broad-band irradiation, and does not recover

the structures and vibrational frequencies of the observed after further annealing. The 1858.2 tinband shifts to

reaction products using the Gaussian 03 progfaithe BP86
and B3LYP density functional methods were usk@he D95*
and 6-31%#+G(3df,3pd) basis sets were used for C and O
atoms!? and the Los Alamos ECP plus DZ (LANL2DZ) basis

1813.5 cnt! with 13C1%0 and to 1812.3 cmt with 12C18Q,

exhibiting isotopic frequency ratios’?C'60/13C160, 1.0246;
12C160/12C180, 1.0253) characteristic of -0 stretching vibra-
tions. The mixed?C'60 + 13C160 and!?C'60 + 12C180 isotopic

TABLE 1: Observed and Calculated Vibrational Frequencies (cnmt) and Isotopic Frequency Ratios for the Triplet CdCO

Molecule
12C160 13C10 12cte0 2cpmsc 160/180
observed 1858.2 1813.5 1812.3 1.0246 1.0253
BP86/D95*-LANL2DZ 1860.5 1818.1 1817.1 1.0233 1.0239
BP86/6-31#+G(3df,3pd)-LANL2DZ 1863.0 1820.7 1819.3 1.0232 1.0240
B3LYP/D95*-LANL2DZ 1905.1 1861.8 1860.4 1.0233 1.0240
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Figure 4. Molecular orbital pictures of triplet CdCO, showing the
highest occupied molecular orbitals down to the fourth valence
molecular orbital from the HOMOx HOMO — 3 and HOMO — 1

HOMO-1 (-0.378), &
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The density functional theory (DFT) calculations lend strong
support for the assignment. At the BP86/D95*-LANL2DZ level,
the C-0 stretching vibrational frequencyd-o) andRcg4-c of
the singlet CACO are predicted to be 2094.0°tand 4.374 A
(Figure 3), respectively, and the singlet CdCO lies 55 kcal/mol
lower in energy than the triplet oned_o = 1860.5 cm?,
Red-c = 2.270 A), indicating that the triplet state drives the
Cd—C bond distance closer. It is reasonable that the triplet
excimer could be trapped instead of the lower energy singlet
CdCO species. The other vibrational modes of the triplet CdCO
are calculated to be 283.2 (intensity 7.5 km/maol), 233.8 (6.0),
and 153.0 (0.8) cmt, which are beyond the present spectral
range of 5006-400 cntl. At the BP86/6-31%+G(3df,3pd)-
LANL2DZ level, the singlet CdCO (2126.4 crh 8.488 A) is
about 57 kcal/mol lower in energy than the triplet one
(1863.0 cmi?, 2.279 A). At the B3LYP/D95*-LANL2DZ level,
the singlet (2185.1 crt, 4.325 A) is about 60 kcal/mol lower
in energy than the triplet (1905.1 c# 2.254 A). The calculated
vc—o values of the triplet CdCO at the BP86/D95*-LANL2DZ
(1860.5 cmi!, Table 1) and BP86/6-311+G(3df,3pd)-LAN-
L2DZ (1863.0 cn1l) levels show very good scale factors (the
ratios of the observed frequency to the calculated frequency)
of 0.999 and 0.997, respectively. Equally importantly, the
calculated?C'80/*3C160 and?C60/12C!80 isotopic frequency
ratios of 1.0233 (1.0232) and 1.0239 (1.0240) are in accord with
the experimental observations, 1.0246 and 1.0253, respectively.
These excellent agreements substantiate the identification of this
triplet cadmium monocarbonyl, CdCO, from the matrix IR
spectra. This excimer state of CdCO conforms to its weak
thermal stability; namely, the intensity of CdCO absorption
decreases upon annealing and disappears after broad-band
irradiation (Figure 1). The CdCO excimer may be formed during
the codeposition of CO with the “hot” Cd atoms ablated by a
pulse laser and has fortunately been captured by the matrix
isolation technique. As outlined in Scheme 1, the formation
of the triplet CdCO from Cd3P) and CO is exothermic

each consist of one degenerate pair, and only one of them is plotted.(—32 kcal/mol), which is more favorable than the endothermic

The unit of orbital energy is hartrees (in parentheses).
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Figure 5. Energy levels of the valence (- 1)d, ns, andnp orbitals

formation of the singlet CdCO from Cdl§) with CO
(+1 kcal/mol). Also, the CdCO excimer readily decomposes
to the separate Cd%) atom and CO molecule upon annealing
(=56 kcal/mal), which does not favor the further addition of
CO to form higher cadmium carbonyls.

