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The interaction of carbon monoxide with metal atom is of
considerable interest from an academic or an industrial viewpoint.1

It is generally accepted that the bonding scheme of transition-metal
carbonyls involves aσ-type dative interaction between the lone-
pair electrons of CO and the vacant orbitals of the metal atom and
π-type back-donation from the filled dπ orbitals of the metal atom
to the vacantπ* orbitals of CO molecules.1,2 In contrast with the
extensive experimental and theoretical studies of the interactions
of CO molecules with the transition-metal and main-group-element
atoms,3 however, almost nothing is known about a simple zinc
carbonyl molecule. Here we report a study of the reactions of laser-
ablated zinc atoms with CO molecules in excess argon. IR
spectroscopy coupled with theoretical calculations provides obvious
evidence for the formation of an unprecedented zinc tricarbonyl,
Zn(CO)3, the next member of the series of 18-electron metal car-
bonyls Cr(CO)6 f Fe(CO)5 f Ni(CO)4, but no evidence for the
formation of the zinc mono- and dicarbonyls Zn(CO)n (n ) 1, 2).

The matrix-isolated Zn(CO)3 molecules were produced by co-
deposition of laser-ablated Zn atoms with CO in excess argon at 7
K and investigated using FTIR spectroscopy.4 Recent studies have
shown that, with the aid of an isotopic substitution technique, matrix
isolation infrared spectroscopy combined with quantum chemical
calculation is very powerful in investigating the spectrum, structure,
and bonding of novel species.3,5,6 The IR spectra in the 2000-
1960 cm-1 region are shown in Figure 1. The 1986.1 and 1975.8
cm-1 bands were produced on sample annealing (Figure 1a,b),
almost unchanged after broad-band irradiation, and slightly de-
creased upon further annealing. On the basis of the growth/decay
characteristics as a function of changes of experimental conditions,
the absorptions in the 2000-1960 cm-1 region can be grouped
together to one species in different matrix trapping sites. The 1975.8
cm-1 absorption, with larger intensity relative to the 1986.1 cm-1

band, is used for discussions. Doping with CCl4 as an electron
scavenger has no effect on these bands, indicating that the product
is neutral (Figure 1).

The main 1975.8 cm-1 absorption shifted to 1931.1 cm-1 with
13C16O and to 1931.0 cm-1 with 12C18O, respectively (Table 1),7

exhibiting isotopic frequency ratios (12C16O/13C16O, 1.0231;12C16O/
12C18O, 1.0232) characteristic of C-O stretching vibrations. In the
12C16O + 13C16O and 12C16O + 12C18O experiments, the mixed
isotopic spectra are quartets with approximately 2:1:1:2 relative
intensities, which demonstrates the doubly degenerate vibrational
mode for a trigonal species.8 The 1975.8 cm-1 band is therefore
assigned to the antisymmetric C-O stretching vibrations (e′) of
the Zn(CO)3 molecule withD3h symmetry.

To support the experimental assignment and to provide insight
into the structure and bonding in Zn(CO)3, we have performed
quantum chemical calculations at the BP86/6-311++G(3df,3pd)
level of theory with the Gaussian 03 program system.9,10Geometries
were fully optimized, and vibrational frequencies were calculated

with analytical second derivatives. The natural bond orbital (NBO)11

approach was employed to elucidate the electron configuration and
the bonding characteristics.7 The calculated C-O stretching
vibrational frequencies and isotopic frequency ratios of Zn(CO)3

are presented in Table 1. The optimized structures, along with the
ground states and point groups, are illustrated in Figure 2.
Meanwhile, the calculations for the Zn(CO)n (n ) 1, 2) species
have also been considered at the same theory level, and salient
results are showed in Figure 2.

Our DFT calculations predict that the Zn(CO)3 molecule has a
singlet ground state withD3h symmetry, whereas a triplet state
exhibits no geometry convergence. The geometry optimization
procedures starting withC1, C2V, andC3h symmetry all result in a
structure closer toD3h symmetry. The correctness of this predicted
ground state and structure for Zn(CO)3 is evident in the calculated

Figure 1. IR spectra in the 2000-1960 cm-1 region for laser-ablated Zn
atoms co-deposited with 0.5% CO in argon at 7 K: (a) 60 min of sample
deposition, (b) after annealing to 30 K, (c) after annealing to 34 K, (d)
after 20 min of broad-band irradiation, (e) after annealing to 36 K, and (f)
doping with 0.05% CCl4, after annealing to 34 K.

Table 1. Observed and Calculated Vibrational Frequencies (cm-1)
and Isotopic Frequency Ratios for the Zn(CO)3 Molecule

12C16O 13C16O 12C18O 12C/13C 16O/18O

obsa 1975.8 1931.1 1931.0 1.0231 1.0232
calcb 1974.7 1928.5 1930.2 1.0240 1.0231

a Two matrix trapping sites were observed, and only the major site
absorption is listed here.b Only the IR-active antisymmetric CO stretching
mode (e′) is listed. Details are reported in the Supporting Information.

