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Reactions of Laser-Ablated Mo and W Atoms, Cations, and Electrons with CO in Excess
Neon: Infrared Spectra and Density Functional Calculations on Neutral and Charged
Unsaturated Metal Carbonyls
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Laser-ablated Mo and W atoms react with CO in excess neon to give the same unsaturateg Mg@&Bnyls
observed from photodissociation of M(GOYhe observed neon matrix fundamentals for these M{G9)
species bridge previous argon matrix and gas phase values. The Md&@ponyls absorb at 1895.2 and
1884.5 cm!, and the MCO monocarbonyls absorb at 1881.2 and 1859:9 famMo and W, respectively.

The M(CO) ;" cations and M(CQ),~ anions are observed as the ablation process also provides cations and
electrons. Density functional theory calculations support the product identifications and vibrational assignments.

Introduction Experimental and Computational Methods

The experimental method for laser ablation and matrix
isolation has been described in detail previodsiy® Briefly,
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
with 10 ns pulse width) was focused to irradiate rotating metal
targets (JohnsenMatthey). Typically, low laser power (35

Unsaturated transition metal carbonyls are important in
catalytic reactions and organometallic synthésfsGroup 6
carbonyl intermediates were investigated first because of the
availability of hexacarbonyl precursor molecules. Chromium
carbonyl intermediates were examined first in rare gas métrifes mJ/pulse) was used, which favors the stabilization of ionic
and the gas phasé.** Turner et al. characterized M(COn species and minimizes cluster formation. Laser-ablated metal
= 3-5) by matrix infrared spectroscopy and determirigd  atoms, cations, and electrons were codeposited with carbon
Cz,, andCy, structures, respectively, for these intermediatés.  monoxide (0.40.4%) in excess neon onto a8 K Csl
This early work has been reviewed receriflylime-resolved  ¢ryogenic window at 24 mmol/h for 30 min. Carbon monoxide
gas phase infrared spectra provide evidence that the unsaturateghatheson) and isotopiéC60 and2C180 (Cambridge Isotopic
group 6 carbonyls adopt the same structures in the gaslaboratories) and selected mixtures were used in different
phasetl13.15.16 experiments. Infrared spectra were recorded at 0.5'cm

The CrCO molecule was first characterized by Weltner et al. resolution on a Nicolet 750 spectrometer with 0.1 &mccuracy
with a 1977 cm* absorption prepared from thermal Cr atoms using a mercury cadmium telluride detector down to 400&m
and CO diluted in argo# Laser-ablated Cr and CO gave a Matrix samples were annealed at different temperatures, and
1975.6 cnt argon matrix absorption and a strong 2018.4¢m  Selected samples were subjected to photolysis using a medium-
band for CrCO in solid neoH,which is a relatively large argon- ~ Pressure mercury lamg (> 240 nm) with the globe removed.
to-neon matrix shift8 The CrCO molecule was predicted to Density functional _theory (DFT) calqulatlons were performed
have a bent high-spifA’ ground state, which correlates with ©n the small reaction products using the GAUSSIAN 98
ground state Cr ator$) and CO ¥£+).19-21 |n contrast, the program?’ Two g'enerallzed gra’d|ent approximations con§|st|ng
MoCO and WCO complexes were computed to have low-spin of th_e combinations of Bec'ke s exchange and Perdew,s cor-
ground state® which arise from the smaller Mo and W relation (BP86) and Becke’s exchange and Perdélang’s

exchange terms than found for Cr. Because the low-spin Statecorrelatlon (BPWO1) fgncnonaﬂ% as well as the hyb”d. Har-
. . tree—Fock B3LYP functiona® were chosen in order to reinforce
has lower repulsion due to s to d promotion and more metal to

- * - * H
CO & donation, the €O stretching frequencies decrease each other. The 6-31G* and 6-311 G basis sets were used

S ) for carbon and oxygéfl and the LanL2DZ effective core
S|gn|f|cantly to 18@2.6 and 1848.8 crh respectively, for MoCO potentials were used for Mo and #32
and WCO in solid argof?

We report here a combined neon matrix infrared experimental R€sults and Discussion
and density functional theoretical investigation of the unsaturated ~Neon matrix infrared spectra illustrated in Figures7lwill
Mo and W carbonyls with emphasis on the smaller coordination be assigned to Mo and W carbonyls and compared to previous
numbers and the new neon matrix observations for chargedobservations and DFT frequency calculations.
species. In these laser ablation experiments, metal cations and MCO. As part of an investigation of the group 6 metal atom

electrons are also produced and several charged metal carbonyleaction with CQ, dilute CO was reacted with these metals in
species are also trapped. excess argon, and CrCO, MoCO, and WCO were the major

products. Isotopic mixtures were employed to confirm the
*To whom correspondence should be addressed. E-mail: Isa@virginia.edu.paruc'patlon of a single CO subunit. Th fundamentals

* Present address: Department of Chemistry, Fudan University, ShanghaiWere 1975.3, 1862.6, and 1848.8 Tinrespectively, for the
200433, P. R. China. group 6 monocarbonyf.
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TABLE 1: Infrared Absorptions (cm ~1) from Reactions of anharmonic than the MoCO mode, which is in turn more
Laser-Ablated Mo with CO in Excess Neon anharmonic than the CrCO mode where no overtone was
12c160  13Cl60  12C180  R(12/13) R(16/18) assignment detected.
3899.5 3813.3 3809.7 1.0226 1.0236 Mo(G®) + b, Tan et ak? have performed a high-level theoretical investiga-
3730.7 3645.0 3650.3 1.0235 1.0220 MoC@0) tion of MoCO and WCO. At the multireference singles plus
2194.3 2145.8 1.0226 co doubles configuration interaction level, the ground state of
2189.1 2137.3 1.0242 MoCO MoCO is 52" and the CO fundamental is 2183 ch The
2187.7 21359 1.0243 MoCGsite lightly high 2 d3A states h lightly high
21782 2129.6 2127.1 1.0228 1.0240 Mo(GO) Sgntly higher energy'® and A states have siightly higner
2140.8 2093.7 2098.7 1.0225 1.0245 CO 2196 and 2202 cni computed harmonic frequencies. On the
2056.3 20109 2007.4 1.0226 1.0224 (GO) other hand, the ground state for WCO is predicted td3e
2000.6 1956.6 1952.8 1.0225  1.0245 Mo(GO) with CO fundamental 2176 cm and the slightly higheP="
1984.5 19412 19366 1.0223  1.0247 Mo(6@) state has virtually the same (2177 cnfrequency. When spin
182451.2 18(2)8'1 ig(l)f'f 1'8%3 i'ggg MO(QG)) orbit coupling is taken into account, the low-lying states are
. . . . . (6@ . Tt . .
1938.2 18962 1891.1 1.0221  1.0249 KEO), predominantly’>" and the frequency is the same withir
1914.3 1872.7 1868.5 1.0222 1.0245 K@O), cmL. These high level calculations show that the MoCO
1908.9 1865.6 1866.0 1.0232  1.0230 Mo(G®) frequency is slightly higher (2@ 10 cnt?t) than the WCO
1895.2 1854.6 1848.9 1.0219  1.0250 Mo(e®) frequency and that spirorbit coupling has little effect on the

1886.1 18429 1843.8 1.0234 1.0229 Mo(&@)

18812 18375 18402 1.0238 10223 MoGQCO) C—0 stretching frequency.

