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Reactions of silicon 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 SiCO monocarbonyl, ,$C0), and S}jCO (n=2-5) carbonyl molecules were formed
spontaneously on annealing and were characterized on the basis of isotopic substitution and
theoretical calculations. It was found that SO, SECO, and SjCO are bridge-bonded carbonyl
compounds, whereas /80 is a terminal-bonded carbonyl molecule. Thg(SD), and S;CO
molecules photochemically rearranged to the more stedf®,(u-O)(u-CCO) andc-Si,(u-0O)
(u-CSi) isomers where giis inserted into the CO triple bond. @004 American Institute of
Physics. [DOI: 10.1063/1.1811078

I. INTRODUCTION absorption on silicon surfaces. Studies on the reactions of
silicon clusters in the gas phase showed that CO does not
The CO molecule plays a central role in chemisorption react with silicon clusters at room temperature, although a
catalysis, and organometallic chemistry. Numerous experiseries of Sj(CO),, products where CO is very weakly bound
mental and theoretical investigations on the interactions ofo the clusters was observed when the temperature was low-
CO with transition metal and main group element atomsered to 77 K’ Recently, carbon monoxide adsorption on
clusters, and surfaces have been accomplished. The interasmall silicon clusters has been studied theoretically. The re-
tion of CO with a silicon center is one such study. sults showed that the binding energies ofGBD (n=2-7)
Experimentally, the matrix isolation technique has beerdecreased successively and rapidly as the number of silicon
applied to characterize the reaction products of a silicoratoms increasetf.
atom and CO. In 1977, Weltner and co-workers reported In this paper, we report a combined matrix isolation in-
electron spin resonand&SR) and optical spectra of silicon frared spectroscopic and theoretical study of the reactions of
carbonyls SiCO and 8£O),, which were prepared by the silicon atoms and small clusters with CO in solid argon. We
vaporization and reaction of silicon atoms with CO in vari- will show that SjCO (n=1-5) and Sji(CO), are formed on
ous matrices at 4 K.Absorptions at 1899 and 1928 ¢th  sample deposition and on annealing. Photoinduced rear-
were assigned to the C—O0 stretching frequencies of the SiC@ngement of SCO and Sj(CO), to c-Si,(u-0O)(u-CSi)
and S{CO), molecules in solid argon. The ground state ofandc-Si;(u-O)(u-CCO) molecules where CO is activated
SiCO was determined to be®2 ~. The S{CO), molecule is also observed.
was claimed to have a linear or slightly bent geometry be-
cause of the missing symmetric C—O stretching vibration in
the IR spectrum. The structure and bonding of various sicdl- EXPERIMENTAL AND COMPUTATIONAL METHODS
isomers and $CO), have been the subject of several theo-  The experiment for laser ablation and matrix isolation
retical CalCUIati0n§T7 In contrast to the eXperiment, theoret- infrared Spectroscopy is similar to those used previo{?sb/_
ical calculations indicated that @&O), has a bent ground Briefly, a Nd:YAG laser fundamentalL064 nm, 10 Hz rep-
state structure with two intense C—-0O StretChing Vibrat?ons.etition rate with 10 ns pu|se Wid):l'was focused on the ro-

In addition, the charged SiCOand SiCO carbonyls have tating silicon target. The laser-ablated silicon atoms were
been characterizeld’ codeposited with CO in excess argon onto a Csl window
Considerable attention has also been focused on the itooled normally ® 7 K by means of a closed-cycle helium
teractions of CO with silicon surfacst® but much less is refrigerator. The matrix gas deposition rate was typically

known about the structure and properties of thgC&i (n 2-4 mmolh?. Carbon monoxide, **C*%0 (99%) and
=2) species, which are often invoked as models for CO2C180 (99%) were used to prepare the CO/Ar mixtures. In
general, matrix samples were deposited for 1-2 h. After
aEectronic mail: mizhou@fudan.edu.cn sample deposition, IR spectra were recorded on a BIO-RAD
YElectronic mail: q.xu@aist.go.jp FTS-6000e spectrometer at 0.5 thresolution using a lig-
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FIG. 1. Infrared spectra in the 2170—1730¢megion from codeposition of ~ FIG. 2. Infrared spectra in the 1220-1170 and 820—730agions from

laser-ablated silicon atoms with 0.025% CO in /& 1 h of sample depo-  codeposition of laser-ablated silicon atoms with 0.025% CO ir{grl h of

sition at 7 K, (b) after annealing to 30 K(c) after annealing to 34 K(d) sample deposition at 7 Kb) after annealing to 30 K(c) after annealing to

after 20 min of broad-band irradiation, afe) after annealing to 38 K. 34 K, (d) after 20 min of broad-band irradiation, age) after annealing to
38 K.

uid nitrogen cooled HgCdTEMCT) detector for the spectral

range of 5000—400 cit. Samples were annealed at differ- for product identification through isotopic shifts and split-

ent temperatures and subjected to broad-band irradigtion tings. The isotopic counterparts are also listed in Table I. The

>250 nm using a high-pressure mercury arc laiyshio, — mixed *2C'°0+*3C'®0 spectra in the C-O stretching fre-

100 W). quency region are shown in Figs. 3 and 4, and the mixed
Quantum chemical calculations were performed to pre?C'°0+*2C'®0 spectra in the C—O stretching frequency re-

dict the structures and vibrational frequencies of the obgion are illustrated in Figs. 5 and 6, respectively. Figures 7

served reaction products using taussianes program?®  and 8 show the spectra in the 1220-1120 and 820720 cm

The Becke three-parameter hybrid functional with the Leetegions for different isotopic CO samples after 20 min of

Yang—Parr correlation correction®3LYP) was used'??  broad-band irradiation.

