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Reactions of germanium atoms and small clusters with carbon monoxide molecules in solid argon have been
studied using matrix isolation infrared absorption spectroscopy. Besides the previously reported GeCO
monocarbonyl, the Ge2(CO)2 and GenCO (n ) 2-5) carbonyl molecules are formed spontaneously on annealing
and are characterized on the basis of isotopic substitution and theoretical calculations. It is found that
Ge2CO, Ge3CO, and Ge5CO are bridge-bonded carbonyl compounds, whereas Ge2(CO)2 and Ge4CO are
terminal-bonded carbonyl molecules.

Introduction

Small silicon and germanium clusters have been the subject
of a number of theoretical and experimental studies both because
of their intrinsic interest from the viewpoint of chemical
structure and bonding and because of the potential technological
applications of microelectronic devices and the high-tech
industry. A number of experimental techniques have been
employed to study the germanium clusters. Laser photoelectron
spectroscopy of negative ions has been used for the determi-
nation of adiabatic electron affinities and electronic structures
of mass-selected clusters. Following the work of Smalley and
co-workers on the anion photoelectron spectroscopy of Gen

-

(n ) 3-12),1 Neumark’s group has reported photoelectron and
zero electron kinetic energy spectroscopic studies of Gen

- (n
) 2-15).2,3 Besides the electron affinities of the neutral clusters,
the vibrational frequencies for several electronic states of Ge2

and Ge3 were determined. Froben and Schulze have obtained
the Raman and fluorescence spectra of cryogenic matrix isolated
Gen clusters (n ) 2-4).4 Weltner and co-workers have obtained
the magneto-infrared spectra of Ge2 in rare gas matrixes.5 Ab
initio quantum chemical calculations have also been used to
determine the geometries, electronic structures, and binding
energies of germanium clusters.6-12 It has been established that
Ge2 has a3Σg

- ground state with a low-lying3Πu state. The
Ge3 trimer has a1A1 ground state withC2V symmetry. A1Ag

ground state with planar rhombusD2h symmetry has been
predicted for Ge4, and the ground state of Ge5 has been found
to be1A1′ of D3h symmetry.

The reactions of small clusters with molecules such as CO,
H2, NH3, and H2O are usually used to gain insight into their
chemisorption characteristics and catalytic activity. Many
studies of the chemical reactions of silicon clusters with
water, ammonia, acetylene, and carbon monoxide have been
performed,13-15 but much less is known about the reactivity of
the germanium clusters. An early study on the reaction of

germanium atoms and carbon monoxide in solid matrix has
characterized the germanium carbonyl species: GeCO and
Ge(CO)2.16 The ground state of GeCO was determined to be
3Σ-. The Ge(CO)2 molecule was predicted to have a singlet
ground state with a bentC2V symmetry.17 Recently, small silicon
cluster carbonyls SinCO (n ) 1-5) and Si2(CO)2 have been
synthesized in solid argon matrix using the technique of laser
ablation coupled with matrix isolation. The spectra, structures,
bonding, and reactivity of these small silicon cluster carbonyl
species were obtained.18 In this paper, we report a similar study
on the germanium carbonyl species Gen(CO) (n ) 1-5) and
Ge2(CO)2 formed from the reactions of germanium atoms and
small clusters with CO in solid argon.

Experimental and Computational Methods

The experiment for laser ablation and matrix isolation infrared
spectroscopy is similar to those reported previously.19 Briefly,
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
with 10-ns pulse width) was focused on a rotating germanium
target. The laser-ablated germanium atoms and clusters were
co-deposited with CO in excess argon onto a CsI window cooled
normally to 7 K bymeans of a closed-cycle helium refrigerator.
The matrix gas deposition rate was typically of 2-4 mmol per
hour. Carbon monoxide (99.95%),13C16O (99%, 18O < 1%),
and 12C18O (99%) were used to prepare the CO/Ar mixtures.
In general, matrix samples were deposited for 1-2 h. After
sample deposition, IR spectra were recorded on a BIO-RAD
FTS-6000e spectrometer at 0.5 cm-1 resolution using a liquid-
nitrogen-cooled HgCdTe (MCT) detector for the spectral range
of 5000-400 cm-1. Samples were annealed at different tem-
peratures and subjected to broadband irradiation (λ > 250 nm)
using a high-pressure mercury arc lamp (Ushio, 100 W).