1878.3 1834.7 1837.4 1.0238  1.0223 MoCO site Despite the lack of multireference character, DFT calculations
1797.7 1758.5 17553 1.0223  1.0242 H@O) have reliably predicted the-€0 fundamentals of second and
i;ﬁ‘; %ég-g ig?g% 1-85421‘71 i-gggg l(\L\I/le(g@g;) third row monocarbonyl&* Accordingly, we have performed
. . : . . ) i i
16096 16593 16639 10243 10215 (MocO) BP86 and BSLYE calculations for MOCO and WCO tq provide
1517.4 14842 14812 10224 10244 (GO) support for assignment of experimental frequencies. DFT
598.6 585 595 1.023 1.006  Mo(CO) predicts ground states unresolved by symmetry, which are
. _ probablySIT for both MoCO and WCO with the vibrational
TABLE 2: Infrared Absorptions (cm ~%) from Reactions of frequency for MoCO higher than for WCO by 26 (BP86) or 37
Laser-Ablated W with CO in Excess Neon cm ! (B3LYP). The neon matrix separation is 21.3 dmThe
12C160  18C160  12C180  R(12/13) R(16/18) assignment 1876 and 1850 cri predictions (BP86, 6-31G*) for MoCO
3687.0 3607.6 3605.8 1.0220  1.0225 WC@®C0O) and WCO are 5 and 10 crh respectively, lower than observed
2194.3 2145.8 1.0226 co values. Using BP86, théA' states for MoCO and WCO are
21255 2077.8 20765 1.0230  1.0236 WCO 13.9 kcal/mol higher, and the frequencies are 28 and 25'cm
gégg-g 3813'8 38(7)32 i-gggg i-gggi \(’V@%)ne higher than observed. These DFT calculations support our matrix
19953 1951.0 1948.1 1.0227 10242 W(GO) infrared assignments for MoCO and WCO.
1975.9 1932.3 1929.0 1.0226 1.0243 W(G@) M(CO).. The absorption at 1895.2 cthwith Mo and CO
1954.0 19109 1907.2  1.0226 1.0245  W(G®) in neon increased markedly on annealing and dominated all other
19411 1896.2 18984  1.0237  1.0225 W(6® absorptions: it decreased on visible photolysis but restored on
1909.0 18647 18672 1.0238 10224 W(GH) further annealing (Figure 1). This band shifted to 1848.9%tm
1903.7 1860.2 1861.8 1.0234 1.0225 (BO), . 1 L
18845 18434 18393 10223 10246  W(GD) with C*0 and to 1854.6 cmt with 3CO and formed a strong
1882.4 1838.3 18412  1.0240 1.0224  W(GQ@) sharp 1895.21871.8-1854.6 cnt! triplet with mixed 12CO
1859.9 1818.8 1818.0 1.0226 1.0230 WGECO) and 13CO (Figure 4), which denotes the vibration of two
1821.8 1779.9 17819 1.0235  1.0224 ,(BO) equivalent CO subunits and the identification of Mo(GQO)he
1794.2 1751.8 17552 1.0242  1.0222 W(GOP central component is 3.1 crhbelow the median of purCO
17515 17122 1711.0 1.0230 1.0237  W(€Oh, 1 . . - . .
1640.8 16033 16065 1.0234 10214 WCO and 3CO components, which points to interaction with the
1706.2 1666.5 weak symmetric C-O stretching mode of M&{CO)(*3CO) some 100
1517.4 1484.2 14812 1.0224 1.0244  (€O) cm~! higher. Although no such fundamental was observed, its
588.5 584.9 1.0062  W(C®) combination with the 1895.2 cmh antisymmetric stretching

fundamental was found at 3899.5 chwith identical annealing
The present neon matrix investigations produced strong and photolysis behavior and 1% of the absorbance at 1895.2
absorptions at 1881.2 and 1859.9 @nthat increased on ~ ¢m™'. The combination band gave a similar 1:2:1 triplet at
annealing (Figures 1 and 5) and showed appropriate isotopic3899.5-3859.4-3813.3 cm* using mixed**CO and**CO
shifts and the doublet mixelCO + 13CO isotopic behavior (Figure 3), and the central component is 2.9 érabove the

for assignment to the monocarbonyls MoCO and WCO (Figures median_of 3899'5+138£:3 cm. The di(fjferer;?he 3899.5-

4 and 7). Note that the argon-to-neon blue shifts, 18.6 and 11.1 flosrgaSnﬁ;rzn%?:ciggo :Nizg%?zngei\ig;nst;wzgsc i g?éiﬁg::gg
1 7

cm?, are much less than found for CrCO (43.1 ¢t for the symmetric €O fundamental in Mo(CQ)

In contrast to CrCO, the first overtone was observed for the Our assignment of 1895.2 crhto the b mode of Mo(CO)
C—0 fundamentals of both MoCO and WCO. Although the i, sojid neon is in agreement with an argon matrix 1891.9%cm

MoCO overtone is weak (1.2% of fundamental intensity) the opservation from earlier wofk but not with a tentative
site-splitting pattern on the fundamental made matching the assignment of a weak 1911 cfband (system “c”) in solid
overtone straightforward. For MoCO, the major site at 3736.6 methané.

