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Infrared Spectra and Density Functional Calculations of Small Vanadium and Titanium
Carbonyl Molecules and Anions in Solid Neon

Mingfei Zhou and Lester Andrews*
Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22901

Receied: February 15, 1999; In Final Form: May 4, 1999

Laser-ablated vanadium and titanium atoms were reacted with CO molecules during condensation in excess
neon. The V(CQ)and Ti(CO) (x = 1—6) molecules are formed during deposition or on annealing and
photolysis. The V(CQy, Ti(CO),~ (x = 1—-6) anions and TiCO cation are also produced and identified on

the basis of isotopic substitution and density functional calculations. Selective photolysis ando@iab
experiments strongly support the identification of the anions and cation.

Introduction 0.407]

1v(co), -V(CO),
Coordinatively unsaturated transition metal carbonyls are o] | vco), v(co),
active species in catalytic reactions, and these molecules have ] b1
been the focus of extensive and continuous sfublye V(CO) 030 /J\NW\JM\\_) ©
complexes X = 1-5) were produced by thermal V atom 025; V(CO)
reactions with CO and infrared spectra were observed in solid |, | ? @

rare gas matrixesMorton and Preston reported an electron spin
resonance (ESR) study of V(COand V(CO} in a krypton ]
matrix produced by gamma-irradiation of V(G&)Van Zee 015
and co-workers prepared V(CQX = 1—3) by co-condensing 1
vanadium atoms with CO in excess rare gas and obtained ESR ]
spectra A time-resolved infrared study of gas-phase V(¢O) 005
(x = 3—5) produced by excimer laser photolysis of V(GO)
found some disagreement with matrix infrared and ESR st@dies. o]
The V(CO)~ anion was produced by vacuum-ultraviolet 2000 1950 1900 1850 1800 1750 1700
irradiation of V(CO} in solid argorf More recently, the bond Wasenumbers (can-1)
strengths of V(CQ) (x = 3—6) were determined by energy- Figure 1. Infrared spectra in the 2061660 cnt* region from laser-
resolved collision-induced dissociation of vanadium carbonyl ablated V atoms co-deposited with 0.1%CO in neon: (a) 30 min sample
anions in gas phadeFor titanium, the experimental data are deposition at 4 K, (b) after annealing to 8 K, (c) after annealing to 10
very sparse. Binding energies of Ti(GO)ompounds were K, (d) after 15 min full arc photolysis, and (e) after annealing to 10 K.
determined by chemiluminescence spectroséomnd the
infrared spectrum of the saturated molecule Ti(€i@)CO, Ar,
Kr, and Xe matrixes was reportédviore recently, reactions of
laser-ablated titanium atoms and oxides with CO in solid argon
were studied in this laboratory, and infrared spectra of several
titanium carbonyls were reporté®l.

Earlier extended Huckel calculations provided predictions of
the geometries and spin multiplicities of the large M(C(®)
= 3-5) species!12 Bauschlicher and co-workers provided
detailed ab initio calculations of the mono- and dicarbonyl
neutrals as well as catioA%* The monocarbonyls were also
investigated by more recent density functional theory (DFT)  The experiment for laser ablation and matrix isolation
calculations:>~17 spectroscopy was described in detail previodsiy# Briefly,

Recent pulsed laser-ablation matrix isolation studies on later the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
first-row transition metal and CO systems showed that, in with 10 ns pulse width) was focused on the rotating metal target
contrast to thermal atom sources, metal cations and electrongvanadium metal, Alfa, 99.5%; titanium metal, Goodfellow,
are produced in the laser-ablation process, and as a result99.6%) using low energy (25 mJ/pulse). Laser-ablated metal
molecular anions can be formed via electron capture by neutralatoms were co-deposited with carbon monoxide (0.05 to 0.5%)
molecules and molecular cations can be produced by metalin excess argon or neon onto a 04K Csl cryogenic window
cation reactions or ionization of neutral molecules during matrix at 2-=4 mmol/h for -2 h. Carbon monoxide (Matheson),
condensatiof® 20 It is noteworthy that DFT frequency calcula-  isotopict3C!%0 and!?C'80 (Cambridge Isotopic Laboratories),
and selected mixtures were used in different experiments. FTIR
*To whom correspondence should be addressed. spectra were recorded at 0.5 chresolution on a Nicolet 750
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tions and experiments find the €© stretching modes for
FeCO" > FeCO> FeCO with large diagnostic 156170 cnrt
separation$’-18In this paper, we report the reactions of laser-
ablated titanium and vanadium with CO in excess neon and
argon. We will show that in addition to neutral carbonyls,
carbonyl anions and cations are also produced and trapped in
the matrix and identified by isotopic substitution and density
functional calculations.

Experimental Section
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TABLE 1: Infrared Absorptions (cm ~1) from Co-deposition of Laser-Ablated V with Carbon Monoxide in Excess Neon at 4 K

12C1%0 13C1%0 12C180 12C160 + 13C160 ratio (12/13) ratio (16/18) assignment
2140.8 2093.6 2089.7 1.0225 1.0245 CcO
2006.3 1958.1 1965.4 1.0246 1.0208 ?
1984.3 1940.5 1936.8 1.0226 1.0245 V(GO)
1963.4 1920.1 1917.0 1.0226 1.0242 V(GO)
1958.5 1915.7 1911.8 1.0223 1.0244 V(GO)
1949.3 1906.6 1.0224 (V(CQ)
1946.3 1901.7 1903.0 1.0235 1.0228 V(G8ije
1944.0 1899.7 1900.4 1943.9, 1926.4, 1899.6 1.0233 1.0229 ¥(CO)
1933.4 1890.3 1.0228 VCO site
1930.6 1887.5 1885.8 1931.3, 1887.5 1.0228 1.0238 VCO
1910.8 1869.0 1864.1 1.0224 1.0251 V(GO)
1873.1 1831.5 1829.4 1.0227 1.0239 V(GO)
1845.6 1804.0 1803.9 1845.5, 1820.2, 1803.9 1.0231 1.0231 V&)
1844.2 1802.7 1802.2 1844.2,1819.3, 1802.6 1.0230 1.0233 \¥(CO)
1835.1 1794.3 1791.3 1.0227 1.0245 V(GO)
1820.7 1779.8 1780.0 1820.7, 1779.7 1.0230 1.0229 O/
1806.7 1764.7 1766.3 1.0238 1.0228 VCO
1792.6 1752.4 1750.9 1.0229 1.0238 V(GO)
1779.6 1739.4 1779.7,1739.4 1.0231 NO.))
1777.9 1737.3 1738.2 1777.8,1761.1,1737.1 1.0234 1.0228 ¥(CO)
1775.3 1734.3 1.0236 V(CQ)
1714.3 1674.4 1677.2 1714.6, 1697.5, 1685.4, 1674.4 1.0238 1.0221 ¥(CO)
1670.6 1632.1 1633.3 1.0236 1.0228 V(GO)
1583.4 1548.5 1547.9 1583.4, 1548.5 1.0225 1.0229 J{CO|
1516.2 1482.8 1480.4 1516.2, 1498.1, 1482.8 1.0225 1.0242 2(CO)
1477.9 1443.7 1447.0 1477.9, 1452.4, 1443.6 1.0237 1.0214 JCOL

spectrometer with 0.1 cm accuracy using a HgCdTe detector. ]
Matrix samples were annealed at different temperatures, and ~ °% ]
selected samples were subjected to broadband photolysis by a 1
medium-pressure mercury arc (Philips, 175W) with the globe 0040 V¢
removed.

