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Infrared Spectra and Density Functional Calculations for OMCO, OM—(p2-CO), OMCO ™,
and OMOC™* (M =V, Ti) in Solid Argon
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Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22901
Receied: Nawember 11, 1998; In Final Form: January 26, 1999

Laser-ablated V and Ti atoms react with £@olecules to give primarily the insertion products, OMCO and
O,M(CO),, which have been isolated in a solid argon matrix. Photoisomerization of OMCO molecules to
form the side-bonded OM(#?-CO) isomers and photoionization to give the OMCand OMOC" cations
proceed upon mercury arc photolysis. The product absorptions were identified by isotopic substitution and
density functional calculations of isotopic frequencies.

Introduction (Matheson) and isotopié3C!®0, and 12C!80, (Cambridge
Isotopic Laboratories) and?C'60, + 13C160,, 12C160Q, +
12C160180 + 12C180, mixtures were used in different experi-
ments. FTIR spectra were recorded at 0.5 tnesolution on a
Nicolet 750 spectrometer with 0.1 crhaccuracy using an
MCTB detector. Matrix samples were annealed at different
temperatures and subjected to different wavelength region
photolyses using a medium-pressure mercury arc (Philips, 175w)
lamp and glass filters.

Carbon dioxide is known to contribute to the greenhouse
effect. The recycling of C@generated in industrial emission
to useful chemical compounds is important from an environ-
mental point of view. Investigation of reactions of transition
metal atoms with C@can provide useful information toward
understanding the mechanism of catalytic activation of @O
transition metal complexés.The interaction of C@ and
transition metal centers has been studied both experimentally
and theoretically?~16 Complexes with first-row transition
metals have been studied in solid £0and the reactions of ~ Results
laser-ablated Sc, Ti, Cr, Mo, and W atoms with {0 excess FTIR spectra of the & COJ/Ar, Ti + COJ/Ar and Ti +

argon have .be.en investigated in .t.h's Iaborafoﬁy.These CO,/Ne systems and DFT calculations of expected product
experiments indicate that early transition metals insert intg CO molecules will be presented

L%;O;{QXSSMCO molecules, while the later metals form 1.1 V + COJ/Ar. Infrared spectra of laser-ablated V atoms co-
: deposited with 0.5% CQin excess argon gave a number of

The interaction between several first-row transition metal new absorptions which are listed in Table 1. After deposition
cations and C@has also been studied in the gas pffase. strong bands at 1881.1 and 974.8 ¢éntogether with CO

. . g
Dn‘fergnt M*CO, structures have been. proposed and .blndlng absorption at 2138.3 cmh, CO,~ species absorptions at 1657.0
energies were measured. A theoretical study of first-row and 1652.7 cm-18.19and weak absorptions at 2150.6, 2115.4
transition metal M—CO, and OM"CO systems shows that the 1984 5 1l851 7’and 942 8 ciwere observed Ann'eélling té ’
M*OCO structure is the most favorable coordination for,CO 20 ar.1d, o5 K.slightly deéreased the 1881.1 '974 8 and

it;mrrf]g:eeirtlgbtlreaﬁglr?nﬂ:g egsééh?sgriirrtegug Etol: tsht;ugtl:éi 1657.0, 1652.7 cm absorptions, slightly increased the band
. ; 3 9 sets at 2150.6, 2115.4, 942.8 chand 1984.5, 1851.7 cr,
terminal MO" bond that is formed? - ;
In thi ¢ the studv of th " £ and produced €, absorptions at 1856.7 and 1184.7 ¢
bln (jlsvpapﬁr,Tyve presen h e s Iy OI eVr\;aac '_ﬁn ﬁ aser Mercury arc photolysis almost doubled the 1881.1 and 974.8
ablate and Ti atoms with GOmolecules. We will show -1 hah4g and the band set at 2150.6, 2115.4, 9428 cm

that Insertion to _form OMCO is ghe primary reaction, an_d that and produced three new band sets at 2205.4, 1020.0, 2059.3,
photoisomerization to the OM(»?-CO) isomer and photoion- 1029.6 cm! and 1516.1, 990.0 cm. Further annealing

iza(';iorlltto t.h? ?I\/;]CtC'Bland omMoc (;gticl)ns proceed on visible increased the 2150.6, 2115.4, 942.8 ¢éilmand set and decreased
and ultraviolet photolyses, respectively. all other absorptions,

Similar spectra were obtained using isotopf€®0, and
12C180, samples; spectra fdBCO, are shown in Figure 1. No

The experiment for laser ablation and matrix isolation shifts were observed for bands in the 16%®0 cn1? region
spectroscopy has been described in detail previddsyiefly, in the 13C60, experiments, while the bands in the upper region
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate show isotopic shifts. In th€C80, experiment, all the product
with 10 ns pulse width) was focused on the rotating V and Ti absorptions exhibited isotopic shifts as listed in Table 1. Mixed
metal targets (Johnson Matthey, 99.9% and Goodfellow, 2C0, + 13C'60, and 2C0, + 12C'80, experiments were
99.99%). Laser-ablated metal atoms were co-deposited withalso done; spectra in selected regions are shown in Figure 2 for
carbon dioxide (0.5%-1.0%) in excess argon onto a 12 K Csl the former mixture, and the isotopic counterparts are listed in
cryogenic window at 24 mmol/h for -2 h. Carbon dioxide Table 1.

