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Laser-ablated Os and Ru atoms react with,@®@lecules upon cocondensation in excess argahkaand

neon at 4 K. Besides the dominant neutral products [OMCM@D (M = Os, Ru), QOs(CO}, and OCRu-

(O2)CO], anionic species [OMCO(M = Os, Ru)] are also formed and identified through annealing, ultraviolet
irradiation, isotopic substitution, and C&loping experiments. DFT calculations have been performed on
possible products, and the overall agreement between the calculated and observed vibrational absorptions
supports the product identifications.

I. Introduction formed on proposed products to support the spectroscopic
assignments and to provide more information on the reaction

Carbon dioxide is a naturally abundant carbon source on the products.

earth and hence a potential alternative precursor in organic
synthesis. C@is also a very stable triatomic molecule, and a
significant amount of energy input is required for its activation

and conversion. Transition metal complex catalysts, however, The experimental methods for laser-ablation and matrix-

II. Experimental and Computational Methods

can reduce this activation energy substantially, and f6@tion isolation have been described in detail previodsiy® Briefly,
has become an important subject of research in organometallicthe Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
and catalytic surface chemistry for many yelrsThe coor-  With 10 ns pulse width, 310 mJ/pulse) was focused to ablate

dination of CQ with a metallic center is the key step in the rotating ruthenium (Johnson-Matthey) or osmium (E-Vac Prod-
CO; reduction, but the intermediate species formed during these Ucts) targets. Laser-ablated metal atoms were codeposited with
reactions are still unknown. carbon dioxide (0.2%-0.8%) in excess neon or argon onto a 4
Many research groups have studied transition metal atomsK (n€on) @ 7 K (argon) Csl cryogenic window at-24 mmlgllh
reacting with CQ by theoretical calculations and various fof 0.5-1.5 h. Carbon dioxide (Matheson), isotopfC°O,
spectroscopic methods. Theoretical calculations on first-row (Cambridge Isotopic Laboratories), 85%0-enriched CQ
transition metal atonfs® and cation%1° interacting with CQ (Spectra Gases), and selected mixtures were used in different
have been reported, and different coordinated compounds haveéeXPeriments. Infrared spectra were recorded at 0.5*cm
been found for early and late transition metals. By the use of résolution on a Nicolet 750 (neon work) or Nicolet 550 (argon
thermal atom evaporation, complexes with first-row transition WOrk) spectrometer with 0.1 cm accuracy using a mercury
metals Ti through Cu have been studied in solicb@@trixest! cadmium telluride detector down to 400 chnMatrix samples
Recent investigations of the reactions between laser-ablatedere annealed at different temperatures, and selected samples
metal atoms and Cghave revealed ionic in addition to neutral Were subjected to photolysis using a medium-pressure mercury
productsi2-17 The OMCO insertion product dominates these lamp with the globe removed (> 240 nm) and optical filters.

reactions for M= Sc to Ni. Previous studié&617with Nb, DFT calculations were performed on the proposed reaction
Ta, Mo, W, and Re suggest that early second and third row Products using the Gaussian 98 progtarand the hybrid
metals are more reactive in this insertion reaction. B3LYP?® functional. The 6-31+G* basis set was used for

carbon and oxygetf,and the LanL2DZ effective core potential

Ruthenium complexes, especially hydrides, have been ex- i .
" ” prex pecialy nyar " X and basis set was employed for ruthenium and osniflBuch

tensively used in the catalytic reduction of £¥3%20whereas _ X . ) ; .

only a few examples could be found for osmium countergarts calculations helped to identify products in earlier transition
. . ) i : i 13—-17

Two recent theoretical papers studied the intermediates andMeta-COz reactions:

transition states in the ruthenium-catalyzed hydrogenation of

C0,2223]t is important to study the intermediates in the direct 'l Results

reactions between Ru, Os, and £Q@nd this work may Infrared Spectra. Figures -4 show selected regions of the
underscore the difference in the catalytic reduction of @@h infrared spectra of reaction products of osmium and, @O

Ru and Os complexes. argon, and the bands and their isotopic counterparts are listed

In this paper, we present a study of laser-ablated rutheniumin the Table 1. Figure 5 shows the infrared spectra of the reaction
and osmium atoms reacting with G@olecules in neon and  product of Ost+ CO; in neon, and bands are listed in the Table
argon matrixes. The products are identified by means of matrix 2. Figure 6 shows the 216760 and 946740 cnt! infrared
infrared spectroscopy coupled with isotopic substitution experi- region of the reaction products between ruthenium and 0.5%
ments. Density functional theory (DFT) calculations are per- CO;in argon, and Figures 7 and 8 show the neon matrix infrared

10.1021/jp0200167 CCC: $22.00 © 2002 American Chemical Society
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Figure 1. Infrared spectra in the 213760 cnT! region for laser-ablated Os codeposited with 0.5% @Cargon at 7 K: (a) sample deposited

for 70 min; (b) after 25 K annealing; (c) aftér> 290 nm irradiation; (d) aftet > 240 nm irradiation; (e) after 35 K annealing; (f) after 40 K
annealing.
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Figure 2. Infrared spectra in the 9868840 and 576-530 cn1? regions. Spectra (a)f) are recorded with the same conditions as those in Figure
1.

spectra. Ruthenium-dependent argon and neon matrix infraredfor closed-shell molecules. The same ground states were found

absorptions are listed in Tables 3 and 4, respectively, along with for corresponding osmium and ruthenium compounds, except

their isotopic counterparts. No new absorptions were observedfor OMCO, for which the osmium species has ##€ ground

in the regions of the COfundamentals, and spectra in these state and the ruthenium analogue has®é ground state.

regions are not illustrated. Metal-independent bands, including

CG;, G047, and CQ, listed in the osmium tables only, have |v. Discussion

been reported elsewhéte** and will not be discussed in this

paper. The behaviors of metal-dependent bands in different experi-
DFT Calculations. The ground states for Os and Ru atoms ments will be described, and absorptions will be assigned to

were calculated a8D (50°6s) andSF (454, respectively. new metal+ CO; products.

Structures for all proposed product molecules were optimized, OOsCO. In the reaction of osmium atoms with G@uring

and analytical second-derivatives were used to obtain the condensation in the argon matrix, a strong band was observed

harmonic frequencies. Calculations were done on different spin at 1955.3 cmt. This band increased slightly on 25 K annealing

multiplicities for all molecules, and occupied and virtual orbitals (20%) and on irradiation (10%) and finally decreased on 40 K

were switched to confirm that the state under consideration wasannealing (Figure 1). The 1955.3 ciband in the carbonyl

in fact the ground state. Different starting geometries were also stretching region shifted to 1908.4 and to 1914.8 &in the

used in the calculations: starting symmetry groups inclucied 13CO, and CG80; isotopic experiments, with carbon-12/13 and

two differentCs, andC; for O,RUCO. The calculation results  oxygen-16/18 isotopic ratios of 1.0246 and 1.0212, respectively.

are summarized in Tables 5, 6, and S7 (Supporting Information). The larger carbon shift and smaller oxygen shift compared to

Unrestricted DFT was used for open-shell systems &#d the isolated CO molecule in the argon matrix reveal that the

values after annihilation are listed; restricted DFT was employed carbon atom in this €0 unit is bonded to another heavy atom.
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Figure 3. Infrared spectra in the 2150750 and 576530 cnt! regions for laser-ablated Os codeposited with 0.55%0C+ 0.45% G20, in
argon at 7 K: (a) sample deposited for 100 min; (b) after 25 K annealing; (c)/afte240 nm irradiation; (d) after 35 K annealing; (e) after 40

K annealing.
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Figure 4. Infrared spectra in the 10600 cnt? region for laser-
ablated Os codeposited with 196%0, + 1% C'0, in argon at 7 K:

(a) sample deposited for 90 min; (b) after 25 K annealing; (c) dfter
> 240 nm irradiation; (d) after 35 K annealing; (e) after 40 K annealing.