The 6-31H1-G(d) basis sets were used for Si, C, and O

atoms?®> Geometries were fully optimized and vibrational B. Calculation results

frequencies calculated with analytical second derivatives. . .
Quantum chemical calculations were performed on the

Il RESULTS AND DISCUSSION potent|a_1l pr_oduct mole_cule_s. The optlmlz_ed stru<_:tures_ are
shown in Fig. 9. The vibrational frequencies and intensities
A. Infrared spectra are listed in Table II. Table lll provides a comparison of

A series of experiments has been done using differenpPserved and calculated isotopic frequency ratios for the ob-

CO concentrationéranging from 0.025% to 0.5% in argpn Served vibrational modes.
and different laser energigsanging from 5 mJ/pulse to 20 1. sico
mJ/pulse to control the relative concentrations of Si and CO.
The experiments with low CO concentrations and high Iase&

; ; . . 90
energies are of particular interest here. The infrared spect
in the 2170-1730, 1220-1170, and 820—730 tmegions

As reported previously, the bands at 1898.4 and
; 6.8 cm! are due to the C—O stretching vibration of the
&ico molecule at different trapping sites. A weak band at

_l . —
with 0.025% CO in argon using relatively high laser energy3771'8 cm* was observed to track with the 1898.4 ¢

. Lo . band and is assigned to the overtona {R of the C-O
(18 mJ/pulsg are illustrated in Figs. 1 and 2, respecuvely, stretching mode. This band shifted to 3686.3 ¢nwith

and the band positions are listed in Table I. The stepmsggcleo and to 3688.2 cmt with 1210, The isotopic fre-

annealing and photolysis behavior of these new product abduency ratios are almost the same as those of fhieinda-

sorptions will be discussed below. In addition to the absorp- C
. ) . ) . : mental. The anharmonicity constant was deduced to be
tions listed in the table, absorptions fop SBi;, and Sj (not 125 cnil

shown are also observed:?® Weak absorptions(458.0, ' '

853.4, 998.6, and 1390.5 cih) in the A 3I1,,— X 3%, system _

of Si, (Ref. 24 appeared on 25 K annealing, increased on 3¢ SiACO);

K annealing, but markedly decreased on 34 K annealing. The The sharp band at 1928.7 cfhwith nearby matrix site-

Si; (525.7 cm'}) and Sj (501.2 cm'}) (Ref. 25 absorptions  split bands at 1932.2 and 1934.1 chappeared on anneal-
also appeared on 25 K annealing, increased on 30 K annedhg but disappeared on broad-band irradiation. The 1928.7
ing, and remained almost unchanged on 34 K annealing. Difem™! band was previously assigned to the lineafC8l),
ferent isotopic carbon monoxides3C*®0, '*C0 and  molecule! However, recent theoretical calculations indicated
12c160+ 13ct%0, 120+ 12Ct80 mixtures, were employed that S{CO), has a singlet ground state with a bed,
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TABLE |. Infrared absorptiongcm ™) from codeposition of laser-ablated silicon atoms with CO in excess argon.