Experimental Section
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TABLE 1: Infrared Absorptions (cm ~1) from Co-Deposition of Laser-Ablated Vanadium Atoms with CO, Molecules in Excess

Argon at 10 K

12C160, 13C160, 12C180, 12C160, 4 13C160, 12C160, 4- 12C180, R(12/13) R(16/18) assignment
2344.8 2279.2 2309.7 2344.8, 2279.2 2344.8, 2309.7 1.02878 1.01520 , CO
2339.0 2273.6 2304.1 2339.0, 2273.6 2339.0, 2304.1 1.02876 1.01515 CcoO
2205.4 2156.2 2153.9 2205.4, 2156.1 2205.5, 2153.9 1.02282 1.02391 0OvCOo
2203.3 2154.1 2151.9 2203.3,2154.1 2203.4, 2152.0 1.02284 1.02389 j9.7 0]
2150.6 2102.3 2100.9 1.02297 1.02366  VCCO),, vs
2143.0 2095.8 2092.0 2143.0, 2095.8 2143.0, 2092.0 1.02252 1.02438 x (CO)
2138.3 2091.1 2087.2 2138.3,2091.1 2138.3, 2087.3 1.02257 1.02448 CO
2121.9 2074.8 2072.1 1.02270 1.02403 LV@O); site
21154 2068.5 2065.7 2115.5, 2079.8, 2068.6 2115.5, 2077.7, 2065.8 1.02267 1.02406V(COXR vas
2111.9 2065.3 2062.1 2111.9, 2074.6, 2062.2 1.02256 1.02415 ,V(CO), site
2076.9 2031.8 2028.4 2076.9, 2031.8 2076.9, 2028.5 1.02220 1.02391 VoCco
2059.3 2013.9 2010.1 2059.2, 2014.0 2059.3, 2010.0 1.02254 1.02448 ovoC
2037.1 1983.3 1.02713 GO
1984.5 1939.2 1939.8 1984.5, 1964.6, 1939.3 1984.5, 1964.2, 1939.8 1.02336 1.02304 HV(CO)
1881.1 1837.8 1839.5 1881.1, 1837.7 1881.1, 1839.4 1.02356 1.02261 OVCO
1874.3 1831.4 1832.8 1874.4,1831.3 1874.5, 1832.9 1.02342 1.02264 OVCO site
1857.1 1806.8 1826.8 1856.9, 1806.8 1857.1, 1826.8 1.02784 1.01659 ,0,~ C
1851.6 1810.1 1808.8 1851.7, 1827.4, 1810.2 1851.7, 1826.8, 1809.0 1.02293 1.02361 HV(CO)
1657.0 1612.9 1629.3 1656.9, 1612.9 1657.0, 1629.3 1.02734 1.01700 ,~ CO
1652.7 1608.8 1625.0 1652.8, 1608.8 1652.7, 1625.0 1.02728 1.01705 ,7)(COy)«
1516.1 1483.0 1480.1 1516.1, 1483.0 1516.1, 1480.2 1.02227 1.02431 OVI[CQ]
1383.9 1368.9 1339.2 1383.8, 1368.4 1.01096 1.03338 2(CO
1278.4 1255.8 1227.7 1278.4, 1256.6 1.01800 1.04130 2ACO
1274.0 1264.8 1221.7 1274.0, 1268.4, 1264.8 1.00727 1.04281 ,04(C
1257.0 1248.2 1200.2 1257.0, 1248.2 1.00705 1.04733 4, CO
1249.1 1240.6 1192.4 1.00685 1.04755 site
1184.7 1177.3 1130.5 1184.7,1180.8, 1177.2 1184.7,1148.3,1130.5 1.00629 1.047940,~ C
1029.6 1029.6 985.2 1029.6 1.04507 ovoC
1020.0 1020.0 976.0 1019.9 1.04508 ovco

990.0 990.0 947.5 990.0 1.04485 OVI[CQO]

988.1 988.1 946.0 988.1 1.04450 OVI[COQ] site

974.8 975.0 932.0 974.9 974.8,932.0 1.04592 OVCO

969.6 OVCO site

951.3 951.2 951.2 OV(CO)y, vs

949.8 949.6 905.0 949.7 1.04950  \QCO); site

944.3 944 .4 908.6 944.3 1.03929 MQCO), site

942.8 942.8 907.1 942.7 942.8, 906.9 1.03936 ,V(@O)y, Vas

940.9 940.9 905.0 1.03967 site

938.0 937.9 902.4 1.03945 site

935.8 935.8 899.9 1.03989 \/e}

899.4 867.0 1.03737 \Y/en

898.2 865.6 1.03766 \Yen

691.3 681.0 670.2 691.3, 681.0 1.01512 1.03148 4CO

663.5 644.6 653.5 663.5, 644.6 663.5, 653.5 1.02930 1.01530 , CO

661.9 643.2 651.9 661.9, 643.2 661.9, 651.9 1.02907 1.01534 , CO

Ti + COy/Ar. The spectra of laser-ablated Ti atoms co- characteristic of the C¢bystem!~23 were observed at 1036.4,
deposited with 0.5% C©in argon are shown in Figure 3, and 926.8, and 898.0 cmi; photolysis decreased the former two
the absorptions were listed in Table 2. Strong product absorp-and increased the latter band.

tions were observed at 1866.8, 1864.4 and 952.8, 9547 cm
as reported earliérln addition, weak C@" absorption at 1657.0
cm11819C,0,~ bands at 1857.1, 1184.7 ciy® absorptions
at 990.2, 987.9, 985.6 crh due to TiO at different sites, at
917.0 cnTt due to TiQ,2° and weak new product bands at 895.2,
882.5, 2193.4, 2188.0 cm were observed. Mercury arc

1011.7, 1012.9, 2100.9, 1532.3, and 2065.2 kmAgain,

Ti + CO2/Ne. Complementary neon matrix experiments were

done for the titanium system using 0.5, 0.15, and 0.05% CO
concentrations aha 4 K cryogenic window. Infrared spectra
were recorded, and product absorptions are listed in Table 3.

