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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 GECO), and GgCO (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
GeCO, GeCO, and GeCO are bridge-bonded carbonyl compounds, wherea$G&y, and GeCO are
terminal-bonded carbonyl molecules.

Introduction germanium atoms and carbon monoxide in solid matrix has
characterized the germanium carbonyl species: GeCO and
Ge(CO».16 The ground state of GeCO was determined to be
%3, The Ge(CO) molecule was predicted to have a singlet
Iground state with a bei@,, symmetry!” Recently, small silicon
cluster carbonyls CO (n = 1-5) and Sj(CO), have been
synthesized in solid argon matrix using the technique of laser

industry. A number of experimental techniques have been . X L .
employed to study the germanium clusters. Laser photoelectrona‘t’lat'.On coupled W'.th matrix isolation. T.h.e spectra, structures,
' bonding, and reactivity of these small silicon cluster carbonyl

spectroscopy of negative ions has been used for the determi- . . . -
. : . o . species were obtainééIn this paper, we report a similar study
nation of adiabatic electron affinities and electronic structures

of mass-selected clusters. Following the work of Smalley and oGﬂ tfg:eogefrmamgrp cart?]onyl sp§0|esn]§€ﬁ)) O N 1-5) and d
co-workers on the anion photoelectron spectroscopy of Ge &(CO), forme ' from the reactions of germanium atoms an
1oVl , small clusters with CO in solid argon.
(n=3—-12),! Neumark’s group has reported photoelectron and
zero electron kinetic energy spectroscopic studies of Ge
= 2—15)23Besides the electron affinities of the neutral clusters,
the vibrational frequencies for several electronic states gf Ge  The experiment for laser ablation and matrix isolation infrared
and Gg were determined. Froben and Schulze have obtained spectroscopy is similar to those reported previod&Briefly,
the Raman and fluorescence spectra of cryogenic matrix isolatedthe Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
Ge, clusters (i = 2—4)# Weltner and co-workers have obtained with 10-ns pulse width) was focused on a rotating germanium
the magneto-infrared spectra of Qe rare gas matrixes Ab target. The laser-ablated germanium atoms and clusters were
initio quantum chemical calculations have also been used to co-deposited with CO in excess argon onto a Csl window cooled
determine the geometries, electronic structures, and bindingnormally © 7 K by means of a closed-cycle helium refrigerator.
energies of germanium clustérs? It has been established that  The matrix gas deposition rate was typically ef2 mmol per
Ge has a%%y~ ground state with a low-lyingIl, state. The hour. Carbon monoxide (99.95%YC'60 (99%, 180 < 1%),
Ge; trimer has a'A; ground state withC,, symmetry. AlAg and12C180 (99%) were used to prepare the CO/Ar mixtures.
ground state with planar rhombu3,, symmetry has been In general, matrix samples were deposited fer2lh. After
predicted for Gg and the ground state of Ghas been found  sample deposition, IR spectra were recorded on a BIO-RAD
to belAy of Dan symmetry. FTS-6000e spectrometer at 0.5 chmesolution using a liquid-
The reactions of small clusters with molecules such as CO, nitrogen-cooled HgCdTe (MCT) detector for the spectral range
H,, NH3, and HO are usually used to gain insight into their of 5000-400 cnt®. Samples were annealed at different tem-
chemisorption characteristics and catalytic activity. Many peratures and subjected to broadband irradiation 250 nm)
studies of the chemical reactions of silicon clusters with using a high-pressure mercury arc lamp (Ushio, 100 W).
water, ammonia, acetylene, and carbon monoxide have been Quantum chemical calculations were performed to predict
performedt3-15 but much less is known about the reactivity of the structures and vibrational frequencies of the observed
the germanium clusters. An early study on the reaction of reaction products using the Gaussian 03 progi@iihe Becke
three-parameter hybrid functional with the Le€ang—Parr
* Corresponding authors. E-mail: mfzhou@fudan.edu.cn (Zhou), correlation corrections (B3LYP) was us&e2 The 6-314-G*
q-XT“@a'St-go-JP (Xu). basis sets were used for Ge, C, and O atéh@eometries were
Fudan University. e . . . .
*National Institute of Advanced Industrial Science and Technology fully optimized and vibrational frequencies were calculated with
(AIST). analytical second derivatives.

