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Laser-ablated Sc atoms and ions react with CO molecules to give primarily the ScCO;,Sa@B5cCO
products, which have been isolated in solid argon and/or neon matrices. Based on isotopic substitution as
well as density functional calculations, absorptions at 1834.2'¢émargon and 1851.4 cm in neon are
assigned to €0 stretching vibrations of the ScCO molecule, 1923.5tim argon and 1962.4 cm in neon

to the ScCO cation, and 1732.0 cm in neon to the ScCO anion, respectively. Higher carbonyls Sc-
(CO)34and Sc(CO), 3 are also produced on annealing. Similar argon matrix experiments with Y give YCO
and YCO'.

Introduction onto a 10 or 4 K Csl cryogenic window at-2 mmol/h for

1—2 h. Carbon monoxide (Matheson) and isotofsc!¢O and
12C180 (Cambridge Isotopic Laboratories) and selected mixtures
were used in different experiments. FTIR spectra were recorded
at 0.5 cnt! resolution on a Nicolet 750 spectrometer with 0.1
f:m*l accuracy using a HgCdTe detector. Matrix samples were
annealed at different temperatures, and selected samples were
Osubjected to broadband photolysis by a medium-pressure
mercury arc (Philips, 175 W) with the globe removed.

The bonding of carbon monoxide with transition metals is
of great interest because of the importance of metal carbonyls
in catalytic processesMost first-row transition metal carbonyls
have been studied both experimentally and theoretically*-18
In these cases, the carbonyls were produced by thermal meta
atom reactions with CO or photodissociation of the stable
saturated carbonyl compound in inert matrices and characterize
by infrared or electron spin resonance spectroséopseveral
carbonyls have also been observed in the gas phase and thei
binding energies measuré:l* Compared to other first-row
transition metal carbonyls, there is relatively little work on Infrared spectra for new scandium carbonyl species in argon
scandium carbonyls. However, ScCO, Sc(&@pd their cations  and neon matrices and density functional calculations for
have been studied theoretically using a variety of computational scandium carbonyls will be presented.
methods:*~%? The only experimental work is an infrared and  sc + CO/Ar. Experiments were done using different CO
electron spin resonance spectroscopic investigation of ScCO inconcentrations and ablation laser energies. Figure 1 shows
solid argor??* A broad band at 1950 cm was tentatively  infrared spectra with 0.5% CO in argon on a 10 K Csl substrate
assigned to the ScCO molecule; however, this assignment doegsing lower laser power, and the absorptions are listed in Table
not agree with recent theoretical calculatiéhs’ The lack of 1. Spectra after deposition exhibited a sharp new band at 1834.2
experimental data on the lower scandium carbonyls and the cm—1 and weak bands at 1716.3, 1794.7, 1873.6 and 1923.5
discrepancy between experiment and theory for SCCO promptedem-1, Annealing to 25 K decreased the 1834.2 énband,
this investigation with CO using laser-ablated Sc atoms, cations, increased the later bands, and produced major bands at 1822.2,
and electrons. 1865.4, and 1968.0 cnh. Broadband photolysis with a 470 nm

Recent studies in this laboratory have shown that laser |ong wavelength pass filter destroyed the 1716.3 and 1851.4
ablation is an effective method for producing reactive metal ¢cm-1 bands and produced a new 1775.6 étand, while final
atoms for chemical reactions during condensation in excessannealing reversed the situation. Further annealing to 35 K
argon. Compared to thermal metal atom reactions, cation anddecreased the 1834.2 cirband, increased the 1716.3, 1851.4,
anions can be produced and trapped using the laser-ablatiorand 1923.5 cm! absorptions, and markedly increased the
technique*~2® We will show that the previous assignment to 18222, 1865.4, and 1968,0 cibands. Experiments were also
ScCO in solid argon is incorrect, and a new assignment will done using3C60 and 12C80 isotopic samples, including
made via iSOtOpiC substitution and DFT calculations. In addition, annea"ng and ph0t0|ysi5, and the frequencies are given in Table
the new ions ScCOand ScCO and the Sc(CQ)ssmolecules 1, Figure 2 shows spectra with a mix@L60 + 13160 sample.
will also be identified here. Sc + CO/Ne. Experiments were done using 0.3, 0.1, and
0.05% CO concentrations in neon a 4 Kcryogenic window.
Figure 3 shows the spectra with 0.1% CO in neon using lower

The experiment for laser ablation and matrix isolation laser power, and the absorptions are listed in Table 2. Sample
spectroscopy has been described in detail previcgtdRBriefly, deposition reveals the (C®) absorption at 1517.6 cm (not
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate shown), weak (CQ) absorption at 2056.2 cm,?28 and new
with 10 ns pulse width) was focused on the rotating scandium bands at 1962.4, 1926.0, and 1732.0"énAnnealing to 6 K
metal target(Johnson Matthey, lump, 99.9%) using low energy slightly increased the 1962.4 and 1926.0érbands and the
(1—5 mJ/pulse). Laser-ablated metal atoms were co-deposited(CO),* absorption at 2056.2 cm, and decreased the (CO)
with carbon monoxide (0.050.5%) in excess argon or neon absorption at 1517.6 cm, while the 1732.0 cm! band
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Figure 1. Infrared spectra in the 198700 cn? region for laser-ablated Sc atoms co-deposited with 0.5%CO in excess argon: (a) after 1 h

sample deposition at 10 K, (b) after annealing to 25 K, (c) after 20A1in470 nm photolysis, (d) after 20 min full-arc photolysis, and (e) after

annealing to 35 K.