12cteo 13cleo 12c180 12¢180+ 13C160 12C160+ 12C180 R(12/13) R(16/18) Assignment
1898.4 1855.2 1855.9 1898.4, 1855.2 1898.4, 1855.9 1.0233 1.0229 sico
1906.8 1863.4 1863.8 1906.8, 1863.4 1906.8, 1863.8 1.0233 1.0231 Site
3771.8 3686.3 3688.2 3771.8, 3686.3 3771.8, 3688.2 1.0232 1.0227 SiE 2
1928.7 1886.7 1882.6 1970.3, 1928.7,  1970.5, 1928.7, 1.0223 1.0245 $(CO),
1900.1, 1886.7 1897.7, 1882.6
1932.2 1890.1 1886.0 1972.5,1932.2,  1972.8, 1932.2, 1.0223 1.0245 Site
1903.0, 1890.1 1900.6, 1886.0
1934.1 1891.9 1887.8 1973.6,1934.1,  1973.7, 1934.1, 1.0223 1.0245 Site
1904.0, 1891.8 1901.5, 1887.8
1788.7 1747.7 1750.0 1788.7, 1747.7 1788.7, 1750.0 1.0235 1.0221  ,COSi
1786.3 1745.4 1747.6 1786.3, 1745.4 1786.3, 1747.6 1.0234 1.0221 Site
1777.5 1736.6 1738.2 1777.5, 1736.6 1777.5, 1738.2 1.0236 1.0226 Site
1754.5 1715.8 1713.0 1754.5, 1715.8 1754.5, 1713.0 1.0226 1.0242  ,COSi
1756.9 1718.6 1715.3 1756.9, 1718.6 1756.9, 1715.3 1.0223 1.0243 Site
1985.2 1940.9 1939.2 1985.2, 1940.9 1985.2, 1939.2 1.0228 1.0237  ,COSi
1988.7 1944.4 19425 1988.7, 1944.4 1988.7, 1942.5 1.0228 1.0238 Site
1793.2 1753.9 1750.7 1793.2, 1753.9 1.0224 1.0243 COi
1795.3 1755.9 1752.7 1795.3, 1755.9 1795.3, 1752.8 1.0224 1.0243 Site
1192.8 1157.2 1187.7 1192.8, 1157.2 1192.8, 1187.7 1.0308 1.0043  c-Siy(u-0)(u-CSi)
1195.6 1159.8 1190.5 1195.6, 1159.8 1195.6, 1190.5 1.0309 1.0043 Site
784.8 784.5 757.2 1.0004 1.0365 ¢-Siy(11-0) (u-CSi)
789.5 789.3 761.4 1.0003 1.0369 Site
756.1 751.2 736.6 756.2, 751.2 756.2, 736.6 1.0065 1.0265  c-Siy(u-0)(u-CSi)
758.9 754.0 739.0 758.9, 754.0 758.9, 739.0 1.0065 1.0269 Site
2111.5 2048.6 2087.2 2111.5, 2106.3,  2111.3, 2087.0 1.0307 1.0116 ¢-Siy(1-0) (u-CCO)
2055.8, 2048.6
2114.3 2051.2 2089.9 2114.4, 2110.2 2114.1, 2089.4 1.0308 1.0117 Site
2058.4, 2051.2
1391.9 1358.6 1364.9 1.0245 1.0198 ¢-Siy(u-0) (u-CCO)
1394.8 1361.3 1367.7 1.0246 1.0198 Site
803.7 793.7 789.0 804.5, 802.8, 803.7, 789.5 1.0126 1.0186 ¢-Siy(-0) (u-CCO)
795.4, 793.8
806.2 796.0 791.3 806.2, 804.7, 805.8, 791.3 1.0128 1.0188 Site
797.1, 796.0
783.0 782.4 754.5 1.0008 1.0378 ¢-Siy(1-0) (u-CCO)
787.3 Site

symmetry®” The linear structure lies about 60 kcal/mol ric C—O stretching mode of the $+2C%0)(*3c®0) mol-
higher in energy than the bent structure and is only a transiecyle. The symmetric C—O stretching mode of the cen-
tion state based on the presence of an imaginary caIcuIatqﬁosymmetric Si(*2C'%0), and Si(*3Ct®0), molecules is IR
frequency. The bent ground state(@&D), molecule was inactive, but this mode of S{12C%0)(*3C1®0) is IR active
computed to have two C—O stretching vibrations at 2004.9,ecause of the reduced symmetry. Similar isotopic splitting

and 2073.0 cri* with 1166:504 relative intensiti€sin the o< obcorved in the mixedCi0-+ 2G50 experiments, as
present experiments using pure isotopic CO samples, no Ol%hown in Fig. 5 ’

vious absorptions in the C-0O stretching frequency region
were observed to track with the 1928.7 chrband, which

suggests that the previous assignment €8), is incor- dicted to have a singlet ground state witlCg, symmetry.

rect. Our results show that the 1928.7 ¢hiband is favored Th i tric C—O stretchi tod
relative to the SiCO absorption in higher laser energy experi- e antisymmetric C—O stretching mode,) was compute

ments. The intensity ratio of the 1928.7 ¢hand 1898.4 at 2015.2 cm", which should be multlpllelzg by 0'196571t0 fit
cm ! bands after 34 K annealing changes from 0.193:0.23"€ observed frequency. The calculaté@/**C and*®0/**0

in the experiment shown in Fig. 1 to 0.424:0.689 in anothelSCOPIC frequency ratios of 1.0228 and 1.0247 agree well
experiment with 0.25% CO and 15 mJ/pulse laser energ;){‘”th the experimental ratios, 1.0223 and 1.0245. The IR in-
This observation implies that the molecule with the 1928.7active symmetric C-O stretching modag} of Six(CO),
cm 2 band involves more Si atoms than SiCO, and accordwas calculated at 2064.8 cih but this mode of
ingly, we assign the 1928.7 crh band to Sj(CO),. The  Sk(**C'0)(**C*®0) and Sj(**C'®0)(**C'®0) was calcu-
observation of only one C—O stretching mode suggests thaéted at 2050.3 and 2050.6 Ctwith appreciable IR inten-
the molecule is centrosymmetric. In the mixddC'®0  sities (each has a 331 km/mol IR intensity, and the corre-
+13C1%0 spectra(Fig. 3), a triplet at 1928.7, 1900.1, and sponding antisymmetric modes have IR intensities of 1911
1886.7 cm® and a weak associated band at 1970.3 tm and 1935 km/mol, respectivelycompletely consistent with
were observed. The 1970.3 chrband is due to the symmet- the experiment.

The assignment is strongly supported by DFT calcula-
tions. As shown in Fig. 9, the SiCO), molecule was pre-
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FIG. 5. Infrared spectra in the 2170—1830cmegion from codeposition of
laser-ablated silicon atoms with 0.029€%0+ 0.02%%C*®0 in Ar. (a) 2 h
of sample deposition at 7 Kb) after annealing to 34 K(c) after 20 min of
broad-band irradiation, and) after annealing to 38 K.