CO)
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Infrared spectra of V- CO and Ti+ CO systems will be ]
presented followed by density functional calculations of metal 0,025
carbonyl product species. 1

V + CO/Ne. Figure 1 shows the spectra in the 260660 0020
cm* region with 0.1% CO in neon, and the absorptions are ]
listed in Table 1. The spectrum after deposition reveals sharp o015+
strong new bands at 1844.2, 1930.6, and 1944 .0*camd weak — - o -
bands at 1478.0, 1670.6, 1714.3, 1777.9, 1792.6, and 1806.7 Wavenumbers (cio-1)
cm % Annealing to 8 and 10 K increased the 1944.0, 1930.6, Figure 2. Infrared spectra in the 188660 cn™ region from laser-
1844.2, and 1478.0 cm bands, slightly decreased the weak ablated V atoms co-deposited with 0.1%CO in neon: (a) 30 min sample
bands at 1670.6, 1714.3, 1777.9, and 1806.7'camd produced deposition at 4 K, (b) after annealing to 8 K, (c) after 15 rhir 470
new bands at 1910.8, 1958.5, 1963.4, and 1984.3L.cA 15 nm photolysis, (d) after 15 mii > 380 nm photolysis, (e) after 15
min broad band photolysis destroyed the 1478.0, 1670.6, 1714.3Min 4 > 290 nm photolysis, and (f) after 15 min full arc photolysis.
1777.9, 1792.6, 1806.7, and 1930.6 ¢nabsorptions. A final  eliminated the 1714.3, 1792.6, and 1835.1érbands and
12 K annealing recovered the 1478.0 and 1930.6'cbands decreased the 1873.1 cfabsorption.
and increased the 1844.2, 1910.8, 1944.0, 1958.5, 1963.4, and Similar spectra were observed using isotoﬁclﬁo and
1984.3 cm* bands. 12C180 samples, and all of the new product absorptions exhibited

Another experiment was done to explore the photochemistry isotopic shifts as listed in Table 1. The spectrum using a mixed
more thoroughly, and spectra in the 189660 cnt! region 12C160 + 13C160 sample is shown in Figure 3.
are shown in Figure 2. Annealing 8 K decreased the 1670.6, Ti + CO/Ne. Experiments were done using 0.1% and 0.05%
1714.3, and 1777.9 cri bands and produced weak 1835.1 and CO in neon and lower laser power; Figure 4 shows the spectra
1873.1 cnm! bands with little effect on other absorptions. in the 2076-1660 cnt! region with a 0.05% CO, and the
Mercury arc photolysis using the 470 nm long-wavelength pass absorptions are listed in Table 2. Spectra after deposition
filter increased the 1714.3, 1792.6, 1835.1, and 1873.1'cm exhibited new absorptions at 1677.5, 1742.1, 1789.9, 1799.3,
bands at the expense of the 1670.6, 1777.9, and 18067 cm 1893.1, and 2041.3 cr. Annealing b 6 K and 8 K increased
bands. Photolysis using > 380 nm destroyed the 1670.6, the 2041.3 cm! band and slightly decreased the other bands.
1777.9, and 1806.7 cm bands, while the 1714.3, 1792.6, Mercury arc photolysis using &> 470 nm almost destroyed
1835.1, and 1873.1 cmhbands continued to increase. Additional the 1677.5, 1742.1, and 1789.9 thibands and produced weak
photolysis with4 >290 nm decreased the 1714.3 dnband bands at 1730.9, 1760.6 1816.0, 1824.5, 1861.0, and 1920.0
and increased the 1835.1 and 1873.I tabsorptions with no cm~1. Additional photolysis withA > 290 nm eliminated the
change for the 1792.6 crh band. A final full-arc photolysis 1730.9, 1760.6, 1816.0, 1824.5, 1861.0, and 20413 tands.
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Figure 3. Infrared spectra in the 2080620 cnT! region from laser-ablated V atoms co-deposited with 0*3@4°0 + 0.1%%3C*0 in neon: (a)
45 min sample deposition at 4 K, (b) after annealing to 6 K, (c) after annealing to 9 K, (d) after 156-m#¥0 nm photolysis, (e) after 15 min
full arc photolysis, and (f) after annealing to 11 K.

0028 ] Ti(CO)s Ti(CO)s Again, isotopic experiments were done wiit10, 12C*€0,
00263 and2C1%0 + 13C160 samples, the isotopic counterparts are listed
] “ in Table 2, and the mixetfC%0 + 13C160 spectra are shown

0018 systems with 0.1% CO in neon and 0.02% ¢&lded to serve
~Ti(CO), as an electron tra}¥2° Briefly, the absorptions assigned below

to anions were almost eliminated from the spectra of the
deposited samples and were not produced on annealing and
photolysis, whereas absorptions to be identified as cations were

0.016 -

0.014

Absorbance

@

0_024;
0022 © in Figure 5.
00204 CCl4 Doping. Experiments were done for both V and Ti
’ .
0.012 w
0010; {
E TiCO  TiCO);
0.008 H

v mcor Ti((%o)q ‘ ‘ Ti|(c0); TiCo); TiCOR enhanced on .doping \.Nith CLl .
000 ! [ Argpn Matrix Experlmen.ts. Complementary argon matrix
0002 drA e pn N THCO) () experiments were done with low laser power to contrast the
OMEWWW) thermal V experimentdThe present spectra using more dilute
’ o0 o o T 0.4% CO in argon showed weaker absorptions, none of the
Wavenumbers (cnv-1) bands were attributed to,{CO), clusters, and a new feature

Figure 4. Infrared spectra in the 2070660 cnT! region from laser- ~ was visible at 2116.3 cm, which increased on annealing to
ablated Ti atoms co-deposited with 0.05%CO in neon: (a) 30 min 25 K and decreased on photolysis. The major bands on
sample deposition at 4 K, (b) after annealing to 8 K, (c) after 15 min deposition at 10 K were observed at 1904.7 and 1895.8-cm
A > 470 nm photolysis, (d) after 15 mih >290 nm photolysis, and . . . . .
(e) after annealing to 10 K. Likewise low laser power experiments were done with Ti
and CO (0.4%) in argon to contrast the earlier higher power
The 1799.3, 1840.3, 1853.5, 1871.0, 1885.7, 1912.5, 1920.0,investigations?® The present spectra were cleaner: no TiO nor
1945.7, and 1975.1 cm bands markedly increased on pho- 1102 absorption was observed on deposition and even after 25

tolysis. Another experiment using 0.1% CO exhibited similar K annealing, the 917 cn TiO, absorption only reached 0.0004
results and spectra in the 1870660 cnt?® region, which AU. Weak bands were observed on deposition at 1997.0, 1887.8,