Small silicon and germanium clusters have been the subject
of a number of theoretical and experimental studies both becaus
of their intrinsic interest from the viewpoint of chemical
structure and bonding and because of the potential technologica
applications of microelectronic devices and the high-tech
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Figure 1. Infrared spectra in the 2040760 cnt?! 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,
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Figure 2. Infrared spectra in the 204780 cnt! 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

and (e) after annealing to 38 K. 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 1907.7, 1815.2, and 1811.7 chmbsorptions, and produced new

Argon _ absorptions at 1987.3 and 1984.7 ©mAll of these new
12Cl60  1¥C0  12C1'0  R(ZCMC) R(**0/*0)  assignment absorptions increased on a final annealing to 40 K (trace e). In
2007.2 1963.2 1959.2  1.0224 1.0245 ,GO site addition, a weak band at 1709.2 ch{not shown), which was
2005.7 1961.8 1957.8  1.0224 1.0245 ,G@ previously assigned to the GeCQanion, also appeared on
1987.3 1943.0 19412  1.0228 1.0237 J(EO), sample deposition, decreased on annealing, and disappeared on
1984.7 1940.4 1938.8 1.0228 1.0237 (@®), site broadband irradiatioft

19525 1910.1 1905.5 1.0222 1.0247  @&O), site . ' . .

19464 19046 1899.0 1.0219 1.0250 @O), site Figure 2 shows the spectra in the-O stretching frequency
1940.9 1899.2 18935  1.0220 1.0250 @O, site region with 0.5% CO in argon using relatively low laser energy
1939.0 1897.3 1891.6 1.0220 1.0251 @O) site (4 mJ/pulse). Similar to the experiment shown in Figure 1, the
1935.0 1893.4 1887.6  1.0220 1.0251  H@0) 1907.7 and 1919.3 cm absorptions were observed on sample
1919.3 1876.9 18743  1.0226 1.0240  GeCOsite deposition, and they increased on 30 K annealing and on
1907.7 1865.4 1863.1  1.0227 1.0239  GeCO broadband irradiation. The 1935.0 chab i q
18335 17936 1787.7 1.0222  1.0256 GO site roadband irradiation. the 0 chmabsorption appeare
18312 17914 1785.8 1.0222 1.0254 GO on 30 K annealing, increased on 34 K annealing, and decreased
1815.2 17747 1773.6  1.0228 1.0235 GO site on broadband irradiation. The 1987.3 and 1984.7 ‘cabsorp-
1231; 1721.8 17;8.1 1.8222 1.8335 22 _ tions were also produced on broadband irradiation and increased
1804.2 17650 1760.7 1. 1.0247  4GO site n nt 40 K annealing. It is noteworthy that th
1801.0 1761.8 1757.5 1.0222 1.0248 3G@ on subseque 0 anneaing s noteworthy €

absorptions at 2007.2, 2005.7, 1833.5, 1831.2, 1815.2, 1811.7,
1804.2, and 1801.0 crhwere not observed either on annealing
or on broadband irradiation.