Quantum chemical calculations were performed to predict
the structures and vibrational frequencies of the observed
reaction products using the Gaussian 03 program.20 The Becke
three-parameter hybrid functional with the Lee-Yang-Parr
correlation corrections (B3LYP) was used.21,22The 6-311+G*
basis sets were used for Ge, C, and O atoms.23 Geometries were
fully optimized and vibrational frequencies were calculated with
analytical second derivatives.
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Results and Discussions

Infrared Spectra. A series of experiments has been done
using various CO concentrations (ranging from 0.025 to 0.5%
in argon) and various laser energies (ranging from 3 to 8 mJ/
pulse) to control the relative concentrations of Ge and CO. The
infrared spectra in the C-O stretching frequency region with
0.025% CO in argon using relatively high laser energy (6 mJ/
pulse) are illustrated in Figure 1, and the new product absorp-
tions are listed in Table 1. The stepwise annealing and photolysis
behavior of these new product absorptions are also shown in
the Figure 1. In addition to the strong CO absorption at 2138.4
cm-1 (not shown), two bands at 1907.7 and 1919.3 cm-1 were
observed on sample deposition (trace a). Annealing to 30 K
(trace b) markedly increased the 1907.7 and 1919.3 cm-1

absorptions and produced new absorptions at 1935.0 (several
site absorptions were also observed, which are listed in the table
but not mentioned here), 1815.2, 1811.7, 1804.2, and 1801.0
cm-1. These absorptions kept increasing on another 34 K
annealing (trace c), during which new absorptions at 2007.2,
2005.7, 1833.5, and 1831.2 cm-1 appeared. Subsequent broad-
band irradiation (trace d) almost destroyed the 2007.2, 2005.7,
1833.5, and 1831.2 cm-1 absorptions, decreased the 1935.0,
1804.2, and 1801.0 cm-1 absorptions, slightly increased the

1907.7, 1815.2, and 1811.7 cm-1 absorptions, and produced new
absorptions at 1987.3 and 1984.7 cm-1. All of these new
absorptions increased on a final annealing to 40 K (trace e). In
addition, a weak band at 1709.2 cm-1 (not shown), which was
previously assigned to the GeCO- anion, also appeared on
sample deposition, decreased on annealing, and disappeared on
broadband irradiation.24

Figure 2 shows the spectra in the C-O stretching frequency
region with 0.5% CO in argon using relatively low laser energy
(4 mJ/pulse). Similar to the experiment shown in Figure 1, the
1907.7 and 1919.3 cm-1 absorptions were observed on sample
deposition, and they increased on 30 K annealing and on
broadband irradiation. The 1935.0 cm-1 absorption appeared
on 30 K annealing, increased on 34 K annealing, and decreased
on broadband irradiation. The 1987.3 and 1984.7 cm-1 absorp-
tions were also produced on broadband irradiation and increased
on subsequent 40 K annealing. It is noteworthy that the
absorptions at 2007.2, 2005.7, 1833.5, 1831.2, 1815.2, 1811.7,
1804.2, and 1801.0 cm-1 were not observed either on annealing
or on broadband irradiation.

Different isotopic carbon monoxides,13C16O, 12C18O, as well
as 12C16O + 13C16O and 12C16O + 12C18O mixtures, were
employed for product identification through isotopic shifts and
splittings. The isotopic counterparts are also listed in Table 1.
The mixed12C16O + 13C16O spectra in the C-O stretching
frequency region are shown in Figures 3 and 4, and the mixed
12C16O + 12C18O spectra in the C-O stretching frequency region
are illustrated in Figure 5.

Calculation Results.Quantum chemical calculations were
performed on the potential product molecules. The optimized
structures are shown in Figure 6. The vibrational frequencies
and intensities are listed in Table 2. Table 3 provides a
comparison of observed and calculated isotopic frequency ratios
for the observed vibrational modes.

GeCO. The 1907.7 cm-1 band is the dominant product
absorption in all the experiments with different CO concentra-
tions and laser energies. This band shifted to 1865.4 cm-1 with
13CO and to 1863.1 cm-1 with C18O. The isotopic frequency
ratios (12C/13C ) 1.0227 and16O/18O ) 1.0239) indicate that
the band is due to the C-O stretching mode of a germanium
carbonyl species. It is obviously attributed to a germanium
carbonyl species containing a single CO group, since only the

Figure 1. Infrared spectra in the 2040-1760 cm-1 region from co-
deposition of laser-ablated germanium atoms with 0.025% CO in Ar.
(a) 1 h ofsample deposition at 7 K, (b) after annealing to 30 K, (c)
after annealing to 34 K, (d) after 20 min of broad-band irradiation,
and (e) after annealing to 38 K.

