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Laser-ablated rhenium atoms react with Q@olecules upon co-condensation in excess ardon k& and

neon at 4 K. Besides neutral products [OReCQRECO, ORe(CQ) and QRe(CO}], anionic species
[OReCO, ORe(CO) ] are formed and identified through annealing, ultraviolet irradiation, isotopic substitution,

and CC]J, doping experiments. DFT calculations have been performed on all product species, and the very
good overall agreement between the calculated and the observed vibrational frequencies supports the product
identifications.

I. Introduction

Carbon dioxide, an abundant carbon source in the atmosphere, ¢ ORe(CO): OReCO
is regarded as one main cause of the so-called “greenhouse ”AM,J\J\,/L,N\,\M ©
effect”. The possibility of using C@®as an alternative starting

2 e

)

material for the syntheses of fine chemicals presents an attractive | 06 (d)
challenge to scientists in various disciplines. One most promising £ WJUM PN
and widely adopted method uses transition metal (TM) catalysts, § OReCO 14 ” ORe(CO),” ©
and CQ fixation has become a very active subject of research £ o4y M_ 4 S W —
in organometallic and catalytic surface chemistry. The O:Re(COY OReCO

. . . . . r——1 0.1 M
coordination of CQto a metallic center is the key step in the M L AAR®

CO; reduction, but the intermediate species formed during the o2
reactions are still unknown for many processes. Using thermal @
TM atom evaporation, complexes with first-row metals Ti w/\'mh#—

through Cu have been studied in solid £@atrixes® Recent 2100 2060 2020 1980 V;;“gm;ffers‘(gcfﬂ_l)lg“o 1820 1780 1740
studies of the reactions between laser-ablated TM atoms and y

ioni ; i Figure 1. Infrared spectra in the 212720 cnt? region for laser-
CO|2 halvgiifv_le_)sled tlpnllc: [t)rgF:iuctS n a?%:ﬁn t(()j netjtral ablated Re co-deposited with 2% €@ argon at 7 K. (a) sample
_mo_elc;ulée ’ eoretcal s uc 1es on neu_ . and cat- deposited for 70 min, (b) after 30 K annealing, (c) after 290 nm
ionic*>**complexes of C@and first-row transition metals have  jragiation, (d) afteri > 240 nm irradiation, and (e) after 40 K

been reported, and different bonding schemes have beenannealing.
proposed for early and late transition metals.

Although rhenium based complexes have been widely useddioxide (Matheson), isotopid3C0, (Cambridge Isotopic
to study CQ activation and reductioh, 2 little is known about Laboratories), 85%0 enriched CQ (Spectra Gases) and
the product structure, as well as the key coordination steps inselected mixtures were used in different experiments. Infrared
these reactions. Also, to our knowledge, no theoretical inves- spectra were recorded at 0.5 thresolution on a Nicolet 750
tigations of rhenium and C&have been reported. We present  (Ne) or Nicolet 550 (Ar) spectrometer with 0.1 cfraccuracy
here an experimental and theoretical study of reaction productsusing a mercury cadmium telluride (MCTB) detector down to
between laser-ablated rhenium and ;COensity functional 400 cntl. Matrix samples were annealed at different temper-
theory (DFT) calculations performed here not only serve as an atures, and selected samples were subjected to irradiation using
aid for spectroscopic assignment, but additionally, reveal the a medium-pressure mercury lampX 240 nm) with the globe

0.4

complicated nature of rhenium compounds. removed and applying optical filters when needed.
_ _ DFT calculations were performed on all of the proposed
Il. Experimental and Computational Methods reaction products using the GAUSSIAN 98 progfamind the

B3LYP26 functional. The 6-311G* basis set was used for
carbon and oxygeff,and the LanL2DZ effective core potential
and basis for rheniurf® Such calculations were effective for
identifying products in earlier TM-C@reactions 11

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, 35 mJ/pulse) was focused to ablate
the rotating rhenium target (Goodfellow Metals). Laser-ablated
rhenium was co-deposited with carbon dioxide (0.2%-2%) in
excess neon or argon ant 4 K (neon) @ 7 K (argon) Csl Infrared Spectra. Re+ CO, in Argon.Figures 1 and 2 show
cryogenic window at 24 mmol/h for 0.5-1.5 h. Carbon the 2126-1720, 966-860 and 566-430 cnt?! regions of the
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TABLE 1: Infrared Absorptions (cm ~1) from Reaction of Laser-Ablated Re Atoms with CO, in Excess Argon at 7 K