Infrared Spectra. A series of experiments has been done  Different isotopic carbon monoxideSC®0, 12C*€0, as well
using various CO concentrations (ranging from 0.025 to 0.5% as 2C!%0 + 3C'%0 and '?C1®0 + 2C'80 mixtures, were
in argon) and various laser energies (ranging from 3 to 8 mJ/ employed for product identification through isotopic shifts and
pulse) to control the relative concentrations of Ge and CO. The splittings. The isotopic counterparts are also listed in Table 1.
infrared spectra in the €0 stretching frequency region with  The mixed2C*0 + 13C!0 spectra in the €O stretching
0.025% CO in argon using relatively high laser energy (6 mJ/ frequency region are shown in Figures 3 and 4, and the mixed
pulse) are illustrated in Figure 1, and the new product absorp- 2C*0 + 12C!80 spectra in the €O stretching frequency region
tions are listed in Table 1. The stepwise annealing and photolysisare illustrated in Figure 5.
behavior of these new product absorptions are also shown in Calculation Results. Quantum chemical calculations were
the Figure 1. In addition to the strong CO absorption at 2138.4 performed on the potential product molecules. The optimized
cmt (not shown), two bands at 1907.7 and 1919.3 tmere structures are shown in Figure 6. The vibrational frequencies
observed on sample deposition (trace a). Annealing to 30 K and intensities are listed in Table 2. Table 3 provides a
(trace b) markedly increased the 1907.7 and 1919.3'cm comparison of observed and calculated isotopic frequency ratios
absorptions and produced new absorptions at 1935.0 (severafor the observed vibrational modes.
site absorptions were also observed, which are listed in the table GeCO. The 1907.7 cm! band is the dominant product
but not mentioned here), 1815.2, 1811.7, 1804.2, and 1801.0absorption in all the experiments with different CO concentra-
cml. These absorptions kept increasing on another 34 K tions and laser energies. This band shifted to 1865.4'ewith
annealing (trace c), during which new absorptions at 2007.2, 13CO and to 1863.1 crmi with C'80. The isotopic frequency
2005.7, 1833.5, and 1831.2 chappeared. Subsequent broad- ratios (2C/A3C = 1.0227 and'®0/*80 = 1.0239) indicate that
band irradiation (trace d) almost destroyed the 2007.2, 2005.7,the band is due to the-€0 stretching mode of a germanium
1833.5, and 1831.2 cmh absorptions, decreased the 1935.0, carbonyl species. It is obviously attributed to a germanium
1804.2, and 1801.0 cmh absorptions, slightly increased the carbonyl species containing a single CO group, since only the

Results and Discussions
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Figure 3. Infrared spectra in the 20201840 cn* region from co- Figure 5. Infrared spectra in the 20201840 cn1? region from co-
deposition of laser-ablated germanium atoms with 0.02@4°0 + deposition of laser-ablated germanium atoms with 0.02@4%0 +

0.02% _130160 in Ar. (a) 1 h ofsample deposition at 7 K, (b) after  0.020612C1%0 in Ar. (a) 1 h ofsample deposition at 7 K, (b) after
annealing to 34 K, (c) after 20 min of broad-band irradiation, and (d) annealing to 30 K, (c) after annealing to 34 K, and (d) after annealing

after annealing to 38 K. to 38 K.
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Figure 4. Infrared spectra in the 184750 cn1?* region from co- 2_42/Ge 542,030 /
deposition of laser-ablated germanium atoms with 0.02@4°0 + Ge\ 26} 2. 609)&% 2, D
0.02% 13C*®0 in Ar. (a) 1 h ofsample deposition at 7 K, (b) after S

annealing to 34 K, (c) after 20 min of broad-band irradiation, and (d)
after annealing to 38 K. Figure 6. Optimized structures (bond Iengths in angstrom, bond angles
in degree) of the reaction products.

pure isotopic counterparts were observed in the miXe#0

+ 18C160 and!2C!®0 + 12C180 experiments. The 1907.7 ch Ge + CO experiments is assigned to the &), molecule

band is assigned to the GeCO molecule. The 1919:3 band following the example of ${CO),. As shown in Figures 1 and

showed the same isotopic shifts and splittings as the 1907.72, this band appeared together with nearby matrix site-split bands

cm~! band, and it is also assigned to GeCO at a different at 1939.0 and 1940.9 cthon 30 K annealing, increased on 34

trapping site. Cesaro and co-workers have observed GeCO aK annealing, but markedly decreased on broadband irradiation.