FIG. 3. Infrared spectra in the 2150—1830¢megion from codeposition of
laser-ablated silicon atoms with 0.029€0+ 0.02%*C*®0 in Ar. (a) 2 h
of sample deposition at 7 Kb) after annealing to 34 K(c) after 20 min of
broad-band irradiation, an@l) after annealing to 38 K.

exhibited quite different isotopic frequency shifts, different

Besides the SiCO and $C0), absorptions, four new annealing and photolysis behavior, and therefore can be as-
bands at 1985.2, 1793.2, 1788.7, and 1754.5%cwere ob-  Signed to $iCO withn=2-5 with the help of density func-

served in the C—O stretching frequency region. Each banfonal frequency chllculations. _
has minor site absorptions that are 1—3 ¢rapart. All four The 1788.7 cm” band appeared on 25 K annealing and

of these bands increased markedly on annealing, and tHBCréased on broad-band irradiation, during which the
yields relative to SiCO increased with lower CO concentra-S'ZE?O)Z absorption and the 1985.2, 1793.2, and 1754.5
tion and higher laser energy. As listed in Table I, each ban§M ~ bands were almost destroyed. This band is weaker but
exhibited2C/*3C and®0/*%0 isotopic frequency ratios that Was still observed in the experiment with 0.25% CO and 15
are characteristic of C—O stretching vibrations. In the mixed™J/pulse I_aiser energy, during which the 1985.2, 1793.2, and
12160+ 13¢160 and 12C%0+12C180 spectra(Figs. 3—6 1754.5 cm -~ bands did not appear. These observations imply
each band splits into a doublet, indicating that only one cghat the 1788.7 cm' absorption involves fewer silicon atoms
subunit is involved in these vibrations. Therefore, thesdhan the 1985.2, 1793.2, and 1754.5 crabsorptions, and

bands are due to C—O stretching vibration of thec® clus-  therefore, we assign the 1788.7 chband to the C-O

ters withn=2. The 1793.2. 1788.7. and 1754.5 chbands stretching mode of the bridge-bonded&D molecule. The

71 .
lie in the region expected for the bridge-bonded C—O stretch! 7945 cm™ band also appeared on 25 K annealing and
ing vibrations, while the 1985.2 ci band is due to a markedly increased on subsequent 30 and 34 K annealing.

terminal-bonded C—O stretching vibration. These four bandd Nis band was destroyed on broad-band irradiation. The

3. Si,CO (n=2-5)

. 0.16 - Si,CO
Si.CO | ’
iNN
0.2 | | Si @
@ 0.12
; T Si.CO
8 SIZCO g ) SiNN
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s © 2 o.08- ©
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FIG. 6. Infrared spectra in the 1810—1700 ¢megion from codeposition of
laser-ablated silicon atoms with 0.029€%0+ 0.02%*C*®0 in Ar. (a) 2 h
of sample deposition at 7 Kb) after annealing to 34 K(c) after 20 min of
broad-band irradiation, and) after annealing to 38 K.

FIG. 4. Infrared spectra in the 1810—1700 ¢megion from codeposition of
laser-ablated silicon atoms with 0.029€%0+ 0.02%*C'®0 in Ar. (a) 2 h
of sample deposition at 7 Kb) after annealing to 34 K(c) after 20 min of
broad-band irradiation, and) after annealing to 38 K.
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FIG. 7. Infrared spectra in the 1220—1120Cmegion from codeposition of ~ FIG. 8. Infrared spectra in the 820—720 chregion from codeposition of
laser-ablated silicon atoms with isotopic CO samples in excess Ar. Spectriaser-ablated silicon atoms with isotopic CO samples in excess Ar. Spectra
were recorded after sample deposition followed by 34 K annealing and 2@vere recorded after sample deposition followed by 34 K annealing and 20
min of broad-band irradiation(a) 0.025%%C'%0, (b) 0.02%*C¢O min of broad-band irradiation(a) 0.025%*C¥0, (b) 0.02%C¢0
+0.02%%3C1%0, (c) 0.025%%C'®0, (d) 0.02%'2CH0+0.02%%C%0, +0.02%C*0, (c) 0.025%'3C0, (d) 0.02%%C%0-+0.02%%C %0,
and(e) 0.025%*2C'%0. and(e) 0.025%*C0.

band intensity was not recovered on further annealing to 38licted to have a planar bridge-bondéd, structure involv-
K, which is quite different from the 1985.2 and 1793.2¢m ing @ four-membered §C ring. The C-O bond length was
bands. This band is assigned to the C—O stretching mode #fedicted to be slightly0.005 A longer than that of $CO.
bridge-bonded SCO. As will be discussed below, the Another stable SCO isomer having a §iring with CO
Si;CO molecule photochemically rearranged to thetermmal—bonded'to one of the Si atoms was predlcteq to be
c-Sip(-0) (u-CSi) isomer under broad-band irradiation. 26.2 kcal/mol higher in energy than the plana_lr bridged-
The remaining 1985.2 and 1793.2 chrbands are assigned Ponded structure. The ground state structure pisSa planar
to the C—O stretching modes of the terminal-bondecsi  ombus withD, symmetry* The only stable structure
and bridge-bonded STO molecules, respectively. These two Of Si<CO monocarbonyl with respect t0,SiCO was pre-
bands appeared after the,SD and SjCO absorptions and dicted to be nonplanar wits symmetry(Fig. 9. The Sj,
increased more on high temperature annealing. Both band/bunit remains nearly planar, and the CO subunit is almost
decreased markedly on broad-band irradiation but were rg2€rpendicular to the Siplane. The CO molecule interacts
covered after subsequent 38 K annealing. term|r'1ally with one of the apex Si atoms of rhombug \Bith