TABLE 1: Infrared Absorptions (cm -1) from Co-deposition
of Laser-Ablated Germanium Atoms with CO in Excess
Argon
12C16O 13C16O 12C18O R(12C/13C) R(16O/18O) assignment

2007.2 1963.2 1959.2 1.0224 1.0245 Ge4CO site
2005.7 1961.8 1957.8 1.0224 1.0245 Ge4CO
1987.3 1943.0 1941.2 1.0228 1.0237 Gex(CO)y
1984.7 1940.4 1938.8 1.0228 1.0237 Gex(CO)y site
1952.5 1910.1 1905.5 1.0222 1.0247 Ge2(CO)2 site
1946.4 1904.6 1899.0 1.0219 1.0250 Ge2(CO)2 site
1940.9 1899.2 1893.5 1.0220 1.0250 Ge2(CO)2 site
1939.0 1897.3 1891.6 1.0220 1.0251 Ge2(CO)2 site
1935.0 1893.4 1887.6 1.0220 1.0251 Ge2(CO)2
1919.3 1876.9 1874.3 1.0226 1.0240 GeCO site
1907.7 1865.4 1863.1 1.0227 1.0239 GeCO
1833.5 1793.6 1787.7 1.0222 1.0256 Ge5CO site
1831.2 1791.4 1785.8 1.0222 1.0254 Ge5CO
1815.2 1774.7 1773.6 1.0228 1.0235 Ge2CO site
1811.7 1771.3 1770.1 1.0228 1.0235 Ge2CO
1804.2 1765.0 1760.7 1.0222 1.0247 Ge3CO site
1801.0 1761.8 1757.5 1.0222 1.0248 Ge3CO

Figure 2. Infrared spectra in the 2040-1780 cm-1 region from co-
deposition of laser-ablated germanium atoms with 0.5% CO in Ar. (a)
1 h of sample deposition at 7 K, (b) after annealing to 30 K, (c) after
annealing to 34 K, (d) after 20 min of broad-band irradiation, and (e)
after annealing to 38 K.
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pure isotopic counterparts were observed in the mixed12C16O
+ 13C16O and12C16O + 12C18O experiments. The 1907.7 cm-1

band is assigned to the GeCO molecule. The 1919.3 cm-1 band
showed the same isotopic shifts and splittings as the 1907.7
cm-1 band, and it is also assigned to GeCO at a different
trapping site. Cesaro and co-workers have observed GeCO at
1918.9/1907.5 cm-1 from thermal Ge atom reactions with CO
in solid argon.16 Previous ab initio calculations predicted the
GeCO molecule to have a3Σ- ground state with a linear
structure. The GeOC isomer was predicted to lie about 70 kJ/
mol higher in energy than GeCO.16 The C-O stretching
frequency of GeCO was calculated to be 1967.0 cm-1 with 853
km/ mol IR intensity. The Ge-C stretching and bending modes
were predicted at 397.9 and 286.4 cm-1 with almost zero IR
intensities.

Ge2(CO)2. In our most recent study on the reactions of silicon
atoms and small clusters with CO in solid argon, a sharp band
at 1928.7 cm-1, which was previously assigned to the linear
Si(CO)2 molecule, is reassigned to the Si2(CO)2 molecule on
the basis of both experimental observations and theoretical
calculations.18 A similar band at 1935.0 cm-1 in the present

Ge + CO experiments is assigned to the Ge2(CO)2 molecule
following the example of Si2(CO)2. As shown in Figures 1 and
2, this band appeared together with nearby matrix site-split bands
at 1939.0 and 1940.9 cm-1 on 30 K annealing, increased on 34
K annealing, but markedly decreased on broadband irradiation.
A triplet at 1935.0, 1906.7, and 1893.4 cm-1 was observed when
a mixed12C16O + 13C16O/Ar sample was used. A similar triplet
at 1935.0, 1902.8, and 1887.6 cm-1 was observed in the mixed
12C16O + 12C18O spectra. These band profiles indicate that two
equivalent CO subunits are involved, and the 1935.0 cm-1 band
should be assigned to the C-O stretching mode of a Gex(CO)2
species. The observation of only one C-O stretching vibration
implies that the molecule is linear or centrosymmetric. In
previous thermal Ge atom reactions with higher CO concentra-
tion, a weak band at 1951.1 cm-1 in solid N2 has been tentatively
assigned to the Ge(CO)2 molecule.16 The Ge(CO)2 molecule
was theoretically predicted to have a1A1 ground state with a
bent geometry. A linear structure (3Σg