In both mixed2C'%0, + 13C'0, and mixed'?C'®0, + 12C80,
experiments, only doublets with two pure isotopic bands were
found. Both results suggest that there is only one CO molecule
involved in this carbonyl stretching mode. Another band at 916.7
cm~* tracked with the 1955.3 cnd band in all experiments with
only /15 of the absorption intensity. This band only showed a
miniscule 0.2 cm? shift with 13CO, but red-shifted to 868.7
cm~1in the G80, experiment. Thid%0/80 isotopic frequency
ratio of 1.0553 is very close to the diatomic ‘&8/0<0
harmonic frequency ratio of 1.0557, which denotes an-Os
stretching mode. A third band at 559.6 chiracked with both
the 1955.3 and 916.7 crh absorptions, and this weak band
only accounts fol/sg of the absorption intensity of the 1955.3
cm™! band. The band was too weak to be observed in the
13CO, experiment but shifted to 541.7 cthin the C80,
experiment, and only doublets were observed in the miXé@.C

+ CI80, experiment. On the basis of the aforementioned three

TABLE 1: Infrared Absorptions (cm ~1) from Reaction of
Laser-Ablated Os Atoms with CGO, in Excess Argon at 7 K

12C1%0, 15C1%0, 12C180, R(12/13) R(16/18) assignment
23448 2279.2 2309.7 1.0288 1.0152 L£O
2339.0 2273.6 2304.1 1.0288 1.0152 L£O
2143.0 2095.8 2092.0 1.0225 1.0244 (¢O)
2138.3 2091.1 2087.2 1.0226 1.0245 CO
21209 2074.1 2070.5 1.0226 1.0243 ,0B(CO}site
2116.7 2070.0 2066.4 1.0226 1.0243 ,03(CO)
2084.5 2036.2 2039.1 1.0237 1.0223 ,O3CO site
2079.7 2031.1 2034.3 1.0239 1.0223 ,08CO
2043.9 1990.0 1.0271 CQite
2037.0 1983.3 2007.3 1.0271 1.0148 {£O
2025.9

1955.3 1908.4 1914.8 1.0246 1.0212 OOsCO
1948.5 1901.7 1908.2 1.0246 1.0211 OOsCO site
1943.3 1896.5 1903.3 1.0247 1.0210 OOsCO site
1938.0 1891.2 1898.4 1.0247 1.0209 OOsCO site
1856.8 1806.5 1826.7 1.0275 1.0161 O

1811.9 1767.2 1777.0 1.0253 1.0196 OOsGie
1809.5 1764.6 17745 1.0254 1.0197 OOsGie
1806.8 1761.9 17719 1.0255 1.0197 OOsCO

383.9 1368.3 1339.2 1.0114 1.0334 @O
1279.0 1255.9 1227.7 1.0184 1.0418 @O

960.7 913.3 1.0519 £OsX?
949.2 902.1 1.0522 OsO

940.8 940.7 894.3 1.0520 ,0sCO
916.7 916.5 868.7 1.0553 0OO0OsCO

71.0 825.2 1.0555 OOsCO
68.2 868.1 825.0 1.0524 ,0s(CO)

663.5 644.6 653.5 1.0293 1.0153 €O

661.9 643.2 651.9 1.0291 1.0153 €O

559.6 541.7 1.0330 0OOsCO

coordinates. In the neon matrix, only two modes were observed
for this OOsCO molecule. The-€0 and Os-O stretching
modes at 1977.1 and 931.7 chare blue-shifted from the argon
counterparts by 21.8 and 15.0 chrespectively. The former
may be compared with OsCO at 1972.6¢nn solid neor?®
Isotopic shifts and mixed isotopic splitting patterns are very
similar to their argon matrix counterparts, except that the Os
stretching mode at 931.7 crhwasblue-shiftedto 932.8 cm?

bands, the OOsCO molecule is identified, and the absorptionsin the 13CO, experiment. Although the exact reason for this

at 1955.3, 916.7, and 559.6 ctnare assigned to the €0
stretching, Os O stretching, and predominantly ©€0 stretch-

unusual carbon-13 blue shift is unknown, on the basis of the
limited experimental data, it is probably due to a Fermi

ing modes, respectively, on the basis of calculated displacementresonance in which the overtone of a lower mode interacts with
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Figure 5. Infrared spectra in the 216760 and 966900 cnT? regions for laser-ablated Os codeposited with 0.2% @eon at 4 K: (a)
sample deposited for 30 min; (b) afté K annealing; (c) after 10 K annealing; (d) after> 240 nm irradiation; (e) after 12 K annealing.

TABLE 2: Infrared Absorptions (cm ~1) from Reaction of relative intensities matched the experimental data very well. The
Laser-Ablated Os Atoms with CO, in Excess Neon at 4 K calculated isotopic frequencies also predict carbon-12/13 and
12C160, 13C%0, 12C180, R(12/13) R(16/18)  assignment oxygen-16/18 ratios for the €0 stretching mode as 1.0250
23476 22818 23125  1.0288 10152 £O and 1.0213, respectively, while the observed ratios are 1.0244
2146.1 2098.8 20951 1.0225 1.0243  (O) and 1.0214. Excellent agreement of isotopic ratios for-Os
2142.6 20954 20915 1.0225 1.0244  (€O) and Os-CO stretching modes are also obtained. The unobserved
2140.8  2093.7 2089.8  1.0225  1.0244 CP predominantly OsC—O bending mode calculated at 507.7
21308 2074.5 1.0271 04 cm! probably provides the overtone band for the unusual
2086.7 2038.3 2041.4 1.0238 1.0223 ,0BCO . . .

carbon-13 blue shift described above. This fundamental, cal-
2081.7 2035.7 2032.3 1.0226 1.0243 ,03(CO) ) . .
2044.9 1991.1 1.0270 GO culated at 507.7 cnt with a 15.9 cnmt 13C-shift, probably gives
2020.3 rise to?C and'3C overtone positions near 950 and 920¢ém
1977.1 1930.0 19357  1.0244 1.0214  OO0sCO respectively, and hence, the vibrational interaction forces the

19487 19018 19087 10247 10210 0OsCOsite (Os-O mode down with?C and up with3C. Finally, 0OsCO

iggi'g 1812.0 é%“: :::g is formed in the direct insertion of Os into the €Molecule,
18524 18029 18231  1.0275 1.0161 20% reaction 1, which is exothermic by 26.3 kcal/mol on the basis
1850.8 1801.0 1820.8  1.0277  1.0165 ,Of site of the B3LYP calculation.