contain anion absorptions, are shown in Figure 5. The 1677.5,1882.5, 1877.3, 1865.5, 1776.4, and 1769.6 ¢mo 1854 band
1730.9, 1742.1, and 1789.9 cinbands slightly decreased on Was observed here. Annealing to 20 K decreased all bands but
6 K and 8 K annealing, while the 1816.0, 1824.5, and 1861.0 increased the 1769.6 cth feature, and annealing to 25 K
cm~! bands increased. Photo]ysis usiﬁ]g> 470 nm almost continued this trend and prOduced 1867.0, 1897.7, 1933.5,
eliminated the 1677.5, 1742.1, and 1789.9°¢ibands, and the ~ 1964.8, and 1995 cmi bands. PhotolysisA( > 470 nm)
1730.9, 1760.6, 1816.0, 1824.5, and 1861.0 trbands accentuated this growth, particularly at 1769.6, 1867.0, 1933.5,
increased. Additional photolysis 4t> 380 nm destroyed the ~ and 1964.8 cm'. After full-arc photolysis, the 1933.5 crh
1730.9 cm? band while the 1816.0, 1824.5, and 1861.0¢m  band dominated the spectrum.

absorptions still increased. Another photolysis using 290 Calculations. DFT calculations were done to support infrared
nm destroyed the 1816.0, 1824.5, and 1861.0cbhands. band identifications using the Gaussian 94 progtaithe BP86
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TABLE 2: Infrared Absorptions (cm ~1) from Co-deposition of Laser-Ablated Ti with Carbon Monoxide in Excess Neon at 4 K

12C160 13C160 12C180 12C160 + 13C160 ratio (12/13) ratio (16/18) assignment
2140.8 2093.6 2089.7 1.0225 1.0245 CcoO
2057.9 2010.9 (Ti(COY*) ?
2041.3 1996.4 1993.1 2041.2,1996.2 1.0225 1.0242 TiCO
1975.1 1930.6 1930.3 1975.2, 1962.9, 1948.5, 1930.6 1.0230 1.0232 Ti(CO)
1945.7 1903.3 1898.9 1.0223 1.0246 Ti(€O)
1920.0 1876.0 1874.6 1.0235 1.0242 TiCO
19125 1870.7 1865.9 1.0223 1.0250 Ti(GO)
1893.1 1850.0 1850.3 1893.0, 1875.9, 1850.0 1.0233 1.0231 Ti(CO)
1885.6 1844.2 1841.1 1.0224 1.0242 Ti(GO)
1871.0 1830.4 1825.9 1.0222 1.0247 Ti(GO)
1861.0 1820.2 1817.0 1.0224 1.0242 Ti(GO)
1853.5 1812.3 1810.7 1.0227 1.0236 Ti(GO)
1840.3 1800.7 1797.3 1840.2, 1823.3, 1811.1, 1800.0 1.0220 1.0239 Ti(CO)
1824.5 1784.7 1781.5 1.0223 1.0241 Ti(GO)
1816.0 1775.3 1773.5 1.0229 1.0240 Ti(Gvite
1799.3 1758.6 1758.3 1799.3,1774.2,1758.6 1.0231 1.0233 Ti(CO)
1789.9 1749.5 1749.7 1.0231 1.0230 TiCO
1781.8 1742.7 1741.1 1.0224 1.0234 (TO),~
1760.6 1721.0 1719.6 1.0230 1.0238 Ti(GO)
1742.1 1702.7 1702.3 1742.1,1728.0,1702.9 1.0231 1.0234 Ti(CO)
1730.9 1692.6 1691.4 1.0226 1.0231 Ti(GO)
1677.5 1638.9 1639.7 1677.0, 1651.3, 1638.9 1.0236 1.0231 Ti(CO)
1517.4 1484.2 1481.2 1517.4, 1499.4, 1484.2 1.0224 1.0244 2(CO)
1516.3 1483.0 1480.4 1516.3, 1498.1, 1483.0 1.0225 1.0243 2 (G

0.035

i(\c/z‘j

0.020 -

It will be shown below that BP86 frequencies are closer to
Ti(CO), the observed frequencies than are B3LYP values for TiCO and
® VCO species. Accordingly, BP86 calculations were done for
dicarbonyl species, and the results are listed in Table 4. Previous
© ab initio calculations on Ti(CQ)and V(CO} molecules favor
the linear geometri? but our infrared spectra show that these
@ species have bent structures, so only bent geometries were

| miccoy; o considered. For V(CQ) two states, namel§B, and®A;, are
oo W) very close in energy, with thiB; state about 1.2 kcal/mol lower.
WUW For the V(CO)™~ anion, the’A; state was calculated to be only
] Ti(COx; ® 0.5 kcal/mol lower than théA; state. The same trend was found
for Ti(CO),: our calculation predicted 3, state 4.6 kcal/mol

0.005

Ti(CO),
0.030

Ti(COY;
0.025 -

Ti(CO);

Absorbance

, TiCO™ @ lower than the®A; state, whereas 4B, state is 6.2 kcal/mol

00001 lower in energy than th@A state for the Ti(CQ)™ anion. Table
1850 1800 1750 1700 4 shows that the higher spin states have longer@vbonds,

Waenumbers (o) shorter G-O bonds, and more open-®31—C angles for both

Figure 5. Infrared spectra in the 187660 cnt? region from laser- neutrals and anions. The V(C©)and Ti(CO)* cations were

ablated Ti atoms co-deposited with 0.1%CO in neon: (a) 30 min sample calculated to have®B, and “B, ground states with bent

deposition at 4 K, (b) after annealing to 6 K, (c) after annealing to 8 : . lculati | . i
K, (d) after 15 mini > 470 nm photolysis, (e) after 15 mi> 380 geometries, but previous calculations only considered linear

nm photolysis, and (f) after 15 mih > 290 nm photolysis. structures?

Finally, calculations were done for tricarbonyls and their
and B3LYP functionals, 6-31% G* basis sets for C and O  @nions, and the results are listed in Table 5. The V{(CO)
atoms, and the all-electron set of Wachters and Hay as modifiedMolecule was calculated to have’A; ground state witfCs,

by Gaussian 94 for vanadium and titanium atoms were used tosyrrllrtr]]_etrr]y, b_LI‘_LéA\; étate withCs, Tym?etrgAis only 464 kealf
calculate structures and frequencieég® Adamo and Lelj mol higher. The V(COy” anion also has aA; ground state

investigated CO and FeCO with both BP86 and B3LYP with C3, symmetry. The Ti(CQ)molecule was calculated to

functionals and found that the calculated BP86 frequencies werehaye &A1 gro'u nd state W'th:s”. symmetry, while the Ti(CQY

lower and closer to observed values than are B3LYP frequen- anton has &A grou_nd state witiCy, symmetry, but &, state
16 ; with C3, geometry is 7.2 kcal/mol higher in energy.

cies!® Calculations were performed on the monocarbonyl

neutrals, cations, and anions, and the results are listed in Table_. .