Hereafter, mainly BP86/D95*-LANL2DZ results are pre-
sented for discussion. The present DFT calculations predict that
the triplet cadmium dicarbonyl, Cd(C@has aC,, symmetry
with an Reg-c of 2.362 A (Figure 3), and the triplet Cd(CD)
lies 40 kcal/mol higher in energy than the singlet one with one
imaginary frequency at 32.2 crh Similarly, the cadmium
tricarbonyl, Cd(CQj, is predicted to have ¥, state withDz,
symmetry, and the geometry optimization procedures starting
with C4, Cy,, andCsn symmetry all result in structures closer to
Dan symmetry, which all have one imaginary frequency
(272.1 cnl). The triplet Cd(CO) molecule exhibits no
geometry convergence. Thus, there is no indication for a strong
Cd—CO interaction leading to the formation of Cd(GQ)

of the Cu, Ag, Zn, and Cd atoms and those of the lone-pair electrons consistent with the absence of this species in the present matrix

of CO and its vacant* orbitals.

spectra (Figure 2) only provide the sum of pure isotopic bands,

which indicates a monocarbonyl molecdiféds can be seen in
Figure 1, doping with CGlhas no effect on this band, suggesting
that the product is neutr&.The 1858.2 cm! band is therefore
assigned to the €0 stretching vibration of the neutral cadmium
monocarbonyl, CdCO.

IR spectra. This feature is different from the reactions of Zn
atoms with CO, by which the Zn(C@jnolecule was observed
but no formation of Zn(CQ)(n = 1, 2)8

In contrast, the natural charge of the cadmium atom in CdCO
is +0.56, exhibiting a large charge transfer from Cd to CO and

therefore sharply lowering the CO stretching frequency. It is

noted that the HOMGLUMO gap of CdCO (3.74 kcal/mol)
is lower than that of Cd(CQ)(67.22 kcal/mol) and Cd(C®)
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TABLE 2: Natural Electron Configuration of the Triplet CdCO Molecule Calculated at the BP86/D95*-LANL2DZ Level

atom natural electron configuration
Cd [core]5s(1.11)4d(9.99)5p(0.34)
C [core]2s(1.51)2p(2.51)3s(0.03)3p(0.05)
(0] [core]2s(1.74)2p(4.70)3p(0.01)3d(0.02)
atom o spin orbitals /3 spin orbitals
Cd [core]5s(0.96)4d(5.00)5p(0.34) [core]5s(0.15)4d(4.99)
C [core]2s(0.81)2p(1.53)3s(0.02)3p(0.04) [core]2s(0.70)2p(0.99)3s(0.01)3p(0.01)
(0] [core]2s(0.87)2p(2.43)3p(0.01)3d(0.01) [core]2s(0.87)2p(2.27)3d(0.01)
TABLE 3: Natural Bond Orbital Analysis Results of the Triplet CdACO Molecule Calculated at the BP86/D95*-LANL2DZ
Level
Cd (%) C (%)
bond spin type 10QCa|? s p d 10QCa|? s p d
Cd-C o T 23.70 0.00 99.72 0.28 76.30 0.00 99.99 0.01
Cd-C p o 14.11 98.52 1.06 0.43 85.89 58.71 41.28 0.01
C (%) O (%)
bond spin type 10QCa|? s p d 100Ca|? s p d
Cc-0 o T 28.51 0.00 99.77 0.23 71.49 0.00 99.69 0.31
c-0O a o 30.02 28.39 71.44 0.17 69.98 42.39 57.14 0.47
Cc-0 B T 27.19 0.00 99.73 0.27 72.81 0.00 99.68 0.32
Cc-0 p o 30.77 42.82 56.99 0.19 69.23 41.49 58.04 0.48

aCa is the polarization coefficient.

SCHEME 1: Reaction Mechanism of Laser-Ablated
Cadmium Atoms with Carbon Monoxide in Solid Argon2

+CO

cd ép) CdCo ()
-32
Cd metal Laser ablation 88 55
cd('s) <'_+Cf)) cdco ('=h

2 A negative value of energy (kcal/mol) denotes that the reaction is
exothermic.

(13.35 kcal/mol). The formation of CdCO from the reactions
of CO with the Cd {S) atom is endothermicH55.49 kcal/mol),
but exothermic £32.20 kcal/mol) with Cd¥P), implying that
the formation of CdCO involves the electronic excitation of the
Cd atom to the’P state (vide infra).