1820.9 1775.8 1785.7  1.0254 1.0197 0OsCO

1747.9 1703.7 17143  1.0259 1.0196  XOsCO Os+ CO,— 00sCO AE = —26.3 kcallmol) (1)

1670.1 1625.6 1642.3 1.0274 1.0169 (OO,
1665.3 1621.0 1637.6 1.0273 1.0169 (PCO,~

1658.2 1614.0 16305  1.0274 1.0170 £0 No new absorption was observed in the regions of the CO
i‘s‘g%-g 1228-3 gig-g 1'822(1) i-ggg; 2&% fundamentals that might be due to unreacted-O€0 com-
12843 12646 12296 10156 10445 @0 plexes. This includes the Fermi doublet where sharp, yveak
1274.4 1263.0 12275 1.0090 1.0382 05" 1383.9 and 1279.0 cm bands due to (Ce) were observed in
1256.4  1247.5 1.0071 co solid argont3-15 and any Os-OCO formed might be expected
1189.2 11814 1.0066 04~ to give additional absorption, but none was observed. As reaction
965.6 9652  914.3 1.0561 1 suggests, such weak complexes are much higher in energy.
ggi‘; ggg:g ggé:g i:ggié ng)csgo The implication here is that all Os and @@ncou_nters _result
8974 8971  853.6 1.0513 ,0s(CO) in reaction 1, and the growth on 25 K annealing (Figure 1)
668.2 649.1 658.3 1.0294 1.0150 [s(e) suggests that reaction 1 is spontaneous. We cannot, of course,

detect Os-OCO complexes if their absorptions are common to
this Os-O vibration and the neon matrix has positioned the strong absorptions of CQOtself.
carbon-12 overtone band above and the carbon-13 overtone band ORuCO. In the reaction of ruthenium with CQa strong,
below the Os-O stretching fundamental. A similar anomaly broad absorption was observed at 1966.1 twn deposition
was observed for OMNNCO, but such coincidences are uncom-in the argon matrix. The band failed to change following

mon3% annealing but increased by 60% on full mercury lamp irradiation.
The B3LYP calculation predicted the ground electronic state Two more associated bands were observed at 836.1 and 509.0
of OOsCO agA’, while the lowest tripleBA"” and quintefA” cm~1, and their isotopic counterparts are listed in Table 3. Note

states are 5.4 and 18.8 kcal/mol higher, respectively. For thethat only doublets were observed in both miXég@0O, + 13-
ground?A’ state, the €O stretching, the OsO stretching, and CO, and mixed @50, + C'80, experiments. Similar to the

the Os-CO stretching modes are predicted at 2052.5, 994.2, OOsCO molecule discussed above, the three bands at 1966.1,
and 584.4 cm!® with intensities of 1004, 84, and 16 km/mol, 836.1, and 509.0 cmt are assigned to the-@D stretching,
respectively. The calculated vibrational frequencies and their Ru—0O stretching, and primarily RuCO stretching modes in



4046 J. Phys. Chem. A, Vol. 106, No. 16, 2002 Liang and Andrews

041
OCRu(0;)co ORuCO 016 ORuCO
OCRu(02)CO

(e

0

1
OCRu(0,)CO

O;RuCO RuCO 0.12 @

0;RuCO ()

Absorbance

i
[

(

;

ORuCO™

0.1 W ‘ | @)

2100 2000 1900 1800 900 800
Wavenumbers (cm™)

Figure 6. Infrared spectra in the 216760 and 946740 cnt? regions for laser-ablated Ru codeposited with 0.5% @Cargon at 7 K: (a)
sample deposited for 60 min; (b) after 25 K annealing; (c) after 240 nm irradiation; (d) after 35 K annealing; (e) after 40 K annealing.
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Figure 7. Infrared spectra in the 216@.760 cn1* region for laser- Figure 8. Infrared spectra in the 216€.740 cnt? region for laser-

ablated Ru codeposited with 0.2% €@ neon at 4 K: (a) sample  aplated Ru codeposited with 0.15%0, -+ 0.15%3CO, in neon at
deposited for 30 min; (b) afte8 K annealing; (c) afted > 290 nm 4 K: (a) sample deposited for 40 min; (b) aft¢ K annealing; (c)
irradiation; (d) afterd > 240 nm irradiation; (e) after 12 K annealing.  after A > 290 nm irradiation; (d) afted > 240 nm irradiation; (e)

the ORUCO molecule, respectively. In the neon matrix, the samea]ctelr 12 K annealing.

molecule was also identified, the«€© mode was blue-shifted = molecule by only 1.8 kcal/mol, and hence Ru is less reactive
to 1984.8 cm?, and the Re-O mode was shifted to 847.2 cih than Os with CQ. Nevertheless, we failed to find evidence for
Both bands showed similar annealing and ultraviolet irradiation any Ru-OCO complexes. On photolysis, substantial reaction
behavior, and similar isotopic splitting patterns compared to their occurred; this is probably due to diffusion and reaction of Ru
argon matrix counterparts. The only difference is that the2C and CQ under irradiation.
stretching absorption is sharper in the neon matrix with less 0,0sCO. The weak, broad band at 2079.7 thobserved
matrix interaction. The simple RuCO carbonyl was observed in the Os+ CO,/Ar matrix increased on early annealing and
lower at 1917.7 and 1935.6 crhin solid argon and neon, irradiation and sharpened on final annealing to 40 K. This band
respectively?® shifted to 2031.1 and 2034.3 cthin the 13CO, and G®0,
DFT calculations on ORuCO were performed for three experiments, with carbon-12/13 and oxygen-16/18 isotopic
different multiplicities. The lowest states for each multiplicity frequency ratios of 1.0239 and 1.0223, respectively. In both
are listed in Table 6. In contrast to OOsCO, the most stable mixed ?CO, + 13CO, and mixed G0, + C'80, isotopic
state found i$A", while A’ and®A" states are only 9.5 and  experiments, only doublets with pure isotopic bands were
10.2 kcal/mol higher. For the groufd”" state, the vibrational observed. It is clear that this band is due to the vibration of a
analysis predicts €0 stretching, Re-O stretching, and Ry single carbonyl. In the GsO stretching region, a band at 940.8
CO stretching modes at 2068.2, 856.5, and 496.0'cmhich cm~* tracked with the 2079.7 cm band with almost the same
are in good agreement with both neon and argon matrix values.absorption intensity in all experiments. This band showed
The isotopic frequencies for these three modes are alsominiscule isotopic shift with3CO, but shifted to 894.3 cri
calculated and listed in Table S7 (Supporting Information), and in the C80, experiment. The oxygen-16/18 isotopic frequency
they show consistent agreement with the experimental values.ratio of 1.0520 is considerably lower than the OsO diatomic
The energy of ORuUCO is lower than that of Ru atom ancs CO harmonic ratio of 1.0557, but it is very close to the 16/18 ratio



Reactions of Laser-Ablated Os and Ru Atoms with,CO

TABLE 3: Infrared Absorptions (cm ~1) from Reaction of
Laser-Ablated Ru Atoms with CO, in Excess Argon at 7 K

12C180, 18C160, 12C'80, R(12/13) R(16/18) assignment
2117.8 2069.9 2069.4 1.0231 1.0234 ,RDCO site
2115.6 2067.6 2067.5 1.0232 1.0233 ,RDCO site
2113.8 2065.8 2065.7 1.0232 1.0233 ,RDCO
2088.4 2042.4 2038.6 1.0225 1.0244
2033.0 1987.8 1988.4 1.0227 1.0224 OCRY(CD site
2029.8 1983.7 1984.3 1.0232 1.0229 OCR)CD
1966.1 1920.1 1921.8 1.0240 1.0231 ORuCO
1959.8 1915.3 1915.7 1.0232 1.0230 ORuCO site
1917.6 1872.3 1877.3 1.0242 1.0215 RuCO
1820.2 1776.0 1783.5 1.0249 1.0206 ORuGQe
1811.4 1767.3 1775.2 1.0250 1.0204 ORuGie
1808.7 1764.6 1772.6 1.0250 1.0204 ORuCO
1806.3 1764.0 1769.0 1.0240 1.0211 OCRYCD site
1801.0 1759.4 1763.6 1.0236 1.0212 OCR)CD
1102.6 1084.5 1065.0 1.0167 1.0353 OCRJ)CD