-) was predicted to lie
significantly higher in energy (23.5 kcal/mol) than the bent1A1

structure. Further frequency calculations revealed that the linear

Figure 3. Infrared spectra in the 2020-1840 cm-1 region from co-
deposition of laser-ablated germanium atoms with 0.02%12C16O +
0.02% 13C16O in Ar. (a) 1 h of sample deposition at 7 K, (b) after
annealing to 34 K, (c) after 20 min of broad-band irradiation, and (d)
after annealing to 38 K.

Figure 4. Infrared spectra in the 1840-1750 cm-1 region from co-
deposition of laser-ablated germanium atoms with 0.02%12C16O +
0.02% 13C16O in Ar. (a) 1 h of sample deposition at 7 K, (b) after
annealing to 34 K, (c) after 20 min of broad-band irradiation, and (d)
after annealing to 38 K.

Figure 5. Infrared spectra in the 2020-1840 cm-1 region from co-
deposition of laser-ablated germanium atoms with 0.02%12C16O +
0.02% 12C18O in Ar. (a) 1 h of sample deposition at 7 K, (b) after
annealing to 30 K, (c) after annealing to 34 K, and (d) after annealing
to 38 K.

Figure 6. Optimized structures (bond lengths in angstrom, bond angles
in degree) of the reaction products.
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structure is a transition state with an imaginary frequency.
The bent1A1 ground-state Ge(CO)2 molecule was computed to
have two strong C-O stretching vibrations at 1999.1 and 2071.4
cm-1 with 1178:460 relative intensities. Therefore, the 1935.0
cm-1 band in the present experiments cannot be assigned to
the Ge(CO)2 molecule. In previous thermal experiments, the
Ge(CO)2 molecule also was not observed in solid argon.16

Moreover, the experiments showed that the 1935.0 cm-1 band
is favored relative to the GeCO absorption in higher laser-energy
experiments, which implies that the molecule should involve
more Ge atoms than in GeCO and should be assigned to linear
or centrosymmetric Gen(CO)2 with n g 2.

Theoretical calculations support the assignment of the 1935.0
cm-1 band to the Ge2(CO)2 molecule. As shown in Figure 6,
the Ge2(CO)2 molecule was predicted to have a singlet ground
state (1Ag) with a C2h symmetry. The antisymmetric C-O
stretching mode (bu) was computed at 2014.9 cm-1, which
should be multiplied by 0.960 to fit the observed frequency.
The calculated12C/13C and16O/18O isotopic frequency ratios
of 1.0224 and 1.0252 (Table 3) agree well with the experimental
ratios of 1.0220 and 1.0251. As the molecule is centrosym-
metric, the symmetric C-O stretching mode, which was
predicted at 2063.4 cm-1, is IR-inactive. However, this mode
of the Ge2(12C16O)(13C16O) and Ge2(12C16O)(12C18O) isoto-
pomers should be IR-active because of the reduced symmetry,
which were calculated at 2049.3 and 2049.2 cm-1 with 332
and 349 km/mol IR intensities, respectively. A weak band at
1975.4 cm-1 in the mixed12C16O + 13C16O spectra and a weak
band at 1978.3 cm-1 in the mixed12C16O + 12C18O spectra
tracked with the 1935.0 cm-1 band are most likely due to the
symmetric C-O stretching mode of the Ge2(12C16O)(13C16O)
and Ge2(12C16O)(12C18O) isotopomers. It is possible that the
1935.0 cm-1 band could originate from larger clusters, such as
Ge4(CO)2. The most stable structure of Ge4(CO)2 was predicted
to have aD2d structure with two bridge-bonded CO units. The