1918.9/1907.5 cmt from thermal Ge atom reactions with CO A triplet at 1935.0, 1906.7, and 1893.4 thwas observed when

in solid argon® Previous ab initio calculations predicted the a mixed?C%0 + 13C160/Ar sample was used. A similar triplet

GeCO molecule to have &~ ground state with a linear at 1935.0, 1902.8, and 1887.6 thwas observed in the mixed

structure. The GeOC isomer was predicted to lie about 70 kJ/12C160 + 12C180 spectra. These band profiles indicate that two

mol higher in energy than GeC®.The C-O stretching equivalent CO subunits are involved, and the 1935.0'dpand

frequency of GeCO was calculated to be 1967.0%twith 853 should be assigned to the-© stretching mode of a GEO),

km/ mol IR intensity. The GeC stretching and bending modes species. The observation of only one-O stretching vibration

were predicted at 397.9 and 286.4 Znwith almost zero IR implies that the molecule is linear or centrosymmetric. In

intensities. previous thermal Ge atom reactions with higher CO concentra-
Ge(CO). In our most recent study on the reactions of silicon tion, a weak band at 1951.1 cfin solid N, has been tentatively

atoms and small clusters with CO in solid argon, a sharp band assigned to the Ge(C®jnoleculel® The Ge(CO) molecule

at 1928.7 cm?, which was previously assigned to the linear was theoretically predicted to havelA; ground state with a

Si(CO), molecule, is reassigned to the,&O), molecule on bent geometry. A linear structuré€,~) was predicted to lie

the basis of both experimental observations and theoreticalsignificantly higher in energy (23.5 kcal/mol) than the by

calculationst® A similar band at 1935.0 cm in the present structure. Further frequency calculations revealed that the linear
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TABLE 2: Calculated Harmonic Vibrational Frequencies IR-active C-0O stretching mode was calculated at 1910.7&€m
(cm™1) and Intensities (km/ mol) of the Product Molecules and does not fit the experimental value.
frequency (intensity, mode) Ge&,CO (n= 2-5). In addition to the GeCO and GEO),
GeCO 1967.0 (8537), 397.9 (0,0), 286.4 (07) absorptions, four doublets at 1801.0/1804.2, 1811.7/1815.2,
GeCO  1910.5 (693, a), 457.5 (24, a), 415.5 (10, a), 376.4 (2,a), 1831.2/1833.5, and 2005.7/2007.2 dnvere observed in the
Ge(COR 2022046( 53,@)&)2, 0817489(%2, ;%8 9. 4616 (0.9 C—O stretching frequency region. These absorptions only
& 40,9, . ,b, 461.6 (0, @), S : )
4112 (13, 1), 388.0 (1, ), 332.0 (0, g, 293.5 (48, b) appeared on anneallng in the experiments with Iower CO
287.6 (0 concentration and higher laser energy (Figure 1). The infrared
6(0,h),242.9 (0, 9, 78.3 (0, 3), 62.1 (2, h), : ) .

491 (1, 3 absorption spectra demonstrated unequivocally the formation
GeCO  1879.5(803,4, 418.3 (0, b), 395.2(1, k), 314.9 (2, a), of four germanium monocarbonyl species as listed in Table 1.

276.8 (2, @), 233.3 (1, b), 208.5 (12, 8, 179.5 (1, b), Each doublet exhibitet?C/*3C and'®0/'80 isotopic frequency

70.3 (1, b) ratios that are characteristic of the-O stretching vibration of

GeCO  2065.2 (936, a), 417.4 (20, a), 326.9 (1, 2), 285.6 (10,8), 3 germanium carbonyl species. In the mi¥@0 + 13C160

271.3(7,a),234.6 (2,a),214.4(1, a), 171.3 (1, a), . .
106.5 EO, Zg, 86.9 (2(’ ai)54.4 (O,(a),a5)2.3 2 aE) 3) and2C10 + 12C180 spectra (Figures-35), each doublet splits