912.9 9129 8729 1.0458 LBRUCO

912.0 9119 8719 1.0460 BRuCO

911.0 9109 870.9 1.0460 B'RuCO

910.1 910.1 870.0 1.0461 RuCO

908.3 908.1 868.0 1.0464 L&¥RuCO

902.1 902.1 862.8 RuO

867.6 830.1 1.0452 OCRUfITO

836.1 834.7 7949 1.0518 ORuCO

804.1 804.1 764.8 1.0514 ORuCO

790.4 781.3 1.0116 OCRugTO

787.3 778.3 1.0116 OCRU@TO site

767.2 763.7 729.2 1.0521 OCRu{0O

764.5 760.6  726.9 1.0517 OCRuU|0O site

509.0 495.8 1.0266 ORuCO

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

12C1%0, 13C1%0, C0, R(12/13) R(16/18)  assignment
2121.6 2073.6 2073.3 1.0231 1.0233 ,RDCO
2117.8 2069.8 2069.6 1.0232 1.0233 ,RDCO site
20949 2048.9 2045.2 1.0225 1.0243
2039.8 1993.2 1993.9 1.0234 1.0230 OCRYCD
1984.8 1939.5 19415 1.0234 1.0223 ORuCO
1968.4 1924.0 1925.3 1.0231 1.0224  ORuUCO site
1935.4 1889.5 1894.9 1.0243 1.0214 RuCO
1896.7
1830.8 1786.5 1793.8 1.0248 1.0206 ORuCO
1816.7 1773.7 1775.5 1.0242 1.0232 OCR)CD
17525 1708.9 1719.6 1.0255 1.0191 XRuCO
1087.1 OCRu(9CO
922.0 922.0 881.3 1.0462 ,®RuCO
921.0 920.8 880.3 1.0462 ®RuCO
919.1 918.9 878.3 1.0465 ®RuCO
917.2 917.0 876.5 1.0464 ®RuCO
867.1 OCRu(®CO
849.8 848.6 808.2 1.0515 ORuCO site
848.3 847.4 806.8 1.0514 ORuCO site
847.2 846.1 805.2 1.0522 ORuCO
771.6 768.2 733.5 1.0519 OCRuy)GO

for the vz mode of the Os@molecule (1.05243¢ In the mixed

C1%0, + C180, experiment, two more bands were observed at
906.4 and 973.9 cm, besides the pure isotopic bands. The

940.8 cm! band is appropriate for a-©0s—0 antisymmetric

stretching mode, and the extra bands at 906.4 and 973.9 cm
in the mixed G®0, + C!80, experiment are the antisymmetric

and symmetric stretching vibrations of tH®©—0s—180 unit.
The G:0sCO molecule is hence identified, and bands at 2079.7 3t 921.5 and 873.7 cm; however, no ruthenium isotopic
and 940.8 cm! are due to the €0 stretching and 60s-0
antisymmetric stretching modes. In the neon matrix, the same assumes that the-€Ru—0O antisymmetric stretching mode does

two modes of the @DsCO molecule were observed at 2086.7 not involve the CO subunit (this is valid because no isotopic
and 948.4 cml, blue-shifted from the argon counterparts by shift was observed in th&CO, experiment), the frequencies

7.0 and 7.6 cmi, respectively. Similar isotopic frequency ratios of apex and terminal isotopic molecule pairs can be used to
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and splitting patterns in the mixed isotopic experiments were
also observed.

DFT calculation on @0sCO predicted the ground state as
1A for this planar molecule witle,, symmetry (Table 5). The
lowest triplet and quintet states are 20.8 and 83.7 kcal/mol
higher, respectively. The vibrational analysis ontAg ground
state revealed the-80 and antisymmetric ©0s—O stretching
modes at 2161.9 and 989.1 chwith intensities of 617 and
262 km/mol, respectively. These two modes require scale factors
of 0.965 and 0.959, respectively, which are typical values for
B3LYP calculations; however, the calculation underestimated
the infrared intensities of the antisymmetric-Os—O mode.
The calculated isotopic frequency ratios are also in excellent
agreement with the observed values. Calculations were also
performed on another isomer, OsfOO, in which two oxygen
atoms bridge between osmium and carbon atoms. The two
lowest states are found to 58, and3A,, and they are 53.9
and 62.3 kcal/mol, respectively, higher than fidg ground-
state QOsCO (Table 5). In the current system, the most
probable oxygen source is GQOand reaction 2 is the likely
pathway.

CO, + O0sCO— O,0sCO+ CO
(AE = +2.3 kcal/mol) (2)

Although this reaction is endothermic by 2.3 kcal/mol in the
current B3LYP calculation, reaction during sample deposition
could be activated by the energized product of reaction 1.
However, growth during annealing requires an exothermic
reaction. The observed ,O0sCO could be produced via the
exothermic reactions of osmium oxide with €& O atom with
OOsCO. The presence of O atoms is manifested by the
observation of CO and COand OsO by the detection of
OSQ_SZ,BG

O2RUCO. In the argon matrix, the new band at 2113.8ém
is weak on deposition, but it increased by half on full-arc
irradiation and decreased slightly on annealing to 40 K. In the
13CO, and G80, experiments, this band shifted to 2065.8 and
2065.7 cm!, with carbon-12/13 and oxygen-16/18 isotopic
frequency ratios of 1.0232 and 1.0233, respectively. In both
mixed 2CO, + 13CO, and mixed @50, + C'80, experiments,
only doublets with pure isotopic bands were observed. This band
is assigned to the €0 stretching mode of the BuCO
molecule in the argon matrix, and two nearby bands at 2115.6
and 2117.8 cm! with similar behavior in all experiments are
due to bands of the same molecule at different matrix sites.
The antisymmetric ©Ru—0 stretching mode of RuCO is
also observed, and more importantly, the ruthenium natural
isotopic splitting pattern is resolved. The bands at 912.9, 912.0,
911.0, 910.1, and 908.3 crhare due to the antisymmetric
O—Ru—0O stretching mode in PRuCO wheren, the mass
number of ruthenium, equals 99, 100, 101, 102, and 104,
respectively. The intensity profile of these five bands reflects
the natural abundance of ruthenium isotopes and hence affirms
that the molecule is a single-metal species. The isotopic
counterparts of these bands are listed in the Table 3, and the
average oxygen-16/18 ratio of 1.0461 is close to the same value
of v3 mode in the Ru@molecule (1.0454). In the mixed€D,
+ C80, experiment, two additional broad bands were observed

structure could be resolved. If in thesRUCO molecule, one
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TABLE 5: Equilibrium Geometry and Frequencies Calculated for Products in the Reaction of Osmium and CQ?