3 for both functionals. In agreement with previous calcula- Discussion

tions;#1>16the VCO molecule has&" ground state and TiCO Infrared absorption bands are assigned to titanium and

has a°A ground state, which correlate with metastable excited vanadium carbonyl neutral, anion, and cation species on the

metal atoms 3#s(°D) V and 3¢#4s!(5F) Ti and ground state  basis of annealing and photolysis behavior, isotopic substitution,

(1=*) CO. The lower spin state carbonyls, which correlate with and DFT isotopic frequency calculations. One problem is how

ground-state metal atoms, are 8.8 and 14.4 kcal/nigter, accurately to expect the present BP86 functional and basis set

respectively. Both VCO and VCO were calculated to have  to match the observed frequencies for the open-shell TiCO and

53T ground states, whereas TiC@nd TiCO™ were calculated ~ VCO molecules and related species.

to have*A ground states. A previous investigation also found  V(CO)x (x = 1—6). The prominent absorption at 1930.6

5=+ and“A ground states for the VCOand TiCO" cations!* cm~! observed on deposition increased on annealing to 8 and
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TABLE 3: Geometries, Relative Energy (kcal/mol), Harmonic Frequencies (cmt), and Intensities (km/mol) Calculated for
VCO, VCO -, VCO* and TiCO, TiCO~, TiCO™* with BP86 and B3LYP Functionals

molecule relative energy geometry 12C10 13C1%0 12C180
BPS6 VCO 0 \-C: 1.967 A 1925.7 (1021) 1881.3 (968) 1881.6 (984)
(=4 C-0: 1.168 A 440.2 (10) 435.6 (10) 430.0 (9)
linear 279.0 (3) 270.7(2) 275.5(3)
VCO +15.1 V-C: 1.868 A 1845.0 (846) 1801.8 (803) 1803.8 (813)
(‘) C-0: 1.184 A 498.1 (3) 493.1 (3) 486.4 (2)
linear 336.4 (19) 326.3(17) 332.3(19)
VCO~ —-17.4 V—C: 1.960 A 1819.7 (1119) 1776.9 (1069) 1779.1 (1067)
=4 C-0: 1.186 A 448.9 (2) 444.4 (3) 438.3 (2)
linear 270.9(36) 262.9(35) 267.6 (36)
VCO- -14.8 V-C: 1.996 A 1783.3 (1057) 1741.3 (1027) 1743.7 (984)
(=" C-0: 1.193A 419.7 (41) 415.5 (38) 409.7 (38)
linear 238.3 (29) 231.2 (28) 235.3 (29)
VCO* +161.3 V-C: 2.046 A 2098.5 (389) 2051.0 (367) 2049.0 (378)
(=4 C-0: 1.141 A 370.0 (2) 366.0 (2) 361.7 (1)
linear 275.3 (2) 267.3 (2) 2717 (2)
273.2(2) 265.2 (2) 269.7 (2)
TiCO 0 Ti-C: 2.015 A 1887.9 (991) 1844.7 (939) 1844.1 (956)
(5A) C-0: 1.174 A 424.8 (12) 420.3 (12) 415.3 (11)
linear 276.1 (1) 268.0 (1) 272.6 (2)
TicO™ —21.1 Ti-C: 2.009 A 1779.8 (1128) 1738.5 (1058) 1739.5 (1056)
(“A) CcC-0: 1.192 A 434.4 (4) 430.0 (4) 424.5 (4)
linear 276.6 (17) 268.5 (16) 273.2(17)
Tico* +152.9 Ti-C: 2.064 A 2035.4 (434) 1989.4 (410) 1987.4 (421)
(*A) C-0: 1.150 A 390.0 (1) 385.8 (1) 381.5(1)
linear 281.8 (7) 2735 (7) 278.1(7)
B3LYP VCO 0 V—-C: 1.996 A 2004.5 (1815) 1959.4 (1713) 1956.8 (1761)
(6= C-0: 1.150 A 401.9 (63) 397.5 (63) 393.0 (59)
linear 260.3 (0.1) 252.7 (0.1) 257.0 (0.1)
VCO +13.5 V-C: 1.916 A 1926.2 (1253) 1881.6 (1193) 1882.3 (1202)
(‘D) C-0: 1.168 A 443.1 (2) 438.5 (2) 432.8 (2)
linear 323.2 (11) 313.7 (10) 319.2 (12
305.0 (2) 296.0 (1) 301.3 (2)
VCO- -15.8 V—C: 1.968 A 1855.1 (1921) 1812.4 (1829) 1812.5 (1840)
=4 C-0: 1172 A 443.0 (16) 438.3 (17) 432.8 (16)
linear 271.7 (34) 263.7 (32) 268.3 (33)
(Velen -10.0 V-C: 1.992 A 1819.2 (1464) 1776.5 (1419) 1778.6 (1366)
(=% C-0: 1.184 A 430.4 (48) 426.1 (45) 420.3 (45)
linear 254.5 (23) 247.0 (22) 251.3 (22)
vVCo* +149.4 V-C: 2.121 A 2215.7 (394) 2165.9 (371) 2162.8 (384)
=4 C-0: 1.125A 323.1(4) 319.5 (4) 316.0 (4)
linear 264.9 (1) 257.2 (1) 261.3 (1)
TiCO 0 Ti—-C: 2.042 A 1972.3 (1424) 1927.9 (1346) 1925.4 (1378)
(A) C-0: 1.156 A 398.9 (38) 394.6 (37) 390.2 (35)
linear 263.4 (0.1) 255.7 (0.1) 260.0 (0.1)
TiCO™ -19.8 Ti-C: 2.019 A 1834.9 (1634) 1793.0 (1556) 1792.2 (1566)
(“A) c-0: 1.177A 426.4 (19) 421.9 (20) 416.9 (18)
linear 269.6 (21) 261.7 (20) 266.2 (20)
Tico* +144.8 Ti-C: 2.120 A 2155.7 (564) 2107.4 (530) 2104.1 (549)
(“A) C-0: 1.132A 349.9 (6) 346.1 (5) 342.4 (5)
linear 273.7 (5) 265.7 (4) 270.0 (5)