The assignments are strongly supported by theoreticdhe Si—C and C—O bond lengths of 1.872 and 1.144 A, re-

calculations. Molecular dynamics simulations for carbon
monoxide adsorption on small silicon clusters have been re-

cently performed using a full-potential linear-muffin-tin or- 2, /(1)‘171
bital method'® The most stable structures of each of the G2 Ll C\

H . . 1'792/ 2227
Si,CO (n=2-5) clusters are in good agreement with our SisSi
DFT/B3LYP calculations, as shown in Fig. 9. The Sluster ’
has a triplet ground state, but the interaction of \8ith CO Sic Lo 873
results in a singlet ground state,600 molecule having a 228 N O—c—si
semibridge- bonded structure with two inequivalent Si—C S‘Q6 /C_0 2310 92 |
bonds (1.792 and 2.227 A The Si-Si and C-O bond Si si—G—0
lengths are 2.235 and 1.171 A, respectively, which are 0.045 1718
A shorter and 0.043 A longer than those of, Sind CO o Si
calculated at the same level. Both,8I0 and GaCO have 1-144(’3174.0 2.312% \Y'S.ZS
been observed in solid argon and characterized to have simi- a1 S s l1sn S G0
lar semibridge-bonded structur®s 22 Previousab initio cal- S /2%Si 2413 /S/” N

. . . . . . . . D 430 P 0
culations, and infrared and optical investigations in solid ma- S Si
trices indicated that the most stable structure gftfais aC,,
symmetry with a singlet ground stete?®~*'From the rota- ,

. 32 . . 1712 Sik_1.906 LN 1899

tional spectrunt; the geometric structure was determined to 2N 202 s \ 1301 1.164
L . 2,55 C——Si 2621 C——C—0
have a Si—Si bond length of 2.177 A with an apex angle of N i 0\ s
Si Si

78.10°. Our B3LYP calculation gave a Si—Si bond length of
2.186 A with an apex angle of 82.3°. A CO r_nOIecme INter- £, 9. Optimized structuregond lengths in angstroms, bond angles in
acts with Sj to form the S{CO carbonyl, which was pre- degreesof the reaction products.
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TABLE Il. Calculated vibrational frequencigsm™!) and intensitiegkm/mol) of the product molecules.

Frequency(intensity, modg

sico 1953.7(759, o), 572.3(0.2, o), 322.9(0.4, m)

Si,CO 1891.4 (632'), 632.2(5a’), 487.6(20a’), 482.8(30a’),
426.9 (2a"), 132.9 (1a')

Si,(CO), 2064.8 (0ay), 2015.2(2304),), 576.5(0ay), 490.6 (31b,),
453.2 (Og,), 443.7 (1a,), 430.2(62), 415.4 (Ob,), 323.90b,),
103.1(0a,), 76.1(2b,), 59.7 (0.5a,)

Si;CO 1831.7 (6813,), 490.0 (16a;), 448.2 (Ob,), 441.3 (11a,), 439.3(3b,),
403.6 (1b,), 355.1(263,), 270.6 (0.3,), 97.9(2b,)

Si,CO 2059.0 (93%'), 538.7 (222'), 506.4 (%a'), 418.8 (14a’),
407.8 (102'), 403.7 (0.52"), 382.5 (1a"), 312.6 (4a'),
190.0(2a"), 144.0 (3a’), 87.8(0.32"), 71.6 (1a')

SisCO 1866.4 (7013,), 505.9 (3h,), 451.7 (0a,), 446.0 (10h,), 430.8 (0h,),
427.0(8,a), 367.2(6,al), 356.4(1,b2, 337.1(5a;), 272.1(0h,),
268.8 (0a,), 243.5 (5h,), 208.4 (0a,), 102.4(0b,), 51.3 (Ob,)

c-Sip(u-0) (u-CSi) 1187.4 (363,), 773.6 (12%,), 746.5 (315,), 478.6 (30h,),
474.4 (262,), 390.8 (3a,), 234.3 (4b;), 146.0 (Ob,), 78.2(0b;)