cmtis 25.8 cn1* below twice the fundamental (1881.2 ¢y The analogous feature with W and CO in neon increased
(Table 1). The WCO overtone at 3687.0 this stronger (6%  strongly on annealing at 1884.5 chrand shifted to 1839.2 cm

of the fundamental) and 32.8 cibelow twice the fundamental  with C180 and to 1843.4 crit with 13CO (Figures 5 and 6).
(1859.9 cml) (Table 2). Hence, the WCO mode is more Although W(CO) and W(CO} are nearly coincident for
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Figure 1. Infrared spectra in the 20201850 and 18581680 cnT1* regions for laser-ablated Mo codeposited with 0.1% CO in neon at 4 K. (a)
Sample deposited for 30 min, (b) after annealing to 8 K, (c) dfter470 nm photolysis for 15 min, (d) aftér> 290 nm photolysis, and (e) after
annealing to 10 K. Spectra in right portion multiplied by given factor to fit indicated absorbance scale.
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Figure 2. Infrared spectra in the 226170 cnT? region for laser-
ablated Mo codeposited with CO in neon at 4 K. (a) Sample deposited
for 30 min, (b) after annealing to 8 K, (c) aftér> 240 nm photolysis,

(d) after annealing to 12 K, (e) sample with 0.02% ¢4tided deposited

for 30 min, (f) after annealing to 8 K, and (g) after annealing to 12 K.

2200

12CO, these absorptions are resolved f§£O. These bands,
however, gave a broader intermediate component at 18499 cm
with mixed 12CO + 13CO (Figure 7) that does not sharpen on
annealing like the pure isotopic 1884.5 and 1843.4chands.
This suggests symmetry breaking for W(GGQ)milar to that
found for W(NO), although W(NO) apparently has equivalent
NO subunits®*

Extensive DFT level calculations were performed for Mo-
(CO), and W(CO) to support the above vibrational assignments.
The BP86 functional predict§A, ground states for both
dicarbonyls, Table 5, but,iC—O frequencies that are 68 and
55 cnt! too low and a C—O frequencies that are intense

) Mo'*CO
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A A
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Figure 3. Infrared spectra in the 3928635 cnt? region for laser-
ablated Mo codeposited with carbon monoxide in neon at 4 K'%a)
CO (0.1%) deposited for 30 min, (b) after annealing to 8 K, (c) after
A > 470 nm photolysis for 15 min, (d) after annealing to 10 K, (e)
0.1%%2CO + 0.1% CO deposited for 30 min, (f) after annealing to
8 K, (g) after annealing to 12 K, (h) 0.2%CO deposited for 30 min,

(i) after annealing to 8 K, and (j) after annealing to 12 K.

3900 3850

has no infrared intensity. We believe thAb is the ground state
of Mo(CO), observed here. It is unlikely that matrix interaction
has altered the relative energy of the, and®A; states as the
former has the larger dipole moment. The same rationale applies
to W(CO), although the B3LYP functional only lowers the state
separation to 0.45 eV for this difficult system to model
theoretically.

M(CO)3s. After MoCO at 1881.2 cm! and Mo(CO) at
1895.2 cm?, annealing solid neon samples containing Mo and

enough to be observed, in contrast to experiment. However, theCO next increase 1914.3 and 1886.1¢rbands (Figure 1).

A, states, predicted some 0.6 eV higher, hayenimdes
computed 17 and 2 cm higher than observed and weak a

The latter is compatible with the 1862 ctnmethane matrix
band assigned to Mo(C@pn the basis of the mixed isotopic

modes, in much better agreement with experiment. Similar quartet expected for the degenerate stretching mode of a trigonal
results were found using the B3LYP functional, as summarized species*® Ultraviolet @ > 240 nm) photolysis increased the

in Table 6. For Mo(CQy the %A, state is only 0.3 eV higher
than the®A, state, probably within the energy accuracy of the

1886.1 cmi! band, which also follows the previous work. Our
mixed 2CO + 13CO experiment is congested with M(CQ)

calculation, and the computed frequencies are higher asabsorptions so intermediate components for the 1888342.9

expected, but the molecule is almost linear and thenade

cm~1 bands cannot be observed. The 1886.Itneon matrix
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TABLE 3: Calculated (BP86) Geometries? Relative Energies (kcal/mol), Vibrational Frequencies (cm?'), and Infrared
Intensities (km/mol) for MCO, MCO *, and MCO~

relative
molecule energy geometry 12C160 13C1%0 12C180
MoCO EIT)° 0.0 Mo—C, 1.926 A; 1871.7(581), 1827.3(553), 1830.6(556),
C-0, 1.189 A; 498.9(0.1), 492.8(0.1), 484.6(0),
linear 337.3(20) 327.1(17) 333.1(20)
MoCO (A") +13.9 Mo-C, 2.270 A; 1909.2(933), 1867.3(889), 1862.2(892),
C-0, 1.172 A; 311.0(0), 300.9(9), 309.3(10),
134.8 175.7(9) 174.1(9) 169.6(9)
MoCO" (6=H) +165 Mo-C, 2.127 A; 2119.6(256), 2071.6(241), 2069.6(249),
C-0, 1.147 A; 335.8(2), 331.4(2), 326.8(2),
linear 272.8(0.7) 264.8(0.7) 269.2(0.6)
MoCO™ (“IT)° -21.1 Mo-C, 1.911 A; 1759.0(1345), 1716.4(1270), 1721.1(1293),
C-0,1.202 A 504.1(15), 470.9(10), 461.9(8),
linear 342.4(8) 331.0(7) 337.1(6)
MoCO™ (=7) —-26.6 Mo-C, 1.848 A; 1633.2(1188), 1592.2(1134), 1601.0(1135),
C—0, 1.240 A; 563.6(0.3), 557.6(0.1), 546.3(0.4),
linear 357.6(22) 346.7(20) 353.4(23)
WCO @II)° 0.0 W-C, 1.905 A; 1847.4(611), 1802.6(580), 1808.3(589),
C-0, 1.195 A; 522.5(2), 515.6(2), 505.6(1),
linear 359.3(11) 348.4(10) 354.8(11)
WCO" (6=H) +170 W-C, 2.017 A; 2077.6(307), 2029.7(288), 2029.9(300),
C-0,1.152 A; 425.7(9), 419.6(9), 412.7(8),
linear 330.8(0.1) 320.9(0.1) 326.6(0.1)
WCO™ (“=") —25.4 W-C, 1.852 A; 1623.4(1173), 1581.5(1119), 1592.9(1121),
C-0, 1.245 A; 561.7(2), 555.1(2), 542.1(3),
linear 391.5(37) 379.5(35) 387.0(39)
WCO™ (*I1) -32.3 W-C, 1.904 A; 1730.1(1083), 1687.4(1031), 1694.6(1038),
C-0,1.210 A; 515.8(10), 509.2(0), 498.7(0),
linear 328.0(2) 318.2(2) 323.8(2)
WCO™ (?A) —-34.4 W-C, 1.836 A; 1678.4(14009), 1635.3(1339), 1646.7(1355),
C-0,1.226 A 578.5(0), 571.7(0), 558.4(0),
407.2(3) 394.8(2) 402.4(3)

aBasis set 6-3tG* on C, O: the 6-311G* set gave 1.928 and 1.179 A and 1876, 495, 338dior SI1 MoCO and 1.905 A and 1850, 522,
363 cnt? for SIT WCO. ® Unresolved by symmetry, probabil: low frequencies are averages of split bending moélés3114-G* basis set.