The strongest product bands blue-shifted to 1884.0 and 973.1

cm!, and medium-intensity bands were observed at 2196.3,
photolysis increased weak absorptions at 965.0, 1003.0, 1004.31829.5, 906.1, and 891.7 ct The strong C@ band was
observed at 1658.2 cth, and annealing increased bands at

isotopic experiments were done; the spectra are shown in Figures1852.3 and 1189.2 cm, which are the neon matrix counterparts
4 and 5 for selected regions, and the absorptions are listed inof C,04-.181In contrast to the argon matrix work, GOwas
Table 2. observed in solid neon at 1421.6 chi® Isotopic counterpart
CCl4 Doping. Similar experiments were done adding 0.05% absorptions using?CO, and12C!80, reagents are also listed in
CCl, to the samples. The initial deposition spectrum reduced Table 3. Mixed1?CO, + 13CO, experiments gave a strong
the CQ~ absorptions more than 90% and failed to produced 1884.0, 1841.0 cri doublet for the upper band, and mixed
the GO4~ absorptions on annealing. Mercury arc photolysis 12C1%0, + 12C180, samples gave strong 1884.0, 1842.1¢ém
increased the yield of bands at 2065.2, 1012.9 tand at and 973.1, 931.5 cm doublets.
2188.0, 1003.0 cmt relative to the 1866.8, 952.8 crh Calculations. Density functional calculations were performed
absorptions in the Ti- CO, reactions and increased 2205.4, for the product molecules expected here using the Gaussian 94
1020.0 cnT! and 2059.4, 1029.6 cm bands relative to the  program?* The BP86 functionad® the 6-31H-G* basis sets for
1881.3, 974.8 cmt absorptions in the M- CO; reactions. Bands C and O aton?% and the set of Wachters and Hay for V and Ti
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Figure 1. Infrared spectra in selected regions for reaction of laser-ablated V atoms with®8%&3%in argon during condensation at 12 K: (a)
sample co-deposition for 1 h, (b) after annealing to 25 K, (c) after 15 min broadband photolysis, (d) after annealing to 30 K, and (e) after annealing
to 35 K.

atomg7 as provided by Gaussian 94 were used. Five isomers, molecules OM(CQ) O,MCO and QM(CO), were also inves-
namely, OVCO, OV~ (2—CO), V—(>—0C)0O, V—(>—00)C, tigated, and the results are listed in Tables 6 and 7.

and V—-CO, were calculated, and the results are listed in Table

4. The inserted OVCO isomer was calculated to havid'a Discussion

ground state; théA' state was only 8.7 kcal/mol higher and
cannot be ruled out. The CM#»?—CO) isomer has A"

ground state; théA" state converged to OVCO. THA"” OVCO shifts and DFT frequency calculations. ,
state was calculated to be the most stable isomer at this level OVCO. The 1881.1 and 974.8 cthbands were the dominant

of theory, followed by théA” OV—(;2—CO) molecule, which absorptions on deposition. These two bands exhibit the same

was just 21.8 kcal/mol higher in energy than t#e’ OVCO annealing and photolysis behavior through all the experiments,
molecule. ' suggesting that they are due to different modes of the same

. . . oo - molecule. The 974.8 cm band showed no carbon-13 isotopic
four TiCO, 'jOTfT‘e'E' namely, OT'CIO’ |03F|é17 gog T | shift, but shifted to 932.0 cnt using the!’C'#0, sample; the
Y _.OO)C.’ and Ti-(y 'OC)O. were caicu ate .an theresults 1418 isotopic ratio (1.0459) is very close to the diatomic VO
are listed in Table 5. The HCO, and TIOCO isomers were 44 and the frequency is slightly lower than that of diatomic
calculated .earller to bg higher in enetgand are not listed molecule in solid argon (983.6 cr#) 28 suggesting that the 974.8

here. The inserted OTiICO molecule was calculated to have a -1 pand is due to a terminal YO stretching vibration. The

A" ground state, with théA" state being only 6.5 kcal/mol 1881 1 et band shifted to 1837.8 crain the 13C160, spectra

The new product molecules will be identified from isotopic

higher. The OT+(»*-CO) has "’i_lA' ground state, with th_éA” and 1839.5 cmt in the 12C180, spectra, the 12/13 isotopic ratio
state being only 3.6 kcal/mol higher in energy. The OTiCO (1.02356) and 16/18 ratio (1.02261) are slightly higher and
state was the most stable Tig@omer followed by the OF lower, respectively, than the diatomic-© ratios; this means

(7>-CO) structure, which was 11.2 kcal/mol higher than OTICO. hat the C atom is vibrating between the O atom and another

Calculations were also done for the OME@ations and the mass. The doublet structure in both mix¥&g1€0, + 13C160,
more weakly bound OMOC and MOCO isomers, and the  and 12C160, + 12C!80, experiments confirmes that only one
results are also listed in Tables 4 and 5. The latter is essentiallyCO subunit is involved in this mode. Accordingly, these two
a MO"---CO complex but is more stable than the"OCO bands are suitable for assignment to the inserted OVCO
complex* for the early transition metal species. The larger molecule.
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Figure 2. Infrared spectra in selected regions for reaction of laser- ablated V atoms with &8+ 0.25%3CO; in argon during condensation
at 12 K: (a) sample co-deposition for 1 h, (b) after annealing to 25 K, (c) after 15 min broad-band photolysis, and (d) after annealing to 35 K.

The BP86 calculation predicts that OVCO is the most stable calculated slightly lower in energy, the calculated frequencies
VCO; isomer, and both théA"” and?A’ states are very close in  and isotopic frequency ratios of th&A’ state match the
energy. The*A” state is slightly lower in energy and gave a experimental values much better than #8¢' state (Table 8).
1959.8 cm! C—O0 stretching frequency and 981.1 cthvV—0 This indicates that théA’ is the ground state, in agreement
stretching frequency, while th&\' state gave lower (1893.9  with another recent theoretical repétt.
cm1) C—0O and higher (1046.9 cm) V—O stretching frequen- Table 9 compares frequencies for similar early transition metal
cies. The calculation predicts no coupling between theOv atom reaction products. The analogous OScCO species has
and C-0O stretching modes for both states and gives very close similar frequencies, but OCrCO and OMnCO exhibit much
isotopic frequency ratios, as shown in Table 8, so it is difficult higher carbonyl stretching frequenci®®.This is probably due
to determine which state is the ground state. As will be to lower d-orbital energies on Cr and Mn and less favorable
discussed, the OV(»2-CO) molecule, which has a doublet overlap with carbonyl antibonding orbitals.
ground state, can be formed by photolysis of the OVCO OV—(#?-CO). The 1516.1 and 990.0 crh bands were
molecule, suggesting that OVCO has a doublet ground state.produced only on mercury arc photolysis and decreased together
Furthermore, scale factéPdor the BP86 functional are expected gp annealing. The 1516.1 cthband shifts to 1483.0 and 1480.1
to be near 0.99, which suggests that the 1959.8'drequency  ¢my1 using thel3C160, and12C180, reagents; the 12/13 isotopic
calculated for théA” state is not compatible with the 1881.1  ratip (1.02227) and 16/18 isotopic ratio (1.02431) are very close
cm™* observed frequency, but the 1893.9 Tnfrequency  to values of the diatomic €O stretching vibration, but the