12C160, 13C160, 12C180, 12+ 13 16+ 18 R(12/13) R(16/18) assignment
2344.8 2279.2 2309.7 1.0288 1.0152 £0
2339.0 2273.6 2304.1 1.0288 1.0152 £0
2143.0 2095.8 2092.0 1.0225 1.0244 (€O)
2138.3 2091.1 2087.2 1.0226 1.0245 (6{0]
2091.2 2042.8 2044.9 2072.6 2073.5 1.0237 1.0226 ORg(CO)
2085.1 2039.5 2035.0 1.0224 1.0246 ?
2083.6 2037.5 2034.2 1.0226 1.0243 ?
2044.0 1996.1 2000.4 2021.1 2023.5 1.0240 1.0218 2ReQCO)
2037.0 1983.3 2007.3 1.0271 1.0148 £0
2034.1 1987.1 1989.1 1.0237 1.0226 ,ReCO
1998.3 1953.7 1952.0 1970.4 1969.8 1.0228 1.0237 2ReQ@CO)
1976.5 1930.7 1932.9 1942.4 1946.5 1.0237 1.0225 ORg(CO)
1883.9 1839.6 1844.1 1.0241 1.0216 OReCO
1858.7 ?
1856.8 1806.5 1826.7 1.0275 1.0161 206
1776.6 1734.7 1739.2 1751.7 1755.0 1.0242 1.0215 OReg(CO)
1759.8 1716.5 1725.2 1.0252 1.0201 OReCO
1757.6 1714.2 1723.2 1.0253 1.0200 OReGde
1754.8 17115 1720.7 1.0253 1.0198 OReGie
982.0 982.0 928.4 965.6 1.0577 ReCO
969.8 969.8 919.0 1.0553 ?
934.4 934.1 885.6 1.0551 OReCO
929.1 929.0 883.2 896.2 1.0520 ReCO
923.3 923.1 874.9 1.0553 OReCO
918.8 918.4 869.0 909.5 1.0573 2R (CO)
896.4 896.2 851.3 858.3 1.0530 2R (CO)
663.5 644.6 653.5 1.0293 1.0153 0
661.9 643.2 651.9 1.0291 1.0153 €0
537.0 519.3 1.0341 OReCO
452.4 444.8 442.2 448.2 445.7 1.0171 1.0231 RECO)

212+ 13 equals td?C®0, + 13C0,; 16 + 18 equals td?C®0O, + 2C60%0 + 12C180,. Only additional bands for metal-dependent species
are listed.

annealing and irradiation. Two sets of bands were observed in

OReCO ORe(COY the lower C-O stretching region: a triplet at 1759.8, 1757.6,
ORe(CO), 0.09 and 1754.8 cm! was almost eliminated by. > 290 nm
0.51 OReCO © radiation, whereas the band at 1776.6 “énonly slightly

1 decreased. Both bands did not recover on annealing following
M @ irradiation. In the ReO stretching region, the strongest
A Nous absorption at 934.4 cm tracked with the 1883.9 cm
[OReCO 0.05 absorption in the €0 stretching region. The bands at 929.1
M A I © and 982.0 cm! tracked with the 2034.1 cm band, and
absorptions at 918.8, 896.4 chtracked with the 2044.0 cr
i}\/\_u‘__\ A fo® absorption. Two additional bands were observed below the CO
001 v, absorption: a band at 537.0 citracked with both 1883.9
‘“'M A p@ and 934.4 cm' absorptions, whereas the 452.4 ¢nband
o o0 R0 seo 50 2 440 tracked with 2044.0, 1998.3, 918.8, and 896.4 tabsorptions.
The isotopic counterparts of all aforementioned bands are listed

Wavenumbers (cm™)
in the Table 1, and spectra from the mixed isotopic experiments

Figure 2. Infrared spectra in the 96860 and 656-430 cnT regions . . -
for laser-ablated Re co-deposited with 2% 4@ argon at 7 K. (a) are shown in Figures 3 and 4. Several bands showed triplet

Absorbance
>
&

sample deposited for 70 min, (b) after 30 K annealing, (c) after spliting patterns in the mixed isotopic experiments, and the
290 nm irradiation, (d) aftet > 240 nm irradiation, (e) after 40 K  additional bands are listed in the Table 1. For the mixed oxygen
annealing. isotopic experiments, both!&, + C80, and G0, + C1%0*0

+ C!80, experiments were performed, and essentially the same
infrared spectra of reaction products of rhenium and 2% CO spectra were produced.
in argon. The infrared absorptions are listed in the Table 1. Metal Re+ CO,in Neon.Figure 5 shows the 21201700 and 956
independent bands, including §GC,04~, CO,~, have been 870 cn! infrared region of the reaction products between
reported elsewher®,32 and will not be discussed in this paper. rhenium and 0.5% C© The infrared absorptions are listed in
In the C-0 stretching region, a very strong band was observed Table 2. In the GO stretching region, a new band sharpened
at 1883.9 cm?! after deposition, and it almost did not change to 1923.3 cm? on 12 K annealing, and a band at 1905.4ém
in the following annealing and ultraviolet irradiation operations. separated into two sharp bands at 1905.4 and 19021 after
A new band at 2044.0 cm also observed on deposition, 12 K annealing. Several bands were observed near the 2044.9
increased on annealing and photolysis and is associated withcm™! CO; absorption. On its red side, 2041.1 and 2038.3tm
the 1998.3 cm! absorption. Another band at 2034.1 thwas absorptions decreased after annealing and increased after
sharper, and only showed significant increase on full-arc irradiation. On its blue side, 2047.8 and 2051.1 &absorptions
irradiation. Two other bands at 2091.2 and 1976.5%tracked tracked with a band at 2003.3 cAthroughout the experiment.
together throughout these experiments; both increased onTwo weak bands at 2092.8 and 1984.5¢énvere also observed
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TABLE 2: Infrared Absorptions (cm ~1) from Reaction of Laser-Ablated Re Atoms with CO, in Excess Neon at 4 K

12C180, 1BC%0, 12C180, 12+ 13 16+ 18 R(12/13) R(16/18) assignment

2347.6 2281.8 23125 1.0288 1.0152 £0

2146.1 2098.8 2095.1 1.0225 1.0243 (€O)

2142.6 2095.4 2091.5 1.0225 1.0244 (€O)

2140.8 2093.7 2089.8 1.0225 1.0244 (6{0]

2130.8 2074.5 1.0271 4"

2092.8 2046.5 2043.1 2074.6 1.0226 1.0243 ORe{CO)