10 K, but decreased on photolysis. This band shifted to 1887.5the upper band has slightly more C and less O participation
cm1 in 13C1%0 and to 1885.8 cmi in 2C!80 experiments  than the lower band. In the mixé&C0 + 13C160 experiment,
giving the 12/13 and 16/18 ratios 1.0228 and 1.0238, respec-triplets with 1/2/1 intensity distribution were observed for both
tively, which are near the diatomic CO values. In the mixed bands, which are appropriate for antisymmetric and symmetric
12C160 + 13C160 experiment, only pure isotopic counterparts vibrational modes of a bent V(C@)molecule. Matching
were observed, indicating that only one CO subunit is involved asymmetries in these triplets, i.e., displacement of the central
in this mode. The 1930.6 crh band is assigned to the VCO  (O2C)V(13CO) components in each band system due to interac-
molecule, which is in good agreement with the 1904 targon tion, further associates these bands. Our BP86 calculation
matrix value? Our DFT calculations predicted the © strongly supports these assignments: the antisymmetric and
stretching vibration at 1925.7 crh (BP86) and 2004.5 cnmt symmetric vibrations ofB, ground-state V(CQ)are predicted
(B3LYP) for ground state®g") VCO, which correlates with at 1859.5 and 1925.9 crh Of more importance, the calculated
5D metastable atomic V. Recall théd vanadium is 0.26 eV isotopic ratios (12/13: 1.0237, 1.0239. 16/18: 1.0231, 1.0234)
above the groundF state. As will be discussed below, we are in good agreement with the observed values listed in Table
believe that the V+ CO reaction is assisted by electronic 1.
excitation from the infrared source. Our assignment is in accord with the matrix ESR study, which
The sharp strong bands at 1844.2 and 1944.0emhibit suggested a bent quartet stakeit in disagreement with previous
the same profile and increase together on annealing, suggestingR assignments in Ar, Kr, and Xe matrixes, where three forms
that they are due to different modes of the same molecule. Bothof V(CO), were inferrect We suggest that the 1723, 1719¢m
bands showed carbonyl-€D stretching frequency ratios, and argon matrix band is too low for a terminal dicarbonyt-O
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TABLE 4: Geometries, Relative Energy (kcal/mol), C-O Stretching Vibrational Frequencies (cnt?), and Intensities (km/mol)
Calculated (BP86/6-31%G*) for V(CO) 5, V(CO);*, V(CO),~ and Ti(CO),, Ti(CO),*, Ti(CO),~

molecule relative energy geometry (226), (13-16) (12—18),
V(CO), 0 V—C: 1.904 A 1925.9 (625) 1881.0 (593) 1882.5 (601)
(“B2) C—0: 1.173A 1859.5 (1215) 1816.5 (1151) 1817.0 (1173)
OCVC: 86.9
OVCO: 178.5
V(CO), +1.2 V—C: 2.014 A 1965.4 (309) 1920.0 (294) 1920.4 (296)
(A1) C—0: 1.165 A 1920.0 (1848) 1876.3 (1752) 1875.1 (1782)
OCVC: 130
OVvCO: 170.7
V(CO),~ —22.4 V—C: 1.917A 1777.0 (1354) 1735.3 (1291) 1737.3 (1295)
(A1) C—0: 1.197A 1719.2 (990) 1678.9 (928) 1680.9 (971)
OCVC: 100.2
OVvCO: 173.9
V(CO),~ -21.9 V—C: 2.015 A 1813.5 (689) 1771.1 (661) 1772.7 (653)
('A)) C-0: 1.188 A 1792.7 (1543) 1750.9 (1482) 1752.2 (1458)
OCVC: 134.7
aovco: 177.7
V(CO)* +162.1 V-C: 2.047 A 2110.8 (201) 2062.9 (189) 2061.1 (195)
(°By) C-0: 1.141A 2075.6 (671) 2028.9 (631) 2026.2 (653)
OCVC: 91.6
0vCo: 178.9
Ti(CO), 0 Ti—C: 1.961 A 1862.0 (944) 1819.3 (895) 1819.0 (911)
(B2) C—0: 1.180 A 1817.5 (1068) 1775.5 (1014) 1775.9 (1026)
dCTiC: 81.2
dTiCO: 178.%
Ti(CO), +4.6 Ti—C: 2.076 A 1918.4 (453) 1874.4 (429) 1874.2 (435)
(®Ay) C—0: 1.169 A 1875.4 (2717) 1833.3 (2572) 1830.6 (2625)
OCTIC: 139.0
aTiCo: 171.7
Ti(CO),;~ —34.7 T—C: 1.971A 1762.4 (1716) 1721.6 (1636) 1722.3 (1642)
(“B2) C—0: 1.197A 1718.3 (1022) 1678.2 (974) 1679.8 (978)
OCTIC: 82.6
aTiCco: 177.9
Ti(CO),~ —28.1 Ti—C: 2.039 A 1775.3 (971) 1734.1 (927) 1734.9 (926)
(°Ay) C—0: 1.194 A 1754.9 (1307) 1714.1 (1257) 1715.2 (1236)
OCTIC: 120.6
adTiCo: 172.0
Ti(CO)." +149.3 THC: 2.082A 2072.2 (209) 2025.3 (197) 2023.4 (202)
(“Bo) C-0: 1.147 2024.4 (859) 1979.1 (810) 1975.9 (834)
OCTIC: 90.#4
adTiCO: 178.68

TABLE 5: Geometries, Relative Energy (kcal/mol), C-O
Stretching Vibrational Frequencies (cnT?), and Intensities
(Km/mol) Calculated (BP86/6-31#G*) for V(CO) 3, V(CO)3~
and Ti(CO)s, Ti(CO)3~

relative
molecule energy (12-16) (13—16) (12—18)
V(CO); 0 1957.6 (158) (@ 1911.8(150) 1913.8 (152)
(A2 1799.5 (2095) (e) 1760.7 (1970) 1754.4 (2040)
V(CO); +4.4  2004.1 (50) 1958.0 (47)  1957.9 (48)
(6AL)P 1940.8 (1611) 1896.8 (1528) 1895.2 (1552)
V(CO);~ —50.4 1796.2(789) @ 1753.2 (750) 1757.6 (759)
(*Ay)c 1707.9 (1368) (e) 1667.1(1303) 1670.9 (1310)
Ti(CO)3 0 1947.8 (363) ( 1902.8 (346) 1903.3 (348)
A 1855.8 (1169) (e) 1813.7 (1108) 1812.1 (1128)
Ti(CO)s~ —36.2 1792.7 (2724) 1751.0 (2585) 1752.2 (2624)
(2A")e 1725.5 (685) 1684.9 (653)  1687.3 (655)

1725.3 (1554) 1685.8 (1554) 1685.5 (1568)
Ti(CO)~ —29.0 1879.4(843)( 1835.7 (812) ~ 1836.9 (793)
(AL 1776.9 (756) (6)  1736.5(715)  1735.5(726)

a Structure: Cs, symmetry, V-C: 1.899 A, C-0O: 1.172 AOCVC:
95.4, OVCO: 179.7. P Structure: Cs, symmetry, \V-C: 2.038 A,
C—0: 1.160 A, 0OCVC: 117.24, OVCO: 175.6. ¢ Structure: Cs,
symmetry, -C: 1.843 A, CG-0: 1.202 A,0CVC: 87.3, OVCO:
179.7. ¢ Structure: Cs, symmetry, T+C: 1.994 A, CG-0: 1.171 A,
OCTIC: 82.#4, OTiCO: 178.9. © Structure: Cs symmetry, axial T+
C: 1.942 A, C-0: 1.197 A OTiCO: 178.8, equatorial T+C: 1.969
A, C—0: 1.194 A,OCTiC: 100.5, OTiCO: 176.F, OCaxTiCeq:
73.9. f Structure: Cs, symmetry, Ti-C: 2.012 A, G-0: 1.183 A,
OCTIC: 81.0, OTIiCO: 178.9.

stretching vibration, and most likely is due to a bridged dimetal
dicarbonyl species, whereas the higher 1974, 1982'¢rand

present 1844.2 cnt neon matrix band. In the gas-phase time-
resolved infrared studythe 2025 cm! absorption tentatively
assigned to V(CQ)is also too high and probably is due to
another cluster species.