calculated for théA' state is in excellent agreement. frequency is 622.2 cnt lower than the diatomic CO frequency,
OTIiCO. Similar absorptions at 1866.8 and 952.8 ¢nin indicating that this is not a terminal-€0 stretching vibration.
the Ti + CO, system are assigned to the-O and TO So a side-bonded structure must be considered analogous to

stretching vibrations of the OTiCO molecule in solid argon, as the Sc+ CO; reaction? where a similar 1613.9 cm band was

has been reported earlieiThe neon matrix counterparts at assigned to the OSq#;2-CO) molecule. In the mixeéfCLeO,
1884.0 and 973.1 cm show a modest matrix interaction with 4+ 13C1%0, and 12C160, + 12C80, experiments, only pure
OTIiCO. The present DFT calculation predicts the OTICO is isotopic counterparts were observed, so only one CO subunit
the most stable isomer with th&' and A" states close in is involved in this vibration. The associated 990.0 ¢rband
energy. The’A"” state gave 1965.1 crh C—O stretching and showed no carbon-13 isotopic shift; the 16/18 isotopic ratio
989.3 cn1! Ti—O stretching vibration fregencies, while th' (1.04485) is just slightly lower than the diatomic VO ratio, while
state gave 1882.1 and 987.7 tmAlthough the3A" state was the frequency is only 6.4 cm higher, indicating that this
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Figure 3. Infrared spectra in selected regions for reaction of laser-ablated Ti atoms with 0.5% @@on during condensation at 12 K: (a)
sample co-deposition for 1 h, (b) after annealing to 25 K, (c) after 15 min broad-band photolysis, and (d) after annealing to 30 K.

vibration is a terminal O stretching mode. These two bands OVCO™. The 1020.0 cm! band and the doublet at 2205.4,
are suitable for assignment to the ©Y#2-CO) molecule. 2203.3 cm! produced on full-arc photolysis decreased together
This assignment is in good agreement with DFT calculations. on subsequent 30 and 35 K annealing. The upper doublet shifted
The OV—(52-CO) molecule has 8A" ground state, which is 10 2156.2, 2154.1 cmt and 2153.9, 2151.9 cm using'C'®0,
about 21.8 kcal/mol higher than tH&” OVCO isomer. The  and?C'#0, samples, The isotopic 12/13 ratio (1.0228) and 16/
C—O stretching vibration was calculated at 1489.6 &mslightly 18 ratio (1.0239) are very close to the diatomic CO ratios. Only
lower than the observed value, and the calculated 12/13 ratio,pure isotopic counterparts were observed in both mize¢fO,
1.02195, and 16/18 ratio, 1.02561, are very close to the observedt **C*0, and*2C*®0, + 12C'80, experiments, indicating that
values. The VO stretching frequency was calculated to be only one CO subunitis involved in this vibration. The associated
1023.6 cm?, just 33.6 cm! above the observed value. The 1020.0 cn! band showed no carbon-13 displacement but
calculated 16/18 isotopic ratio (1.04502) also matches the shifted to 976.0 cm in 2C'80, spectra; the 1.04508 isotopic
observed 1.04485 value. 16/18 ratio indicates that this is a termina® stretching
OTi—(5?-CO). Similar bands at 1532.3 and 965.0 chin vibration. Again, the doublet in the mixédC!¢O, + 12C!0,

the Ti + CO, system were also produced on mercury arc SPectra confirms that only one O atom is involved. Hence, this
photolysis and decreased together on annealing. The 1532.3Pecies also has the VGGtoichiometry. Note that both the
cm1 band shifted to 1496.8 and 1496.1 chin 13C60, and C—0 and V-0 stretching frequencies of this species are higher
12C180, experiments. The 965.0 crhband shows no carbon-  than corresponding diatomic CO and VO frequencies, so the
13 isotopic shift but shifted to 924.5 cthusing the!?C1€0, OVCO* cation should be considered.

sample, and the 16/18 ratio (1.04381) characterized this vibration Previous DFT/B3LYP calculations on the interaction of V
as a terminal T+O stretching vibration. The doublet structure with CO; find that the OVCO structure is more stable than
in mixed experiments confirmed only one CO subunit in the the electrostatic (V)(OCO) isomer because of the very strong
upper mode and one O atom involved in the lower mode. terminal VO" bond formed:* Our DFT calculations obtained a

Accordingly, these two bands are assigned to theOC

stretching and O stretching vibrations of the side-bonded

OTi—(7?-CO) molecule following the examples of G\(5*-

CO0) and OSe (2-C0) > Such bridge-bonded species have only

been observed for the early transition metal atoms.

very similar optimized OVCO geometry, and the €0 and

V-0 stretching frequencies were calculated at 2160.2 and

1095.4 cmt. The calculated isotopic ratios (@, 12/13,
1.02316, 16/18, 1.02423;M0, 16/18, 1.04533) are in excellent
agreement with the observed values (Table 8).
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TABLE 2: Infrared Absorptions (cm ~1) from Co-Deposition of Laser-Ablated Ti Atoms with CO, in Excess Argon at 10 K