¢-Siy(-0) (u-CCO) 2183.9(1934,), 1388.3 (70ay), 812.1(387),), 769.1(864a,),
691.0 (35h,), 640.1 (1%,), 493.2 (51a,), 446.4 (21h,),
414.4 (11a,), 188.9 (1b,), 121.9 (2h,), 120.2 (1b,)

spectively. The C-O bond length is significantly shorter thanthat the binding energies of &0 (n=2-7) decrease suc-
those of SiCO and SjCO and is very close to that of cessively and rapidly as the number of silicon atoms
Si;(CO),. The SECO monocarbonyl was predicted to have increased® Our B3LYP/6-314+G* calculations predicted
a nonplanar structure wit8,, symmetry. It can be regarded that the SjCO (n=2-5) species are bound by 34.4, 32.7,
as CO bridge bonded with two of the equatorial silicon at-7.8, and 18.4 kcal/mol, respectively, with respect tq Si
oms of S§, which was predicted to have a trigonal bipyra- + CO, but S§CO and SiCO are unbound with respect to
mid structure with &3y, symmetry?® Sig+CO and Sj+ CO. As will be discussed, the silicon clus-
No evidence was found for the formation of the ters were formed in solid argon on annealing, and the forma-
Si(CO), (n=3) species in the present experiments. Thetion of large silicon clusters is in competition with the reac-
Si3(CO), molecule was predicted to be unbound with re-tions to form carbonyls; therefore, the concentrations of the
spect to §JCO+CO. The Sj(CO), molecule was predicted |arger clusters Giand S} are expected to be low. TheSi
to have aD,4 symmetry with both COs bridge-bonded hav- and Sj absorptions were barely observed in the present ex-
ing a strong doubly degenerated C—O stretching vibration gberiments.

1866 cm ™. The structures of the present characterizegCSi are
The C-O stretching vibrational frequencies of tthuite different from that of the carbon oxides,.GO (n
ground state §CO(n=2-5) monocarbonyls were pre- =2_5)3¢-39The larger atomic radius of silicon compared
dicted at 1891.4, 1831.7, 2059.0, and 1866.4 tmwhich  to that of carbon, for example, generally restricts silicon to
should be scaledobserved frequency/calculated frequency single bonding, resulting in cyclic or three-dimensional
by factors of 0.946, 0.958, 0.964, and 0.961 to fit the ob-structures. In contrast, carbon can readily form multiple
served frequencies. Moreover, the calculated isotopic frehonds, and consequently, carbon oxides possess linear struc-

quency ratios are in quite good agreement with the experitures. The C—O stretching frequency ofGD observed here
mental values, as listed in Table Ill. The larf€/*3C and  in solid argon, 1985.2 cit, is about 100 cm® lower than
small *%0/80 ratios for the SICO monocarbonyl, which are the 2081 cm? frequency for CO normally adsorbed on a
quite different from those of the other IO (n=3-5)  Sj(100 surface'* The C—O stretching frequencies of bridge-
monocarbonyls, are correctly predicted by DFT calculationshonded SiCO (n=2, 3, and 5 clusters observed here are
The B3LYP/6-31%G* harmonic frequency analysis indi- about 50—100 cm® higher than the 1701 cnt frequency for
cated that, for each §LO, the CO stretching mode has the CO bridge-coordinated on a($D0) surface'®
largest IR intensity, and all of the other modes have intensi- . )
ties less than 3% of the C—O stretching intensity. 4. ¢-SiAp-0)(p-CSi)

In previous Raman and IR studies in solid matrices, the  The bands at 1192.8, 784.8, and 756.1 trappeared
Sig and Sj clusters were characterized, whereas theclis-  together on broad-band irradiation. Each band was blue-
ter was not observed presumably because of the low conceshifted by several wave numbers on subsequent annealing to
tration of Si in the vapor®3* Previous calculations indicate 38 K. The 1192.8 cm' band showed a very small shift with
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TABLE IIl. Comparison of the observed and calculated isotopic frequency ratios of the reaction products.

12c/tC 150/150
Molecule Mode Obs. Calc. Obs. Calc.

SiCO G—O stretching 1.0233 1.0236 1.0229 1.0234
Si,CO GC—O stretching 1.0235 1.0238 1.0221 1.0230
Si,(CO), C—O stretching 1.0223 1.0228 1.0245 1.0247
SizCO C—O stretching 1.0226 1.0226 1.0242 1.0249
Si,CO C—O stretching 1.0228 1.0232 1.0237 1.0241
SisCO C—O stretching 1.0224 1.0226 1.0243 1.0249
Si=C stretching 1.0308 1.0332 1.0043 1.0003

c-Siy(u-0)(u-CSi) Si—O—Si stretching 4;) 1.0004 1.0000 1.0365 1.0378
Ring puckering b,) 1.0065 1.0076 1.0265 1.0265
C—O stretching 1.0307 1.0313 1.0116 1.0122
C-Siy(u-0) (u-CCO) G—C stretching 1.0245 1.0285 1.0198 1.0171
Ring puckering b,) 1.0126 1.0198 1.0186 1.0131