There is disagreement on V(C{hetween matrix and gas-
phase infrared repor> An argon matrix 1920 cmt band
was assigned to the trigonal species, whereas a gas phase 1859
cm~! absorption was identified with V(C@)Our DFT calcula-
tion predicted &A; ground state witlCs, geometry, and a strong
doubly degenerate-©0 vibration at 1799.5 crmit for V(CO)s;
however, &A state is only 4.4 kcal/mol higher with a strong
doubly degenerate -©0 vibration at 1940.8 cmi. In our
spectra, no obvious band in the 19aIB0O0 cnT?! region can
be assigned to this molecule. A 1910.8drband increases on
annealing after V(CQ)and before the next carbonyl species
and gives the isotopic ratios (12/13: 1.0224, 16/18: 1.0251),
but no obvious intermediate component was observed in the
mixed 12C160 + 13C160 experiment, which is appropriate for
V(CO)s.

The V(CO) molecule was associated with bands at 1893
cmtin an argon matrikand at 1920 cmt in the gas phase,
but both of these are likely to be incorrect. Our best candidate
is at 1949.3 cm?, but this is a tentative suggestion.

The 1963.4 and 1958.5 crhabsorptions increase together
on annealing and are assigned to V(gQyhich is in good
agreement with 1965 cm gas-phase valdeand 1952, 1943
cm~1 argon matrix absorptior’sThe 1984.3 cm! neon matrix

is probably due to a metal cluster species. However, the 1820band, which grows more and dominates on higher temperature

cm! band is probably due to V(C@)s counterpart to the

annealing, is assigned to V(C§ according to the 1988 cm
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gas phase and 1976 cfargon matrix values for the V(C®)
compouncf-2°

V(CO)x~ (x = 1-6). At lower frequency in the 18301670
cm! region, weak new photosensitive bands were observed.
These bands share the common behavior of reductieri@®o
of former yield on CCJ doping. The weak band at 1806.7 tin
decreased oh > 470 nm photolysis and disappearedion380
nm photolysis. Thé3C1%0 and!?C'®0 counterparts at 1764.7
and 1766.3 cm! gave isotopic ratios (12/13: 1.0238, 16/18:
1.0228), which are characteristic of small carbony+@
stretching modes. The photolysis and ¢€@bping behavior
indicate the anion assignment. Our DFT calculations predict
5=+ ground-state VCO anion with a G-O stretching vibration
at 1819.7 cm' (BP86) and 1855.1 cnmt (B3LYP). Note that
the calculated ratios [(BP86) 12/13: 1.0241, 16/18: 1.0228,
(B3LYP) 12/13: 1.0236, 16/18: 1.0235] are in excellent
agreement (BP86 fits better) with observed values, which
confirms the VCO assignment. Also note that our BP86
frequency calculation is 4.9 crhlow for VCO and 13.0 cm?
high for VCO™, but the B3LYP values are 73.9 cthhigh for
VCO and 48.4 cm! high for VCO".

Sharp bands at 1670.6 and 1777.9 émdecreased together
on annealing and photolysis. Both bands exhibited carbonyl
isotopic ratios. In the mixed?C'%0 + 13C1%0 experiment, a
1/2/1 triplet was observed for the upper band, and the mixed
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V(CO),~ is a singlet or triplet state. Because the V(GO)
absorption increased on annealing, the singlet ground state is
preferred for a reaction product of singlet V(GQO)

The weak 1835.1 cni band produced on annealing increased
onA > 290 nm photolysis but disappeared on full-arc photolysis,
which is suitable for V(CQ) . Molecular orbital calculations
suggest that the V(C@) is aCy, singlet!12Buckner and co-
workers suggest that V(C@) s a triplet from the observation
of low reactivity with two-electron donor ligands in the gas
phase’2 Our experiments suggest that V(GO)has a singlet
ground state as it is produced on annealing from CO addition
to V(CO)~.

The weak 1873.1 cmt band produced on annealing and
increased ol > 290 nm photolysis was decreased only 50%
by full arc photolysis. This band is assigned to V(€Q)which
is in good agreement with 1864 cfargon matrix valué.

The selective photolysis behavior shows that more energetic
radiation is required for destruction of anions containing more
CO submolecules, which is in accord with recently reported
Fe, Co, and Ni carbonyl anion photochemist#y?® The
absorptions assigned to V(CQO)nions were almost eliminated
in the CC}, doping experiment, which adds further support for
the anion identifications. Furthermore, the annealing behaviors
of V(CO), and V(CO)™ (x = 1—6) are parallel.

Ti(CO)x (x = 1—6). The TiCO molecule has & ground

isotopic counterpart of the lower band was covered by impurity State, which correlates with excite_ciéstate Ti lying 0.78 eV
water absorption. These two bands are assigned to symmetridiigher than théF ground-state ator?, *° and a C-O stretching

and antisymmetric €0 stretching vibrations of the bent
V(CO),~ anion. The V(COy~ anion assignments are confirmed
by DFT calculations. The BP86 calculation gaveAa ground
state for the bent V(CQ@) anion with antisymmetric and
symmetric stretching frequencies at 1719.2 and 1777.0'cm
The calculated intensity of the symmetric stretching vibration
is higher than for the antisymmetric stretching modes, which is
in accord with observed intensity distributions. Of more
importance, the calculated 12/13 and 16/18 isotopic ratios for
two stretching modes (1.0240, 1.0228 and 1.0240, 1.0229,
respectively) are in excellent agreement with the observed value:
(1.0236, 1.0228 and 1.0234, 1.0228, respectively).

The broad 1714.3 cm band slightly decreased on annealing
and slightlyincreasedn photolysis with 470 and 380 nm long-
wavelength pass filters, when the VC@nd V(CO)~ absorp-
tions decreased (Figure 2(d)). In the mixg€%0 + 13C160
experiment, a quartet with two weaker intermediate components

was observed, which is characteristic of the doubly degenerate

mode of a trigonal M(CQ)species? This band is assigned to
antisymmetric C-O vibration of the V(COy~ anion. Our DFT
calculation predicted the V(C@) anion to have d&A; ground
state with C3, geometry; the antisymmetric and symmetric
vibrations were calculated at 1707.9 and 1796.2 tmith
intensity distributions of 1368x 2 to 789. The symmetric
vibration is probably too weak to be observed or is overlapped
by other absorptions.

The 1792.6 cm! band slightly increasedno8 K annealing
and photolysis using 470 and 380 nm long-wavelength pass
filters, along with the V(CQOj~ absorption, but continued to
increase withl. > 290 nm photolysis which decreased V(GQ)
The 1792.6 cm! band was almost destroyed by full-arc
photolysis. A weak band at 1775.3 ctwhich is about 30%
of the 1792.6 cm! band intensity, has the same photolysis
behavior. These two bands are most probably due to the
V(CO),~ anion withCy, symmetry (as is the isoelectronic Cr-
(CO), molecule)?! Extended Huckel calculatiofissuggest that

S

vibration calculated at 1887.9 cth(BP86) and 1972.3 cmt
(B3LYP). This suggests that ground-state Ti atoms cannot react
with CO to form TiCO. In present neon matrix experiments, a
very weak band at 1920.0 crhgreatly increased on photolysis
particularly in the UV region. The observed isotopic 12/13 and
16/18 ratios (1.0235, 1.0242) are very close to the ratios
calculated for TiCO [(BP86) 1.0234, 1.0238; (B3LYP) 1.0230,
1.0244], which strongly supports the TiCO assignment. Note
that this band is slightly enhanced by G@oping when the
TiCO™ anion is eliminated owing to electron capture by ¢CI
The same growth on photolysis and enhancement with added
CCl, was found for ScCO, where the same BP86 calculation
was 10 cn! lower than the observed neon matrix vafie.