GeCO  1902.1(797,3, 412.4 (0, k), 380.5 (0, b), 303.7 (1, @), into two doublets, and obviously can be attributed to carbonyl
262.1 (7, k), 253.8 (0, @), 202.1 (3, &, 200.8 (0, b), species containing a single CO group. The products showed
186.8 (1, @), 174.8 (1, b), 149.5 (0, @), 139.0 (2, h), only the C-0O stretching mode, making the definitive structure
117.4(0, @, 59.9 (0, ), 19.5 (0, b) assignment difficult from the spectrum alone. However, on the
TABLE 3: Comparison of the Observed and Calculated basis_ of their growth/decay _characteristic_s_ measured as a
Isotopic Frequency Ratios of the G-O Stretching Mode of function of changes of experimental conditions, along with
Ge,CO (n = 1-5) and G&(CO), comparisons between the experimental observed and theoretical
2CpsC 160/150 calculated frequencies and isotopic frequency ratios, these four
doublets could be assigned to &© with n = 2—5 (Tables
obsd calcd obsd calcd 1).
GeCO 1.0227 1.0231 1.0239 1.0243
GeCO 10228 10232 10235 10240 1813—,2e5d0u?|'et5' at 1801.9/1804.2, 1811.7/1815.2, and ;831.2/
GeCo 10222 10224 10248 10253 833.5 cm I|e_|n the region expected for Fhe—€D _stretchlng
GeCO 1.0224 1.0227 1.0245 1.0248 vibrations of bridge-bonded carbonyl species, while the 2005.7/
GeCO 1.0222 1.0224 1.0254 1.0253 2007.2 cmt doublet is due to a terminal-bonded carbonyl. The

Gey(CO) 1.0220 1.0224 1.0251 1.0252 doublets at 1801.0/1804.2 and 1811.7/1815.2 ‘cappeared
after the first low-temperature annealing cycle, while the
doublets at 2005.7/2007.2 and 1831.2/1833.5 cappeared

on higher-temperature annealing. This observation implies that
the 1801.0/1804.2 and 1811.7/1815.2émspecies involve less
Ge atoms than the 1831.2/1833.5 and 2005.7/2007.2' cm
species. Upon broadband irradiation, only the 1811.7/1815.2
cm~1 doublet increased, during which the £380), absorption

structure is a transition state with an imaginary frequency.
The benttA; ground-state Ge(C@)molecule was computed to
have two strong €0 stretching vibrations at 1999.1 and 2071.4
cm~! with 1178:460 relative intensities. Therefore, the 1935.0
cm! band in the present experiments cannot be assigned to
the Ge(CO) molecule. In previous thermal experiments, the
e e e e o o3 g Gecrsased, suggesing hl he 1911711815 e
is favored relative to the GeCO absorption in higher laser-energy should be §35|gned to geO at different trapping sites.
experiments, which implies that the molecule should involve ~ The Ge dimer has &%4~ ground state. Attachment of carbon
more Ge atoms than in GeCO and should be assigned to linearmonoxide leads to a decrease in spin multiplicity. The@2
or centrosymmetric GECO), with n = 2. molecule was predicted to have!A' ground state having a