Si—O—Si stretching &) 1.0008 1.0001 1.0378 1.0392

12¢180 (5.1 cm ) but shifted to 1157.2 cmt with 3C*0. larger and smaller, respectively, than diatomic CO ratios,
The *2C/*3C isotopic frequency ratio of 1.0308 implies that suggesting strong coupling with another C atom. In the
this band is mainly due to a Si—C stretching vibration. In themixed *2C'®0+3C!%0 experiment(Fig. 3), a quartet at
mixed '%C'®0+13C!®0 and '°C'%0+%C'®0 experiments 2111.5, 2106.3, 2055.8, and 2048.6 ¢rwith ~1:1:1:1 rela-
(Fig. 7, tracesh and d), only the pure isotopic counterparts tive intensities was observed, while in the mix&C®0
were observed, indicating that only one C atom and one O-12C180 experimentFig. 5), a doublet at 2111.3 and 2087.0
atom are involved in this mode. The 784.8 and 7561—:bm Cmfl was produced_ The isotopic Sh|fts and Sp“tﬂngs |mp|y
bands showed very small shif(®.3 and 4.9 cm’) with  the involvement of a CCO subunit in the molecule. The

cro but I?ngf%hifltf X\éithlzclng(czlzﬁ 611221318'5 ). 1391.9 cmis much weaker than the 2111.5 chband and
The mixed ++C70 and O+ Spectra s que to the C—CO stretching mode. The 803.7 and 783.0

(Fig. 8, trace andd) cl_early shoyved that only one O atom m ! bands exhibited very similar isotopic shifts as the
and one C atom are involved in the molecule. The ban

positions and isotopic frequency shifts suggest the involvei)s?/\',rlﬂigdigijs Zgi\?:g?ir?;nsvlé(lg er(r?;(nﬁ: ;fCasg (;ib:‘?)ur-
ment of a cyclic four-membered-Si,(u-O)(u-C) struc- ' 99 y

ture. Accordingly, we assign the 1192.8, 784.8, and 756.{nemberec-Siy(u-0) (u-C) unitin the molecule.
cm ! bands to thec-Si,(-0)(u-CSi) molecule. As a ref- The ¢-Six(u-0)(u-CCO) molecule was predicted to

erence point, the rhombus,Si, molecule was observed at Nave asinglet ground state with a plagay, symmetry(Fig.
802.9 and 781.8 ciit in solid argorf® B3LYP calculation 9)- The C-O stretching&;), C-CO stretching4,), ring
predicted thee- Si,(u-0) (- CSi) molecule to have a planar Puckering p2), and Si—O-—Sistretching @;) modes were
structure withC,, symmetry (Fig. 9. The terminal C—Si computed at 2183.9, 1388.3, 812.1, and 769.1 tmith
bond length was computed to be 1.702 A and appears to bel®34:70:387:86 km/mol relative intensities, which are in ex-
double bond. Experimentally, the Si—C bonds ofG$iH,  cellent agreement with the observed frequencies. The calcu-
and H,CSi(CH3), were determined to be 1.704 and 1.692 A, lated isotopic frequency ratios for the low modes are not in
respectively'*? The three experimentally observed modesvery good agreement with the experimental values. The nor-
of c-Sip(u-0)(u-CSi) were calculated at 1187.4, 773.6, andmal modes of the ring system are not well modeled by the
746.5 cm* with 363:129:315 km/mol relative intensities. harmonic calculations, and anharmonicity in the vibrations
The calculated isotopic frequency ratios are also in reasonmay contribute to this.
able agreement with the experimental val(&able IIl) and _ .
provide strong support for the experimental assignment fof-- Réaction mechanism
the c-Si(u-0) (u-CSi) molecule. Under the present experimental conditions, silicon atoms
5. c-Si(u-0)(u-CCO) are the predominant species produced by laser ablation of the
The bands at 2111.5, 1391.9, 803.7, and 783.0%cap- silicon target. The absorptions of small silicon clusters, Si

peared together on broad-band irradiation and are assigned &t 2d Si appeared only on sample annealing in experi-
different vibrational modes of the-Si,(u-0)(u-CCO) ments with low CO concentrations, which indicate that these
molecule. All of these bands were blueshifted by severapMall silicon clusters were formed in solid argon upon an-
wave numbers on annealing analogous to ¢h8i,(x-O)  nealing but not during the laser ablation process.

(u-CSi) absorptions. The 2111.5 cihband lies in the re- Table IV lists the energetics for possible reactions in the
gion expected for a C—O stretching vibration. This bandpresent experiments calculated at the B3LYP/6-8Gt
shifted to 2048.6 cm* with 13C1%0 and to 2087.2 cmt with  level. As can be seen in Table IV, the procesgesctions
12c180, giving a*?C/*3C isotopic frequency ratio of 1.0307 (1)—(6)] of successive formation of silicon clusters from Si
and ant®0/*®0 ratio of 1.0116. These ratios are significantly to Sk all are exothermic, indicating that the formation of
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TABLE IV. Energetics(in kcal/mo) for possible reactions of silicon atoms and small clusters with CO calcu-
lated at the B3LYP/6-311G* level.

Reaction Reaction energy
1 SiGP) +Si(P) — Siy(3S,) —70.0
2 Si,(*T4) +SiCP) — Siy(*Ay) —-82.9
3 Si(3%4) +Sh(32y) — Siy(*Ag) —-107.9
4 Siz(*A1) +Si(PP) — Siy(*Ay) -95.1
5 Sib(3% )+ Sia(*A;) — Sis(*A7) —100.1
6 Si(3P) + Siy(*Ag) + — Sis(*A7) —-75.0
7 Si®P)+CO(*2 ) — SiCOCs ) —35.2
8 Si2(32g)+00(192g) — Si,CO(A") —34.4
9 Siz(*A)) +CO(*2 ;) — SiCO(*A,) -32.7
10 Siy(*Ag) +CO(*3 ;) — Si,CO(*A") -7.8
11 Sis(*A}) +CO('2 ;) — SisCO(*A,) —-18.4
12 SICOCE ") +CO('S ;) — SI(CO),(*A,) -21.2
13 SICOPS ") +SICOC ") — Siy(CO),(*Ay) —48.8
14 SiL,CO(*A") +CO(*2 ;) — Sir(CO)y(*Ag) -14.7
15 SLCO(*A;) — ¢-Sip(u-0)(u-CSi)(*A,) —24.5
16 Sh(CO),(*Ay) — c-Siy(u-0)(u-CCO)(A,) —52.0