specie’ geometry frequencies, crmt (intensity, km/mol)
00sCO 1A' (Cy) (0) 0O—0s, 1.696; OsC, 1.838; 181.1 (11), 453.8 (0), 507.7 (5), 584.4 (16),
C-0, 1.156;000sC, 109.0; 994.2 (84), 2052.5 (1004)
0JOsCO, 170.1
SA" (Cy) 0—-0s, 1.739; OsC, 1.865; 155.7 (20), 445.9 (0), 485.1 (1), 557.9 (14),
(+5.4) C—-0, 1.156;J00sC, 116.1; 866.6 (155), 2040.6 (1049)
[2.000Z] 0OsCO, 168.3
5A" (Cy) 0—0s, 1.766; OsC, 1.989; 75.2 (12), 398.8 (2), 431.0 (2), 432.5 (12),
(+18.8) C-0, 1.146;000sC, 151.5; 851.1 (105), 2067.7 (902)
[6.0000] 0JOsCO, 169.7
0,0sCO A1 (Cr) 0—0s, 1.707; OsC, 1.934; 126.5 (0), 190.2 (3), 238.1 (8), 395.4 (6),
0) C-0, 1.136;000s0, 136.9 484.2 (10), 510.1 (7), 989.1 (262),
1031.0(16), 2161.9 (617)
30" (Cy) 0—O0s, 1.744; OsC, 1.887; 112.4 (0), 172.3 (12), 229.4 (11), 322.3 (3),
(+20.8) C—0, 1.146;000s0, 124.2; 475.1 (4), 545.7 (13), 876.3 (128),
[2.00010 0JOOsC, 108.6(10sCO, 174.1 927.6 (45), 2091.9 (941)
Os(Q)CO B2 (Ca) 0s-0, 1.934; G-C, 1.375; 173.3 (1), 443.8 (22), 449.0 (3), 671.3 (3),
(+53.9) C—-0, 1.183;000s0, 67.9; 773.7 (19), 799.6 (101), 914.6 (26),
[2.00010 0JOCQ, 128.3 1012.9 (117), 1895.3 (667)
%A, (Cz) 0Os-0, 1.974; G-C, 1.365; 177.5 (1), 360.7 (0), 423.7 (25), 611.8 (0),
(+62.3) C-0', 1.189;000s0, 66.1; 780.9 (48), 793.9 (27), 929.5 (51),
[2.00010 0OCQ, 127.9 1011.1 (146), 1866.3 (704)
0,0s(CO) TAg (Da2n) 0—0s, 1.751; OsC, 2.047; 29.7 (2), 78.0 (0), 108.0 (2), 145.4 (0),
0) C-0,1.127 190.1 (4), 287.8 (53), 348.1 (0),
407.9 (0), 446.7 (0), 486.4 (11),
494.2 (8), 872.9 (271), 952.4 (0),
2187.9 (1267), 2249.9 (0)
A1 (C) 0—0s, 1.766; OsC, 1.918; 75.0 (10), 100.4 (0), 119.3 (0),
(+12.3) C-0, 1.142;100s0, 109.0; 154.8 (49), 268.5 (6), 286.5 (4),
[JCOsC, 102.3{J0sCO, 173.5; 394.3 (0), 420.8 (13), 495.9 (1),
0OO0sC, 111.4 589.4 (19), 511.2 (84),
828.8 (201), 896.4 (52),
2027.5 (2505), 2147.1 (406)
OCOs(Q)C'O' SA" (Cy) 0O—C, 1.148; C-Os, 1.896; 14.4i (5), 93.3 (3), 157.5 (2), 377.7 (21),
(+4.9) 0Os-0(1), 1.914; 0s0(2), 2.090; 413.9 (7), 455.1 (3), 514.7 (17),
[2.0002] 0—C'(1), 1.447;, G-C'(2), 1.309; 570.2 (3), 618.7 (15), 764.4 (136),
C'-0, 1.186;J00s0, 66.0 784.4 (23), 828.1 (55), 1122.8 (92),
1889.1 (772), 2091.4 (955)
O0sCO 2A" (Cy) 0—-0s, 1.754; OsC, 1.819; 171.1(8), 473.1 (0), 507.3 (2), 604.9 (5),
0) C—-0, 1.186;00sC, 116.4; 882.8 (135), 1878.2 (1362)
[0.75010 0OsCO, 167.6
2A" (Cy 0—0s, 1.762; OsC, 1.846; 149.5 (7), 470.4 (1), 495.4 (9), 580.0 (2),
(+11.8) C-0, 1.186;000sC, 127.1; 857.2 (196), 1868.3 (1242)
[0.7502] 0OsCO, 164.6
0,0sCO 2B, (Cz) 0—-0s, 1.758; OsC, 1.845; 135.0 (4), 140.7 (0), 238.9 (2), 260.1 (2),
0) C—-0, 1.182;000s0, 136.8 493.1 (5), 588.0 (3), 884.5 (334),
[0.750Q] 901.0 (115), 1919.8 (915)
°A; (Cp) 0—0s, 1.770; OsC, 1.917; 102.5(2), 212.8 (2), 230.9 (6), 352.3 (0),
(+24.1) C-0,1.164;000s0, 1225 525.4 (0), 559.3 (24), 831.5 (340),
[0.75010 904.3 (41), 1997.6 (873)

aDFT calculation: B3LYP functional, 6-3H#G* basis set on C and O, LANL2DZ basis set and ECP on"Qsvo or three electronic states
are listed for each species, labels in the first parentheses denote point groups, numbers in the second parentheses denote the relative energies
(kcal/mol) compared to the ground states, and the last entry for open-shell moled&safter annihilation¢ Bond lengths are given in A; bond
angles are given in degrees.

deduce the ©Ru—0 bond anglé7:38 On the basis of the five
pairs of terminal isotopic molecules, the upper limit-Ru—0
bond angle is determined as 248 2°, and on the basis of the
apex isotopic molecules, the lower limit is 3@ 3°. In the
neon matrix, the €0 stretching mode of the BuCO molecule

symmetry!A’ state is 38.7 kcal/mol higher, whereas the lowest
triplet state,3A”, is 8.8 kcal/mol higher. The bond angle of
ORUO in the groundA; state is 141.8 which is between of
the limits of the angle deduced from both neon and argon matrix
infrared absorptions. Two strong bands, the@stretching and
was observed at 2121.6 ct which is blue-shifted 7.8 crt antisymmetric &-Ru—O stretching modes, are predicted at
from the argon matrix value. For the antisymmetrie Ru—O 2190.0 and 966.2 cm, and their isotopic frequency ratios are
stretching mode, four isotopic bands were resolved as listed inlisted in Table S7 (Supporting Information). These calculated
the Table 4. Similarly, the upper limit of the-dRu—0O bond frequencies are in very good agreement with the spectroscopic
angle in the neon matrix is determined as 1442°, and the observations. The calculations on another isomer, RGO,
lower limit is 131° £+ 4°. are quite different from their Os counterparts. Two lowest states
In the DFT calculations, the ground state of theROCO of Ru(®,)CO, %A, and®B,, have almost the same energy and
molecule is predicted ad#\;, possessing,, symmetry. TheCs are 5.5 and 5.4 kcal/mol, respectively, lower thanlhestate
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TABLE 6: Equilibrium Geometry and Frequencies Calculated for Products in the Reaction of Ruthenium and CQ?2

specie® geometry frequencies, cm' (intensity, km/mol)
ORuCO 3A" (C9 O—Ru, 1.731; Ru-C, 1.882; 137.8 (14), 381.6 (1), 429.6 (2), 496.0 (13),

0) C-0, 1.147;00RuC, 106.8; 856.5 (104), 2068.2 (804)
[2.0002] ORuCO, 167.5

1A' (CY O—Ru, 1.716; Ru-C, 1.852; 166.4 (9), 390.8 (0), 482.7 (11), 524.2 (13),

(+9.5) C—0, 1.148;000RuC, 100.5; 901.8 (101), 2074.0 (895)
ORuCO, 173.2

A" (Cy) O—Ru, 1.782; Ru-C, 2.105; 60.3 (13), 320.8 (25), 327.8 (0), 336.7 (0),
(+10.2) C-0, 1.134;00RuC, 169.3; 783.2 (40), 2144.0 (877)

[6.00007 ORuCO, 175.5

O;RUCO 1A: (Ca)) O—-Ru, 1.698; Ru-C, 2.004; 94.6 (1), 158.8 (7), 240.7 (14), 259.2 (0),
0) C-0, 1.130;00RuO, 141.8 381.1(2), 403.6 (5), 966.2 (341),

969.8 (13), 2190.0 (529)

A" (Cy O—Ru, 1.745; Ru-C, 1.934; 109.7 (0), 157.3 (20), 239.3 (10), 354.0 (5),
(+8.8) C—0, 1.135;00RuO, 126.6; 406.9 (0), 454.9 (14), 833.6 (127),
[2.00000 OORuC, 105.00JRUCO, 173.4 883.2 (17), 2146.4 (752)