TABLE 4: Calculated (B3LYP) Geometries? Relative Energies (kcal/mol), Vibrational Frequencies (cm?), and Infrared
Intensities (km/mol) for the MCO, MCO *, and MCO~

relative
molecule energy geometry 12C160 13C1%0 12C180
MoCO (I1)° 0.0 Mo—C, 1.948 A; 1953.3(833), 1907.7(793), 1909.3(798),
C-0,1.1734A; 475.8(0.8), 469.9(0.9), 462.5(0.6),
linear 333.9(20) 323.9(18) 329.7(21)
MoCO" (6*) +154 Mo—C, 2.127 A; 2238.6(272), 2188.2(257), 2185.3(264),
C—0, 1.147 A; 285.2(3), 281.4(2), 277.6(2),
linear 262.2(0.2) 254.5(0.2) 258.6(0.2)
MoCO™ (*X7) -19.3 Mo-C, 1.848 A; 1680.9(1567), 1639.8(1493), 1646.0(1500),
C—0,1.240A; 549.5(0.5), 543.3(0.8), 533.2(0.3),
linear 311.1(50) 302.0(46) 306.8(52)
WCO (IT)° 0.0 W-C, 1.916 A; 1915.7(863), 1870.3(818), 1873.8(833),
C—0,1.180 A; 509.4(5), 502.5(6), 493.3(5),
linear 365.2(9) 354.2(8) 360.6(9)
WCO" (83 +163 W-C, 2.044 A; 2181.4(419), 2131.7(393), 2130.4(410),
C—0,1.137A; 400.1(14), 394.2(14), 388.0(13),
linear 334.5(0) 324.6(0) 330.2(0)
WCO™ (“2) -19.1 W-C, 1.856 A; 1665.0(1497), 1623.2(1426), 1632.2(1426),
C-0,1.231 A; 554.1(0.1), 547.3(0.1), 535.4(0.3),
linear 370.9(21) 359.6(79) 366.4(22)
WCO™ (“IT) -31.3 W-C, 1.909 A; 1782.3(1302), 1739.2(1238), 1744.5(1250),
C—0,1.205A; 509.4(2), 502.7(2), 492.9(2),
linear 355.3(0) 344.5(0) 350.9(0)

2 Basis set 6-33G* on C, 0. Unresolved by symmetry, probabWI; low frequencies are averages of split bending modes.

band is assigned to Mo(C&in line with 1862 cn1! methane, species with two nonequivalent CO subunits, but we cannot

1869 cnt! argon matrix and 1891 cm! gas phase valués. provide more supporting evidence. This band could also be due
A single intermediate component observed at 1890.3'cm to a higher M(CO), species.

for the 1914.3-(1872.7 cn?) bands is slightly weaker but with After WCO at 1859.9 cm! and W(CO) at 1884.5 cm?,

the same profile as the 1914.3 cinband (1872.7 cmt is annealing solid neon samples containing W and CO next

masked by the very strong 1871.8 thiMo(*2CO)(3CO) band), increases a weak 1903.7 chband and a shoulder absorption

and another intermediate component could also be masked. Thet 1882.4 cm. Photolysis { > 470 nm) markedly reduces the

weak 1914.3 cm! band could be due to a distorted Mo(GO) 1884.5 cmi! W(CO), band and increases the 1882.4 ém
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TABLE 5: Spectroscopic Constants of Mo(CO) and W(CO), States Calculated at the BP86/ LANL2DZ(Mo,

W)-+6-311-G*(C,0) Level

Mo(CO), W(CO),

1A1 3A2a SA2 SAl 1A2 3A2 5A2b 5A1
r{M—C) (A) 1.887 1.911 2.071 2.017 1.899 1.901 2.030 1.977
r{C—0) 1.183 1.176 1.162 1.168 1.180 1.180 1.167 1.173
<CMC (deg) 87.7 78.1 157.6 105.6 78.0 78.7 151.3 109.7
<MCO (deg) 179.7 177.7 175.2 171.0 179.0 178.9 172.2 1711
w(a)° 95(2) 101(1) 34(3) 72(1) 102(1) 102(1) 42(3) 76(1)
w(a) 377(0) 367(0) 272(0) 190(0) 391(0) 390(0) 304(0) 257(0)
w(oy) 389(20) 391(10) 350(13) 279(1) 398(5) 399(6) 412(4) 334(0)
w(0y) 404(7) 415(3) 270(1) 313(0) 443(3) 439(1) 302(1) 355(0)
() 531(5) 489(22) 381(69) 397(52) 523(16) 518(22) 402(49) 431(38)
o(a) 533(1) 528(1) 352(4) 428(1) 545(2) 541(2) 413(1) 470(1)
w(ay) 647(0) 622(0) 396(0) 500(1) 592(5) 595(1) 442(1) 493(0)
w(oy) 1830(1168)  1827(1151) 1912(2432) 1880(1593) 1839(1057)  1829(1214)  1886(2312) 1860(1563)
w(a) 1904(436) 1936(491) 1997(60) 1938(414) 1921(616) 1927(574) 1974(107)  1919(434)
u (Debye) 6.31 472 1.02 3.26 5.49 5.61 1.29 3.07
AE (eV) +0.22 0.0 +0.61 +0.87 +0.32 0.0 +0.61 +0.82
AEq (eV), linear 134t (+1.17) 3%, (+0.90) TS ¢-0.62) 15, (+0.98) 354 (+0.74) TS (+0.63)

23B; is by 0.19 eV abovew(b;) = 1784[2095],w(a;) = 1926[359].23B; is by 0.17 eV abovew(b,) = 1794[2043],w(ay) = 1915[413].
¢ Frequency, cm' (infrared intensity, km/mol).