2051.1 2003.6 2007.1 2028.3 2029.8 1.0237 1.0219 2ReQCO) site

2047.8 2000.1 2003.7 2025.0 2026.9 1.0238 1.0220 2ReQ@CO)

2044.9 1991.1 1.0270 GO

2041.1 1993.9 1995.8 1.0237 1.0227 ,ReCo

2038.3 1991.3 1993.2 1.0236 1.0226 ,ReCO site

2003.3 1957.9 1957.1 1975.2 1966.8 1.0232 1.0236 2Re(CO)

1984.5 1941.1 1937.0 1956.9 1945.2 1.0224 1.0245 ORg(CO)

1923.3 1879.3 1881.3 1.0234 1.0223 OReCO

1905.4 1863.0 1861.9 1.0228 1.0234 OReCO site

1852.4 1802.9 1823.1 1.0275 1.0161 206"

1850.8 1801.0 1820.8 1.0277 1.0165 2Op site

1787.8 1745.0 1750.8 1760.2 1765.0 1.0245 1.0211 OReg(CO)

1771.1 1727.6 1736.2 1.0252 1.0201 OReCO

1670.1 1625.6 1642.3 1.0274 1.0169 @00,

1665.3 1621.0 1637.6 1.0273 1.0169 @00,

1658.2 1614.0 1630.5 1.0274 1.0170 £0

1421.6 1380.2 1399.6 1.0300 1.0157 £0

1274.4 1263.0 1227.5 1.0090 1.0382 205"

1256.4 1247.5 1.0071 GO

1189.2 1181.4 1.0066 F.o/e
988.5 988.5 935.7 972.9 1.0564 ReCO
940.0 940.0 893.5 906.5 1.0520 ReCO site
938.5 938.9 892.0 904.9 1.0521 ReCO
930.2 930.2 881.4 1.0554 OReCO
925.9 925.4 875.7 916.8 1.0573 2Re(CO)
913.6 913.2 865.7 1.0553 ORe(GO)
903.8 904.2 858.8 865.4 1.0524 2REe(CO)
668.2 649.1 658.3 1.0294 1.0150 €0

212 + 13 equals td?C*0, + 13C'%0,; 16 + 18 equals td?C®O, + 2C0 0 + 2C*0,. Only additional bands for metal-dependent species
are listed.

OReCO OReCO o OReCO
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Figure 3. Infrared spectra in the 216800, 1796-1690, 9506-870,
and 460-430 cn1? regions for laser-ablated Re co-deposited with 0.7% Figure 4. Infrared spectra in the 2160.800, 1796-1690, and 956
2CO; + 0.7%3CO, in argon at 7 K. (a) sample deposited for 90 min, 820 cn1! regions for laser-ablated Re co-deposited with 1%0g+
(b) after 30 K annealing, (c) aftet > 290 nm irradiation, (d) after 1% C®0, in argon at 7 K. (a) sample deposited for 90 min, (b) after
A > 240 nm irradiation, (e) after 40 K annealing. 30 K annealing, (c) aftet > 290 nm irradiation, (d) aftet > 240 nm

after deposition and increased markedly upon irradiation. iradiation, (e) after 40 K annealing.

Another strong band was observed at 1771.1 %nand in product molecule was optimized, and analytical second-deriva-
contrast to all aforementioned bands, this band was eliminatedtives were used to obtain the harmonic frequencies. For all
by mercury-arc irradiation. A weak photosensitive band was molecules, calculations were done at different spin multiplicities.
also observed at 1787.8 cf In the Re-O stretching region, For converged spin states, we commonly switched occupied and
a band at 938.5 cmt is associated with the 2041.1 chband. virtual orbitals to confirm that the state under consideration was
Two bands at 925.9 and 903.8 chtracked with 2047.8 and  in fact the ground state. Different starting geometries were also
2003.3 cnm! bands. A weak photosensitive band was observed used in the calculation: for the;R2eCO example, the starting
at 930.2 cml. Figure 6 shows the spectra of laser-ablated symmetry groups include@,,, two differentCs, andC;. The
rhenium with mixed'2CO,/*3CO, samples; the corresponding calculation results are summarized in the Tables 3 and 4. The
isotopic absorptions are listed in the Table 2. ground states for all neutral molecules are doublets, and the
DFT Calculations. The ground state for Re atom was anions are singlets except fopRe(CO)~, which has a triplet
calculated a$S (5¢6<?). The geometry for every proposed ground state.
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intensities 100:11:1, are assigned to the@, Re-0O, and Re-
CO stretching modes in the OReCO molecule, respectively.

0.04
0.07M W Only one mode was observed in the neon matrix for this
=T A I ————
W)

O2Re(COR O2Re(CO)2

ORe(CO)2 molecule. The band at 1923.3 chis assigned to the €0
stretching absorption of OReCO, displaced from the argon
matrix value by 39.4 cmt. This band shifted to 1879.3 and

HOzReCO B ORe(CO)2 . . . . .
ORe(CO); | © 1881.3 cmi! in 18CO, and C®0, experiments, with isotopic
| o.ozvf\/)\vw\,/\\/u\,

ratios of 1.0234 and 1.0223, respectively. In both of the mixed

W N isotopic experiments, only pure isotopic bands were observed.
In addition, the 1905.4 cmt band is likely due to a matrix site

0.03

Absorbance
s
>
2

e
=
g

200 2000 1900 1500 1700 940 920 900 880 The ground state of OReCO was predicted as a pléhar
Wavenumbers (cr’') molecule withCs symmetry. Other low-lying states included
Figure 5. Infrared spectra in the 2121700 and 956870 cntt “A" and?A", only 2.5 and 10 kcal/mol higher in energy. The
regions for laser-ablated Re co-deposited with 0.2% @®eon at 4 lowest sextet state is also converged as a linear molecule, at