TABLE 1: Infrared Absorptions (cm ~1) from Laser-Ablated Sc Co-deposited with CO in Excess Argon at 10 K

LCIQ  1Cleg  CLQ 12C160 + 13C160 120160 4 12C180 R(12/13) R(16/18)  assignment
2138.2 2091.0 2087.1 2138.2,2091.0 2138.2,2087.1 1.02257 1.02448 (e{@]
1968.0 1923.6 1923.2 1968.0, 1955.5, 1941.4, 1923.5 1968.0, 1955.6, 1941.5, 1923.2 1.02308 1.02329 ;3 Sc(CO)
1923.5 1880.7 1879.0 1923.5, 1880.6 1923.5, 1878.9 1.02276 1.02368 *ScCO
1918.4 1877.6 1873.6 1.02172 1.02391 ScGie
1906.4 1865.3 1860.2 1.02203 1.02484 (SO),

1891.7 1851.1 1845.6 1.02193 1.02498 (6O),

1870.4 1829.7 1825.6 1.02224 1.02454 ,(6O),

1865.4 1824.8 1820.6 1.02225 1.02461 (Sc@ o)
1851.4 1809.4 1808.6 1.02321 1.02366 Sc(ent
1842.4 1801.0 1800.1 1.02299 1.02350 ScCO site
1838.1 1796.8 1796.4 1.02299 1.02321 ScCO site
1834.2 1792.9 1792.3 1834.2,1792.9 1834.2,1792.3 1.02304 1.02338 ScCO
1823.2 1783.4 1779.9 1823.2,1806.9, 1794.2, 1783.3 1823.1, 1805.5, 1791.7, 1779.8 1.02232 1.02433 ;sigc(CO)
1822.2 1782.3 1778.8 1822.2,1805.8, 1793.1, 1782.3 1822.2,1804.5,1790.7,1778.8 1.02239 1.02440 ;3 Sc(CO)
17983 17589 1756.0 1.02240  1.02400 ,(SO))
1794.5 1756.0 1751.4 1.02192 1.02461 site

1775.5 1736.2 1734.3 1775.5,1751.6, 1736.0 1775.5,1750.8, 1734.1 1.02264 1.02376 , Buf@O)
1764.1 1725.1 1723.1 1764.2,1740.6,1724.8 1764.3,1739.7,1722.9 1.02261 1.02379 ,) Si€CO
1762.1 1722.8 1721.0 1762.1,1738.4,1722.9 1762.1,1737.5,1721.1 1.02281 1.02388 , Sit§CO)
1716.3 1679.1 1675.8 1716.2, 1694.6, 1678.9 1716.4, 1693.1, 1676.0 1.02215 1.02417 ,Be(tO)

remained the same. Mercury arc photolysis usirg 470 nm
radiation decreased the (GO)1732.0 and 1926.0 cm bands,
and produced a new band at 1884.5énfull-arc photolysis
destroyed the 2056.2 and 1732.0 @nbands, decreased the
1962.4 cm! band, and increased the 1926.0 and 1884.5cm
bands. A find8 K annealing increased the latter bands. Isotopic
counterpart absorptions usifgC%0 and12C!80 reagents are

cm! band. Using the same experimental conditions, the initial
spectra of deposited samples without €&id with CC} added
are shown in Figure 4 for neon samples. Doping with £CI
totally eliminated the 1732.0 cm absorption (Figure 4c) and
the 1517.6 cm! (CO)~ band (not shown), revealed a new
absorption at 1851.4 cm, and enhanced the 1962.4 chiband
7-fold compared to the spectrum without G@oping (Figure

also listed in Table 2. Figure 4b shows the spectra of mixed 4a). The 1851.4 cm band also shows a doublet in the mixed

12C160 + 13C160 experiments where doublets were observed
for the 1962.4 and 1732.0 crhbands.

CCl, Doping. Experiments were done with different con-
centrations of CGladded to serve as an electron trap in both

12C160 + 13C160 spectrum with CGladded (Figure 4d).