IR-active C-O stretching mode was calculated at 1910.7 cm-1

and does not fit the experimental value.
GenCO (n ) 2-5). In addition to the GeCO and Ge2(CO)2

absorptions, four doublets at 1801.0/1804.2, 1811.7/1815.2,
1831.2/1833.5, and 2005.7/2007.2 cm-1 were observed in the
C-O stretching frequency region. These absorptions only
appeared on annealing in the experiments with lower CO
concentration and higher laser energy (Figure 1). The infrared
absorption spectra demonstrated unequivocally the formation
of four germanium monocarbonyl species as listed in Table 1.
Each doublet exhibited12C/13C and16O/18O isotopic frequency
ratios that are characteristic of the C-O stretching vibration of
a germanium carbonyl species. In the mixed12C16O + 13C16O
and12C16O + 12C18O spectra (Figures 3-5), each doublet splits
into two doublets, and obviously can be attributed to carbonyl
species containing a single CO group. The products showed
only the C-O stretching mode, making the definitive structure
assignment difficult from the spectrum alone. However, on the
basis of their growth/decay characteristics measured as a
function of changes of experimental conditions, along with
comparisons between the experimental observed and theoretical
calculated frequencies and isotopic frequency ratios, these four
doublets could be assigned to GenCO with n ) 2-5 (Tables
1).

The doublets at 1801.0/1804.2, 1811.7/1815.2, and 1831.2/
1833.5 cm-1 lie in the region expected for the C-O stretching
vibrations of bridge-bonded carbonyl species, while the 2005.7/
2007.2 cm-1 doublet is due to a terminal-bonded carbonyl. The
doublets at 1801.0/1804.2 and 1811.7/1815.2 cm-1 appeared
after the first low-temperature annealing cycle, while the
doublets at 2005.7/2007.2 and 1831.2/1833.5 cm-1 appeared
on higher-temperature annealing. This observation implies that
the 1801.0/1804.2 and 1811.7/1815.2 cm-1 species involve less
Ge atoms than the 1831.2/1833.5 and 2005.7/2007.2 cm-1

species. Upon broadband irradiation, only the 1811.7/1815.2
cm-1 doublet increased, during which the Ge2(CO)2 absorption
decreased, suggesting that the 1811.7/1815.2 cm-1 doublet
should be assigned to Ge2CO at different trapping sites.

The Ge2 dimer has a3Σg
- ground state. Attachment of carbon

monoxide leads to a decrease in spin multiplicity. The Ge2CO
molecule was predicted to have a1A′ ground state having a
semibridge-bonded structure (Figure 6) with two inequivalent
Ge-C bonds (1.913 and 2.396 Å).The most stable triplet state
Ge2CO was predicted to lie 18.4 kcal/mol above the singlet
ground state. Geometry optimizations were also performed
starting with end-on (C∞V) and bridge-bonded (C2V) structures.
However, both structures were predicted to lie higher in energy
than the semibridge-bonded structure and are transition states
with imaginary frequencies. The Ge-Ge and C-O bond lengths
of ground-state Ge2CO are 2.391 and 1.164 Å, respectively,
which are 0.017 Å shorter and 0.036 Å longer than those of
Ge2 and CO calculated at the same level. The C-O stretching
vibrational frequency of ground-state Ge2CO was computed at
1910.5 cm-1. The calculated12C/13C isotopic frequency ratio
of 1.0232 and the16O/18O ratio of 1.0240 (Table 3) are in good
agreement with the observed values for the 1811.7/1815.2 cm-1

doublet. The Al2CO, Ga2CO, and Si2CO molecules exhibited
similar C-O stretching frequencies in solid argon and were
characterized to have semibridge-bonded structures.18,25-27

Previous theoretical studies on Ge3 suggested a1A1 (C2V)
ground state, with a very low-lying3A2′ state (D3h) within 1-5
kcal/mol above.7,9,10 Our B3LYP/ 6-311+G* calculations
confirmed the1A1 state (C2V) to be the lowest state of Ge3, with
the 3A2′ state (D3h) appearing to be slightly less stable by 0.5

TABLE 2: Calculated Harmonic Vibrational Frequencies
(cm-1) and Intensities (km/ mol) of the Product Molecules

frequency (intensity, mode)

GeCO 1967.0 (853,σ), 397.9 (0,σ), 286.4 (0,π)
Ge2CO 1910.5 (693, a), 457.5 (24, a), 415.5 (10, a), 376.4 (2, a),

270.6 (3, a), 87.8 (1, a)
Ge2(CO)2 2063.4 (0, ag), 2014.9 (2298, bu), 461.6 (0, ag),

411.2 (13, bu), 388.0 (1, au), 332.0 (0, ag), 293.5 (48, bu),
287.6 (0, bg), 242.9 (0, ag), 78.3 (0, ag), 62.1 (2, bu),
49.1 (1, au)