K. (a) sample deposited for 30 min, (b) af@K annealing, (c) after ~ 11.4 kcal/mol higher in energy than the groui#d state. The

4 > 290 nm irradiation, (d) aftet > 240 nm irradiation, and (e) after  yiprational analyses for the grourfd’ state predicted three
12 K annealing. modes at 1987.4, 974.4, and 552.1dwith relative intensities

of 1390:204:26, which are in very good agreement with the
argon matrix values. The argon matrix values require scale
factors of 0.948, 0.959, 0.973 for three bands from higher to
lower frequencies, respectively, which are typical for this

OzRe(CO)
O:Re(COY QReCO Re(CO)

1 ORe(CO)z
I 0.05
0.06 \4 &A W/ Mlu / / ﬁ
[PVt

a ; (
ORe(CO);,  ORe(CO)

%q

ORe(CO)2

.1 W> functional®® For energy comparison, 2other isomers were
EOM 57 (o — o calculated:. ReCanve aC,, symmetry,”A, ground state 92
g ReCO 0. M) kcal/mol higher in energy than the ground-state OReCO
z VNN U N . ;
2 - = - molecule, and Re[OC]O (both C, O atoms bon_d to Re) yielded
002 - 0. W) a Cs symmetry2A" ground state 51 kcal/mol higher.
com OzReC(; OReCO o™ Loreco™ O,Re(CO). In the argon matrix, the new band at 2044.0
JVJMJ\“ Loy W) cm! exhibited3C and!80O counterparts at 1996.1 and 2000.4
T 2000 T900 T00 TE T TR I T cm~L This band split into triplets in botFCO, + 3CO, and
Wavenumbers (o) C160, + C!80, experiments, with intermediate bands at 2021.1
Figure 6. Infrared spectra in the 216@.700 and 956870 cnrt and 2023.5 cmt, respectively. It is obvious that this is a©
regions for laser-ablated Re co-deposited with 0.2880, + 0.15% stretching mode of a dicarbonyl unit. Both intermediate bands

3CQ; in neon at 4 K. (a) sample deposited for 40 min, (b) after 8 K  pjue-shifted by 1.1 and 1.3 cth respectively, from the medians
annealing, (c) after 10 K gnnealing, (d) affer 240 nm irradiation, of pure isotopic bands. The 1998.3 thabsorption also
and (e) after 12 K annealing. revealed a triplet mixed isotopic spectrum with intermediate
components at 1970.4 and 1969.8¢pred-shifted 5.6 and 5.4
from the medians of pure isotopic absorptions. Two associated
absorptions at 918.8 and 896.4 chfall in the Re-0 stretching
OReCO.The bands at 1883.9, 934.4, and 537.0°¢in the region. Both bands showed very little change witg 0, but
argon matrix are assigned to the OReCO molecule. The shifted to 869.0 and 851.3 crhin the C:0, experiments, giving
absorption at 1883.9 cm red-shifted to 1839.6 and 1844.1 oxygen 16/18 isotopic frequency ratios of 1.0573 and 1.0530,
cm~tin the 13CO, and G80, experiments, with carbon 12/13  respectively. The average of two isotopic ratios is 1.0552, very
and oxygen 16/18 isotopic frequency ratios of 1.0241 and close to the same value in the Ref@olecule?* With mixed
1.0216, respectively. In bot®CO, + 13CO, (Figure 3) and C'%0, + C*¥0, (Figure 4), both bands showed skewed triplet
C1%0, + C180;, (Figure 4) experiments, only doublets with two  features with the intermediate bands repelled greatly from the
pure isotopic absorptions were observed. This absorption is medians. The higher frequency intermediate band is 15:6 cm
appropriate for a €0 stretching mode, while the larger carbon  higher, whereas the lower frequency intermediate band is 15.6
12/13 isotopic frequency ratio compared to the isolated CO cm! lower than their respective medians. These two modes
molecule indicates that the carbon atom in the responsible are appropriate for the symmetric and antisymmetric-Re
molecule bonds to a heavy atom and exhibits-® C-O stretching modes in a Re@nit. The fifth associated absorption
interaction. The associated mode at 934.4 tim appropriate  at 452.4 cm? is appropriate for a ReCO stretching mode. In
for a Re-0 vibration. This band showed very little carbon-13 the both mixed carbon-12/13 and oxygen-16/18 isotopic experi-
isotopic shift but shifted to 885.6 cm with C'80, and gave ments, this band split into triplets, which once again confirmed
an oxygen 16/18 isotopic frequency ratio of 1.0551, which is that there are two CO subunits involved in the responsible
very close to the harmonic R ratio of 1.0555. In the mixed ~ molecule. We assign the bands at 2044.0, 1998.3, 918.8, 896.4,
C160, + C6080 + C80, experiment, only a doublet was and 452.4 cm! to the symmetric €0, antisymmetric €O,
observed. A third associated band at 537.0 &im very weak ~ Symmetric Re@, antisymmetric Re@ and antisymmetric
compared to other two bands. The band shifted to 519.3:cm Re—CO stretching modes of 8e(CO} in an argon matrix.
with C180,, and showed a doublet in the mixed®O, + C180, Four different modes were observed in the neon matrix for
experiment. Unfortunately, thCO, counterpart is too weak  O,Re(CO). Two bands at 2047.8 and 2003.3 Crtracked with
to be observed. This band is a predominantly-R© stretching each other throughout annealing and irradiation experiments,
mode according to the DFT displacement coordinates. Overall, and both showed appropriatéC and 180 isotopic shifts as
these three bands at 1883.9, 934.4, and 537.0,cnith relative carbonyl stretching modes. Each split into triplets in the mixed

