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Spectroscopic characterization of carbon monoxide activation by neutral metal carbides is of essential
importance for understanding the structure—reactivity relationships of catalytic sites, but has been proven to be
very challenging owing to the difficulty in size selection. Here, we report a size-specific infrared-vacuum
ultraviolet spectroscopic study of the reactions between carbon monoxide with neutral chromium carbides.
Quantum chemical calculations were carried out to identify the low-lying structures and to interpret the
experimental features. The results reveal that the most stable structure of CrCz(CO), consists of a CCO
ketenylidene unit and that of CrC4(CO), has a semi-bridging CO with a very low CO stretching vibrational
frequency at 1821 cm™. The electron structure analyses show that this semi-bridging CO is highly activated
through the delocalized Cr—C-C three-center two-electron (3c—2e) interaction between the antibonding orbi-
tals of CO and the metal carbide skeleton. The formation of these metal carbide carbonyls is found to be both
thermodynamically exothermic and kinetically facile in the gas phase. The present findings have important impli-
cations for the mechanical understanding of the catalytic processes with isolated metal atoms/clusters dispersed
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1. Introduction

The activation of carbon monoxide (CO) is essential in various
catalytic processes (i.e., Fischer-Tropsch synthesis,"” hydroformyla-
tion,>* and alcohol synthesis®), which are important technologies in
modern chemical and energy industries. The study of CO activation
can help to clarify the mechanism of homogeneous and hetero-
geneous catalytic reactions. CO is usually activated by transition
metals in terms of n-backdonation from the metal to CO, according
to the Blyholder model.*"* CO molecules bond to transition metals
in various manners, such as terminal, bridging, semi-bridging, and
side-on-bonded modes.'* Interestingly, recent studies demonstrated
that transition-metal-free B,(NHC), molecules can also activate CO
by backdonation of n and m* orbitals of the B-B triplet bond with a
remarkable low C-O stretching frequency (1926 cm™*),"*™** provid-
ing intriguing insights into the CO activation by nonmetallic
compounds.
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Transition metal carbides are widely used to activate CO in
many systems.'®*° For instance, FeC,, has been proven to exhibit
higher catalytic activity than the Fe-based catalysts.’*>® Various
metal carbide carbonyls have been synthesized in the condensed
phase, showing higher nuclearity than the species containing only
carbonyl ligands.””® The gas-phase investigation of size-specific
metal carbide carbonyl complexes provides insights into the struc-
ture-reactivity relationship that is difficult to extract from the bulk
experiments. Recently, the NiC(CO),” (n = 3-5) anions were pre-
pared and studied by photoelectron spectroscopy, highlighting the
pivotal roles played by metal carbides in C-C bond formation.>
The study of the reaction between neutral transition metal carbides
and carbon monoxide at the molecular level has been proven to be
a challenging experimental target due to the difficulty in mass
selection. Here, we synthesized neutral chromium carbide carbonyl
compounds in a laser vaporization cluster source and measured
the infrared spectra of CrCs;(CO), and CrC,(CO), by infrared-
vacuum ultraviolet (IR-VUV) spectroscopy. Experimental spectra
in conjunction with quantum chemical calculations reveal that
the most stable structure of CrC;(CO), consists of a CCO keteny-
lidene unit and that of CrC,(CO), has a semi-bridging CO. The
electron structure analyses show that the semi-bridging CO is
highly activated through the delocalized Cr-C-C three-center two-
electron (3c-2e) interaction between the antibonding orbitals of CO
and the metal carbide skeleton.
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2. Experimental and
theoretical methods

The experiment was performed using the IR-VUV apparatus,
which has been described in detail in previous reports.>'* The
neutral chromium carbide carbonyl complexes were prepared
using the laser-vaporization cluster source in a pulsed super-
sonic expansion of 99.99% CO. The second harmonic of a
Nd:YAG laser (532 nm) was employed to ablate the pure
chromium target, with a pulse energy of 4.0 m]J. The reaction
gas was introduced by a Parker pulse valve (Series 009), with a
pulse width of 190 ps. The molecular beams that passed
through a 4-mm-diameter skimmer were ionized by a VUV laser
and then were detected by a reflectron time of flight mass
spectrometer (TOF-MS).