Ge3CO 1879.5 (803, a1), 418.3 (0, b2), 395.2(1, b1), 314.9 (2, a1),
276.8 (2, a1), 233.3 (1, b2), 208.5 (12, a1), 179.5 (1, b2),
70.3 (1, b1)

Ge4CO 2065.2 (936, a), 417.4 (20, a), 326.9 (1, a), 285.6 (10, a),
271.3 (7, a), 234.6 (2, a), 214.4 (1, a), 171.3 (1, a),
106.5 (0, a), 86.9 (2, a), 54.4 (0, a), 52.3 (1, a)

Ge5CO 1902.1 (797, a1), 412.4 (0, b1), 380.5 (0, b2), 303.7 (1, a1),
262.1 (7, b1), 253.8 (0, a1), 202.1 (3, a1), 200.8 (0, b2),
186.8 (1, a1), 174.8 (1, b2), 149.5 (0, a2), 139.0 (2, b1),
117.4 (0, a1), 59.9 (0, b2), 19.5 (0, b1)

TABLE 3: Comparison of the Observed and Calculated
Isotopic Frequency Ratios of the C-O Stretching Mode of
GenCO (n ) 1-5) and Ge2(CO)2

12C/13C 16O/18O

obsd calcd obsd calcd

GeCO 1.0227 1.0231 1.0239 1.0243
Ge2CO 1.0228 1.0232 1.0235 1.0240
Ge3CO 1.0222 1.0224 1.0248 1.0253
Ge4CO 1.0224 1.0227 1.0245 1.0248
Ge5CO 1.0222 1.0224 1.0254 1.0253
Ge2(CO)2 1.0220 1.0224 1.0251 1.0252
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kcal/mol. In the case of silicon, the ground state of Si3 was
determined to be1A1 with C2V symmetry both experimentally
and theoretically.28-32 Two structures were considered when a
CO molecule interacts with Ge3 to form the Ge3CO carbonyl.
One structure is the carbon atom bridge-bonded to two Ge atoms
of Ge3 resulting in a four-membered Ge3C ring; another structure
has a Ge3 ring with CO terminal-bonded to one of the Ge atoms.
The bridge-bonded structure (Figure 6) was predicted to be the
ground state of Ge3CO, with the terminal-bonded structure lying
31.6 kcal/mol higher in energy. The C-O stretching vibrational
frequency of the ground-state Ge3CO was computed at 1879.5
cm-1, slightly lower than the value predicted for Ge2CO. The
calculated isotopic frequency ratios (12C/13C ) 1.0224,16O/
18O ) 1.0253) also support the assignment of the 1801.0/1804.2
doublet to Ge3CO.

Previous computational studies on Ge4 found the most stable
structure to be a planar rhombus (1Ag) with D2h symmetry.9,10

Only one stable structure was found when one CO molecule
attaches to Ge4 (Figure 6). The Ge4CO monocarbonyl was
predicted to be nonplanar withCs symmetry. The CO molecule
interacts terminally with one of the apex Ge atoms of rhombus
Ge4. The Ge4 subunit remains nearly planar, and the CO subunit
is almost perpendicular to the Ge4 plane. Some geometry
optimizations were performed starting with trial geometries
without imposing any symmetry constraint. However, all of
them reverted to the nonplanarCs structure. This terminal-
bonded structure has a C-O bond length of 1.141 Å, which is
significantly shorter than those of bridge-bonded Ge2CO and
Ge3CO. The C-O stretching frequency was computed at 2065.2
cm-1, ca. 98.2 cm-1 higher than that of GeCO. The 2005.7/
2007.2 cm-1 doublet is appropriate for the C-O stretching mode
of Ge4CO.

The remaining 1831.2/1833.5 cm-1 doublet is assigned to
the bridge-bonded Ge5CO molecule. This doublet is weaker than
the GenCO (n ) 2-4) absorptions and is favored on higher
temperature annealing. An earlier ab initio pseudopotential
configuration interaction calculation suggested the ground state
of Ge5 to be a3A2′ (D3h),8 but more recent multiconfiguration
self-consistent-field and DFT/B3LYP calculations predicted a
1A1′ (D3h) ground state.9,10 Geometry optimizations were
performed on the Ge5CO monocarbonyl starting with CO either
terminal-bonded to one of the Ge atom or bridge-bonded to two
of the Ge atoms of Ge5 without imposing any symmetry
constraint. All of these calculations converged to aC2V structure
with CO bridge-bonded to two of the equatorial Ge atoms of
Ge5 (Figure 6). The C-O stretching frequency was computed
at 1902.1 cm-1 with the isotopic frequency ratios in excellent
agreement with the observed values (Table 3).