Y + COJ/Ar. Laser-ablated Y atoms and ions co-deposited
with CO in excess argon produced absorptions at 1909.4, 1903.6,
and 1893.3 cm! and a weak doublet at 1874.1, 1869.0ém

argon and neon matrices. In argon all the product absorptions(trace a in Figure 5). A similar experiment doping with 0.1%

exhibited in Figure 1 were also observed with ¢®lowever,
the relative intensities were reversed, and the 19233 tand

CCl, had little effect on the 1909.4, 1903.6, and 1893.3°&m
bands, but greatly intensified the 1874.1, 1869.0 tdoublet

became the dominant feature on deposition instead of the 1834.2as shown in trace b of Figure 5. These bands shifted to 1866.7,
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Figure 2. Infrared spectra in the 1980670 cn? region for laser-ablated Sc atoms co-deposited with 0.28J50 + 0.25%3C*®0 in excess
argon: (@) afte1 h sample deposition at 10 K, (b) after annealing to 25 K, (c) after 20Amin470 nm photolysis, (d) after 20 min full-arc
photolysis, and (e) after annealing to 35 K.
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Figure 3. Infrared spectra in the 207700 cm* region for laser-ablated Sc atoms co-deposited with 0.1% CO in excess neon: (a) after 45 min
sample deposition at 4 K, (b) after annealing to 6 K, (c) after 20 inin 470 nm photolysis, (d) after 20 min full-arc photolysis, and (e) after
annealing to 8 K.

1861.3, 1851.2, 1832.4, and 1827.7¢rim the 13C1%0 spectrum the all-electron set of Wachters and Hay as modified by

as shown in trace d of Figure 5. The mix&€®0 + 3C60 Gaussian 94 for scandidhwere used. Calculations were
spectrum (trace c in Figure 5) shows doublets for all the performed on ScCO, ScCQand ScCO, and the results are
absorptions. listed in Table 3. In agreement with previous calculatiin&]1%20

Calculations. Density functional calculations were done for the ScCO complex has &~ ground state derived frod=*
band identifications using the Gaussian 94 progféihe BP86 CO and atomic Sc with the excited B! configuration tF);
functional3® 6-311+G* basis sets for C and O atorfsand the 21 excited state, which correlates to ground state CO and
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TABLE 2: Infrared Absorptions (cm ~1) from Laser-Ablated Sc Co-deposited with CO in Excess Neon at 10 K

12C1%0 1BC%0 2Ct8%0 12C180 + 13C10 R(12/13) R(16/18) assignment
2159.7 2112.5 2108.9 1.02234 1.02409 (€0)
2151.9 2104.5 2100.8 1.02252 1.02432 (€O)
2140.7 2093.6 2089.7 2140.7, 2093.6 1.02250 1.02441 Cco
2056.2 2009.8 2033.9 1.02309 1.01096 (€0)
1974.2 1932.7 1924.6 1974.2, 1951, 1943.6, 1932.7 1.02147 1.02577 $c(CO)
1962.4 1918.8 1916.4 1962.5,1918.8 1.02272 1.02400 ScCO
1949.9 1904.8 1.02368 Sc(COyite
1943.6 1901.5 1897.3 1.02214 1.02440 (SO),
1926.0 1884.7 1878.1 1926.0, 1898.9, 1884.6 1.02191 1.02550 SE(CO)
1922.6 1881.7 1.02174 Sc(COXkite
1902.2 1860.9 1856.2 1.02219 1.02478 (SO),
1893.7 1852.6 1848.2 1.02219 1.02462 Sc(CO)
1884.5 1843.8 1839.9 1.02207 1.02424 Sc(CO)
1851.4 1809.8 1809.3 1851.4, 1809.8 1.02299 1.02327 ScCO
1845.1 1804.7 1801.4 1845.1, 1820.0, 1804.6 1.02239 1.02426 «(C(Dp)
1732.0 1693.1 1692.9 1731.9, 1693.2 1.02298 1.02310 ScCO
1694.0 (Sc(COy)
1517.6 1484.3 1481.2 1517.5, 1499.5, 1484.2 1.02243 1.02457 2(CO)
1516.3 1482.9 1480.4 1516.2, 1498.1, 1482.9 1.02252 1.02425 2 (6®»
0.020
Sc2etot 0.075 Y®CO*
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Figure 4. Infrared spectra in the 206680 cnT? region for laser- Figure 5. Infrared spectra in the 195800 cnt? region for laser-
ablated Sc atoms co-deposited with different CO sample in excess neorablated Y atoms co-deposited with different CO sample in excess argon
after deposition: (a) 0.198C€0, (b) 0.075%42C%0 + 0.075%3C¢0, after deposition: (a) 0.59%¢C*0, (b) 0.5%"2C*0 + 0.05% CCl, (c)
(c) 0.1%*C*%0 + 0.02% CCl, (d) 0.075%'%C*%0 + 0.075%*3C*0 0.3%12C1%0 + 0.3%3C¢0, and (d) 0.5%43C*¢0.
+ 0.02% CC}, and () 0.1%2C80 + 0.02% CCl.