12C1%0,  Cl0, 12O, 12C180, + 13CLe0, 12C160, + 12C160180 + 12C180,  R(12/13)  R(16/18) assignment
2344.8 2279.2 2309.7 2344.8,2279.2 2344.8, 2327.8, 2309.7 1.02878 1.01520, CO
2339.0 2273.6 2304.1 2239.0, 2273.6 2239.0, 2322.0, 2304.1 1.02876 1.01515, CO
2193.4 2144.4 21425 1.02285 1.02376 ,TIRCO),, Vanisym
2190.4 2141.7 2138.3 1.02274 1.02437 ,TI@O?
2188.0 2138.0 2137.0 1.02339 1.02387 OTiCO
21855 2136.7 2134.8 1.02285 1.02381 OTiCse
2143.0 2095.8 2092.0 2143.0, 2095.8 2143.0, 2092.0 1.02252 1.02438 « (CO)
2138.3 2091.1 2087.2 2138.3,2091.1 2138.2,2087.3 1.02257 1.02448 CO
2100.9 2054.7 2051.4 2101.7, 2055.6 2100.9, 2051.4 1.02249 1.02413 TiIOCO
2065.2 2019.9 2015.8 2065.2,2019.9 2065.2, 2015.8 1.02243 1.02451 OTiOC
2037.1 1983.3 1.02713 CcQ
2027.3 1981.3 1981.2 2027.3, 2006.3, 1981.3 1.02322 1.02327 OTiteR)
1866.8 1823.8 1825.9 1866.7,1823.8 1866.8, 1825.8 1.02358 1.02240 OTiCO
1864.4 1821.5 1823.9 1864.4,1821.5 1864.4,1823.9 1.02355 1.02221 OTICO site
1856.7 1806.4 1826.8 1856.9, 1806.7 1.02784 1.01659 ,0,C
1833.2 1793.3 1789.3 1833.2,1810.7,1793.4 1833.2, 1808.6, 1789.3 1.02225 1.02453 OEaR)
1657.0 1612.9 1629.3 1656.9, 1612.9 1657.0, 1643.9, 1629.3 1.02734 1.01700,- CO
1652.7 1608.8 1625.0 1652.8, 1608.8 1652.7,1639.8, 1625.0 1.02728 1.01705 27)(CIW)x
1532.3 1496.8 1496.1 1532.4,1496.7 1532.3, 1496.1 1.02372 1.02420 OTi[CO]
1383.9 1368.9 1339.2 1.01096 1.03338 A Me]
1278.4 1255.8 1227.7 1.01800 1.04130 B30
1274.0 1264.8 1221.7 1.00727 1.04281 ,0¢
1257.0 1248.2 1200.2 1.00705 1.04733 CO
1184.7 1177.3 1130.5 1.00629 1.04794 0O
1012.9 1012.9 970.0 1012.9, 970.0 1.04423 OTiono™*
1011.7 1011.6 968.7 1011.6, 968.8 1.04439 TiOCO
1004.3 1004.3 961.6 1004.3, 961.6 1.04441 OTiGe
1003.0 1003.0 960.3 1003.0, 960.3 1.04447 OTiCO
990.2 990.2 TiO site ?
987.9 987.9 946.1 1.04418 TiO
985.6 985.6 944.0 1.04407 TiO site
965.0 965.0 924.5 965.0, 924.6 1.04381 OTi[CO]
954.7 954.7 913.9 954.7,913.9 1.04464 OTICO site
952.8 952.8 911.3 952.6,911.8 1.04554 OTiCO
923.1 923.1 4Ti0,
919.9 919.9 4TiO,
917.0 917.0 881.6 917.0, 887.1, 881.6 1.04015%TiO,
914.1 914.1 4TiO,
911.3 911.2 50TiO,
895.2 895.2 860.2 895.1, 869.6, 860.7 1.04069 ,TiOO
888.3 888.3 854.3 1.03980 Q*Ti(CO),
885.4 885.4 851.2 1.04018 G¥Ti(CO),
882.6 882.6 848.2 882.5, 857.9, 848.2 1.04056 **TCO),
879.9 879.9 845.2 1.04106 Q*Ti(CO),
877.3 877.3 842.9 1.04081 QTi(CO),

OTICO ™. Similar bands at 2190.4, 2185.5 and 1004.3, 1003.0 stretching frequency is calculated at 1102.7-¢énv.3 cnr?!
cmtin the Ti + CO, system exhibit analogous behavior as higher than the OVCO cation, while the calculated G0
the OVCO'™ cation absorptions and are assigned to the OTiCO stretching frequency is 1959.8 cfy lower than the OVCO
cations at different sites. Agreement between the calculated andcation, in accord with the experimental observations.
observed isotopic frequency ratios is shown in Table 8. This OTIOC ™. The bands at 1012.9 and 2065.2¢nn the Ti+
follows the analogous OScCGpecies (Table 9) as having the CO, system are assigned to the OTiO€ation. The lower band
highest carbonyl stretching frequency observed in each metalessentially has the same frequency with the “Ti€ation
system. observed in an argon matrix at 1012.9 @mAgain, Table 9

OVOCT™. The 2059.3 and 1029.6 crh bands were also  shows the relationship among the Sc, Ti, and V species.
produced on full arc photolysis and decreased on 30 and 35 K MOCO™. The 2100.9 and 2076.9 crhbands for Ti and V
annealing. The upper band shifted to 2013.9 and 2010:Zcm follow the analogous 2105.7 cthband for Sc; these bands all
in 13C160, and12C!80, spectra; the 12/13 ratio, 1.02254, and increase on full arc photolysis. The most probable assignment
16/18 ratio, 1.02448, are extremely close to the diatomic CO for these bands is to MOCQ which is essentially the MO
ratios, and the frequency is just 21 chlower than the CO --CO complex. This is a higher energy species than OMCO
diatomic. In both mixed experiments, only pure isotopic and it may arise from rearrangement on photolysis.
counterparts were observed, indicating that this absorption is The neon matrix band at 2102.7 chfor TiO™---CO shows
due to a weakly pertubed CO molecule. The associated 1029.6a very small matrix difference for a cation species; however,
cm™! band showed no carbon-13 shift, and the 16/18 ratio this band is due to the vibration of the neutral CO submolecule
1.04507 also characterized a terminat® stretching vibration. part of the TiO™---CO complex.