The sharp 1887.8 cni argon matrix band behaves just as
the 1920.0 cm! neon matrix band in the present low laser
energy experiments; it decreases slightly on 20, 25 K annealing,
and increases slightly with > 470 nm,A > 380 nm, and full-
arc photolysis. This is one of two bands considered for TiCO
in the earlier argon matrix study,but another 1854.4 cm
band, not observed here, was assigned to TiCO. The sharp
1887.8 cnt! band is here reassigned to TiCO in solid argon.
The 32.2 cm! argon-to-neon blue shift demonstrates a con-
siderable matrix interaction for TiCO.

Sharp bands at 1799.3 and 1893.1 ¢mre the major product
absorptions after deposition, which decreased together on
annealing and increased on photolysis. Both bands produced
triplets with 1/2/1 intensity distribution in mixed experiment,
and are assigned to antisymmetric and symmetr©Gtretch-
ing vibrations of the bent Ti(CQ)molecule. Again, matching
asymmetries in the triplets (separations 15.6 and 25.1'¢m
the lower band with 25.9 and 17.1 cfnin the upper band,
respectively) show that these two bands belong to the same
molecule. DFT calculation predictec?B, state and 8A; state
close in energy, with théB, state slightly lower. The calculated
vibrational frequencies (1817.5, 1862.0¢inand isotopic ratios
(12/13: 1.0237, 1.0235, 16:18: 1.0234, 1.0236) of*Bestate
fit the experimental values quite well.
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Figure 6. Infrared spectra in the 208630 cnt? region from laser-
ablated Ti atoms co-deposited with 0.1%€%0 + 0.1% 3C'%O in
neon: (a) 45 min sample deposition at 4 K, (b) after annealing to 6 K,
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The 1840.3 cm! band decreased on annealing, increased
markedly on photolysis, and exhibited carbonyl stretching
vibrational ratios as does the associated weaker 19751 cm
band, which maintained constant relative intensity. The mixed
12C160 + 13C160 spectra shown in Figure 6 demonstrates that
these two bands are due to a trigonal molecule wi)
symmetry. The approximately 2:1:1:2 relative intensities of the
lower band are characteristic of a doubly degenerate antisym-
metric C-O stretching mode for a trigonal speci@sThe
approximately 1:3:3:1 relative intensities for the upper band,
on the other hand, are characteristic of the nondegenerat
symmetric C-O stretching mode for three equivalent CO
submolecules. The assignments are strongly supported by DF
calculations as listed in Table 5. Note that the calculation
predicted a strong antisymmetric-© stretching vibration at
1855.8 cn1! (1169 x 2 km/mol) and a much weaker symmetric
vibration at 1947.8 cm (363 km/mol). The calculated isotopic
frequency ratios are also in good agreement with the observe
values, which show a slight change in carbon participation in
the two different modes.

There are several major product absorptions at 1853.5, 1871.0
1885.6, 1912.5, and 1945.7 cfp which increased greatly on
photolysis. All of these bands exhibited carbonytQ stretch-
ing vibrational ratios. The 1853.5 crhband tracks with the
1871.0 cnt! band; both are probably due to the Ti(GO)
molecule withCy, symmetry like the Cr(CQ)and Fe(CQO)
molecules’-34 There are no obvious intermediates for the
1885.6, 1912.5, and 1945.7 cirbands in the mixedfC160 +
13C160 experiment. The first two appear to track together giving
way on final annealing to the 1945.7 cfnband. These bands
are assigned to the Ti(C®and Ti(CO} molecules. Titanium

(S]
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Ti(CO)x~ (x = 1—6). Weak photosensitive bands at 1677.5,
1730.9, 1742.1, 1760.6, 1789.9, 1816.0, 1824.5, and 1861.0
cm~1 are almost eliminated by Cg£toping, so anion species
must be considered analogous to the-\CO system. The weak
band at 1789.9 cmi decreased slightly on annealing and
disappeared on photolysis usiAg~ 470 nm. This band shifts
to 1749.5 cmt in 13C%0 and 1749.7 cmt in 12C180 spectra
and gives the 12/13 ratio 1.0231 and 16/18 ratio 1.0230. The
band position and photolysis behavior are in accord with the
TiCO™ anion. The TiCO anion was calculated to have’a
ground state with €O stretching vibration at 1779.8 crhand
isotopic ratios [(BP86) 12/13: 1.0238, 16/18: 1.0232], and
1834.9 cnt with isotopic ratios [(B3LYP) 12/13: 1.0234, 16/
18: 1.0238]. This is in very good agreement with observed
values and supports the anion assignment.

The sharp 1742.1 cmd band and weak associated band at
1677.5 cm! decreased on annealing and photolysis ugirg
630 nm, and disappeared o+ 470 nm photolysis. Both bands
exhibited carbonyl €O stretching vibrational isotopic ratios
as listed in Table 2. In the mixédC1®0 + 3C160 experiment,
triplets with approximately 1/2/1 relative intensities and match-
ing asymmetries were produced for both bands. These bands
are assigned to symmetric and antisymmetrieQCstretching
vibrations of the bent Ti(CQJ anion, which is also strongly
supported by DFT calculations as listed in Table 4. The
stretching modes for th&,, molecule were predicted at 1762.4
and 1718.3 cmt. The symmetric vibration was calculated to
be stronger than the antisymmetric vibration, which is also in
accord with observations.

Weak bands at 1730.9, 1760.6, 1816.0, 1824.5, and 1861.0
cm1 also show anion behavior following TiCGand Ti(CO)~;
however, in the mixed isotopic experiment, the intermediate
components could not be resolved because of band overlap and

.IJsotopic dilution. However, these bands show different pho-

tolysis behaviors; the 1730.9 crhband increased oh > 470
nm photolysis when TiCOand Ti(CO)~ were destroyed, and
disappeared oh > 380 nm photolysis, while the 1760.6, 1816.0,
1824.5, and 1861.0 cm bands increased. This suggests

OIassignment of the 1730.9 cthband to Ti(COj, the 1760.6

cm~1 absorption to Ti(CQy, and the 1824.5 and 1861.0 cin
bands to Ti(CQ)~ and Ti(CO)~, respectively. This photolysis
behavior with increasing photon energy required for photode-
tachment with increasing for M(CO),~ species was observed
for Fe, Co, and Ni species in matrix isolati§r?® and gas-
phase studie&35-37

TiCO™. The 2041.3 cm! band slightly increased on anneal-
ing but decreased oh > 470 nm photolysis, which photode-
tached TiCO. The isotopic frequency ratios (12/13: 1.0225,
16/18: 1.0242) are very close to the diatomic CO ratios. In the
mixed 12C160 + 13C160 experiment, only pure isotopic coun-
terparts were present, so this band involves a single CO
submolecule. Of more importance, the 2041.3 &nband

hexacarbonyl was prepared, and two broad bands at 1950 andncreased 4-folcon CCl, doping, and this band is assigned to

1987 cnt! were assigned to a distorted Ti(GOpolecule in
an argon matrix with 10% CO preséht.