IV. Discussion
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TABLE 3: Equilibrium Geometry, and Frequencies Calculated for Products in the Reaction of Rhenium and CQ?2

specie® geometry (A, degree) frequencies (intensity)
OReCO 2A" (Cy O—Re: 1.676, ReC: 1.878, 169.1(3), 395.2(32), 437.2(1), 552.1(26),
0) C—0: 1.158,[10ReC: 105.4, 974.4(204), 1987.4(1390)
[JReCO: 167.4
A" (Cy O—Re: 1.724,ReC: 1.913, 152.2(12), 414.5(0), 418.7(4), 509.9(14),
(+2.5) C—-0: 1.154,00ReC: 110.8, 930.9(125), 2022.8(1022)
[OReCO: 173.4
2A"" (Cy) O—Re: 1.724, ReC: 1.902, 154.0(14), 421.0(2), 441.0(0), 520.2(19),
(+10.0) C—0: 1.156,[10ReC: 109.0, 925.1(112), 2004.9(1178)
[JReCO: 172.3
O,ReCO 2A" (Cy O—Re: 1.719, ReC: 1.975, 64.0(19), 124.1(1), 238.1(9), 404.2(10),
0) C-0: 1.141,00Re0O: 132.2, 437.5(1), 482.4(5), 958.0(273),
JOReC: 113.1[1ReCO: 178.0 1006.2(34), 2126.2(694)
2A1 (Co) O—Re: 1.720, ReC: 1.975, 38.2i(27), 121.9(1), 241.0(7), 404.5(10),
(+0.02) C-0: 1.141,00Re0O: 133.0 432.6(0), 482.9(5), 957.2(280),
1003.9(37), 2127.8(668)
A" (Cy O—Re: 1.735, ReC: 1.964, 99.1(1), 125.6(14), 241.9(0),
(+29.7) C—-0: 1.149,00Re0O: 115.2, 270.8(10), 383.4(2), 482.1(5),
JOReC: 111.71JReCO: 174.0 887.2(139), 939.4(136), 2036.3(986)
ORe(CO) 2N (Cy O—Re: 1.711, ReC: 1.931, 91.7(1), 144.9(10), 166.7(16),
(0) C—0: 1.151,00ReC: 113.7, 416.1(1), 433.3(0), 457.9(2),
[JCReC: 100.8[1ReCO: 169.1 495.6(2), 496.8(48), 577.9(8), 962.6(122),
1995.4(1860), 2075.1(546)
4By (Co) O—Re: 1.729, ReC: 1.980, 75.7(0), 94.2(19), 122.3(4), 346.1(0),
(+14.6) C—0: 1.148,J0ReC: 126.3, 375.4(0), 432.5(1), 472.5(39), 480.9(13),
[OReCO: 172.9 522.0(16), 936.0(151), 2006.0(1901),
2076.6(363)
2A1 (Co) O—Re: 1.716, ReC: 1.977, 325.7i(20), 73.7(0), 81.4(41), 244.4(2),
(+14.7) C—0: 1.150,00ReC: 127.7, 378.9(5), 384.2(0), 435.4(3), 482.1(42),
[JReCO: 166.4 563.0(21), 936.9(111), 1999.4(2108),
2081.0(262)
O;Re(CO) 2A; (Co) O—Re: 1.745, ReC: 1.968, 89.1(4), 94.8(0), 132.9(0), 140.2(76),
0) C—-0: 1.142,00Re0O: 116.2, 237.5(0), 255.7(9), 386.5(0), 406.6(51),
[JCReC: 99.0[1ReCO: 173.9, 469.9(84), 474.1(0), 577.3(20), 856.7(204),
OOReC: 110.1 937.3(61), 1973.1(3511), 2139.5(419)
2B;1 (Cz) O—Re: 1.734,ReC: 1.962, 53.9(0), 64.2(85), 100.4(0), 124.3(0),
(+1.5) C—0: 1.147,00Re0O: 123.9, 212.2(0), 252.4(4), 345.1(12), 426.9(43),
[JCReC: 81.8[1ReCO: 178.0, 477.3(60), 504.7(0), 579.7(9), 939.1(180),
[JOReC: 110.8 953.3(81), 1883.7(3719), 2123.8(460)
OReCO 1A' (Cy) O—Re: 1.717,ReC: 1.831, 181.3(6), 467.7(0), 530.4(2),
0) C—0: 1.194,10ReC: 109.4, 599.8(9), 944.3(155), 1827.7(1523)
[OReCO: 166.1
30" (Cy) O—Re: 1.763, ReC: 1.871, 159.2(12), 442.6(0), 479.2(9), 550.3(15),
(+8.6) C—-0: 1.191,00ReC: 117.9, 859.8(205), 1801.7(2274)
[JReCO: 169.2
ORe(CO)~ IA" (Cy O—Re: 1.763,ReC: 1.891, 95.5(1), 151.1(8), 158.7(14),
(0) C—0: 1.180,00ReC: 117.1, 444.0(0), 468.9(0), 518.9(4),
[JCReC: 90.3[1ReCO: 168.7 540.8(6), 549.1(12), 624.3(4), 877.8(166),
1846.2(2065), 1920.2(1134)
3A" (CY) O—Re: 1.773,ReC: 1.921, 67.7(7), 87.4(1), 119.1(19),
(+5.1) C—0: 1.177,0J0ReC: 128.9, 416.3(0), 440.2(0), 449.8(10),
[JCReC: 96.9[1ReCO: 169.9 502.3(3), 531.9(12), 615.4(12),
853.2(262), 1842.0(2274), 1925.5(539)
A1 (C) O—Re: 1.748, ReC: 1.948, 440.5i(622), 86.1(0), 106.4(35),
(+19.6) C—0: 1.171,00ReC: 126.1, 236.3(10), 377.6(10), 401.3(0), 456.9(11),
[JReCO: 166.2 503.1(30), 599.2(8), 913.7(178),
1855.9(2900), 1962.6(275)
O;Re(CO)~ 3B, (Cz) O—Re: 1.781, ReC: 1.919, 97.2(0), 107.1(4), 129.4(0), 169.4(6),
0) C—-0: 1.175,00Re0O: 115.1, 234.3(0), 252.1(0), 263.3(7), 466.6(6),
[JCReC: 89.4[1ReCO: 176.2, 525.8(10), 530.3(0), 607.6(7), 814.6(250),
JOReC: 112.4 851.7(161), 1896.0(1476), 1964.0(646)
IA (Cy) O—Re: 1.770, ReC: 1.945, 102.8(4), 105.6(0), 118.7(17),
(+7.0) C—-0: 1.173,J0ReO: 120.9, 149.0(5), 275.9(2), 357.9(3),