Bonding Mechanism The natural electron configuration of
Cd in CdCO is [core]5s(1.11)4d(9.99)5p(0.34) (Table 2),
suggesting that the formation of CdCO involves 5s 5p
promotion of the Cd atom. As illustrated in Figure 4, the
spin HOMO is the Ce&C s bonding orbital (also shown in
Table 3), which comprises the Cd 5p orbital CO * back-
donation, satisfying the frontier molecular orbital (FMO)
theory1® This promotion increases the €€O bonding by
decreasing the repulsion and significantly increasing the Cd
5p orbital— CO x* back-donation. The contribution for the
formation of the Ce-C bond is primarily from the interaction
between Cd 5p (99.72%) and C 2p (99.99%) orbitals (Table
3). Thea spin HOMO— 1 is largely Cd 5s in character and is
nonbonding. Thex spin HOMO — 2 is a Cd-C—0 o-type
bonding orbital, similar to the spin HOMO. Thea spin
HOMO — 3 and HOMO— 4 mainly depict the enhancedtype
and depressed-type C-O bonds, respectively, and the same
are the corresponding spin molecular orbitals (Table 3).
Furthermore, the states of X+, A 11, and"2[1 can be derived
from the two nominal configurations @2 and ..o%z?) of this
linear molecule. This reguldr H1 state is indeed metastable

barrier to rearrangement. The molecule is on a triplet surface
that can cross via the%hl,+ spin component over to the singlet
X 13+ surface, but this rearrangement must have a barrier. In
contrast, a similar rearrangement for ZnCO might have a lower
barrier, and then it is more difficult to capture the triplet ZnCO.

As shown in Figure 5, the metah (— 1)d, of the Ag, Zn,
and Cd atoms and C@* levels are farther apart than in the
Cu atom. Thus, the ,d— x* donation is expected to be
energetically unfavorable for the formation of MCO @WAg,

Zn, Cd)3-% Interestingly, the zinc tricarbonyl, Zn(C®has been
recently observed from the reaction of laser-ablated Zn atoms
with CO in excess argon, whereas the zinc mono- and
dicarbonyls, Zn(CQ)(n = 1, 2), have not been observédhe
4s — 4p promotion of the Zn atom has been found in the
formation of Zn(COj, which increases the ZrCO bonding

by decreasing the repulsion and significantly increasing the
Zn 4sp hybrid orbitals> CO z* back-donation. The quenching
from the Zn3P atom tolS in Zn(CO} corresponds to the
stabilization by the overlappeds®@rbitals, and the sphybrid
orbitals of Zn atom are favorable to bond three CO molecules.
For CdCO, the aforementioned 5s 5p promotion of the Cd
atom (Table 3) is primarily responsible for its metastability,
which increases the CadCO bonding by decreasing the
repulsion and significantly increasing the Cd 5p orbitalCO

z* back-donation. Thens — np excitation energy of the Cd
atom (100.07 kcal/mol) is slightly lower than that of the Zn
atom (111.28 kcal/mol). In contrast, it has been found #Rat
excited metal atoms react with,Hn the matrix to form the
group 12 hydride moleculé®.1 To form the monomethylmetal
hydride species, C#IH (M = Zn, Cd, Hg), excitation to the

3P metal atom state was also required to promote insertion
into a methane molecufé. Along with the aforementioned
reports3t:17.18the present finding shows that a number of novel
species difficult to form from the reactions of ground-state
metals are generated using excitation methods such as laser
ablation and irradiation by a microwave-powered reactive

and presumably can be trapped in a matrix because there is aesonance lamp.
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Conclusions
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(6) Jiang, L.; Xu, QJ. Am. Chem. So005 127, 8906.
(7) Li, J.; Bursten, B. E.; Liang, B.; Andrews, IScience2002 295,

Reactions of laser-ablated cadmium atoms with carbon 2242. Andrews, L.; Wang, XScience2003 299, 2049.

monoxide molecules in solid argon have been studied using

matrix isolation infrared spectroscopy. The absorption at
1858.2 cm! is assigned to the €0 stretching of the CdCO
molecule on the basis of isotopic substitution. Density functional

(8) Zhou, M. F.; Tsumori, N.; Li, Z.; Fan, K.; Andrews, L.; Xu, Q.
J. Am. Chem. So@002 124, 12936. Zhou, M. F.; Xu, Q.; Wang, Z.; von
RagueSchleyer, PJ. Am. Chem. So@002 124, 14854. Jiang, L.; Xu, Q.
J. Am. Chem. So@005 127, 42.

(9) Burkholder, T. R.; Andrews, LJ. Chem. Phys1991 95, 8697.

theory calculations have been performed on the cadmium Zhou, M. F.; Tsumori, N.; Andrews, L.; Xu, QI. Phys. Chem. 2003

carbonyls Cd(CQ)(n = 1—3), which lend strong support to

107, 2458. Jiang, L.; Xu, QJ. Chem. Phys2005 122, 034505.
(10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

the experimental assignments of the infrared spectra. It is M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

predicted that the CdCO molecule is a linear triplet molecule
and its formation involves Cd 5s> 5p promotion. This
promotion increases the €€O bonding by decreasing tlee
repulsion and increasing the Cd 5p orbital CO &* back-
donation. The absence of cadmium di- and tricarbonyls,
Cd(CO), (n = 2, 3), has also been discussed in some detalil.
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