states and two bent statéB; and“B,. All four of these states
ground state?D) Sc atom, is 7.3 kcal/mol higher than tHe~ are very close in energy, and it is difficult to determine which
state. The SeC bond length (2.075 D) calculated for ground is the ground state; hence, higher level calculations will be
state ScCO is near those obtained by Barnes and Bauschlichefequired to answer this question. Similar bent and linear
(2.149 D)!5 by Fournier (2.036 D}¢ and by Adamo and Lelj  Structures were obtained for triplet Sc(GOand Sc(CO)” as
(2.082 D)!’ Both the ScCO anion and ScCO cation were  listed in Table 4.
calculated to hav&=~ ground states, and the-@© bond length The Sc(COy molecule was calculated to havéAy ground
of the anion is longer than for the neutal ScCCO molecule, while State withCs, symmetry, and A" state withCs symmetry is
the cation bond length is shorter. Previous workers fot¥md 11.9 kcal/mol higher than th#\; state. The calculated isotopic
to be the most strongly bound ScC@tate?! C—0 stretching vibrational frequencies and intensities are listed

Similar calculations were also done for the Sc(g@plecule, ~ in Table 5.

anion and cation, and the results are listed in Table 4. Barnes
and Bauschlicher have reported calculations on the S¢(CO)
molecule with linear geometry, and two states, namElyand Scandium carbonyl neutral, cation, and anion species will be
214, were found to be very close in enertpf-our states were identified from isotopic substitution and density functional
converged in the present DFT calculations: these two linear calculations of expected products.

Discussion
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TABLE 3: Geometries, Relative Energies (kcal/mol), Vibrational Frequencies (cmt), Intensities (km/mol), and Isotopic
Frequencies Calculated (BP86/6-31tG*) for ScCO, ScCO~, and ScCO"

molecule relative energy geometry 12C1%0 13C10 12C180
ScCO () 0 Sc-C: 2.075 A 1841.7(886) 1799.8(842) 1798.8(852)
C-0: 1.181A 416.2(6) 411.9(6) 407.2(5)
linear 275.1(2) 267.1(2) 271.6(2)
ScCO ) +7.3 Sc-C: 2.068 A 1832.8(852) 1790.9(810) 1790.2(817)
C-0: 1.183A 424.3(3) 420.0(3) 415.1(3)
linear 292.6(17) 284.0(16) 288.9(17)
273.7(3) 265.7(2) 270.2(3)
ScCO (3<7) -25.8 Se-C: 2.078 A 1730.8(977) 1690.9(937) 1691.1(927)
C-0: 1.200 A 418.2(1) 414.0(1) 409.0(1)
linear 276.2(4) 268.1(4) 272.7(4)
ScCO (327) +144.0 Se-C: 2.090 A 1976.4(502) 1931.7(475) 1929.7(485)
C-0: 1.159 A 403.2(0.2) 399.1(0.2) 394.6(0.1)
linear 282.7(15) 274.5(14) 279.0(15)

TABLE 4: Calculated (BP86/6-31H-G*) Geometries, Relative Energies (kcal/mol), €O Vibrational Frequencies (cnt?), and
Intensities (km/mol) for Sc(CO),, Sc(CO)~, and Sc(CO}*

state rel energy geometry antisym-O sym C-O

Sc(COX2B;) 0 Sc-C: 2.082A, CG0O: 1.177A 1808.0(790) 1838.7(2537)
0CScC: 66.8, 0ScCO: 178.3

Sc(CO) (“Bo) +3.5 Sc-C: 2.116 A, G-0: 1.177A 1830.2(1248) 1859.5(1072)
0CScC: 85.7, 1ScCO: 179.2

Sc(COY(“Zy) +3.8 Se-C: 2.197 A, C-0: 1.165A 1878.3(3471) 1967.3(0)
0CScC: 186, 0ScCO: 180

Sc(COY(I1y) +5.6 Se-C: 2.126 A,C-0: 1.182A 1795.5(3226) 1883.2(0)
0CScC: 186, 0ScCO: 180

Sc(CO) (3y) -17.6 Se-C: 2.137 A, G-0: 1.199 A 1691.1(3091) 1776.7(0)
0CScC: 180, 0ScCO: 180

Sc(CO) (3By) —25.5 Se-C: 2.130A, G-0: 1.192 A 1747.9(728) 1764.6(2218)
0CScC: 77.8,0ScCO: 178.8

Sc(COY*(3%4) +142.6 Se-C: 2.224 A, C-0: 1.148 A 2003.5(2426) 2074.5(0)
0JCScC: 180, 0ScCO: 180

Sc(COY"(3B1) +142.8 Se-C: 2.172A,G-0: 1.150A 1964.4(1199) 2051.8(263)

0OCScC: 77.8,0ScCO: 177.3

TABLE 5: Calculated C—O lIsotopic Vibrational Frequencies (cnm?) and Intensities (km/mol) for the “A; Sc(CO) Molecule and
3A; Sc(COX™ Cation

(*2C1%0)s (*C1%0)s (*2CH0)s
Sc(Coy antisym 1870.7(15392) 1828.5(14622) 1826.3(14782)
sym 1954.6(338) 1909.8(323) 1909.3(323)
Sc(COy*® antisym 2013.7(16882) 1969.6(159% 2) 1964.0(1639.2)
sym 2099.9(68) 2052.3(65) 2050.4(66)

a Structure: Cs, symmetry, Se-C: 2.152 A,C-O: 1.168 A,[1CScC: 88.8, 1ScCO: 179.1. P Structure: Cs, symmetry, Se-C: 2.254 A,
C—0: 1.144 A,0CScC: 104.8, 1ScCO: 179.9.