[OCReC: 73.1[JReCO:
168.8,JOReC(1): 102.3,
[JOReC(2): 125.3

389.0(2), 484.9(1), 500.9(4),

515.2(4), 569.6(0),
870.2(256), 885.8(164), 1851.6(1634),
1965.3(794)

2DFT calculation: B3LYP funational, 6-33G* basis set on C and O, LANL2DZ basis set and ECP on’Reo or three electronic states are
listed for each species, labels in the first parentheses denote point groups, and numbers in the second parentheses denote the relative energies
(kcal/mol) compared to the ground states.

carbon-12/13 or mixed oxygen-16/18 isotopic experiment. These modes, respectively, of the;Re(CO» molecule. The symmetric
two bands are the symmetric and anti-symmetric CO stretching and antisymmetric ReQstretching modes were observed at



600 J. Phys. Chem. A, Vol. 106, No. 4, 2002

TABLE 4: Calculated Isotopic Frequencies for the Modes
Observed in the Matrix Infrared Experiment

species  mode'?C0, 13C'%0, 12C'%0, R(12/13) R(16/18)
OReCO a 1987.4 1940.4 19435 1.0242 1.0226
a 974.4 9744 923.1 1.0000 1.0556
a 552.1 5425 5375 1.0177 1.0272
O,ReCO a 2126.2 2076.2 2078.8 1.0241 1.0228
a 1006.2 1006.2 950.6 1.0000 1.0585
a’ 958.0 958.0 910.3 1.0000 1.0524
ORe(CO) a 2075.1 2025.9 2029.7 1.0243 1.0224
a' 19954 1949.6 1949.5 1.0235 1.0235
a 962.6 9624 911.7 1.0002 1.0558
ORe(COY & 2139.5 2088.7 2092.5 1.0243 1.0225
b, 1973.1 19295 19249 1.0226 1.0250
& 937.3 937.3 886.4 1.0000 1.0574
by 856.7 856.0 813.1 1.0008 1.0536
b, 469.9 463.1 458.4 1.0147 1.0251
OReCO a 1827.7 1782.0 17914 1.0256 1.0203
a 9443 9440 8945 1.0003 1.0557
ORe(CO)~ &' 1846.2 1801.6 1806.9 1.0248 1.0217

925.9 and 903.8 cm. Both bands showed similar isotopic shifts
as their neon counterparts, and split into skewed triplets in the
mixed oxygen-16/18 isotopic experiment.

The DFT calculation on this molecule was complicated: eight
distinct states (including different spin states and symmetries)
were converged within an energy interval of 85 kcal/mol. The
lowest doublet state was found &, symmetry in a2A;
electronic state, whereagBy state is only 1.5 kcal/mol higher,
a?A; state is 24.9 kcal/mol higher, and the lowest quartet state
4B, is 37.4 kcal/mol higher. The symmetric and antisymmetric
C—0 stretching, symmetric and antisymmetric Re®etching
modes, and antisymmetric REO stretching modes were
predicted at 2139.5, 1973.1, 937.3, 856.7, and 469:9 cwith
intensities of 419, 3511, 61, 204, 84 km/mol, respectively. The
BPWO1 functional produced comparable frequencies and in-
tensities. The latter three modes agree with the experimental
data very well, however, the antisymmetric carbonyl stretching

mode is calculated too low and too intense compared to the
spectroscopic observation. This problem has been found for the

similar Q,U(CO), molecule where DFT calculations predicted
too much intensity in the antisymmetric-© stretching modé}
and it may arise when two-€0 groups are bonded to a heavy
metal with a small €M~—C angle.