The VUV light with the wavelength of 193 nm was produced
by an ArF excimer laser (EX5A/500, Gamlaser, USA), with an
energy of 7 mJ per pulse. The infrared laser was delivered by a
potassium titanyl phosphate/potassium titanyl arsenate optical
parametric oscillator/amplifier system (OPO/OPA, LaserVision)
pumped by another seeded Nd:YAG laser (Continuum, Surelite
EX). The OPO/OPA system was tunable from 700 to 7000 cm ™",
with a line width of 1 cm™".

The pulse valve, the vaporization laser, and the VUV light
were operated at 20 Hz. The tunable IR light pulse was
introduced at approximately 50 ns prior to the VUV pulse in a
crossed manner and operated at 10 Hz. When the resonant
vibrational transition was irradiated by the IR laser light and
caused vibrational predissociation, a depletion of the selected
neutral cluster mass signal was detected. The infrared spectra
were recorded by the difference between the mass spectral
signals without and with an infrared laser (IR laser OFF minus
IR laser ON). The IR spectra of size-specific neutral CrC,(CO),
(n = 3 and 4) complexes were successfully measured by a
depletion spectrum of the ion signal intensity as a function of
IR wavelength. The absence of IR spectra of other chromium
carbide carbonyls could be due to either the low IR pulse energy
or the low VUV photon energy. Typical spectra were recorded by
scanning the IR wavelength in steps of 2 cm™ " and averaging
over 1800 laser shots at each wavelength. The infrared wave-
length was calibrated using a commercial wavelength meter
(HighFinesse GmbH, WS6-200 VIS IR).

Geometric optimization and frequency calculations of
CrC,(CO), (n = 3 and 4) were performed using the Gaussian
16 program package®® at the BLYP-D3(BJ)/def2-TZVPP level of
theory. The harmonic vibrational frequencies were scaled by a
factor of 0.991 in order to account for the method dependent
systematic errors.*® The resulting stick spectra were convoluted
by a Gaussian line shape function with an 8 cm ™" width at half-
maximum (FWHM). For the possible isomerization paths, the
transition states were optimized in the Berny algorithm. Intrin-
sic reaction coordinates (IRC) of all the transition states were
carried out to confirm that the transition states connected to
the initial and final states. The B2PLYPD3/def2-TZVPP single-
point energy calculations on the BLYP-D3(B])/def2-TZVPP opti-
mized structures were carried out to determine relative
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energies. The adaptive natural density partitioning (AANDP)*®
bonding analysis was performed at the BLYP-D3(BJ)/def2-
TZVPP level of theory by using the Multiwfn software.?”

3. Results and discussion

The experimental IR spectra of neutral CrC;(CO), and
CrC,4(CO), complexes in the CO stretching region are shown
in Fig. 1a and 2a, respectively. Table 1 lists the corresponding
band positions. Three peaks were observed in the experimental
spectrum of CrC5(CO), at 1981, 2033, and 2113 cm ™' (labeled A,
B, and C), and five peaks were observed in the experimental
spectrum of CrC,(CO), at 1821, 1839, 2011, 2031, and
2061 cm ™" (labeled a, b, ¢, d, and e), respectively. The number
of infrared absorption peaks of CrC;(CO), and CrC,(CO), is
more than the number of CO groups in the corresponding
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Fig.1 Comparison of the experimental and calculated IR spectra of
neutral CrCs(CO),. (a) Experimental IR spectrum of CrCs(CO),. (b) The
simulated total IR spectrum of a 1 (3A):1 (3B) mixture of isomers and (c and
d) simulated IR spectrum of each individual isomer calculated at the
BLYP-D3(BJ)/def2-TZVPP level of theory, with the harmonic vibrational
frequencies scaled by 0.991.
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Fig. 2 Comparison of the experimental and calculated IR spectra of
neutral CrC4(CO),. (a) Experimental IR spectrum of CrC4(CO),. (b) The
simulated total IR spectrum of a 1 (4A):1 (4B) mixture of isomers and (c) and
(d) simulated IR spectrum of each individual isomer calculated at the
BLYP-D3(BJ)/def2-TZVPP level of theory, with the harmonic vibrational
frequencies scaled by 0.991.

molecules, indicating their complexity of the structure and the
diversity of isomers.