TABLE 6: Spectroscopic Constants of Mo(CO) and W(CO), Calculated at the B3LYP/LANL2DZ(Mo, W) +6-3114+G*(C,0)

Level
Mo(CO), W(CO).
states 1A 1 3A2 5A2 1A 22 3A 2 5A 2
r(M—C) (A) 1.905 1.930 2.106 1.911 1.913 2.069
r{(C—0) 1.165 1.160 1.146 1.164 1.164 1.149
<CMC (deg) 87.7 78.4 179.4 78.2 78.4 179.5
<MCO (deg) 179.3 177.4 179.9 178.8 178.7 180.0
w(a) (cm?) 93(2) 102(2) 32(3) 105(1) 105(1) 38(1)
o(a) 380(0) 367(0) 275(0) 400(0) 398(0) 307(0)
w(by) 397(19) 396(9) 538 (0) 409(3) 411(4) 408(0)
o(by) 408(7) 416(1) 276(0) 452 (1) 449 (0) 315(0)
w(by) 510(15) 459(44) 352(112) 508(30) 502 (43) 361(91)
o(ay) 514(4) 508(2) 345(2) 534(8) 531 (2) 421(0)
o(a) 652(1) 631(0) 371(0) 611(8) 611(2) 566 (1)
w(by) 1904(1489) 1892(1508) 2000(3377) 1905(1372) 1889(1592) 1979(3387)
o(a) 1984(590) 2018(684) 2102(0) 1998(888) 2003(831) 2092(0)
1 (Debye) 6.26 5.69 1.02 5.49 5.67 0.00
AEq (eV) +0.17 0.0 +0.30 +0.26 0.0 +0.45

a1A, converged to a linear configuratioh0.34 eV abovéA.,.

Mo(CO),

04] Mo(COs

Mox(CO),

0.1

MoCO

g 03 o

2 Mo(CO)s ~ Mo(COM

3

5 ©
Z 02

< ¢ Mo(CO)s Mo(CO);

Mo(CO),”

M1
WMM

2000 1900

1800

Wavenumbers (cm™!)

Figure 4. Infrared spectra in the 202660 cnT? region for laser-
ablated Mo codeposited with carbon monoxide in neon at 4 K. (a) 0.1%
12CO + 0.1%*3CO deposited for 30 min, (b) after annealing to 8 K,
(c) afterA > 240 nm photolysis for 15 min, and (d) after annealing to

10 K.

absorption (Figure 5). Thel® and*CO shifts to 1841.2 and

1700

CO itself. Although there are band coincidences with other
carbonyl species in the mixedCO + 13CO experiment, the
W(CO); absorption appears to give the characteristic quartet
profile for a tricarbonyl (Figure 7). Our assignment to W(GO)
at 1882.4 cm? is in agreement with 1857 crmh methane and
1865 cnt! argon matrix observatiorfs.
M(CO),4. Two absorptions at 1965.7 and 1908.9 @ém
increase together on 6 (not shown), 8, and 10 K annealing
(Figure 1). In a separate experiment with 0.2% CO, this increase
is more dramatic, and full arc photolysis doubles these absorp-
tions. Substitution of!3CO and G20 shifts these bands
appropriately for G-O vibrations (Table 1), but specific
intermediate components cannot be identified in the complicated
mixed isotopic experiment (Figure 4). Detailed methane matrix
experiments involving photodissociation of Mo(G®)ith 13-
CO substitution present evidence for assigning weak 2057 and

1927 cn! absorptions to amodes and strong 1945 and 1887
cm! absorptions to pand i modes of theC,, Mo(CO)
molecule® The strong bands shift to 1951 and 1895¢rm
solid argor? and our 1965.7 and 1908.9 cfnneon matrix

absorptions are nicely in line with the 1972 and 1911 tgas

phase observatiordg15

1838.3 cmil, respectively, demonstrate increased carbon and Two absorptions at 1954.0 and 1909.0¢rimcrease together
decreased oxygen participation in the normal mode relative toon 6 (not shown) ath 8 K annealing and o > 470 nm
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Figure 6. Infrared spectra in the 2085580 cnt? regions for laser-
ablated W codeposited with 0.2%CO in neon at 4 K. (a) Sample
deposited for 30 min, (b) after annealing to 8 K, (c) after 470 nm
photolysis for 15 min, (d) aftet > 290 nm photolysis, and (e) after
annealing to 10 K.

photolysis with the growth of W(CQ)and demise of W(CQ)
and WCO (Figure 5). This increase is, of course, more marked
with 0.2% CO in another experiment. These bands exhibit
appropriaté3CO and G®0 shifts for G-O normal modes (Table
2), but the mixed isotopic experiments are too crowded to
identify intermediate components (Figure 7). Again, photodis-
sociation of W(CQOy in solid methane gives rise to new 1932
and 1886 cm?! bands that shift to 1939 and 1894 chin solid
argon and are assigned to W(G®)Our neon matrix bands at
1954.0 and 1909.0 cm lead to the gas phase absorptions for
W(CO), at 1957 and 1909 cnt.’® The consistency in observa-
tions for these M(CQ)species using three different experimental
approaches provides strong support for the assignments.
M(CO)s. The next strongest absorption with Mo and CO
appeared at 1984.5 crhin solid neon: a weaker 1944.6 ci
absorption increased with the 1984.5dniband on annealing
(Figure 1), and both bands were stronger with 0.2% CO. Again,
both bands showed carbonyl shifts witBRCO and G8O
substitution, but no mixed isotopic components could be
resolved. Photodissociation of Mo(CO)n solid methane

produced strong new 1967 and 1926 ¢énbands that were
conclusively identified as e and anodes of Mo(COj on the
basis of mixed?CO, 13CO substitutior?. These bands shifted
to 1973 and 1933 cni in solid argor® The above neon matrix
bands at 1984.5 and 1944.6 chapproach transient gas phase
observation® for Mo(CO)s at 1990 and 1942 crmi.

The next strongest absorption with W and CO in solid neon
appeared at 1975.9 cthand increased on annealing with a
weaker 1941.1 cmt counterpart. In fact, after 10 K annealing,
1975.9 cntl is the strongest absorption present (Figure 5) as is
the13CO counterpart at 1932.3 crh(Figure 6). No intermediate
component could be observed with mix@80 + 13CO because
of the appearance of WACO) (Figure 7). Again, the neon
matrix bands at 1975.6 and 1941.1 dnfall in line with
methane and argon matfibands at 1957, 1963 crhand at
1926, 1932 cm! and transient gas phd8éands at 1980 and
1942 cnr! and substantiate the formation of W(G@®pom W
atoms and CO molecules in solid neon.