We believe that the strong 1933.5 chargon matrix band
with dilute CO (<1%) in argon is due to the isolated Ti(GQ)
molecule and the weaker 1897.7 chband is due to Ti(CQ)

the TiCO' cation. Our BP86 calculation predicted the-O
stretching mode ofA ground-state TiCO at 2035.4 cmt,
which is 5.9 cnt! lower than that observed in solid neon and
compares with the predictions for TiCO (32.1 chiow) and
TiCO™ (10.1 cnt? low). On the other hand, the B3LYP

This means that assignments of the higher carbonyl species incalculation predicted these frequencies 114.4, 52.3, and 45.0

the earlier study are incorrettlt now appears that the argon
matrix band that grows on annealing at 1964.8 ¢tiis due to
a metal cluster species, €O). The 1769.6 cm! band,
assigned previously to F(ICO), appears to be correctly
identified.

cm! too high, respectively.

There is no obvious evidence for the VC@ation in the
neon matrix V+ CO system, which was calculated at 2098.5
cm! by DFT. This cation absorption is probably covered by
the strong CO absorption at 214010 cnTl. The 2116.3 cmt
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argon matrix band behaves appropriately for VGBut without
isotopic data, an assignment cannot be made.

A weaker band at 2057.9 crthgrows more on annealing than
the TiCO" absorption, and is destroyed by full-arc photolysis.
This band might be due to the Ti(C9) cation, which is
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products are identified by isotopic substitution, the effect ofCCl
doping, annealing behavior, and DFT frequency calculations.
The major product on deposition with vanadium is VEX),
which arises from the reaction of metastable®l¥)( during
deposition; the growth of VCO on annealing requires photo-

calculated to absorb in this region, but we are tentative on suchexcitation of ground-state ¥) with infrared source radiation.

an assignment.

Other Absorptions. In the V + CO system, a weak, broad
band at 1583.4 cnt and a sharp band at 1477.9 chincreased
on annealing, and both bands show @ stretching vibrational
ratios. This region is too low for terminal and bridged carbonyl

The major product on deposition with titanium is Ti(G@IB.)

and the low yield of TICCRA) arises from reaction of metastable
Ti(5F) during condensation. Annealing does not increase TiCO,
but ultraviolet photolysis, which is capable of exciting Ti,
increases TiCO markedly.

stretching vibration, so a side-bonded species should be Annealing and photolysis increase bands that can be assigned

considered. In the mixe®C60 + 13C160 experiment, doublet
was observed for the 1583.4 chabsorption, and a 1/2/1 triplet
was produced for the 1477.9 ciband. These bands are
favored in higher power experiments, and are assignedto V
[CO] and \[CO], molecules.

Reaction MechanismsPerhaps the most interesting aspect
of this work is that ground-state V and Ti (and $@toms do
not react with CO to make the ground-state VCO and TiCO
(and ScCO) products, which correlate with low-lying metastable
excited atoms of higher spin. The TiCO and ScCO proddots
not increase on annealing, which only gives cold atoms the

to the higher M(CQ) (x = 2—6) species for both metals. The
neon matrix observation for V(C@)at 1984.3 cm! is in
excellent agreement with the 1988 tingas-phase vall,
which suggests that the other neon matrix observations reported
here should predict future gas phase observations within 10
cm~L. The neon matrix assignment to Ti(Gt 1945.6 cm?!
provides a more accurate measurement for TigCO)

Families of weaker photosensitive bands in the 187670
cm~1 region for V and Ti show parallel annealing behavior to
the neutral carbonyls and are identified as the corresponding
anions M(CO) (x = 1—6). These bands require increasing

opportunity to react; reactions (2a, 3a) and the increase in VCO energy for photodetachment with increasingas do the Fe,
on annealing are rationalized by exposure to the infrared sourceCo, and Ni carbonyl anion$:-20

capable of the atomic excitation in reaction 1b. Reactions (2b,
3b) proceed on ultravioletvisible photolysis.
VéR+co ¥ vco (°th (1a)

VCF) +hv(R) — V(D) Lo, vcosh) (1b)

TiCF) +CO  —¥%* TiCO (°A) (2a)

TiCF) + hv (UV-VIS) — Ti(’F) Lo, TiICOCA) (2b)

Se(*D) + CO =¥ scco(’s)) (3a)
2 4 CO

Se(®D) + hv (UV-VIS) — Sc(*F) ——= ScCO (3b)

The higher vanadium carbonybs€ 2—6) appear to increase
steadily on annealing the solid to 8, 10, and 12 K, but the higher
titanium cabonyls X = 2—6) show little growth on 6, 8 K
annealing; however, photolysis (visible and ultraviolet) markedly
increases the higher titanium carbonyls.

For the carbonyl anions M(CQ) (M = Ti, V, x= 1-6) the
photodetachment energy increases witas observed for the
Fe, Co, and Ni species in the matrix isolafi&r?® and gas-
phase studie$3>3” The TiCO™ and VCO™ anions, for which
there are no gas-phase data, show no decreaselwitt630
nm but decrease withh > 470 nm and decrease more
approaching destruction with> 380 nm mercury arc radiation.

It appears that both TiCOand VCO require higher energy
radiation for photodetachment than do FeCfd NiCO', with
gas-phase threshof§s3” measured at 1.26 and 0.80 eV, so the
electron affinities of TiCO and VCO should be 1.3 eV.
Although the energies calculated here by DFT for TiCahd
VCO™ may not be accuraf&;®® we note that the anions are
more stable than TiCO and VCO by 0.91 and 0.64 eV (BP86)
and 0.86 and 0.69 eV (B3LYP), respectively.

Conclusions
Laser-ablated Ti and V atoms were reacted with CO during

DFT with the BP86 and B3LYP functionals is extremely
useful in predicting the frequencies of these open-shell Ti and
V carbonyl species and tHéCO and G20 isotopic frequencies
(and shifts), although DFT does not calculate accurate atomic
energies® The scale factor 0.99 is found for the BP86 pure
density functional to predict the frequencies of simple first row
molecules'® and the five present open-shell TiCO and VCO
species require scale factors ranging between 0.993 and 1.017
to fit the neon matrix observations (calculations 13.0 Etow
to 32.1 cntt high). On the other hand, the scale factor 0.96 is
reported for the hybrid B3LYP functional, and the five triatomic
species here require scale factors between 0.947 and 0.975. This
and other work®—4> has shown that the BP86 functional
calculates “harmonic” frequencies that reliably approximate
observed frequencies and in many cases more closely than the
B3LYP functional. Both, however, predict isotopic frequency
ratios in agreement with observed values, and provide a
description of the normal modes.
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