Table1 Comparison of the experimental band positions (cm
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Quantum chemical calculations were performed to under-
stand the experimental spectra and geometric/electronic struc-
tures of CrC;(CO), and CrC,(CO),. The optimized structures of
CrC3(CO), and CrC4(CO), are shown in Fig. 3. The calculated IR
spectra of CrCz(CO), and CrC,(CO), are compared with the
corresponding experimental ones in Fig. 1 and 2, respectively.
Here, the two types of isomers are named nA and nB, respec-
tively, in which n denotes the n in the CrC,(CO), molecular
formulas.

As shown in Fig. 3, all the isomers of CrC,(CO), (n =3 and 4)
are in quintet electronic states, in which two CO molecules are
bound to the fan-like chromium carbide basic skeletons. In the
most stable isomer of CrC;(CO), (labeled 3A), one CO is bound
terminally to the Cr atom and the other CO is bound terminally
to the C atom with the formation of a ketenylidene. The 3B
isomer consists of two terminal carbonyls bound to the Cr
atom, which lies 34.9 kcal mol " higher in energy than isomer
3A. In the calculated IR spectrum of isomer 3A (Fig. 1c), the
1981 ecm ! band is attributed to the stretching mode of the
C(1)O(1) group (Table 1), which is in excellent agreement with
the experimental band A (1981 cm™'); the 2135 cm™ " band is
due to the stretching mode of the C(2)O(2) group, which is
consistent with the experimental band C (2113 cm™"). In the
calculated IR spectrum of isomer 3B (Fig. 1d), the antisym-
metric and symmetric stretching modes of C(1)O(1) and
C(2)0(2) groups are predicted at 1988 and 2017 cm™’
(Table 1), respectively, which are in accordance with the experi-
mental bands A and B. The best agreement between the
experimental and simulated IR spectra is obtained when
assuming a ratio of a 1 (3A):1 (3B) mixture of isomers (Fig. 1b).

For CrC4(CO),, the most stable isomer (labeled 4A) consists
of one terminal CO bound to the Cr atom and one semi-
bridging CO bound to the Cr and C atoms (Fig. 3). Isomer 4B
comprises two terminal CO bound to the Cr atom, which lies
slightly higher than isomer 4A by 2.8 kcal mol . In the
calculated IR spectrum of isomer 4A (Fig. 2c), the 1846 cm™*
band is attributed to the stretching mode of C(1)O(1) group
(Table 1), which is in agreement with experimental band a
(1821 ¢cm™'); the 1863 cm ' band is due to the symmetric
stretching mode of C(3)C(4)C(5)C(6) groups, which is consistent

~Y) of neutral CrC,(CO), (n = 3 and 4) complexes to the calculated values of isomer 3A, 3B,

4A, and 4B obtained at the BLYP-D3(BJ)/def2-TZVPP level of theory, with IR intensities listed in parentheses in km mol™ and the calculated harmonic

vibrational frequencies scaled by a factor of 0.991

Species Isomer Caled Exptl Mode
CrC;(CO), 3A 1786 (19) — Antisymmetric stretching mode of C(3)C(4)C(5) groups
1981 (1046) 1981 (band A) Stretching mode of C(1)O(1) group
2135 (1223) 2113 (band C) Stretching mode of C(2)O(2) group
3B 1988 (821) 1981 (band A) Antisymmetric stretching mode of C(1)O(1) and C(2)O(2) groups
2017 (846) 2033 (band B) Symmetric stretching mode of C(1)O(1) and C(2)O(2) groups
CrC,(CO), 4A 1846 (576) 1821 (band a) Stretching mode of C(1)O(1) group
1863 (126) 1839 (band b) Symmetric stretching mode of C(3)C(4)C(5)C(6) groups
2010 (857) 2011 (band c) Stretching mode of C(2)O(2) group
4B 1720 (3) — Antisymmetric stretching mode of C(3)C(4)C(5)C(6) groups
1881 (19) — Symmetric stretching mode of C(3)C(4)C(5)C(6) groups
2023 (583) 2031 (band d) Antisymmetric stretching mode of C(1)O(1) and C(2)O(2) groups
2045 (677) 2061 (band e) Symmetric stretching mode of C(1)O(1) and C(2)O(2) groups
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Fig. 3 Optimized equilibrium geometries of isomers 3A, 3B, 4A and 4B at
the BLYP-D3(BJ)/def2-TZVPP level of theory (O, red; C, gray; Cr, blue). All
isomers are in °A electronic states. Bond lengths (A) and Mayer bond orders of
the CO groups are given in regular font and in parentheses, respectively.
Relative energies (in brackets) are calculated at the B2PLYPD3//BLYP-D3(BJ)/
def2-TZVPP level of theory and listed in kcal mol™. Atoms are labeled for
discussion.