O,ReCO. In the argon matrix, the three bands at 2034.1,
982.0, and 929.1 cm tracked with each other in all experi-

Liang and Andrews

DFT calculation on GReCO was first performed i€y,
symmetry, and the lowest state?&;. The subsequent vibra-
tional analyses, however, found a small imaginary mode at 38.2
cm L. Bending CO out of Re@plane only lowered the energy
by 0.02 kcal/mol. Most vibrational frequencies for ths
symmetry?A’ state were very close to values predicted for the
Ca,, %A, state, but importantly no imaginary mode was found
(Table 3). The lowest quartet state is 29.7 kcal/mol higher. We
believe the?A’ state is the ground state. The predicted CO
stretching, symmetric and antisymmetric Ra®odes were at
2126.2, 1006.2, and 958.0 cfy with relative intensities of
694:34:273. All three modes, and their isotopic ratios agree with
the spectroscopic values very well.

ORe(CO). Two weak associated bands at 2091.2 and 1976.5
cm~1 observed in the argon matrix showed appropriate isotopic
shifts for carbonyl stretching vibrations. The 1976.5¢rand
exhibited triplet features in both mixé&CO,/13CO, and G0,/
C80, isotopic experiments; two intermediate components were
observed at 1942.4 and 1946.5 dmred-shifted from the
medians of pure isotopic absorptions by 11.2 and 18.2cm
respectively. For the 2091.2 crh absorption, the splitting
patterns in the mixed isotopic experiments were obscured by
stronger*CO and G0 absorptions, only the intermediate bands
were observed at 2072.6 and 2073.5 éin the mixed carbon-
12/13 and oxygen 16/18 experiments, respectively. These two
absorptions at 2091.2 and 1976.5 dnare assigned to the
symmetric and antisymmetric-€0 stretching modes in ORe-
(CO).. No Re-0O mode was observed for this molecule in the
argon matrix.

In the neon matrix, the symmetric and antisymmetric CO
stretching modes of the same ORe(g@plecule were observed
at 2092.8 and 1984.5 crh Their isotopic shifts and mixed
isotopic splitting patterns are listed in the Table 2. Different

Ifrom the argon matrix, a third tracking mode was observed at

913.6 cnL. This band did not shift in thé3CO, experiment,
and red-shifted to 865.7 crhin the C80, experiment, with a
characteristic oxygen-16/18 isotopic ratio of 1.0553 as a®e
stretching mode. This band is assigned to the-Restretching
mode in the ORe(CQ@)molecule.

In the DFT calculation, £s symmetry 2A’ ground state was
found. The lowest quartet stat®; is 14.6 kcal/mol higher, and
the lowestC,, symmetry doublet statéA; is 14.7 kcal/mol
higher in energy. Symmetric and antisymmetrie @ stretching,

ments, and are different modes of the same molecule. TheR€O stretching modes at 2075.1, 1995.4, and 962:6-awith

2034.1 cnt! band is appropriate for a carbonyl absorption, and
it shifted to 1987.1 and 1989.1 crhin the 13CO, and G20,
experiments, respectively. The band only split into doublets in
the mixed?CO,/*3CO, and G0,/C80, experiments, which
indicates that only one carbonyl ligand is involved. Both 982.0
and 929.1 cm! bands showed né°C isotopic displacement
but shifted to 928.4 and 883.2 ctin the C80, experiment.

relative intensities of 546:1860:122 were calculated for the
ground state. These results agree well with spectroscopic
observations.

OReCO . A three-band set at 1759.8, 1757.6 and 1754.8
cm~1was observed on deposition in the argon matrix. Different
from all aforementioned bands, this band set is photosensitive.
It decreased by three-quarters on 15 vin 290 nm irradiation,

In the mixed oxygen 16/18 experiment, both bands yielded then was completely destroyed by full-arc mercury lamp

triplet features, with middle components at 965.6 and 896.2 irradiation, and did not re-appear on annealing. This band
cm™L, respectively. Similar to the ReGtretching modes inthe  showed red-shifts in both carbon-13 and oxygen-18 isotopic
O2Re(CO} molecule, the middle components repelled each precursor experiments, with average carbon-12/13 and oxygen-

other due to the interaction in a lower symmet{@—Re—180
unit. These three bands at 2034.1, 982.0, and 9291 ame
assigned to the €0 stretching mode, symmetric and anti-
symmetric Re@ stretching modes in anBeCO molecule.
The same three modes were observed #R&CO in the neon
matrix. Bands at 2041.1, 988.5, and 938.5 ¢rare assigned

16/18 isotopic ratios of 1.0253 and 1.0200, respectively. In both
mixed carbon-12/13 and mixed oxygen-16/18 experiments, only
doublets were observed, which signifies that only one carbonyl
ligand is involved. A very weak band at 923.3 chwas found

to track with this band set. This weak band did not shift in the

13CO, experiment, and showed characteristic oxygen-18 shift

to the CO stretching, symmetric and antisymmetric ReO inthe G0, experiment. No intermediate was observed for this
stretching modes. Those bands showed similar behaviors as theiband in the mixed isotopic experiments. The 1757.6 and the
argon counterparts in the isotopic substituted samples. 923.3 cnt bands are assigned to the-O stretching and ReO
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stretching modes of the OReC@nion. Because Cgls well- observations at 1776.6 crh(argon), 1787.8 cm' (neon), and
known for high electron capture cross section, this anion their isotopic ratios, we favor the absorber as ORe(CQ)
assignment is supported by the spectrum of a,@d@bed sample Reaction MechanismsAfter sample deposition, the strongest
where both bands were essentially eliminated compared to theproduct absorption was OReCO, which is formed in exothermic
absorptions of neutral specigss’ (AE results from B3LYP calculations) insertion reaction 1. The
In the neon matrix, the same two modes were observed for lack of OReCO growth on annealing suggests that reaction 1
this OReCO anion. New bands at 1771.1 and 930.2érare requires activation energy although secondary reactions with

assigned to the €0 and Re-O stretching modes, respectively. More CQ could proceed at about the same rate.
Both bands were photosensitive, and substantially decreased in Re+ CO,— OReCO (AE = —16.5 kcal/mol) (1)
the CCl-doped sample.