Ru(0,)CO %A, (C2) Ru-0, 1.981; O-C, 1.353; 206.1 (73), 340.0 (2), 422.8 (19), 625.5 (0),
(—5.5) C—0', 1.194;:00RuO, 65.9; 751.6 (33), 905.9 (1357), 949.3 (25),
[2.00000 00CO, 127.2 1047.8 (151), 1834.7 (582)

3B, (Ca,) Ru-0, 1.964; O-C, 1.358; 176.4 (19), 370.7 (10), 422.6 (22), 636.0 (3),
(—5.4) C-0, 1.191;000RuO, 67.1; 765.6 (45), 848.9 (426), 937.2 (21),
[2.0001] 00CO, 126.9 1043.4 (120), 1846.3 (515)

OCRu(Q)C'O' A" (CY) 0-C, 1.139; G-Ru, 1.953; 79.9 (2), 86.4 (3), 159.9 (2), 356.9 (7),

0) Ru—0(1), 1.919; Re-O(2), 2.494; 384.3 (29), 420.8 (0), 448.8 (3),
[2.00020 0-C/(1), 1.420; G-C'(2), 1.309; 531.6 (1), 625.4 (3), 752.4 (84),
C'—0, 1.191;000RuO, 66.2 793.3 (23), 841.1 (66), 1126.5 (101),
1853.2 (672), 2125.5 (847)

3A; (Ca) 0-C, 1.131; G-Ru, 2.103; 249.5i (21), 40.8 (4), 128.8 (0), 175.5 (1),
(+13.9) Ru-0, 2.001; C-C', 1.343; 307.8 (33), 344.5 (1), 360.0 (9), 404.6 (0),
[2.0004] C' -0, 1.195;000RuO, 64.2; 638.0 (5), 720.6 (29), 805.8 (21),

0oCo, 121.9 978.0 (1), 1098.4 (126), 1809.6 (544),
2165.6 (961)

A (CY) 0—C, 1.133; C-Ru, 2.047; 50.2 (4), 73.2 (1), 175.0 (2), 295.7 (2),
(+18.3) Ru—0(1), 2.021; Re-O(2), 2.027; 334.7 (23), 353.5 (5), 402.6 (0),
[2.0003] 0-C/(1), 1.349; 0-C'(2), 1.332; 519.2 (9), 625.5 (4), 713.7 (24),

C'—0/, 1.197;010RuO, 64.3 810.7 (52), 964.9 (5), 1100.5 (117),
1798.1 (477), 2151.7 (855)
1A' (Cy 0—C, 1.140; G-Ru, 1.924; 93.8 (2), 114.5 (0), 145.9 (1), 306.2 (45),
(+20.4) Ru—0(1), 1.835; Re-O(2), 2.109; 372.6 (120), 402.5 (10), 476.0 (11),
0-C'(1), 1.544; O-C'(2), 1.274; 4835 (2), 551.8 (4), 729.0 (128),
C-0/, 1.182;00RuO, 68.3 763.3 (23), 811.8 (25), 1178.9 (88),
1936.0 (731), 2121.9 (800)
O:RU(CO) 1A; (Ca)) O-Ru, 1.733; Ru-C, 2.117; 49.4 (1), 65.5 (0), 117.4 (0), 157.1 (7),
(+39.4) C-0, 1.125;00RuO, 162.9; 194.4 (9), 240.5 (15), 281.8 (6),
OCRUC, 172.50JRuCO, 179.4; 302.3 (0), 382.0 (0), 388.1 (3),
OORuC, 90.6 408.4 (12), 908.5 (4), 920.1 (310),
2207.3 (921), 2241.1 (6)

A (Dzn) O—-Ru, 1.737; Ru-C, 2.118; 97.7i (8), 61.7 (0), 66.7 (0), 121.8 (0),

(+39.8) Cc-0,1.125 163.4 (9), 237.8 (24), 275.6 (0),
301.8 (0), 379.0 (3), 390.4 (0),
415.2 (13), 905.9 (0), 910.0 (324),
2211.2 (888), 2246.0 (0)

1A1(C2) O—-Ru, 1.759; Ru-C, 1.941; 15.1i (13), 92.5 (0), 107.5 (51), 114.7 (0),

(+49.1) C-0, 1.135;00RuO, 112.3; 246.5 (4), 260.7 (5), 357.2 (4), 386.8 (0),
OCRUC, 103.6JRUCO, 174.1; 431.2 (0), 474.8 (60), 552.2 (25),
OORuUC, 110.1 814.2 (236), 888.4 (34), 2083.9 (1795),
2172.6 (374)

ORUCO A" (Cy) O—Ru, 1.769; Re-C, 1.814; 150.0 (8), 412.8 (1), 474.3 (13), 569.7 (7),
0) C-0, 1.178;00RuC, 108.7; 814.6 (174), 1894.3 (1450)

[0.7503] ORuCO, 170.0

A" (Cy) O—Ru, 1.803; Ru-C, 1.887; 136.0 (13), 415.2 (1), 447.5 (0), 533.3 (3),
(+3.6) C—0, 1.180;00RuC, 134.3; 754.6 (225), 1866.7 (1229)

[3.75000 ORuCO, 160.5

A (Cy) O—Ru, 1.795; Re-C, 1.845; 132.6 (12), 412.8 (2), 422.7 (9), 542.3 (6),
(+11.9) C-0, 1.181;00RuC, 119.6; 753.0 (239), 1869.9 (1392)

[0.7506] ORuCO, 167.5

aDFT calculation: B3LYP functional, 6-3HG* basis set on C and O, LANL2DZ basis set and ECP on"Rwo or more electronic states
are listed for each species, labels in the first parentheses denote point groups, numbers in the second parentheses denote the relative energies
(kcal/mol) compared to the ground states, and the last entry for open-shell moled®safter annihilation® Bond lengths are given in A; bond
angles are given in degrees.
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O,RUCO (Table 6). Vibrational analysis on tf#; state of Ru-
(O2)CO predicted a carbonyl stretching mode at 1834.7tm
with an infrared intensity of 582 km/mol and a very strong OCRu(0,)CO. In the Ru+ CO, argon matrix experiment,
mixed mode at 905.9 cm with an intensity of 1357 km/mol.  two weak bands at 2029.8 and 1801.0érincreased slightly

No bands in these regions can be assigned to these two modesn annealing to 25 K, almost tripled on full-arc irradiation, and
Two possible reasons for not observing this lower energy isomerjncreased markedly after the 35 and 40 K annealings (Figure
come to mind. First, DFT energy calculations on transition metal ). |n the experiments with varying conditions, different £O
molecules are not absolutely accurate, and the 5.5 kcal/molconcentrations and laser powers, these two bands tracked with
energy difference is within in the uncertainty range. Second, each other throughout the annealing and irradiation cycles with

The lowest state i%A", which is 4.9 kcal/mol higher in energy
than the'Aq ground state of @Ds(CO} (Table 5).

the formation of Ru(@)CO in the current reaction is kinetically
unfavorable, and isomerization from,RuUCO is unlikely.
Analogous to @OsCO, the reaction of COand ORuCO is
endothermic (33.9 kcal/mol), and the;RUCO molecule ob-
served in the matrix experiment is probably produced by the
ruthenium oxide reaction with Cr the O atom combination
with ORuCO.