ScCO. The prominent 1834.2 cm band observed on  13C0 spectrum, only pure isotopic counterparts were observed.
deposition in all argon matrix experiments subsequently de- The 1851.4 cm! band must be the ScCO absorption in a neon
creased on annealing but increased on photolysis. This bandmatrix. Compared to the argon matrix, the ScCO absorption
shifted to 1792.9 cmt in 13C'60 and to 1792.3 cmi in 12C180 blue shifted 17.2 cm' in the neon matrix.
experiments. The 12-16/13-16 ratio 1.023 04 is higher than the The ScCO assignment is strongly supported by DFT calcula-
diatomic CO ratio (1.022 57), while the 12-16/12-18 ratio tions. Earlier calculations found a quartet ground $taté and
1.023 38 is lower than the corresponding diatomic CO ratio Fourniet® reported a GO stretching vibration at 1916 cth
(1.024 48), which means more C and less O motion involvement Considering the scale factor, argon matrix effect, and anhar-
in this mode. In both mixed?C'0 + 13C1%0 and!?C®0O + monicity, Fournier predicted the ScCO frequency in an argon
12C180 experiments, only pure isotopic counterparts were matrix at 1834 cm?, in excellent agreement with our 1834.2
observed, which confirms that only one CO subunit is involved cm™ observed value. The BP86/6-3&G* calculation em-
in this mode. This band is the major product band on deposition ployed here predicted a 1841.7 chrharmonic frequency for
using very low laser power, so only one Sc atom is most likely ScCO, just 9.7 cm! lower than the neon matrix value and 7.5
involved, and hence, this band is assigned to th@®Gtretching cm! higher than observed argon matrix value. Of more
vibration of the ScCO molecule. importance is the excellent agreement between the calculated

In the neon matrix experiments, no absorption was observedand observed isotopic frequency ratios: our calculation gave
in the 1906-1800 cn? region on deposition; however, the 1.023 28 for 12-16/13-16 and 1.023 85 for 12-16/12-18 ratios,
experiments doping with 0.02% C{roduced a sharp band at  while 1.022 99 and 1.023 04 were observed for-18/13-16
1851.4 cn1?! after deposition. This band shifted to 1809.8 and and 1.023 27 and 1.023 38 for 12-16/12-18 ratios in neon and
1809.3 cmi! in 18C60 and 12C!80 spectra, and the 12-16/ argon matrices, respectively. Clearly part of the difference is
13-16 ratio 1.022 99 and 12-16/12-18 ratio 1.023 27 are almost due to anharmonicity in the observed frequencies. This indicates
the same as the argon matrix values. In the mi&&i°0 + that DFT calculations predict a normal mode with unique C
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and O atomic participations that are matched to the observedis about 9-12 kcal/mol exothermic according to calculatidas.
spectrum. Note also the excellent agreement between ratios inThis is a favorable process: the ScC@bsorption increased
solid argon and neon. Weltner ef’dentatively assigned a broad  on annealing as the reaction is spin allowed. Note that ground
1950 cnT! argon matrix band to the ScCO molecule; however, state S¢(°D) correlates with thé=* excited state of ScCQ
no absorption was observed in this region on deposition, andbut the3F excited S¢ state, which can be produced by laser
only a broad band appeared on higher temperature annealingablation, correlates with th&~ ground state of ScC?*
which might be due to a cluster species.

The ScCO molecule is probably formed by reaction 1 on (ScH*(°F) + CO— ScCO ((2) (2a)
deposition in argon with laser-ablated metastable Sc atoms,
which are 1.43 eV above the ground state. Itis noteworthy that  5¢"(3p) + cO— ScCcO'(sh relax ScCOCE)  (2b)
the ScCO absorptiodoes not increasen annealing as ground

state Sc{D) apparently does not react with CO, although the YCO*. The bands at 1909.4, 1903.6, and 1893.3 kare

. _ assignment of ScCO Recall that these bands were favored by
Sc*(*F) + CO— ScCOo(s) (1) the addition of the CGlelectron-trapping molecule.

. . ScCO . In neon matrix experiments, a sharp band present at
YCO. The doublet at 1874.1 and 1869.0 chis assigned to 1735 ¢yt on deposition, in%htIy decreased oFr)l anneaﬂing. This
YCO at different matrix sites. These bands show carbonyl -+ chifted to 1693.1 and 1692.9 chusing13C160 and2C180
isotopic ratios 1.0228 and 1.0226, and only doublets were o, 00t and gave the 12-16/13-16 ratio 1.022 98 and 12-16/
observed in the mixed isotopic experiment. The YCO yield 15 7g 1415 1.023 10. In the mixédCO + 1310 experiment,
!ncreased ma_lrk_edly n th? C@oped experiment as did ScCO a doublet was observed, so another species with ScCO stoichi-
In neon matrix |nvest|gat|0|zs at the expense of ScCO ometry must be considered. This band decreased about 50%
ScQO_*. The 1923.5 cm .banoll was a[so observed after o, mercury arc photolysis using> 470 nm, disappeared on
deposition In an argon matrix, this bar_1d mcrea_sed on 20 andfuII-arc photolysis, and did not return on higher temperature
25 K annealing, decreased on photolysis, and slightly mcreasedannea"ng_ Furthermore, CCtloping eliminated this band, in
on 30 K annealing, but decreased on higher temperaturec,, 0. of SccO. which ’strongly supports the ScC@nio’n
annealing. It*C10 and*?C1%0 experiments, this band shifted  ;5qionment. our DFT calculation predicted the ScG@ion