The DFT calculation predicted the ground state of OReCO However, bands for other more complicated products increased
anion as'A’, a planar anion wittCs symmetry, whereas the  slightly on annealing, whereas the OReCO absorptions showed
lowest triplet stateA” is only 8.6 kcal/mol higher. The little change, which suggests that the following exothermic
vibrational analyses of thg\" state produced €0 and Re-O processes occur during annealing to foraR@CO, ORe(CQ)
stretching modes at 1827.7 and 944.3 émwith relative and QRe(CO}.
ilnzt/elnssitiej of 1523:11;FiéThet£O_ s;[retching motqle ha;slcgzrggn- ] OReCO+ CO, —

and oxygen- isotopic frequency ratios of 1. an _
1.0203, and the ReO mode has oxygen-16/18 isotopic O,ReCO+ CO (AE = —14.1 keal/mol) (2)

frequency ratio of 1.0557, which are close to the experimental OReCO+ CO,— O,Re(CO), (AE = —37.2 kealimol) (3)
values. Additional calculation was performed on an isomer, 2 2 '

ReCQ, and the lowesiB; state is 67.6 kcal/mol higher than  orecO+ CO— ORe(CO) (AE = —49.8 kcal/mol) (4)
the 1A’ ground-state OReCQanion.

ORe(CO),~. Another photosensitive band was observed at The fact that these product absorptions are also observed after
1776.6 cntl. The band only slightly decreased with> 290 sample d(_eposition indicates t_hat r_eactions4)2 occur dl_Jring
nm irradiation, and substantially decreased on full-arc irradiation, the deposition process, especially in the neon matrix, since neon
but did not regain the absorption intensity in the following solidifies less rapidly &4 K compared to the more rapid freezing
annealing experiments. The fact that this band is only affected Of argon at 7 K. _ )
by a shorter wavelength irradiation signifies that this absorber  1h€ anionic species are produced via electron capture during
has higher ionization energy than OReCOhis band was also depo%t;c;nwas the laser-ablation process also provides elec-
eliminated by adding CGlto the CQ/Ar sample, and hence ~ rons=
the band also belpngs to an anionic species. It_shifted to _1734.7 OReCO+ e — OReCO (AE = —55.7 kcal/mol) (5)
and 1739.2 cm! in the 13CO, and G80, experiments, with
isotopic ratios of 1.0242 and 1.0215. In both mixXégo,/** ORe(CO) + e — ORe(CO)” (AE = —61.4 kcal/mol)
CO, and mixed @%0,/C80, experiments, this band split into (6
1:2:1 triplet features with the intermediate components at 1751.7
and 1755.0 cml, respectively. Thus, it is clear that two carbonyl
ligands are involved in this vibrational mode. In the-Re
stretching region, unfortunately no associated mode was ob-
served. Although it is unlikely that the absorber is Re(€0) tion is consistent with the higher electronic affinity for ORe-
because the neutral product Re(G@jas not observedf, we (CO)
cannot determine the number of oxygen atoms attached to the '
Re atom. Using DFT calculation, which will be discussed later, \/ conclusion

we tentatively assign this 1776.6 chband to the antisymmetric . .
CO stretching mode of an ORe(CO)anion. Laser-ablated rhenium atoms and electrons react with CO

molecules upon co-condensation in excess ardon & and
neon at 4 K. Through annealing, photon irradiation, and isotopic
substitution, the new OReCO,ReCO, ORe(CQ) O,Re(CO),
OReCO, and ORe(CQy species are identified. The anions
are not formed in CGldoped samples as ablated electrons are

Subsequent photoirradiation destroys both anion absorptions
through photodetachment processes. The OReé&lf3orptions
were removed byl > 290 nm radiation, whereas shorter
wavelength was needed to eliminate ORe(£0O7his observa-

In the neon matrix, a similar absorption observed at 1787.8
cm1 shifted to 1745.0 and 1750.8 ciin the3CO, and G20,
experiments. In the mixed?CO,/13CO, experiment, a 1:2:1
triplet feature was observed with an intermediate band at 1760.2

—1
e ) - captured instead by the CCAdditive. DFT calculations give
The DFT calculation was performed on bothRe(CO} very good overall agreement between the calculated and
and ORe(CQy anions. The ground state for,Re(CO}™ is observed vibrational frequencies and support the product

*B2 with a Cz, symmetry, whereas the lowest singlet state is igentification. The OMCO, @MCO and GM(CO), products
only 7.0 kcal/mol higher. The’B; ground state has the have also been observed in analogous investigations with Ta

antisymmetric G-O stretching mode at 1896.0 cf and and W, and the carbonyl absorptions are generally within 5 to
carbon-12/13 and oxygen-16/18 isotopic ratios for this mode g0 cnt? for these third-row speciésto

were 1.0250 and 1.0214. For the ORe(gQjnion, the ground

state istA" with a Cs symmetry. The lowest triplétA’ state is Acknowledgment. The authors gratefully acknowledge
only 5.1 kcal/mol higher, and the loweSt, symmetry, singlet National Science Foundation support from Grant CHE 00-
1A state is 19.6 kcal/mol higher in energy with an imaginary 78836.

vibrational mode for bending out of the molecular plane. The

antisymmetric G-O mode for the groundA’ state is calculated ~ References and Notes
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