Theoretical calculations support the assignment of the 1935.0Semibridge-bonded structure (Figure 6) with two inequivalent
cm! band to the GECO), molecule. As shown in Figure 6, Ge—C bonds (1.9.13 and 2:396 A).The most stable tripIeF state
the Ge(CO), molecule was predicted to have a singlet ground G&CO was predicted to lie 18.4 kcal/mol above the singlet
state {Ag) with a Cy, symmetry. The antisymmetric €0 grou_nd state. Geometry optlmllzatlons were also performed
stretching mode () was computed at 2014.9 ¢ which starting with end-onQe,) and bridge-bondedX;,) structures.
should be multiplied by 0.960 to fit the observed frequency. However, both structures were predicted to lie higher in energy
The calculated?C/13C and60/180 isotopic frequency ratios than the semibridge-bonded structure and are transition states
of 1.0224 and 1.0252 (Table 3) agree well with the experimental With imaginary frequencies. The G&e and C-O bond lengths
ratios of 1.0220 and 1.0251. As the molecule is centrosym- Of ground-state GEO are 2.391 and 1.164 A, respectively,
metric’ the Symmetric (afe) Stretching mode, which was which are 0.017 A shorter and 0.036 A |0nger than those of
predicted at 2063.4 cm, is IR-inactive. However, this mode ~ G& and CO calculated at the same level. The@stretching
of the Ge(12C160)(13C1%0) and Ge(12Cl60)(12C180) isoto- vibrational frequency of ground-state & was computed at
pomers should be IR-active because of the reduced symmetry 1910.5 cmi™. The calculated”C/*3C isotopic frequency ratio
which were calculated at 2049.3 and 2049.2 &mwith 332 of 1.0232 and thé°0/*%0 ratio of 1.0240 (Table 3) are in good
and 349 km/mol IR intensities, respectively. A weak band at agreement with the observed values for the 1811.7/18152 cm
1975.4 cmilin the miXedlZClGO + 13C150 Spectra and a weak doublet. The MCO, GQCO, and SJCO molecules exhibited
band at 1978.3 crt in the mixed!2C160 + 12C180 spectra similar C-0O stretching frequencies in solid argon and were
tracked with the 1935.0 cmd band are most likely due to the ~ characterized to have semibridge-bonded structrész’
symmetric G-O stretching mode of the G@2C1%0)(13C%0) Previous theoretical studies on $ssuggested 8A; (Cz,)
and Geg(*2C%0)(*2C180) isotopomers. It is possible that the ground state, with a very low-lyingA» state Dg,) within 1-5
1935.0 cm! band could originate from larger clusters, such as kcal/mol above:®1° Our B3LYP/ 6-313#G* calculations
Gey(CO),. The most stable structure of g6€0), was predicted confirmed the!A; state Cy,) to be the lowest state of Gewith
to have aDyq structure with two bridge-bonded CO units. The the 2A state Dan) appearing to be slightly less stable by 0.5
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kcal/mol. In the case of silicon, the ground state of Bas A weak doublet at 1987.3 and 1984.7 Tthappeared on
determined to béA; with C,, symmetry both experimentally  broad-band irradiation and increased on higher-temperature
and theoretically®-32 Two structures were considered when a annealing. This doublet was produced in both high and low CO
CO molecule interacts with Geo form the GeCO carbonyl. concentration experiments. The band position and isotopic
One structure is the carbon atom bridge-bonded to two Ge atomsfrequency ratios (Table 1) clearly indicate that this doublet is
of Ge resulting in a four-membered @@&ring; another structure  due to a terminal-bonded carbonyl species. This doublet could
has a Gering with CO terminal-bonded to one of the Ge atoms. not be assigned and is simply labeled as(G®), species in
The bridge-bonded structure (Figure 6) was predicted to be theTable 1.

ground state of GEO, with the terminal-bonded structure lying The B3LYP/6-31#G* calculations predicted that the CO
31.6 kcal/mol higher in energy. The-© stretching vibrational binding energies in GEO (n = 1-5) are 26.9, 21.4, 25.8, 1.3,
frequency of the ground-state &0 was computed at 1879.5 and 7.0 kcal/mol, respectively, with respect t0,GeCO. The
cm™L, slightly lower than the value predicted for §20. The binding energy of GECO), with respect to G£O + CO was
calculated isotopic frequency ratio¥C/13C = 1.0224,60/ calculated to be 13.2 kcal/mol. The binding energies ofG&e

180 = 1.0253) also support the assignment of the 1801.0/1804.2and GgCO were computed to be 1.6 and 7.0 kcal/mol after the

doublet to GeCO. basis set superposition error corrections when a more extended
Previous computational studies on/deund the most stable ~ basis set (6-31#G(2df,2pd)) was used. The terminal-bonded
structure to be a planar rhombug\g) with D, symmetry?:10 Ge,CO carbonyl is much more weakly bound than the bridge-

Only one stable structure was found when one CO molecule Ponded GeCO and GeCO molecules. GEO can be regarded
attaches to Ge(Figure 6). The G€£O monocarbonyl was  as CO adsor_beql_on the gauster. The geometry of Geloes
predicted to be nonplanar with symmetry. The CO molecule ~ NOt change S|gn|f|.cantly upon CO attachment. However, #Ge
interacts terminally with one of the apex Ge atoms of rhombus four-membered ring structure was formed when CO bound to
Ge,. The Ge subunit remains nearly planar, and the CO subunit G€ and Ge clusters. The binding energies of the germanium
is almost perpendicular to the G@lane. Some geometry monocarbonyls are lower than those of the corresponding silicon
optimizations were performed starting with trial geometries Monocarbonyls calculated at the same level, presumably because
without imposing any symmetry constraint. However, all of o_f_the larger atomic radius of germanium compared to that of
them reverted to the nonplangl structure. This terminal-  Silicont® . .
bonded structure has a-@® bond length of 1.141 A, which is Itis interesting to note that the G20 (0 = 1-5) species do
significantly shorter than those of bridge-bondec,@@ and ~ Not bind another CO to form the G€0), species with the
GesCO. The G-O stretching frequency was computed at 2065.2 €xception of GeCO. As has been mentioned, the Ge(€0)
cmL, ca. 98.2 cm? higher than that of GeCO. The 2005.7/ dicarbonyl was predicted to be stable with respect to G&€O
2007.2 cnit doublet is appropriate for the-€D stretching mode ~ CO by about 11.6 kcal/mol. The formation dA; bent
of GeCO. Ge(CO) from _32‘ GeCO and CO involves spin crossing and
The remaining 1831.2/1833.5 cindoublet is assigned to probably requires activation energy. We also performed geom-