with experimental band b (1839 cm™); the 2010 cm ™" band is
due to the stretching mode of the C(2)O(2) group, which agrees
well with experimental band c (2011 cm ™). In the calculated IR
spectrum of isomer 4B (Fig. 2d), the antisymmetric and sym-
metric stretching modes of C(1)O(1) and C(2)O(2) groups are
predicted at 2023 and 2045 cm ™" (Table 1), respectively, which
are in accordance with experimental bands d and e (2031 and
2061 cm ™). The best agreement between the experimental and
simulated IR spectra is obtained when assuming a ratio of a
1 (4A):1 (4B) mixture of isomers (Fig. 2b).

The coexistence of isomers 3A/3B and 4A/4B is quite inter-
esting, which inspired us to explore their possible formation
mechanisms. Since all of the identified isomers contain the
CrC,, core structure as shown in the CrC,(CO),, (n = 1-4 and
m = 0-2) series in the mass spectrum (Fig. S1, ESIt), the target
clusters are likely generated by the CrC, + mCO — CrC,(CO),,
reactions. As a pure chromium target was used in the experi-
ment, the formation processes of CrC,(CO),, in the laser
vaporization source are proposed as follows: the laser-
vaporized Cr atoms with high internal energy react with the
CO molecules to form chromium carbonyls, chromium car-
bides, and chromium oxides. The chromium carbides are
cooled by soft collision of the CO carrier gas and react with
CO to form chromium carbide carbonyls.*®

Based on the above reaction processes, we first discuss the
electronic ground states and the most stable structures of the
CrC; and CrC, carbides. Neutral chromium carbides have been
studied theoretically, with different conclusions.**™*! In order
to determine the electronic ground state and the most stable
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structure of chromium carbides, test calculations were per-
formed for CrC; by using several representative methods and
the results are given in Table S1 (ESIf). The BLYP-D3(BJ)/
def2-TZVPP calculated results show that CrCs has a >B, electro-
nic ground state with a fan-like structure, consistent with the
BPW91/6-311+G(d) results.® However, a >II electronic ground
state with a linear structure was suggested at the BLYP/DNP
level of theory.”” Due to these different results calculated by
different computational methods, it is necessary to perform
higher level calculations to verify the electronic ground state of
CrC;. The MN15-L** functional was proposed to be a nice
density functional theory (DFT) functional with good perfor-
mance in calculating the relative energies of different electronic
states in a recent benchmark study*® and thus was employed in
this work. The MN15-L/def2-TZVPP calculations show that CrC;
has a ®B, electronic ground state with a fan-like structure. This
result holds true for the B2PLYPD3/def2-TZVPP and CCSD(T)/
BLYP-D3(BJ)/def2-TZVPP calculations (Table S1, ESI{). We there-
fore infer that CrC; has a °B, ground state with a fan-like
structure. For CrC,, theoretical studies yielded consistent results
of a ®B, electronic ground state with a fan-like structure.*>*°
Fig. 4 shows the potential energy profiles of the generation
of isomers 3A and 3B starting from quintet CrCz;. The CrC,;
carbide reacts with the first CO molecule to form CrC;(CO)-I
and CrCz(CO)-I, which is predicted to be exothermic by 45.0
and 15.8 kcal mol ", respectively. The energy barrier for the
CrC3(CO)-II — CrCz(CO)-I isomerization is calculated to be
26.8 kecal mol™', which might be sufficiently large so that the
CrC;(CO)-II isomer could be kinetically trapped by the soft
expansion of the cold molecular beam prior to its rearrange-
ment to the global minimum-energy structure CrC;(CO)-1.**
The addition of the second CO to CrCz(CO)-I and CrCz(CO)-II
forms CrCs;(CO),-I (isomer 3A) and CrCs;(CO),-II (isomer 3B),
respectively, which is predicted to be exothermic by 16.8 and
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Fig. 4 Potential energy profiles of the CrCs + 2CO — CrC3(CO), reaction
calculated at the B2PLYPD3//BLYP-D3(BJ)/def2-TZVPP level of theory.
Energies are given in kcal mol™™. All the molecules are in a quintet state.
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11.1 kcal mol~". CrC;(CO),-I (isomer 3A) could also be pro-
duced by CO addition to CrC;(CO)-1I, with an exothermic value
of 46.0 kcal mol . The energy barrier for the 3B — 3A
isomerization is 12.5 kcal mol !, which is sufficiently large so
that both 3A and 3B could be simultaneously captured in a cold
molecular beam. The lowest dissociation energy of one CO
from 3A and 3B is predicted to be 16.8 and 11.1 kcal mol ",
respectively, indicating that the absorption of at least 3 and 2
photons around 2000 cm ™" is required to overcome the dis-
sociation limit of 3A and 3B. This implies that the IR-induced
depletion efficiency of isomer 3A is lower than that of isomer
3B, which might account for the weaker intensity of experi-
mental band C than that in the simulated IR spectrum of
isomer 3A.