to 1880.7 and 1879.0 cm The 12-16/13-16 isotopic ratio y, ave 35— ground state, a strong-@ stretching vibration
1.02276 and 12-16/12-18 ratio 1.023 68 are slightly different ;; 1759 g cm?, and isotopic frequency ratios in excellent

from ScCO ratios, but still show more C and less O participation ;
. ; . greement with observed values.
than the CO diatomic molecule. In the mix&€%0 + 13C160 The ScCO anion is produced by reaction 3, and our DFT

121 1201 i i i i
and*2C1e0 + 10 experiments, doublets with pure ISOtopiC  ¢4jcylations suggest a 25.8 kcal/mol electron affinity for ScCO,
counterparts were observed, so only one CO subunit is 'nVOIVedaIthough this energy must be viewed with caution. Note that

:n this lmode. Again, thiz band \?'II?SI preserg on deposition lusigg neon matrices fail to preserve the ScCO absorption withous CCI
ower laser energy, and most likely one Sc atom Is Involved, 4q4ing (Figure 4), indicating that reaction 3 proceeds readily
so another species with the ScCO formula must be considered;, a neon matrix, but added C@laptures electronand prevents

_The relative yield of the 1923.5 cth band is about one- o2 ion 3, which allows ScCO to survive the matrix deposition
fifth of the ScCO absorption at 1834.2 cfin normal process.

experiments; however, similar experiments doping with 0.1%
CCl, changed the relative yield dramatically, and the 1923.5
cm~1band is now almost 5 times more intense than the 1834.2
cm~1band on deposition. This strongly suggests that the 1923.5
cm! band is due to the ScCQcation.

The neon counterpart of the 1923.5 ¢thband is observed
at 1962.4 cm?, which was also present on deposition. The
isotopic ratios (12-16/13-16: 1.022 62, 12-16/12-18: 1.023 84)
are very close to the argon matrix values. This band was
enhanced 68 times in CCJ} doped experiments, whicaids
the suwival of cations by trapping electron&urthermore, the
larger 39 crm! Ar—Ne shift requires a stronger matrix interac-
tion than for ScCO, which is appropriate for the ScCeation.

The ScCO assignment is confirmed by DFT calculations.
Our BP86/6-313G* calculation predicted th&~ ground state
fg%ozl ((::?rtfnl),nvsﬁi (?f? \:: Zf;g:;%g;”fg hr:%ghg:btrﬁ;r?th is mos’ily Slc (er) in characte;. For ScCEX) the orbitals are
observed neon and argon values. The calculated isotopic ratios_ -l(o) () (”)d’ where S3C(E®( > )I 1S f;)rmed gé/_removmg the
1.023 14 (12-16/13-16) and 1.024 20 (12-16/12-18) are very ¢, Sl€ctron and ScCO (°Z7) results rom. adding another
close to the experimental observations, and of course, inghtIyeleCtron' The galculated. Mulliken chargédor the cation,
different from the calculated ratios for ScCO. The larger red neutral, and anion follow:
shift for ScCO  in the argon matrix suggests stronger interaction

ScCO+ e — ScCO 3)

All three species ScCQ ScCO and ScCOare observed in
the neon matrix, the ScCOanion is 119.4 cm! lower than
the neutral ScCO molecule, while the ScC@ation is 111.0
cm~1 higher than neutral ScCO molecule, which is in line with
DFT calculations. The role of added G@lectron trap in these
experiments is dramatically demonstrated in Figure 4. The
preferential capture of ablated electrons by Q@kcludes the
formation of ScCO, allows ScCO to be trapped, and enhances
the yield of ScCO and higher carbonyl cations. A similar result
has been found for FeCQFeCO, and FeCOand for NiCO
and NiCO in solid argon?*35

The active §) orbital in the ScCO, ScCO, and ScCOseries

between ScCO and the argon matrix, as has been observed *''' ~%0% 008 +0.36 ~0.18 -0.18 —0.33 -0.40 -0.27
for ScO*.33 Sc—C—0 Sc—C—0 Sc—C—0
The ScCO cation is produced by reaction 2a on deposition ScCo* ScCO ScCO™