O + ORuCO— O,RuCO 3)

0,0s(CO). In the argon matrix, the band at 2116.7 ©m

was weak after deposition. It increased slightly on annealing to
25 K, showed little change on irradiation, but increased markedly

on annealing to 35 and 40 K. In th®C0O, and C®0O,
experiments, the band red-shifted to 2070.0 and 20664 cm
with isotopic frequency ratios of 1.0226 and 1.0243, respec-
tively. In the mixed?CO, + 13CO, experiment, an intermediate
band was observed at 2084.7 ¢hin addition to the two pure

isotopic bands. A similar intermediate band was observed at

2083.1 cnit in the mixed G0, + C180, experiment. This band
must be assigned to an antisymmetrie @ stretching mode in

a dicarbonyl unit. In the OsO stretching region, a broad band
at 868.2 cm! tracked with the 2116.7 cm band. This band
red-shifted to 825.0 cm with C!®0,, and the oxygen-16/18
isotopic frequency ratio of 1.0524 is close to the ratio for the
antisymmetric G-Os—O stretching in the @DsCO molecule.
The triplet feature with a new band at 835.0¢nn the mixed
C10, + C!0, experiment characterizes ar-Qs—O0 stretching
mode. Overall, the molecule;Os(CO}) is identified, and bands
at 2116.7 and 868.2 crh are the antisymmetric €0 and
0O—0s-0 stretching modes, respectively. In the neon matrix,
the Q0Os(CO» molecule absorbed at 2081.7 and 897.4&m
and both bands showed similar matrix shifts and splitting

fixed relative intensities (4:3). In thECO, and GO, experi-
ments, both bands showed appropriate isotopic shifts for
carbonyl stretching modes, as listed in Table 3. In both mixed
12C0O, + 13CO, and mixed €80, + C80; isotopic experiments,
only doublets with pure isotopic absorptions were observed for
both bands. It is clear that bands at 2029.8 and 1801.0*cm
are due to two isolated single carbonyl stretching modes in one
molecule; the upper band is likely due to a terminal and the
lower to a bridging carbonyl. Four more weaker associated
bands were observed at 1102.6, 867.6, 790.4, and 767.2 cm
In the 13CO, experiment, the isotopic counterparts of the
comparatively stronger 1102.6 and 767.2 bands were observed
at 1084.5 and 763.7 cmh, whereas no isotopic counterparts
could be identified for the two weaker 867.6 and 790.4&m
bands. In the &0, experiments, isotopic counterparts were
observed for all four bands, as listed in Table 3. Based on the
absorption frequencies and isotopic frequency ratios, both 867.6
and 767.2 cm! bands are approximately R stretching
modes and the 1102.6 and 790.4¢rbands are mixed modes.
The molecule OCRu(£CO is proposed, in which two middle
oxygen atoms form bridges between ruthenium and carbon
atoms. The same molecule was also observed in the neon matrix,
and five modes are found at 2039.8, 1816.7, 1087.1, 867.1, and
771.6 cnTl. The isotopic counterparts are listed in the Table 4.

DFT calculation revealed OCRUgfO to be a very interest-
ing molecule. The initial trial started &, symmetry, with all
atoms in one plane, and OCR«CO on theC; axis. Both singlet
and triplet states were converged, and the tripet state is
29.1 kcal/mol lower in energy than thA; state. However, both
states have a large imaginary frequency for deviation of atoms
from the C, axis, indicating that they are transition states.
Calculations then were performed @ symmetry, and the

patterns in the isotopic experiments as their argon counterparts lowest state was found 44", whereas the lowest singlet state

DFT calculation on this @Ds(CO) molecule predicted the
ground state asAg, which is a planar molecule witiDa,
symmetry. FoiC,, symmetry, in which @0s and Os(CQ)are
in two perpendicular planes, higher energy singlet and triplet
states converged. The frequency analysis on ‘hg state
predicted antisymmetric @0 and C-O stretching modes at
872.9 and 2187.9 cm, with infrared intensities of 271 and
1267 km/mol, respectively, which are in excellent agreement

1IA" and another triplet statéA’ are 20.4 and 18.5 kcal/mol
higher, respectively. Thi3A"" state is also 13.9 kcal/mol lower
than theC,, symmetry3A, state, and more importantly, no
imaginary vibrational frequencies were found. The geometry
of this ground state is depicted in Figure 9, and it is obvious
that the molecule actually is an adduct of ORUCO ang @O
which CG adds across the RtD bond in a [2-2] cycloaddition
reaction. It should also be noted that the ground state of OCRu-

with the observed spectrum. The isotopic frequency ratios, listed (O2)CO is*A", in accord with théA” ground state of ORuCO.

in Table S7 (Supporting Information), are also in excellent
agreement with the experimental results. In contrast,Ghe

singlet state, which is 12.3 kcal/mol higher, has frequencies at

2027.5 and 828.8 cm. These are lower than the observed

bands, and the relative calculated intensities are 12:1, which

are not compatible with experiment. This molecule is probably
formed via reaction 4, which is exothermic by 5.5 kcal/mol in
the DFT calculation.

00sCO+ CO, — 0,0s(CO), (AE = —5.5 kcal/mol)

4)
In light of the OCRu(Q)CO molecule to be discussed in the
next paragraph, calculations on OCOg(@0D were performed.

From the DFT calculation, the addition reaction is exothermic
by 10.4 kcal/mol.

ORuCO+ CO,— OCRu(Q)CO
(AE = —10.4 kcal/mol) (5)

The vibrational analysis predicted six modes at 2125.5, 1853.2,
1126.5, 841.1, 793.3, and 752.4 thwith infrared intensities

of 847, 672, 101, 66, 23, and 84 km/mol, respectively. These
results agree with the experimental data very well. Calculated
isotopic frequency ratios are listed in Table S7 (Supporting
Information), and again they showed very good agreement with
the experimental values. From the calculation, the two mixed
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Figure 9. Structures for observed species: (I) OMCO and OMQ® = Os, Ru); (Il) GQMCO (M = Os, Ru); (lll) G:0s(CO}; (IV) OCRu-
(OyCO.