Figure 2. Optimized structures (bond lengths in angstrom, bond angles in
degree), electronic ground states, and point groups of the Zn(CO)n (n )
1-3) molecules. For Zn(CO)2, the letter “i” denotes the imaginary frequency
(in cm-1).
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frequencies and relative intensities:7 the calculated antisymmetric
stretching frequency, 1974.7 cm-1, agrees within 1.1 cm-1 with
the experimental argon matrix value (11.4 cm-1 for 1986.1 cm-1)!
Equally importantly, the calculated12C16O/13C16O and 12C16O/
12C18O isotopic frequency ratios of 1.0240 and 1.0231 agree well
with the experimental observations, 1.0231 and 1.0232, respectively.
In the mixed isotopic spectra, the calculated symmetric C-O
stretching mode (i.e., Zn(12C16O)(13C16O)2, 2047.6 cm-1, 82 km/
mol) has an intensity much lower than the antisymmetric one (Zn-
(12C16O)3, 1974.7 cm-1, 1707 km/mol),7 in agreement with the
absence of this absorption in the mixed isotopic spectra. These
excellent agreements substantiate the identification of this novel
zinc tricarbonyl, Zn(CO)3, from the matrix IR spectrum.

The present DFT calculations show that the singlet Zn(CO)n (n
) 1, 2) molecules lie 50.68 and 37.01 kcal/mol, respectively, in
energy lower than the triplet ones. TheRZn-C in zinc monocarbonyl,
ZnCO, is 8.240 Å (Figure 2), implying that ZnCO is not bound. A
NBO analysis reveals that the natural electron configurations of
the Zn, C, and O orbitals are almost unchanged with respect to the
isolated Zn and CO, indicating that there is almost no charge transfer
from Zn to CO or vice versa.7 Similar results have also been
obtained for zinc dicarbonyl, Zn(CO)2. In contrast, the natural
charge of the zinc atom in Zn(CO)3 is 1.26754, exhibiting a large
charge transfer from Zn to CO and lowering the CO stretching
frequency. It can also be found that the HOMO-LUMO gap of
Zn(CO)3 remarkably decreases to 25.49 kcal/mol relative to those
of ZnCO and Zn(CO)2 (88.35 and 88.09 kcal/mol), supporting the
observation of Zn(CO)3 and the absence of Zn(CO)n (n ) 1, 2).
The energies for the formation of Zn(CO)3 from Zn 1S and3P states
are+5.23 and-89.92 kcal/mol, respectively, suggesting that the
formation of Zn(CO)3 involves the electronic excitation of the Zn
atom to the3P state during laser ablation (vide infra), similar to
the reactions of group 12 metal atoms with H2 and CH4.3b,12

Figure 3 shows schematically the energy levels of the valence
4d, 4s, and 4p orbitals of the Zn atom and those of the lone-pair
electrons of CO and its vacantπ* orbitals compared with those of
the Cu and Ag atoms. Taking the Cu-CO pair as an example, the
Cu 3dπ and COπ* levels are close (73.37 kcal/mol), but the Cu 4s
and CO lone-pair levels are far apart (96.85 kcal/mol), and thus
the contribution for the formation of CuCO is mainly from the dπ

f π* back-donation, consistent with the previous reports.13 The
gap of metal (n - 1)dπ and COπ* levels follows the order Cu<
Ag < Zn, suggesting that the thermal stability of these carbonyls
is in the order Cu> Ag > Zn, in good agreement with the
observations for Cu(CO)n (n ) 1-3),13 Ag(CO)n (n ) 2-3),14 and
Zn(CO)3. The electron configuration of Zn in Zn(CO)3 is [core]
4s(0.54) 3d(9.90) 4p(0.29),7 suggesting that the formation of Zn-
(CO)3 involves 4sf 4p promotion of the Zn atom. The HOMO is
the Zn-C π bonding orbital,7 which comprises the Zn sp hybrid
orbitalsf CO π* back-donation, satisfying the frontier molecular

orbital (FMO) theory.15 This promotion increases the Zn-CO
bonding by decreasing theσ repulsion and significantly increasing
the Zn 4sp hybrid orbitalsf CO π* back-donation. NBO analysis
shows that the quenching from Zn3P atom to1S in Zn(CO)3
corresponds to the stabilization by the overlapped C3 orbitals (see
the MO pictures), and the sp2 hybrid orbitals of Zn atom are favored
to bond three CO molecules. It is also found that the absorption of
Zn(CO)3 does not disappear until the argon matrix evaporates upon
heating, demonstrating its thermal stability.

In summary, the reaction of laser-ablated zinc atoms with CO
has produced the Zn(CO)3 molecule, which has the favored 18-
electron configuration as the next member of the series Cr(CO)6,
Fe(CO)5, and Ni(CO)4.
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Figure 3. Energy levels of the valence (n - 1)d, ns, and np orbitals of the
Cu, Ag, and Zn atoms and those of the lone-pair electrons of CO and its
vacantπ* orbitals.
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