with laser-ablated Sccations in the ) excited state, which
is 0.56 eV above the grounél}) state. The ground state reaction The degenerate orbitals are Se C bonding but G-O anti-
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bonding. Hence the flow of electron density te-O results in both symmetric and antisymmetric vibrations have sufficient
a reduction of the €0 vibrational frequency as is observed in intensity to be observed. Note for both doublet and quartet, the
the series. antisymmetric vibrational frequency for the linear structures are
It is noted that ScCOwas observed here in solid neon but slightly higher than for corresponding bent structures. These
not solid argon. The less polarizable neon matrix appears morecalculations suggest that the 1716.3 and 1851 .4'drands are
capable of resolving charges and trapping isolated cations andprobably due to Sc(CQ@with bent structure, while the 1775.6
anions. This may be due to charge delocalization in the more cm * band is due to the linear molecule. As the bent molecule
polarizable argon matrix cage which leads to the decomposition has a large dipole moment, the argon matrix solvent interaction
of ScCO in solid argon. In this regard, the yield of (CO) made the bent molecule more stable than the linear molecule,
was higher in solid neon than in solid argon, and (€Qyas but during visible light photolysis, the bent molecule can open
observed here only in solid nedh34:3% to linear structure in the matrix cage. Similar results have been
Sc(COY*. The weak broad band at 1926.0 chin neon observed f_or _the Fe(C@)noIeCL_JIe, which is linear in '_[he gas
matrix spectra on deposition increased little on 6K but markedly Phase, while in the argon matrix, the bent structure is favored

on 8 K annealing. A triplet was observed in mix&C¢0 + due to the matrix solvent interactiéf.
13C160 experiments, which is suitable for Sc(GO)Our DFT ~ The increase in bent Sc(C£)n annealing follows a decrease
calculations predict the linedE," state and beriB; state Sc- N SCCO (X7) which suggests that the bent Sc(GGpecies

(COX* to be very close in energy. The linear cation has a strong ©0served here is probably the quartet state.
antisymmetric vibration calculated at 2003.5¢mand the bent _ 4
cation at 1964.4 cmi. Matrix interaction will favor the bent ScCOfE") + CO— Sc(COY(‘B,) 4)

structure as it has a large dipole moment. Accordingly, the . .

1926.0 cm band is assigned to bent Sc(GQ)The 1926.0 Sc(COj. In the argon matrix, the_ split band at 1822.2,1823.2_

cm-* absorption was slightly enhanced in G@bped experi- cm‘ll was observed only on annealing. !t decreased oln plhotonS|s

ments, although less than Sc€@Figure 4), which is in accord and mcrgaseq more on further annealing:*B®0 and’C1*0

with the cation identification. spectra, it shifted to 1782.3, 1783.4 and 1778.8, 1779.9'cm
Sc(COj*. The 1974.2 cm® band in neon experiments respectively. The 12-16/13-16 ratio (1.0223) and 12-16/12-18

increases o.n annealing ;amd is enhanced by the adgition af CCI ra.tio (ll'gczfeg) als?%lggate al{ziglggetchlizrga\gbration: In both

The iso_topic _ratios are slightly different fro_m SC¢@tiOS' In (rqntl):retdets with ;:vo weak:rn?ntermedgte compgﬁgﬁzsmvig:z’ ob-

mixed E otoplg e>|<per|m%r11ts, strongkpu_ret |sotog!c tcounterpartstserved, which is appropriate for the degenerate stretching mode

were observed along with one weaxer intermediate componentg trigonal carbonyl specié8 This split band can be assigned

and one shoulder on another band, which is appropriate for a : ; S
degenerate vibratiot. This band is assigned to the Sc(GO) g)tg;;e?ggf %g?:&tr;?teeso vibration of the Sc(CQ)molecule

cation. Our DFT calculation predicted a strong antisymmetric — » '\, . absorption at 1968.0 cthhas the same behavior as
C~O stretching vibration at 2013.7 crhfor the *As state of e gouplet at 1822.2,1823.2 cin It shifted to 1923.6 cm
Sc(COy" cation. _ . _ _ in 13C160 spectra and to 1923.2 crhin 12C180 spectra, which
Sc(COp. The scandium dicarbonyl assignment is not as eypipit a higher 12-16/13-16 ratio (1.0231) and lower 12-16/
straightforward as ScCO. In a neon matrix, no obvious absorp- 1.1g ratio (1.0233) compared to the corresponding ratios of
tions due to Sc(CQ)species are present. However, in an argon he 1822.2,1823.2 cm doublet. In both mixed2C60 + 13C160
matrix, the 1716.3 cmt band was weak on deposition, but 444120160 + 120180 experiments, quartets with 1/3/3/1 intensity
greatly increased on annealing at the expense of SCCO absorpyistribution were produced. This band is appropriate for the
tion (Figure 1). This band shifted to 1679.1 and 1675.8&m nondegenerate symmetric—© vibration of the Sc(CQ)

on using **C'%0 and **C**0 samples; the 12-16/13-16 ratio  mgjecule. The matrix site is less obvious and not resolved for
1.022 15 and 12-16/12-18 ratio 1.024 17 suggest that this bandipis mode.