A negative value of energy denotes that the reaction is exothermic.

these small silicon clusters from silicon atoms is attainablea 7 acceptor, and generally, the reactions of carbon monox-
The silicon monocarbonyl SiCO and small silicon clusteride with transition metal atoms as well as main group metal
carbonyls SjCO (h=2-5) were produced on annealing. atoms form carbonyl complexes. A variety of transition metal
These carbonyl species were formed by the reactions of siliearbonyl and main group carbonyl complexes have been syn-
con atoms and small clusters with CO in solid ardoeac-  thesized in this wa§ Recent infrared spectroscopic investi-
tions (7)—(11) in Table IV]. gations of the reactions of laser-ablated early transition metal
The Sj(CO), absorption increased on annealing, andand actinide metal atoms with CO have also demonstrated
the yield relative to SiCO increased with higher laser energyCO activation via transition metal and actinide metal carbo-
This implies that Si(CO), was mainly formed by the reac- nyl complexe$® ¢ The monocarbonyls of Nb, Th, and U
tion of SLCO with CO, reactiorf14), which was predicted to can be isomerized to the inserted carbide-oxide molecules on
be exothermic by about 14.7 kcal/mol. However, the forma-isible light irradiation. The dicarbonyls of the Ti group, the
tion of Si(CO), via SiCO dimerizatiorjreaction(13)] can-  V group, and the actinide metals Th and U undergo photoin-
not be excluded. In our recent investigation of boron and CQluced isomerization to theMdDCCO (M =Ti, Zr, Hf, V, Nb,
reaction, the linear OCBBCO molecule was formed by BCOTa, U, and Th molecules with visible or UV photons. The
dimerization but not via the BBC®CO reactiorf? It is in-  OMCCO molecules can undergo further photochemical rear-
teresting to note that 80), was not observed in the ex- rangement to the OThf-CCO) or (3°-C,)MO, (M
periments. The SiCO molecule has been well studied to have Nb, Ta, and i molecules with UV photons. In the present
a®3 ground state, while the &0), molecule was predicted silicon case, the CSiO molecule was predicted to lie signifi-
to have a singlet ground state with a bent structure. Althougleantly higher in energy than the SiCO isomemd this re-
the SICO+CO reaction[reaction(12)] is exothermic, it in- arranged molecule was not observed here.
volves spin change and probably requires some activation
energy. In the similar St N, reaction system, the @iN),
molecule was also not observkédBoth the SjCO and V. CONCLUSIONS
Si,(CO), molecules have singlet ground states, and the for- Reactions of silicon atoms and small clusters with car-
mation of Sy(CO), from SLCO preserves spin. bon monoxide molecules in solid argon have been studied
The absorptions due to the-Si,(u-O)(u-CSi) and  using matrix isolation infrared absorption spectroscopy. In
c-Si,(u-0)(u-CCO) molecules appeared on broad-band ir-addition to the previously reported SiCO monocarbonyl, ab-
radiation, during which the $CO and Sj(CO), absorptions ~ sorptions at 1928.7 cht are assigned to the antisymmetric
were destroyed. It appears that broad-band irradiation ini€—O stretching vibration of §CO), with C,, symmetry.
tiates the isomerization reactiofb) and (16). DFT calcu-  Small silicon cluster monocarbonyls,,Si0 (n=2-5), were
lations indicated that the c-Si,(u-O)(u-CSi) and also produced on annealing at low CO concentrations. On
c-Sib(u-0)(u-CCO) molecules are more stable than thethe basis of isotopic substitution and theoretical calculations,
Si,CO and Sj(CO), carbonyl isomers by about 24.5 and absorptions at 1788.7, 1754.5, and 1793.2 tare assigned
52.0 kcal/mol, respectively. to the bridge-bonded gCO, SECO, and SJCO carbonyls,
One of the most remarkable aspects of the present exwhile absorption at 1985.2 cm is assigned to the terminal-
periments is the production of the Si,(u-0)(x«-CSi) and  bonded SiCO molecule. The ${CO), and S§CO mol-
c-Sib(u-0)(u-CCO) molecules where CO is activated by ecules underwent photochemical rearrangement to the more
the reactions of silicon atoms and carbon monoxide. Carboastable c-Si,(u-O)(u-CCO) andc-Si,(u-0)(u-CSi) iso-
monoxide is regarded as a good ligand both adanor and  mers, which provides an unprecedented mechanism for CO
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activation. The theoretical analysis found
c-Sir(u-0)(u-CCO) andc-Siy(u-0)(u-CSi) have four-

membered ring structures and lie lower in energy than thg,

respective S(CO), and S;CO isomers.
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