These two bands are suitable for assignment to th€©Gnd O,V(CO),. Four bands at 2150.6, 2115.4, 951.3, and 942.8
V-0 stretching vibrations of the OVOC cation isomer cmtincreased together on annealing and photolysis. The two
analogous to the OScOQation?® upper bands showed-€D stretching isotopic ratios. Both mixed

Our DFT calculations predict the OVOQsation is only 15.6 12C160, + 13C160, and 12C1%0, + 12C180, experiments gave
kcal/mol higher in energy than the OVCQation. The \*-O 1/2/1 triplets for both bands. This is indicative of the presence
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Figure 4. Infrared spectra in selected regions for reaction of laser-ablated Ti atoms with 8%t 0.25%3CQO; in argon during condensation
at 12 K: (a) sample co-deposition for 1 h, (b) after annealing to 25 K, (c) after 15 min broad-band photolysis, and (d) after annealing to 30 K.

of two equivalent CO groups that come from two differentCO  with about 10% intensity of antisymmetric<O vibration, and
molecules. While the two lower bands showed no carbon-13 this weaker mode is not observed here.
shift, the isotopic 16/18 ratios of the 942.8 th{1.03936) and O,Ti(CO), O,Ti(CO)2. In the Ti+ CO;, reaction, two bands
949.8 cn1! (1.0495) absorptions indicate these two bands are at 882.6 and 895.2 cndincreased on annealing and photolysis;
due to antisymmetric and symmetric OVO stretching vibrations. both bands show no carbon-13 shifts and antisymmetric OTiO
These four bands are assigned to th¥ @O), molecule. This stretching ratios. The Ti isotopic splitting of the lower band is
assignment is confirmed by DFT calculations, which predicted clear, for only one Ti atom involvment. Two bands at 2193.4,
that QV(CO), has C,, symmtery with antisymmetric and  2188.0 cmi® track with these two absorptions. These bands are
symmetric CG-O vibrations at 2040.8 and 2098.7 thand probably due to the @i(CO) and QTi(CO), molecules.
antisymmetric and symmetric \lQ@ibrations at 970.9 and 984.0  According to the DFT calculations listed in Table 6, the 882.6
cm™1, in excellent agreement with observed values. and 2193.4 cm! bands are due to the,Di(CO), molecule,
OV(CO),. Weak bands at 1851.7 and 1984.5¢rabserved while the 895.2 and 2188.0 crhbands are due to the,Oi-
on deposition increased together on 25 K annealing. The 1851.6(CO) molecule.
cm~1 band shifts to 1810.1 and 1808.8 chin 3C%0, and OTi(CO),. Weak bands at 1833.2 and 2027.3¢rimcreased
12C180, spectra and gives-©0 stretching isotopic ratios (12/  on annealing. Both bands exhibit-© stretching vibrational
13, 1.02293, and 16/18, 1.02361). The 1984.5 trhand ratios; in the mixed experiments, 1/2/1 triplets were observed,
showed a slightly higher 12/13 ratio (1.02336) and lower 16/ so two equivalent CO subunits were involved. These two bands
18 ratio (1.02304) than the 1851.6 chband, indicating more  are assigned to the OTi(C®)nolecule. Again, the FO
C and less O anticipation. In both mixédC'®0, + 13C160, vibration was too weak to be observed as our DFT calculation
and?C10, + 12C180, experiments, triplets with 1/2/1 intensity ~ predicted.
distribution were produced, so two equivelant CO subunits are  Counterions. In addition to the OMCO, OMOC", and
involved in this molecule. These two bands are not due to MOCOT cations identified here, counteranions must be present
V(CO), complexes! The lower band is below while the upper to maintain the overall charge neutrality of the matrix sample.
band is abover(CO) for the OVCO molecule, so the OV(CO)  There is no evidence for metal-containing anions in the Sc, Ti,
molecule is suggested. DFT calculation of OV(G@ave strong and V experiments; however, the OMCQ@nions have been
antisymmetric and symmetric-€0 vibrations at 1941.3 and  observed in laser-ablation experiments with later transition metal
1990.7 cn1l, in excellent agreement with observed values. This atoms®° All samples contain C@ at 1657.0 cm?, which on
calculation predicted the VO stretching vibration at 972.1 crh annealing converts to 0, absorbing at 1857.1 and 1184.7
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Figure 5. Infrared spectra in selected regions for reaction of laser-ablated Ti atoms with 0.6% stati$pat-@C%0*0 + C'80, in argon during
condensation at 12 K. (a) sample co-deposition for 1 h; (b) after annealing to 25 K, (c) after 15 min broad-band photolysis; (d) after annealing to

30 K.

TABLE 3: Infrared Absorptions (cm ~1) from Co-Deposition of Laser-Ablated Ti Atoms with CO, in Excess Neon at 4 K