the bridge-bonded GEO molecule. This doublet is weaker than etry optimization on thg G€CO), species and failed in finding
the GgCO (n = 2—4) absorptions and is favored on higher any stable structure with respect to4Ge + CO.
temperature annealing. An earlier ab initio pseudopotential
configuration interaction calculation suggested the ground state
of Ges to be a%Ay (Dsn),® but more recent multiconfiguration Reactions of germanium atoms and small clusters with carbon
self-consistent-field and DFT/B3LYP calculations predicted a monoxide molecules in solid argon have been studied using
A1 (Ds3n) ground stat&10 Geometry optimizations were  matrix isolation infrared absorption spectroscopy. In addition
performed on the GEO monocarbonyl starting with CO either  to the previously reported GeCO monocarbonyl, absorption at
terminal-bonded to one of the Ge atom or bridge-bonded to two 1935.0 cmt is assigned to the antisymmetric-O stretching
of the Ge atoms of Gewithout imposing any symmetry  vibration of Gg(CO), with Con symmetry. Small germanium
constraint. All of these calculations converged G,astructure cluster monocarbonyls, GO (h = 2—5) were also produced
with CO bridge-bonded to two of the equatorial Ge atoms of on annealing at low CO concentrations. On the basis of isotopic
Ges (Figure 6). The GO stretching frequency was computed substitution and theoretical calculations, absorptions at 1811.7/
at 1902.1 cm? with the isotopic frequency ratios in excellent 1815.2, 1801.0/1804.2, 1831.2/1833.5, and 2005.7/2007.2
agreement with the observed values (Table 3). cm! are assigned to the bridge-bonded,G®, GeCO, and

A A, tetragonal bipyramid structure witby, symmetry and ~ G&CO, and terminal-bonded @80 monocarbonyls, respec-
a 'A; edge-capped bipyramidal structure wifla, symmetry tively, at two trapping sites. The binding energies 0hG® (n
were previously predicted to be the lowest states for the Ge = 1—5) with respect to Ge+ CO were predicted to be 26.9,
clusterl®12 The D4, structure was predicted to be the ground 21.4,25.8,1.3,and 7.0 kcal/mol, rg_specnvely, which are lower
state, as the previous experiments also suggested. Definitivethan those of the corresponding silicon monocarbonyls.
determination of the most stable structure of the@& carbonyl
is also a difficult task. According to the bonding characters of
the above assigned @&O (h = 2-5) clusters, geometry
optimizations were performed on &0 starting with CO either
terminal-bonded to one of the Ge atom or bridge-bonded to two
of the Ge atoms of Ge Geometry optimization starting with
the terminal-bonded structure dissociated to separatg@ize (1) Cheshnovsky, O.; Yang, S. H.; Pettiette, C. L.; Craycraft, M. J.;
CO. A minimum was found for the bridge-bonded structure, Liu, Y.; Smalley, R. EChem. Phys. Letfl987 138 119.
but is unstable with respect to ¢ CO. We suggest that no Phy(sz.)lgpég]ilg'z%ggé;. Xu, C.; Burton, G. R.; Neumark, D. M. Chem.
stable GeCO monocarbony! species can be formed between = ~(3) Byrton, G. R.; Amold, C. C.: Xu, C.; Neumark, D. NI. Chem.
Ge; and CO. Phys.1996 104, 2757.

Conclusions
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