Fig. 5 shows the potential energy profiles of the generation
of isomers 4A and 4B starting from quintet CrC,. The CrC,
carbide reacts with the first CO molecule to form CrC,(CO)-I
and CrC,(CO)-11, which is predicted to be exothermic by 13.8
and 13.3 kcal mol ", respectively. The energy barrier for the
CrC,(CO)II — CrCy(CO)-I isomerization is predicted to be
4.6 kcal mol™'. Similar to the CrC; system, CrC4(CO)-I and
CrC4(CO)-II could co-exist in the cold molecular beam. The
addition of the second CO to CrC,(CO)-I could form CrC4(CO),-I
(isomer 4A) and CrC4(CO),-II (isomer 4B), which is predicted to
be exothermic by 17.9 and 15.1 kcal mol ", respectively.
CrC4(CO),I (isomer 4A) can also be produced by the CO addition
to CrC,(CO)I with an exothermic value of 18.4 kcal mol™*. The
energy barrier for the 4B — 4A isomerization is 4.3 kcal mol ',
similar to that of the CrC4(CO)-Il — CrC4(CO)-I isomerization. It
can be concluded that these calculated results support the coex-
istence of isomers 3A/3B and 4A/4B in the present experimental
conditions.

The Kohn-Sham a-orbitals of isomers 3A, 3B, 4A, and 4B are
shown in Fig. S2-S5 (ESIT), respectively. It can be seen that the
terminal-coordination CO molecules are bound to the Cr atoms
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Fig. 5 Potential energy profiles of the CrC4 + 2CO — CrCy4(CO);, reaction
calculated at the B2PLYPD3//BLYP-D3(BJ)/def2-TZVPP level of theory.
Energies are given in kcal mol™. All the molecules are in a quintet state.
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by the interactions of ¢ donation and n* back donation,
following the Blyholder model. The highest occupied molecular
orbital (HOMO) of isomer 3A shows that the CCO ketenylidene
group is mainly an in-plane = orbital, which is similar to that in
the titanium ketenylidene complexes (OTiCCO(CO), ,) that
were analyzed in detail.*” The most significant observation in this
work is a remarkably low CO stretching frequency of 1821 cm ™" of
semi-bridging CO in isomer 4A, which is 322 em™" lower than the
CO stretching vibration frequency of free CO (2143 cm '),*
indicative of a substantial activation of CO. Therefore, we mainly
analyze the electronic structure of this semi-bridging CO in
isomer 4A. The most important occupied MOs of isomer 4A are
shown in Fig. 6. The singly occupied molecular orbital (SOMO) is
a n-type bond characteristic with chromium to terminal carbonyl
donation. The SOMO+1, SOMO+2, and SOMO+3 are mainly the d
orbitals of the Cr atom. The HOMO (o) and HOMO () contain the
m, * orbitals of semi-bridging CO that accept the d electron of the
Cr atom and the electron of an adjacent carbon atom, forming a
Cr-C-C three-center two-electron (3c-2e) bond.””*® This deloca-
lized 3c-2e bond is also confirmed by AANDP bonding analysis as
shown in Fig. S6 (ESI{). HOMO-2 is mainly the n orbital of the
CrC, group that comprises a back donation interaction with the
m;* orbital of CO. HOMO-14 indicates that the lone pair electrons
of CO are mainly donated to the carbon chain to form a ¢ bond.
Thus, both HOMO and HOMO-2 feature extensively delocalized
3c-2e interaction between the n antibonding orbitals of CO and
the CrC, group, which leads to a remarkable activation of the C-O
bond. The bonding mode of the semi-bridging CO in isomer 4A is