A 1A1g tetragonal bipyramid structure withD4h symmetry and
a 1A1 edge-capped bipyramidal structure withC2V symmetry
were previously predicted to be the lowest states for the Ge6

cluster.10,12 The D4h structure was predicted to be the ground
state, as the previous experiments also suggested. Definitive
determination of the most stable structure of the Ge6CO carbonyl
is also a difficult task. According to the bonding characters of
the above assigned GenCO (n ) 2-5) clusters, geometry
optimizations were performed on Ge6CO starting with CO either
terminal-bonded to one of the Ge atom or bridge-bonded to two
of the Ge atoms of Ge6. Geometry optimization starting with
the terminal-bonded structure dissociated to separated Ge6 and
CO. A minimum was found for the bridge-bonded structure,
but is unstable with respect to Ge6 + CO. We suggest that no
stable Ge6CO monocarbonyl species can be formed between
Ge6 and CO.

A weak doublet at 1987.3 and 1984.7 cm-1 appeared on
broad-band irradiation and increased on higher-temperature
annealing. This doublet was produced in both high and low CO
concentration experiments. The band position and isotopic
frequency ratios (Table 1) clearly indicate that this doublet is
due to a terminal-bonded carbonyl species. This doublet could
not be assigned and is simply labeled as Gex(CO)y species in
Table 1.

The B3LYP/6-311+G* calculations predicted that the CO
binding energies in GenCO (n ) 1-5) are 26.9, 21.4, 25.8, 1.3,
and 7.0 kcal/mol, respectively, with respect to Gen + CO. The
binding energy of Ge2(CO)2 with respect to Ge2CO + CO was
calculated to be 13.2 kcal/mol. The binding energies of Ge4CO
and Ge5CO were computed to be 1.6 and 7.0 kcal/mol after the
basis set superposition error corrections when a more extended
basis set (6-311+G(2df,2pd)) was used. The terminal-bonded
Ge4CO carbonyl is much more weakly bound than the bridge-
bonded Ge3CO and Ge5CO molecules. Ge4CO can be regarded
as CO adsorbed on the Ge4 cluster. The geometry of Ge4 does
not change significantly upon CO attachment. However, a Ge3C
four-membered ring structure was formed when CO bound to
Ge3 and Ge5 clusters. The binding energies of the germanium
monocarbonyls are lower than those of the corresponding silicon
monocarbonyls calculated at the same level, presumably because
of the larger atomic radius of germanium compared to that of
silicon.18

It is interesting to note that the GenCO (n ) 1-5) species do
not bind another CO to form the Gen(CO)2 species with the
exception of Ge2CO. As has been mentioned, the Ge(CO)2

dicarbonyl was predicted to be stable with respect to GeCO+
CO by about 11.6 kcal/mol. The formation of1A1 bent
Ge(CO)2 from 3Σ- GeCO and CO involves spin crossing and
probably requires activation energy. We also performed geom-
etry optimization on the Ge3(CO)2 species and failed in finding
any stable structure with respect to Ge3CO + CO.

Conclusions

Reactions of germanium atoms and small clusters with carbon
monoxide molecules in solid argon have been studied using
matrix isolation infrared absorption spectroscopy. In addition
to the previously reported GeCO monocarbonyl, absorption at
1935.0 cm-1 is assigned to the antisymmetric C-O stretching
vibration of Ge2(CO)2 with C2h symmetry. Small germanium
cluster monocarbonyls, GenCO (n ) 2-5) were also produced
on annealing at low CO concentrations. On the basis of isotopic
substitution and theoretical calculations, absorptions at 1811.7/
1815.2, 1801.0/1804.2, 1831.2/1833.5, and 2005.7/2007.2
cm-1 are assigned to the bridge-bonded Ge2CO, Ge3CO, and
Ge5CO, and terminal-bonded Ge4CO monocarbonyls, respec-
tively, at two trapping sites. The binding energies of GenCO (n
) 1-5) with respect to Gen + CO were predicted to be 26.9,
21.4, 25.8, 1.3, and 7.0 kcal/mol, respectively, which are lower
than those of the corresponding silicon monocarbonyls.
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