12C160, 13C1%0, 12C'%0, R(12/13) R(16/18) assignment 12C'%0, 13C1%0, 12C'%0, R(12/13) R(16/18) assignment
2347.3 22919 23124 1.02866 1.01509 .CO 1654.6 1610.6 1626.9 1.02732 1.01703  ¢(COCO,):
2216.8 2167.2 2165.2 1.02289 1.02383 7 1650.5 1606.9 1623.0 1.02713 1.01694 )(QCTe)
2196.3 2147.3 21453 1.02282 1.02377 ,TiRCO), 1539.0 OTi[CQ]
2193.4 21445 21423 1.02280 1.02385 ,TiCO),site 1421.6 1380.3 1399.6 1.02992 1.01572 ,CO
2146.1 2098.5 2095.1 1.02268 1.02434 (€O) 12744 1262.9 12274 1.00911 1.03829 ,0¢
2140.8 2093.7 2098.7 1.02250 1.02445 CO 1189.2 1181.4 11354 1.00660 1.0478%- C
2130.8 2074.5 1.02714 £04™) 11859 11785 1133.0 1.00628 1.04669 0 site
2102.7 2056.3 2052.3 1.02256 1.02456 TiOCD 1183.7 1176.4 1129.7 1.00621 1.04780 ,Of site
1884.0 1841.0 1842.1 1.02336 1.02275 OTICO 10415 10189 1024.8 1.02218 1.01630 Ti[OQ]CO
1862.1 1812.0 1830.3 1.02765 1.01737 ,0O¢ site 997.6 997.6 955.3 1.04428 TiO
1854.8 1823.1 1.01739 .0, site 990.6 990.6 949.7 1.04307 OTIi[CO]
1852.3 1802.9 1820.8 1.02740 1.01730 ,0& 973.1 973.1 931.5 1.00031 1.04466 OTICO
1829.5 1789.2 17854 1.02252 1.02470 OTi(gO) 936.4 936.4 900.3 1.04010 TiO
1800.9 1754.2 1765.7 1.02662 1.01994 Ti[OO]CO 906.1 906.1 870.9 1.0404Zi(CO)
1670.0 1625.5 1642.3 1.02738 1.01687 BE@O;) 892.9 892.9 858.1 1.04055 ,T(CO),
1665.3 1621.0 1637.6 1.02733 1.01691 (ROO,") 891.7 891.7 856.8 1.04073 ,0(CO), site
1658.2 1614.1 1630.6 1.02732 1.01693 O 679.2 664.8 1.02166 o/

cm~11819n addition, CQ~ is observed at 1257.0 and 691.3
cm11932and a weak metal-independent €and at 2037.1
cmt increased on full arc photolystd.Finally, the metal-
independent band at 1274.0 chwill be identified as GO4*
in a future reporg3

Reaction MechanismsLaser-ablated V and Ti atoms insert
into CO, to form the OMCO molecules, reaction 1, which is

the dominant process. This is also the case for Cr, Mn, Fe, Co

OTiCO molecule® The OMCO molecule can further react with
another C@molecule to form the stable dioxide complex\D
(CO),, reaction 2.

and Ni atoms? Recent calculations show that there is no energy

barrier for ground-state Ti atom insertion into € form the

V + CO,— OVCO (1a)
Ti + CO,— OTICO (1b)
OVCO + CO,— O,V(CO), (2a)
OTiCO + CO, — O,Ti(CO), (2b)
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TABLE 4: Calculated (BP86/6-31HG*) Geometry, Relative Energies (kcal/mol), Vibrational Frequencies (cm?), and
Intensities (km/mol) for VCO, and VCO," Isomers

relative
molecule energy geometry frequency (intensity)

OVCO (A") 0 V-0,1.605A;Vv-C,2.007A; C-0,1.161 A;00VC, 108.8; 1959.8 (1173), 981.1 (197), 415.4 (7), 338.5 (2),
0OVCO, 164.7 292.6 (0), 130.6 (10)

OVCO (A") +8.7 V-0,1.580A;\C,1.916 A; C-0, 1.171 A;0OVC, 98.4, 1893.9 (2050), 1046.9 (174), 457.4 (76), 336.7 (94),
0VCoO, 176.6 331.3 (14), 153.0 (4)

OVI[COT(?A") +21.8 V-0:1.592 A;V-C:2.030 A; V—0:2.007 A; G-0:1.239 A;  1489.6 (561), 1023.6 (167), 476.3 (25), 366.7 (24),
0oVC, 114.2, 00V0':121.6, OCVO':35.7 194.3 (24), 144.1 (48)

V[OC]O' (“A")  +27.2 V-0:1.819A; V-C:1.976 A; C-0:1.402 A; C-0":1.200 A;  1769.2 (585), 849.0 (137), 655.6 (26), 423.7 (9),
0JOVC, 43.7, 10CO:129.4 362.8 (0.6), 320.9 (10)

V[OC]O' (fPA")  +38.7 V—0:2.088 A; \-C:2.210 A; C-0:1.247 A; C-0":1.195 A;  1960.7 (384), 1139.7 (173), 622.9 (240), 432.0 (0.5),
0JOVC, 33.8, 10CO:150.P 348.1 (4), 194.5 (3)

V[OOIC (“By)  +42.4 V-0:1.897 A; G-0:1.338 A;JOVO:71.7, JOCO:112.3  1014.8 (101), 978.5 (330), 453.0 (131), 404.5 (32),
370.0 (7), 75.2 (31)
VOCO (°A))  +44.8 V-0:2.097 A; 0-C:1.185 A; G-0':1.175 A;0VOC:174.5,  2334.3 (787), 1229.6 (289), 367.8 (14), 365.5 (14),
00CO:179.8 211.3 (12), 54.9 (1)
VCO; (°Ay) +485 V-C:2.302 A; G-0:1.209 A;]OCO:154.4 2003.8 (244), 1186.2 (230), 568.6 (440), 448.4 (1),
84.9 (0.4), 36.5i (7)
OVCO'(*A))  +169.2 V-0:1.553 A; V-C:2.125 A; G-0:1.133 A;00VC, 101.7,  2160.2 (250), 1095.4 (92), 332.4 (1), 282.1 (0.1),

0OvCo, 172.4 269.2 (1), 114.0 (16)

OVO'CH((A') +184.8 V-0:1.552 A; V-0':2.150 A; C-0':1.159 A;JOVO':114.2, 1959.8 (119), 1102.7 (96), 266.1 (13), 175.7 (5),
Ovo'C:171.7 165.8 (6), 85.1 (18)

VOCO"' (327)  +187.2 V-0:1.547 A; 0-C:3.781 A; C-0:1.143 A;0VOC:180, 2137.1(73), 1110.4 (65), 44.0 (7), 13.3 (6), 18.5i (23)
00OCO0:180

TABLE 5: Calculated (BP86/6-311G*) Geometry, Relative Energies (kcal/mol), Vibrational Frequencies (cm?), and
Intensities (km/mol) for TICO, and TiCO," Isomers

relative
molecule energy geometry frequency (intensity)