__/ Q ) 5
SOMO+3 SOMO+2 SOMO+1
-0.2074 -0.2083 -0.2306

HOMO (B)
-0.2167

€ €

HOMO-2 (a) HOMO-2 (B)
-0.2743 -0.2633
HOMO-14 (a) HOMO-14 (B)
-0.8011 -0.8013

Fig. 6 Plots of the most important occupied MOs of isomer 4A. The
isovalue of the orbital is set to 0.03. Relative energies are listed in Hartree.
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similar to that in the CO-B,(NHC), molecule,"® in which the n
antibonding orbitals of CO both form polycentric bonds and
receive backdonation from the n orbitals of other atoms. The
slight difference is that the lone pair of CO in isomer 4A
of CrC,(CO), is mainly donated to the C atom and that in
CO-B,(NHC), is divided equally between the two B atoms. The
smaller ring tension and the stronger electron donating capa-
city of the atoms in isomer 4A make the CO group more active
than that in CO-B,(NHC),. As a result, the semi-bridging CO in
isomer 4A of CrC,(CO), shows a much lower CO stretching
frequency (1821 ecm ™) than that in CO-B,(NHC), (1926 cm ™).

The high degree of CO activation in isomer 4A of CrC,(CO),
is reminiscent of chemisorbed CO on the Co-based and
Fe-based catalysts involved in Fischer-Tropsch synthesis.%*9>°
Spectral studies have shown that the infrared absorption peak
of CO adsorbed on the surface of Co-based catalysts is in the
range of 1780-1880 cm ™ ,*® which covers the infrared absorption
peak position of semi-bridging CO in isomer 4A (1821 cm™").
Interestingly, the C-O bond length, CO stretching vibration
frequency, and CO dissociation energy of semi-bridging CO in
isomer 4A are also close to those in the Fe,(CO) (n = 10-20)
clusters as studied theoretically.’® Note that the terminal CO
groups in the 3A, 3B, and 4B isomers exhibit a lower degree of
activation than the semi-bridging CO group in the 4A isomer. The
difference in the CO activation ability of the 3A and 4A structures
may provide insights into understanding the catalytic activity of
iron carbides.”’*® The present findings would have important
implications for rational design and chemical control of the
catalysts with unique structures and properties.

4. Conclusions

In this work, the neutral CrC;(CO), and CrC,(CO), clusters were
prepared by a laser-vaporization supersonic expansion cluster
source and characterized by infrared-vacuum ultraviolet
(IR-VUV) spectroscopy combined with quantum chemical cal-
culations. The results indicate that the CrCz(CO), and
CrC,4(CO), molecules have the structures of two CO molecules
bound to the fan-like CrC; and CrC, basic skeletons, respec-
tively. The measured infrared spectrum of CrC;(CO), is a
mixture of an isomer with two COs terminally coordinating to
Cr and an isomer with one CO bonded to Cr and the other
forming a ketenylidene. The measured infrared spectrum of
CrC,4(CO), is a mixture of an isomer with two terminal COs and
an isomer with one terminal CO and the other semi-bridging
CO. The electron structure analyses show that this semi-
bridging CO is highly activated through the interaction of two
antibonding orbitals with the metal carbide skeleton to form
the delocalized Cr-C-C three-center two-electron (3c-2e) inter-
action. The present system serves as a model for clarifying the
pivotal roles played by neutral metal carbides in the CO activa-
tion and stimulates systematical studies on various reactions of
neutral metal clusters and small molecules under the condi-
tions of interest.
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