M(CO)e. The culmination of group 6 metal atom reactions
with successive CO molecules is the stable metal hexacarbonyl
employed as a precursor in previous photodissociation
investigations~911-13.1516The saturated Mo(C@pand W(CO})
molecules are observed on annealing in solid neon through
strong $ absorptions measured withieB cni ! of the gas phase
values!336

MCO ™. In addition to being a softer matrix that allows more
aggregation on diffusion, the neon matrix is often more effective
for trapping molecular ions. The CQ (CO)", and (CO)~
molecular ion&37 are observed in these experiments. Laser
ablation produces a small proportion of cations and electrons
in addition to metal atoms so cation carbonyls are potential
products!#38

The highest metal-dependent product fundamental absorption
observed with Mo is a weak 2189.1, 2187.7¢rdoublet. This
band increased on annealing to 6 (not shown) and 8 K,
disappeared on full arc photolysis, reappeared on annealing to
10 K (not shown), and increased on final annealing to 12 K
(Figure 2). An identical experiment with 10% as much £&3
CO gave more than double the 2189.1, 2187.7 tbhands on
sample deposition and on annealing (Figure 2). The4CCI
molecule is an effective electron trap, which favors the trapping
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Figure 7. Infrared spectra in the 2068.810 and 18361580 cnt1? regions for laser-ablated W codeposited with carbon monoxide in neon at 4

K. (a) 0.1%'CO + 0.1%*3CO deposited for 30 min, (b) after annealing
photolysis, and (e) after annealing to 10 K.

of cation specig4-38and supports assignment of the above bands
to MoCO" in solid neon.

The13CO counterparts shifted under unreact&@O absorp-
tion in the sample. Thé2CO counterpart bands were again
observed with mixed?CO + 3CO, and the median region was
free of an intermediate component, which provides evidence
for the monocarbonyl cation. Fortunately!®O substitution
shifted these bands beloCO to 2137.3, 2135.9 cm, which
are appropriate for a carbonyl vibration. Thé&éQ counterpart

to 8 K, (c) after 470 nm photolysis for 15 min, (d) aftédr> 290 nm

2187.7 cm®. Following the neon matrix observatitiof Cr-
(CO)"™ absorption 22 cm! below CrCO, the 2178.2 cm!
absorption is assigned to Mo(C£) Both 13CO and @8O
counterpart absorptions were observed (Table 1), but the
intermediate region was covered BCO species.

Our BP86 calculations predict 4B, ground state for Mo-
(CO)" with 824" just 7.6 kcal/mol higher (Table 7). However,
the strongf=yt stateoy frequency predicted at 2139 chhis
much closer to the observed 2178.2 ¢nvalue than theé'B;

bands exhibited the same annealing and photolysis behaviorstate | mode prediction at 2020 cré furthermore, the

illustrated in Figure 2 for thé2CO counterparts. The 2189.1,
2187.7 cm! bands are assigned to the MoC@ation in solid
neon.

corresponding higher frequencyraode is not observed. Hence,
we believe Mo(COy" has théZ;" ground state like Cr(CQJ,*"
which is in agreement with an ab initio investigati§m similar

The highest metal-dependent product fundamental absorptiong3| vp calculation finds thés,* state lower by 1.2 kcal/mol

observed with laser-ablated W and CO is at 2125.5%fhis
weak absorption increased on 6daB K annealing, photo-
bleached with UV light, and reappeared in part on 10 K
annealing, almost the same behavior as the above MoCO
bands. The 2125.5 cm band was enhanced on doping with
CCl, as expected for a cation absorptiéri The13CO and G8O
counterpart absorptions were observed at 2077.8 and 2076
cmL, respectively, and define a-@ vibration with increased
C and decreased O participation relative to CO itself. The 2125.5
cm~! band is assigned to WCQn solid neon.

Our DFT calculations predié&" ground states for MoCO
and WCQ, in agreement with previous ab initio wéfkon
MoCO", with C—O frequencies at 2119.6 and 2077.6 ¢m
respectively, which are 68 and 48 chbelow the observed
values. Furthermore, we compute the-Q frequencies 248
(BP86) and 285 cmt (B3LYP) higher for MoCO than for
MoCO as compared to the 308 chexperimental difference.

(Table 8).

M(CO),~. One band in Mo experiments clearly behaves as
a molecular anion absorption. This band at 1718.7 %tm
increases and sharpens on annealing to 8 K, decreases slightly
on A > 470 nm photolysis, decreases more /o 380 nm

E;’rradiation (not shown), disappears s> 290 nm photolysis,

and barely reappears on 10 K annealing (Figure 1). The
experiments shown in Figure 2 revealed 5% as much 1718.7
cm~1 absorption with CGladded to the sample to trap ablated
electrons as compared to the normal sample withouts.CCl
Hence, extra electrons enhance the 1718.7'absorption, and
an electron capture product is indicatéd®

Thel3CO and CG80 shifts show slightly increased carbon and
decreased oxygen participation in this normal mode. The mixed
12CO + 13CO experiment reveals a sharp triplet absorption,
which indicates the participation of two equivalent CO sub-

This is very good agreement considering the approximate naturemolecules in this mode. The central component at 1696.:4-cm

of the calculations. The frequencies are predicted 230 (BP86)
and 265 cm? (B3LYP) higher for WCJ than for WCO, which
are in better agreement with the 266 ©mneon matrix
difference. Hence, our DFT calculations support the neon matrix
observations of MoCO and WCO'.

Mo(CO),". The 2178.2 cm! absorption with Mo and CO
in solid neon (Figure 2) exhibits similar growth on annealing
and demise on photolysis as the MoC@&bsorptions at 2189.1,

is 3.2 cnt! below the median pure isotopic band, which shows
that the out-of-phase M&CO)(ICO)~ stretching mode is
interacting with an in-phase mode some 100 &tigher, but
this mode is too weak to be observed.