OTICO CA") 0 Ti—0,1.625A; Ti-C, 2.094 A; G-0, 1.158 A;OTiC, 98.T, 1965.1(1696), 989.3 (189), 380.5 (24), 321.4 (32),
OTiCo, 176.4 260.5 (1), 106.7 (2)

OTiCO (A") +6.5 Ti—0, 1.629 A; T-C, 1.989 A; C-0, 1.179 A;0OTIC, 101.2,  1882.1 (616), 987.7 (190), 478.3 (2), 347.3 (0.3),
aTico, 178.6 292.4 (48), 134.3 (15)

OTI[CO] (*A")  +11.2 Ti-0O,1.626 A; T-C, 2.085 A; T0O', 2.004 A; G-0', 1.246 A; 1483.4 (189), 1000.5 (190), 459.3 (2), 451.9 (7),
0OTiC, 107.0, OOTIO', 108.8, OCTIQ', 35.4 254.5 (7), 209.5 (15)

OTI[CO] (A  +14.8 Ti-0,1.622 A; T-C, 2.255 A; T-0O', 2.198 A; G-0', 1.197 A;  1681.4 (761), 998.0 (232), 354.2 (19), 290.4 (20),
0OTiC, 103.4, OOTIO', 112.8, OCTiO', 31.1° 177.3(7), 126.1 (12)

Ti[OOIC (B;) +35.8 Ti~0, 1.885A; O-C, 1.358 A;1OTiO, 73.6, 1OCO, 112.8 994.2 (31), 952.6 (310), 696.8 (4), 473.4 (30),
341.1 (3), 293.2 (38)
Ti[OC]JO' (A') +50.8 Ti0, 2.154 A; Ti-C, 2.250 A; G-0, 1.249 A; CG-0', 1.199 A;  1932.7 (339), 1145.1 (190), 636.3 (239), 481.2 (1),

0JoTiC, 32.9, 00CO, 148.8 326.7 (1), 187.8 (2)

OTiCO*(?A') +156.7 Ti-0O, 1.588 A; Ti-C, 2.168 A; C-0, 1.136 A;0OTiC, 94.5, 2139.5 (301), 1070.8 (112), 356.2 (4), 315.1 (1),
aTico, 174.9 268.0 (3), 125.9 (21)

OTIO'Ct(?A") +172.0 Ti0,1.586 A; Ti-O', 2.192 A; CG-0', 1.159 A;0OTIO', 105.9, 1950.1 (55), 1077.1 (124), 263.1 (15), 187.4 (7),
aTio'C, 174.7 182.7 (8), 95.9 (21)

TiOCO" (2A)  +187.2 THO, 1.580 A; O-C, 4.643 A; CG-0, 1.159 A;0TiOC, 180, 2132.6 (71), 1089.1 (105), 35.5 (7), 13.3 (5),
00CoO, 180 19.3i (33)

TABLE 6: Calculated Geometries, C-O and V—O Vibrational Frequencies (cnT?), and Intensities (km/mol) for OV(CO)s,
O,V(CO), and O,V(CO), Molecules

molecule geometry sym€0 antisymC-O symV-0O antisym \V-O

OV(COR(“A") V-0, 1.616 A; V-C, 2.03 A; C-0, 1.158 A,0OVC, 114.3,  1990.7 (753) 1941.3 (1578) 972.1(163)
0CVC, 97.7, OVCO, 164.2

ONCO (By) V-0, 1.622 A; V-C, 2.037 A; G-0, 1.149 A;0OVC, 103.0, 2045.8 (769) 983.2(56)  968.4 (262)
00OVO, 115.8, OVCO, 170.4

OV(CO)(*A;)) V-0, 1.623 A; V-C, 2.082 A; C-0, 1.145 A;JOVC, 108.7, 2098.7 (267) 2040.8 (1205) 984.0 (42)  970.9 (215)
00CVC, 104.7, OVCO, 175.8, IOVO, 116.8

The OM—-(2-CO) molecules were produced on full arc state, reaction 4,
photolysis, which suggests photoisomerization reaction 3, which
was calculated to be slightly endothermic @4Ti, V). OM—(nz-CO)—i- hy — OM—(nZ-CO)* +

. + + —

The OMCO" and OMOC cations were also produced on The role of CCJ} dopant in these experiments is to capture
full arc photolysis. As has been discussdtiese cations are  electrons produced in the ablation process and in reaction 4,
probably formed by photoexcitation and photoionization of which facilitates the survival of cations, such as the products
OM—(%?-CO) molecules via a long-lived OM(;72-CO)* excited of reaction 4, as described previousty.
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TABLE 7: Calculated Geometries, C-O and Ti—O Vibrational Frequencies(cnt?), and Intensities (km/mol) for OTi(CO)5,
O,Ti(CO) and O;Ti(CO), Molecules

molecule geometry sym-€0 antisym CG-O symTi—O antisym T+-O

OTi(COR(CA") Ti—0, 1.631A; Ti-C, 2.122 A; G-0, 1.159 A;0OTiC, 108.2, 2000.5(217) 1929.6 (2113) 984.6 (185)
0CTiC, 119.2, OTIiCO, 174.5

O,TICO (A  Ti—0, 1.667 A; \-C, 2.200 A; CG-0, 1.139 A;JOTIC, 89.8,  2127.7 (346) 957.5 (29) 892.3 (268)
0JOTiO, 109.2, OTIiCO, 168.5

O,Ti(CO)(*A1) V—0,1.623A;\C,2.082A; C-0,1.145 A;00VC, 108.7, 2142.3(25) 2127.4(787) 940.8 (24) 864.9 (214)
0OCVC, 104.7, 0VCO, 175.8, OOVO, 116.8

TABLE 8: Comparison of Observed and Calculated observed in these experiments. Although C@as trapped in
Vibrational Frequencies and Isotopic Frequency Ratios for. both solid argon and neon,Q,;~ was formed during condensa-
OMCO, OM —(7*-C0), OMCO™, and OMOC™ Species (M= tion in neon but annealing was required to produc®L in
ML solid argon

12/13 12/13 16/18 16/18
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