ils aiterminrill Ci—O str;etc?ing mode. In both mixé@C160 + The present DFT calculations predict the Sc(€@bplecule
SC*°0 and*?C'%0 + *2C**0 experiments, 1/2/1 triplets were  ith 4a, ground state an@sz, symmetry. The antisymmetric

observed, so two equivalent CO subunits are involved in this 5nq symmetric €O vibration were calculated at 1870.7 (1539
mode. A weak band at 1851.4 cirtracks with the 1716.3 cnt x 2 km/mol) and 1954.6 cnt (338 km/mol), which are in

band and shows slightly higher 12-16/13-16 ratio and lower gycejlent agreement with the observed spectrum. The marked
12-16/12-18 ratio; these two bands are suitable for antlsymmetrlcgrowth in Sc(CO) and Sc(COy on final annealing at the

and symmetric vibrations of a bent Sc(G@)olecule. expense of =~ ScCO is in accord with quartet states for the
The 1775.6 cm! band was observed only oh> 470 nm higher carbonyls.
photolysis when the 1716.3 and 1834.2¢rhands decreased. Sc(CO). The 1865.4 cmt argon matrix absorption appeared
This band decreased on annealing and vanished on full-arconly on higher temperature annealing after the Sc¢t@pds.
photolysis. In the*C°0 and*2C*®0 spectra, this band shifted  The isotopic 12-16/13-16 ratio (1.0223) and 12-16/12-18 ratio
to 1736.2 and 1734.3 cmh, respectively, and the 12-16/13-16  (1.0246) indicate a terminal-€0 stretching vibration. In both
ratio 1.022 64 and 12-16/12-18 ratio 1.023 76 characterize a mixed isotopic experiments, only pure isotopic bands and no
terminal C-O stretching vibration. The clear 1/2/1 triplets were  jntermediate components were observed, which is in accord with
observed in both mixetC*®0 + 13C1°0 and'*C'®0 + 12C%0 a degenerate vibrational moéfe.This band is tentatively
spectra suggest that two equivalent CO subunits participate inassigned to Sc(CQ)
this mode. Other Absorptions. In the neon matrix experiments, a 1884.8
As already mentioned, both doublet and quartet states of thecm™! band produced oi > 470 nm photolysis and a 1893.6
bent and linear Sc(C@3tructures are calculated to be very close cm™! band produced on annealing show carbonyl isotopic ratios,
in energy. For the linear structure, the symmetrie@stretching but the intermediate components of mixed isotopic spectra are
vibration is IR inactive, and only the antisymmetric-O not clear, so these bands can only be assigned to higher carbonyl
stretching vibration can be observed. For the bent geometry, species. The weaker, broader 1694.0 &érband increased
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slightly on annealing at the expense of the 1732.0%c8ctCO
band, decreased oh> 470 nm photolysis, and vanished o
full-arc photolysis with the 1732.0 cn absorption. Both 1732.0
and 1694.0 cm! bands were eliminated with CCpresent
(Figure 4). Unfortunately, th&3C1%0 and2C'80 counterparts
could not be observed due to €Oin the 1655-1665 cnrt
region. The 1694.0 cmt band is tentatively assigned to
Sc(CO}; recall that dicarbonyl anions have been observed in
this region for the Fe and Ni syster#fs®

The absorptions at 1798.3 and 1794.5 ¢émppeared in solid
argon on annealing, and these two bands also shevD C
stretching isotopic ratios. In the mixed isotopic experimen

n

t,

quartets with two close intermediate components were observed.g,
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(10) Sunderlin, L. S.; Wang, D.; Squires, R.RAm. Chem. So4992
114, 2788.
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Soc 1991, 113 8590.
(12) Stevens, A. E.; Feigerle, C. S.; Lineberger, WJCAmM. Chem.
c 1982 104 5026.

These bands are tentatively assigned to the discandium dicar- (13) McQuaid, M. J.; Morris, K.; Gole, J. L1. Am. Chem. Sod 988

bonyl S¢(CO), molecule. The quartet isotopic structure suggests
that the two CO subunits are slightly different. Finally, several

weak bands observed on annealing cannot be assigned and argi4.

listed in Table 1 as SECO),.

Conclusions

Laser-ablated Sc atoms, cations, and electrons react with CO

molecules to give primarily the ScCO, Sc€0and ScCO
products, which have been isolated in solid argon and neon
matrices. On the basis of isotopic substitution as well as density
functional calculations, absorptions at 1834.27énn solid
argon and 1851.4 cm in solid neon are assigned to the-O
stretching vibration of the ScCO molecule, the higher bands at
1923.5 cnt in argon and 1962.4 cm in neon to the ScCO
cation, and the lower 1732.0 cthband in solid neon to the
ScCO anion, respectively. This relationship is a general trend
among transition metal carbonyl cations, neutrals, and an-
ions'83435 a5 the increase in electrons from cation to anion
increases electron density inorbitals that are M-C bonding
but C—0 antibonding.

The larger argon-to-neon blue shift for ScCC@9 cnt?) than
for ScCO (17 cm?) indicates a stronger matrix interaction for
the cation. Higher carbonyls Sc(C0) and Sc(CO}, zare also
produced on annealing where the neon matrix appears to
preserve the charged species better than the argon matrix
this regard ScCOis trapped in solid neon but not in solid argon.
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