Our BP86 calculation predicts &A; ground state for
Mo(CO),~ with equally strong pand a fundamentals at 1698
and 1768 cm! and a*%4~ state just 5.1 kcal/mol higher with
very strongs, mode at 1722 cmt. The B3LYP functional finds
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TABLE 7: Spectroscopic Constants of the Lowest States of Mo(CQ@J and W(CO)," Calculated at the BP86/ LANL2DZ(Mo,
W)+6-311+G*(C,0) Level

Mo(CO)* W(CO)*

2B, B, 629+ 2B, B, 6294—
r{(M—C) (A) 1.954 1.997 2.224 1.957 1.961 2.159
r{(C—0) 1.153 1.148 1.134 1.153 1.152 1.136
<CMC (deg) 96.5 88.5 180.0 89.5 89.3 180.0
<MCO (deg) 179.3 179.9 180.0 179.9 179.9 180.0
(@), T 95(1y 93(1) 13(1) 97(1) 98(0) 26(0)
(@), 346(0) 319(0) 13(1) 349(0) 348(0) 26(0)
w(by), 74 345(3) 325(1) 259(0) 355(1) 351(0) 287(50)
w(b2), g 363(1) 357(2) 259(0) 390(0) 392(1) 292(0)
w(by), o 422(72) 423(17 285(27) 451(40) 462(26) 292(0)
(@), 7 449(3) 439(1) 293(0) 478(3) 475(3) 353(0)
o(ay), og 588(1) 574(1) 295(0) 576(0) 575(1) 372(2)
w(by), o 1960(1159) 2020(666) 2139(767) 1978(859) 1995(736) 2106(1069)
o(ay), og 2034(211) 2077(194) 2174(0) 2048(221) 2054(220) 2160(0)
AE® (V) +8.27 +7.73 +8.06 +8.29 +7.61 +8.16

a Frequencies, cm (infrared intensities, km/moly Energy with respect to calculatéd, ground states of neutral parents.

TABLE 8: Spectroscopic Constants for the Mo(CO) lons Calculated at the B3LYP/LANL2DZ(Mo) +6-311+G*(C,0) Levels

Mo(CO),™ Mo(CO)*

ZAQ 2A2 429— a 2A2b 4Bz SZQ+
r{Mo—C) (A) 1.997 1.918 2.023 1.985 2.036 2.268
r{C—0) 1.171 1.177 1.179 1.135 1.131 1.119
<CMoC (deg) 180.0 76.4 180.0 82.1 89.3 180.0
<MoCO (deg) 180.0 177.7 180.0 179.3 179.8 180.0
w(a), 7 64(1) 102(0) 34(2) 101(1) 92(1) 33(1)
w(a), T 64(1) 378(0) 34(2) 349(0) 318(0) 33(1)
w(by), 7 316(0) 396(18) 256(0) 364(1) 325(0) 257(0)
w(by), 7 316(0) 429(27) 256(0) 383(0) 352(2) 257(0)
w(b2), o 431(135) 480(65) 423(66) 398(47) 387(22) 265(19)
w(a), og 447(0) 519(19) 427(0) 437(6) 402(2) 264(0)
w(a), Ty 528(26) 638(5) 568(4) 588(3) 561(2) 296(0)
w(b2), oy 1840(3691) 1784(1425) 1782(4472) 2086(982) 2131(807) 2252(702)
w(a), og 1959(0) 1908(1890) 1911(0) 2152(366) 2185(260) 2278(0)
AEq€ (eV) —-0.71 —1.06 —-1.31 +7.78 +7.28 +7.23

a4B, is a transition state; "1 state is above by 0.81 eV 2Aq is higher by 0.77 eV¢ With respect to the grounth; state of the neutral parents.

TABLE 9: Spectroscopic Consants of the Lowest States of Mo(C®@) and W(CO),~ Calculated at the BP86, LANL2DZ(Mo,
W)+6-311+G*(C,0) Level

Mo(CO), W(CO),~

2Ala 42g— 4A2 2A1 ZAg ABlb
r{(M—C) (&) 1.873 2.016 1.929 1.877 1.986 1.997
r{(C—0) 1.208 1.195 1.193 1.212 1.194 1.200
<CMC (deg) 875 180.0 74.6 87.4 180.0 166.1
<MCO (deg) 179.9 180.0 179.7 179.3 180.0 173.3
(@), me 93(1) 17(2) 95(0) 92(1) 40(2) 33(4)
(@), T 373(0) 17(2) 356(0) 290 (0) 40(2) 289(0)
w(by), 74 385(12) 263(0) 350(61) 387(8) 325(0) 573(1)
w(b2), g 411(5) 263(0) 366(355) 430(3) 325(0) 274(4)
w(b,), o 542(3) 429(40) 434(94) 545(1) 432(32) 432(13)
o(ay), og 542(0) 430(0) 513(3.9) 549(1) 470(0) 465(0)
o(@), 656(2) 555(5) 591(44) 608(10) 589(1) 584(1)
w(by), o 1698(1266) 1722(3363) 1708(2395) 1698(1365) 1740(3125) 1706(3106)
(@), og 1768(1292) 1837(0) 1843(851) 1763(1109) 1856(0) 1822(68)
AE? (eV) ~1.67 —1.45 -1.05 ~1.94 ~1.63 ~1.66

a2A4is a transition state’*A. is above by 0.12 e\t Frequency, cmt (infrared intensity, km/mol)¢ With respect to the computéé, ground
states of the neutral parents. Sextet states of both anions are above their rostates by~1.30 eV.

the 4" ground state (Table 8). Clearly, tHE,~ state fits our MoCO~ and Mo(CO)~, respectively. Our BP86 calculations
spectrum much better. predict the*=~ ground state for MoCO and a 1633.2 cm
Weak 1771.4 and 1699.6 cthabsorptions in the Mo system  frequency, which is too low for the above assignment. However,
could also be due to anions, as these bands are eliminated byhe 5.5 kcal/mol highefII state has a 1759.0 crhfrequency
CCly doping, but there is less compelling evidence. Both bands prediction. If the 1699.0 cmt absorption is due to MoCQ a
sharpen on annealing and decrease on photolysis like the*IT ground state is likely.
Mo(CO),~ absorption. If the W system is taken as an example, The W system reveals three bands in the anion region. These
the 1699.6 and 1771.4 crh bands are good candidates for bands at 1640.8, 1751.5, and 1794.2 ¢nmcrease slightly on
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TABLE 10: Comparison of Gas Phase Neon and Argon Matrix Frequencies (cmt) for Group 6 Carbonyls