modes observed in the argon matrix at 1102.6 and 7904 cm stretching mode. In the 180, experiment, this band shifted to
are approximately symmetric OCO stretching and out-of-plane 825.2 cn1?; the oxygen-16/18 isotopic ratio of 1.0555 is very
CGO; bending modes. close to the diatomic harmonic value of 1.0557. In the mixed
A more conventional metat- 2CQO; complex, QRu(CO), C160, + C180, experiment, no intermediate bands were found.
was not observed in both neon and argon matrixes, which  Additional experiments were performed using 0.05% £LCI
suggests that this isomer is higher in energy than the OCRu-as an additive in the reagent gas while keeping other conditions
(O2)CO molecule. DFT calculation on Bu(CO) was first the same, and this-€0 stretching band is almost eliminated,
performed inD2, symmetry; however, an imaginary frequency whereas the weaker ©© band is not observed. Cak well-
was found at 97.7 cnt for this A4 state. Slight bending of the ~ known for its high electron capture cross-section, and most
molecule lowered the total energy 0.4 kcal/mol for this state ablated electrons are captured by €@istead of product
and eliminated the imaginary mode. Calculations were also molecules. Hence, the anion assignment is supported by the
performed for three other input geometries and a triplet spin CCl,-doped experimenf§:42In the neon matrix, only the €0
state, and all converged states are higher in energy than thestretching mode of this OOsCGanion was observed at 1820.9
1A, ground state (Table 6). Thif\; state, however, is still 39.4  c¢cm™% The neon matrix value is blue-shifted from the argon
kcal/mol higher in energy than tHA" ground state of OCRu-  matrix value by 14.1 cmt, and carbon 12/13 and oxygen 16/
(O,)CO, which justifies the lack of Ru(CO}» molecule in these 18 isotopic ratios of 1.0254 and 1.0197 are almost identical to
experiments. their argon counterparts. Similar to the argon matrix, this neon
00sCO. In the reaction between Os and €@ the argon ~ Matrix band is completely eliminated in the G&oped
matrix, a three-band-set at 1811.9, 1809.5, and 1806.8 cm eXxperiment.
was observed on deposition; these bands are 10-fold weaker DFT calculation predicts a ground stdfg’ for the OOsCO
than the OOsCO absorptions (Figure 1). The overall absorptionanion. The quartet state calculation did not converge, and
intensity of this band set showed little change on early annealing, intermediate results showed much higher energy. The calculation
increased slightly oa > 470 nm irradiation, decreased slightly —on the?A” ground state predicts a strong-O stretching mode
on A > 290 nm irradiation, then decreased 80%/or 240 at 1878.2 cm?, which requires a scale factor of 0.969 for the
nm irradiation, and did not regain the absorption intensity in neon matrix band. This is 174.3 cilower than that predicted
the following annealing (Figure 1). This band set was red-shifted for OOsCO, and the OOsCOband is observed 156.2 cth
to 1767.2, 1764.6, and 1761.9 chand 1777.0, 1774.5, and lower than that of OOsCO in solid neon. Furthermore, the
1771.9 cmt in the 13CO;, and G0, experiments, with average  computed carbon-12/13 and oxygen-16/18 isotopic ratios (1.0258
carbon-12/13 and oxygen-16/18 isotopic frequency ratios of and 1.0201) agree with the experiment very well. The-Os
1.0254 and 1.0197, respectively, which signifies a strongdvi mode is predicted at 882.8 cth with intensity of 135 km/
and C-O interaction, much like that observed for OsC@ mol, which is less thai/ of the C-O stretching mode (1362
1785.5 cn1.26 In both mixed'?CO, + 13CO, and mixed GO, km/mol). This anion is produced via electron capture during
+ C'80, experiments, only pure isotopic bands were observed, the deposition process as laser ablation also provides electrons:
which demonstrated that only one carbon atom and one oxygen
atom are involved in this vibrational mode. The band is stillin  0OsCO+ e” — 00sCO (AE = —56.0 kcal/mol)
the carbonyl stretching region with typical carbonyl isotopic (6)
shifts, but the comparatively lower wavenumber indicates a
weaker interaction between carbon and oxygen atoms. ThisThe electron affinity for OOsCO is calculated as 56.0 kcal/mol,
three-band set is assigned to the @ stretching mode of the ~ which is higher than calculated (33.3 kcal/mol) for Os&0.
OOsCO anion in three argon matrix sites. The much weaker The slight increase in OOsCQabsorption withA > 470 nm
Os—0 stretching mode of this anion was identified at 871.0 irradiation comes at the expense of £@bsorption in which
cmt with only Y/, of the absorption intensity of the carbonyl this light photodetaches GO and these electrons are captured
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by OOsCO. In this regard, the analogous OReC&hion stretching mode of RuCO. This molecule has been discussed
exhibits similar photobleaching and has almost the same in detail in an earlier repof€ and the same isotopic shifts were
computed electron affinity (55.7 kcal/md§. observed in the current isotopic substitution experiments.

Photobleaching of OOsCObegins atA > 290 nm but is ]
more efficient atA > 240 nm. Photodestruction of matrix- V. Conclusions

isolated anions with mercury arc radiation typically requires | aser-ablated Os and Ru atoms react with,@@lecules
higher energy photons than gas-phase photodetactfent. ypon cocondensation in excess argoi & and neon at 4 K.
Similar experiments have found that-2 eV in excess of the  Neutral products [OMCO, @MCO, (M = Os, Ru), QOs(CO),
gas-phase laser photodetachment threshold is necessary fogng OCRu(Q)CO], as well as anionic species [OMCQM =
photodestruction of Ni(CQ)s in solid argon® Hence, the  og, Ru)], are identified through annealing, ultraviolet irradiation,
DFT calculation is a better predictor of electron affinity than and isotopic substitution experiments. Previous investigations
the matrix photochemistry in which matrbanion interactions with Fe and CQ@in argori gave the analogous major species
will affect the cross section and energy of photodetachment orecO and OFeCO Anionic assignments are further sup-
processes. ported by CCJ-doping experiments in which anions were not
ORuCO™. The analogous anion, ORuCQwas also observed  observed because of the high electron capture cross section of
in the Ru+ CO,/Ar experiment. The three-band set observed the CC} additive3®4! DFT/B3LYP calculations have been
at1820.2, 1811.4, and 1808.7 thon deposition showed little  performed on all products, and the overall agreement between
change on annealing to 25 K, almost disappeared on full-arc the calculated and observed vibrational absorptions supports the
irradiation, and did not re-appear in the following annealings. product identifications.
This band set ha¥C and*®O counterparts at 1776.0, 1767.3, The very favorable reaction between Os and,&0Oggests
and 1764.6 cml, and 1783.5, 1775.2, and 1772.6 ¢mwith that Os-centered complexes have the potential to be good
the average isotopic ratio of 1.0250 and 1.0205, respectively. catalysts for C@ reduction. It is noteworthy that the major
In both mixed isotopic experiments, only doublets with pure reaction product, OOsCO, also inserts into the second CO
isotopic bands were found. In the 0.02% GGbped experiment,  molecule and forms @s(CO}. Although Ru is less reactive
this band decreased more th#ép which is diagnostic of an  than Os in the insertion reaction with G@he addition reaction
anion3*-43 This three-band-set is assigned to the@stretching between ORuUCO and G@ give OCRu(Q)CO is spontaneous,
mode for the ORuCOanion in three matrix sites. The weaker which suggests that XRuO complexes are good catalysts for
Ru—O stretching mode was observed at 804.1 §nand the CO;, reduction.
oxygen-16/18 isotopic frequency ratio of 1.0514 is close to the ~ The OMCO and OMCO species may be compared with their
same ratio in the ORUCO molecule. In the neon matrix, the MCO and MCO" analogue3® In every case, the latter carbonyl
carbonyl stretching mode of this anion was observed at 1830.8frequencies are lower indicating marecharge transfer from
cm1, which is blue-shifted from the argon matrix value by 22.1 M to CO than from OM to CO. This effect is more pronounced
cm?, and also increased slightly with> 470 nm irradiation. for Fel* than for Ru than for Os neutrals but about the same for
The isotopic counterparts and their ratios are listed in the Table the three metal anion species. Finally, the insertion reactions
4. The RuCO anion was observed slightly lower at 1792.8 have widely varying energy changes15.9,—1.8, and—26.3
and 1782.5 cmt! in solid neon and argon, respectivéfy. kcal/mol for Fe, Ru, and Os, for which the OMCO ground states
DFT calculation predicts the ground state of ORUGR2A", are °A”, A", and'A’, respectively. This trend justifies the
whereas two other state®”” and2A’, also converged but are  spontaneous reaction of Os and £&hd the requirement of
3.6 and 11.9 kcal/mol higher. The vibrational analysis of the activation for the Fe and CQreactio* and underscores the
2" state predicts a €0 vibrational mode at 1894.3 crhwith great stability of the osmiumoxygen bond.
an intensity of 1450 km/mol. This result requires a scale factor
of 0.966 for the neon matrix value. Also predicted are the Acknowledgment. We appreciate support from N.S.F. Grant
carbon-12/13 and oxygen-16/18 isotopic frequency ratios as CHE 00-78836.
1.0249 and 1.0214, which are in good agreement with the ) ) ) o
experimental ratios of 1.0248 and 1.0206. The-Rumode is Supporting Information Available: Table S7 containing
calculated at 814.6 cm, with intensity of 174 km/mol, about calculated isotopic frgquenmes _for V|bra_1t|o_ns ob_served in the
1/5 of the C-O mode, and these results also agree well with matrix infrared experiments. This material is available free of
our experimental observations. Finally, the electron affinity of charge via the Internet at http://pubs.acs.org.
ORuUCO is calculated as 45.8 kcal/mol, which is higher than
calculated (28.5 kcal/mol) for RuC8. References and Notes
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