Cr Mo W
gas Ne° Arb Ar¢ gas Ned Ar gas Ned Ar
M(CO) 2018.4 1975.6 1881.2 1862.6 1859.9 1848.8
M(CO), 1982.1 1970.8
1832.9 1821.5 1895.2 189%.9 1884.5
M(CO); 1880 1873.8 1864.5 1867 1891 1886.1 1869 1882.4 1865
680.8
483
M(CO)s 2066.1 2058.5
1957 1952.2 1938.7 1940 1972 1965.7 1951 1957 1954.0 1939
1933.3 1934
1920 1911.2 1895.3 1896 1911 1908.9 1895 1909 1909.0 1894
433.3
M(CO)s 1980 1976.2 1965.4 1966 1990 1984.5 1973 1980 1975.9 1963
1948 1936 1942 1944.6 1933 1942 1941.1 1932
603.1
453.7
M(CO)s 2000 1998.8 1990 1990 2003 2000.6 1992 1998 1995.3 1986
668 672.6 670 596 598.6 587 588.5

aRefs 1116; Table 3 of ref 13a2 Ref 17.¢ Table 4 of ref 8ad This work, 4 K.¢Ref 23.

annealing @ 8 K (Figure 5), butA > 470 nm photolysis =~ CO and @G8%0/C0 isotopic frequency ratios*¥~ predicted
decreases the strongest of these at 1640:8 grhile markedly 1.0265, 1.0195) and“Il predicted 1.0253, 1.0209 ratios,
increasing the 1751.5 cmh feature, slightly increasing the respectively). The observed 1640.8 chWCO~ fundamental
1794.2 cm! band, and decreasing the WCO and W(gO) fits the =~ state prediction better and suggests fizat is the
absorptions. Irradiation @ > 380 nm (not shown) virtually  ground state of WCQO.
completes the demise of the 1640.8 ©nband and slightly Our BP86 calculations do not give a clear means of
decreases the others, ahd> 290 nm irradiation removes all  identifying the ground state of W(C@). The BP86 functional
three absorptions and the WC®and. Subsequent annealing predicts &A1 ground state and strong 1698 chi, frequency,
restores only a part of the WCGabsorption. The above bands  which is below the 1751.5 cm neon matrix observation and
are reduced markedly on doping with GGb trap electrons. an unlikely electron capture product féA, W(CO), (Table
These bands exhib#®CO and G0 shifts with increased  9). The*B; W(CO),™ state is only 6.4 kcal/mol higher, but the
carbon and decreased oxygen participation in this mode relativefrequency is still too low. B3LYP calculations narrow the
to CO indicating coupling of carbon with another atom. Of more doublet-quartet energy separation, and we believe that the anion
importance, the mixed?CO + 3CO experiment reveals a ground state is probably a quartet.
doublet for the strongest 1640:8603.3 cm' bands that M5(CO),. Absorptions at 1797.7 cm with Mo and 1821.8
identifies the vibration of a single CO subunit. After> 470 cm! with W increase slightly on annealing and photolysis
nm photolysis, the 1751.5 cthband gives a triplet profile with  (Figures 1 and 5). These bands sh&@0 and G20 shifts
one intermediate component at 1728.4&mvhich denotes the  expected for €O vibrations. Of more importance, the mixed
vibration of two equivalent CO groups. The intermediate mixed 12CO + 3CO experiments show sharp triplet absorptions with
isotopic band is 3.4 crit below the median of the pure isotopic  stronger intermediate components that indicate the vibration of
1751.5-1712.2 cm* bands as expected for the mode of a  two equivalent CO subunits. The intermediate bands for Mo
dicarbonyl with the amode some 100 cm higher. The 1794.2  (1775.3 cm%) and W (1796.8 cm?) are 2.8 and 4.0 cmt below
band shows a quartet profile with weaker intermediate bands the mean of pure isotopic bands, which again points to a higher
at1775.7 and 1762.6 crh like W(COJ, which is characteristic  unobserved symmetric €0 stretching mode relative to the

of the doubly degenerate mode in a trigonal spetié€zHence, observed antisymmetric stretching mode. These bands are

the anion bands at 1640.8, 1751.5, and 1794.2coan be somewhat higher than the very strong 1735.4 tabsorption

assigned, respectively, to the W(GQ@)™ anions. observed for G(CO), in the corresponding chromium experi-
Some qualitative photodetachment information is found in ments!’” Extensive DFT calculations suggest thap(CO), is

our photolysis experiment. The WCQnion detaches with a planar species’A, state) with two equivalent CO and two

> 470 nm light whereas W(C@) and W(CO)~ do not; slightly nonequivalent Cr atoms.
however,A > 380 nm irradiation starts to remove the latter Reaction MechanismsAs found for Cr atom$%17Mo and
absorptions. This is more energy than the gas phase photodew atoms react with CO on codeposition with excess neon and

tachment threshold for W(C@), namely, 1.86 eV (666 nnf}, on annealing the solid to form all of the mononuclear carbonyls
which is typical for matrix-isolated molecular anioHsHere, M(CO), (n = 1-6). Whereas a relatively large yield of CrCO
using a mercury arc, we probably need a dissociative electronic(’A") and small yield of Cr(CQ)(°A;) were obtained? we find
transition. the reverse with Mo and intermediate behavior, namely,

Although only approximate, our BP86 calculations predict moderate yields of both with W. The ground states of Mo and
low 2A, “T1, and*=~ states for WCO, but it is unlikely thatA W are’S; and °Dy, respectively! Reaction l1a appears to be
can be formed by electron capture of WCOIJ or dissociative less favorable than reaction 1b in these experiments, which may
capture of a quintet W(CQ)state. The calculation finds 4l be due to the lack of spin conservation. Once formed, the MCO
state for WCO with 1730 cnt! C—-0O frequency and &=~ species readily add CO to produce the dicarbonyls, reaction 2.
state just 6.9 kcal/mol higher with 1623.4 chC—O0 frequency. The yield of M(CO} is small implying a slow reaction 3, but
Furthermore, these states have short@/bonds and exhibit once formed, M(CQ)reacts rapidly with CO to form M(CQ} e
more W—C, C—O0 vibrational interaction as found HCO/3- as found in the gas phase investigatibhd3.1516Because the
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saturated M(CQ)complexes have singlet ground states, fast
reaction 4 suggests singlet states for the unsaturated MO)
intermediates.

Mo ('S, + CO ('=") — MoCO (I1) (1a)

W (°D) + CO (=") — WCO (1) (1b)
MCO (°IT) + CO (=) — M(CO), (°A,) 2)
M(CO), (°A,) + CO (:=") — M(CO), (singlet)  (3)

M(CO), (singlet)+ 1,2,3CO = — M(CO), 5 ¢ (singlet)
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