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[. Introduction

Transition-metal carbonyl complexes, M(CO)y, are
cornerstones of modern coordination chemistry and
organometallic chemistry.! Coordinatively unsatur-
ated transition-metal carbonyls are building blocks
of stable organometallic complexes and can be exceed-
ingly reactive and engage in a wide variety of
chemical processes. Carbon monoxide activation and
reduction by transition-metal atoms are important
in a great many industrial processes such as hydro-
formylation, alcohol synthesis, and acid synthesis.?3
Furthermore, metal carbonyls are often considered
as models for CO binding to the metal surface,* and
they play important roles in catalysis and synthesis®6
and as a ligand in the formation of long-lived com-
plexes in the gas phase.” Since the first report® of
nickel tetracarbonyl Ni(CO), in 1890, the synthesis,
detection, structural characterization, and reactivi-
ties of these species have been the subject of intensive
studies and are still important components of modern
transition-metal chemistry.

The matrix-isolation technique has provided valu-
able spectroscopic information on coordinatively un-
saturated metal carbonyls; much of what is known
about the structure of these species comes from
matrix-isolation studies of their infrared spectra.
Despite the development of supersonic jet high-
resolution spectroscopy, matrix isolation remains a
powerful technique for spectroscopic study of unsat-
urated transition-metal carbonyls. Matrix isolation
spectroscopic study has a number of advantages for
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investigating unsaturated transition-metal carbonyls,
especially for carbonyl ions. As the unsaturated
transition-metal carbonyl species are extremely reac-
tive and photolabile, fast and sensitive spectroscopic
probes are required in the gas phase. In matrix
isolation, the carbonyl species can be produced and
accumulated over a long period of time, so detection
sensitivity can be enhanced and a broad spectral
range can be easily explored in a short time. Of more
importance, the absorptions of matrix-isolated un-
saturated transition-metal carbonyl species are often
sharp with many structure-specific features. Most of
the early matrix-isolation literature on transition-
metal (TM) carbonyls has been reviewed.® !

With advances in light sources and detectors, time-
resolved absorption spectroscopy has become a pos-
sible probe for coordinatively unsaturated metal
carbonyls in the gas phase. Although solution- phase
studies have been very important in the development
of transient spectroscopy, unsaturated transition-
metal carbonyls coordinate with solvent on a very
short time scale and thus affect the structure of these
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species.? Compared with matrix-isolation spectro-
scopic studies, gas-phase studies provide not only
spectroscopic information but also some reaction
kinetics and photophysical properties of many un-
saturated transition-metal carbonyl species. The pho-
tolysis of metal carbonyls in the gas phase is typically
wavelength dependent, and different coordinated
unsaturated carbonyls can be produced with different
wavelength light sources. Despite this feature, there
are disadvantages involved in absorption spectro-
scopic study of unsaturated TM carbonyls in the gas
phase. The gas-phase absorptions are typically broad
and featureless and do not provide much structural
information. Spectroscopic and kinetic studies of
unsaturated TM carbonyls in the gas phase have
been reviewed,®!* and some of the spectroscopic
results will be compared in this article. With the
development of supersonic jet techniques, rotationally
resolved diode laser spectroscopic investigation of
unsaturated TM carbonyls has become possible, and
recent developments in this area will also be com-
pared.

During the past two decades, computational chem-
istry has made significant advances. There are a
large number of theoretical papers concerning the
electronic and bonding properties of saturated TM
complexes!®6 and considerable work on unsaturated
TM carbonyl complexes, particularly focused on the
monocarbonyls, and the latter will be reviewed here.
Due to the complexity of these systems, the evalua-
tion of accurate molecular properties needs sophis-
ticated treatments. Unfortunately it is usually diffi-
cult to compute vibrational frequencies at the highest
levels of theory for large molecules. However, density
functional theory (DFT) yields a good description of
the bonding in these systems and, more specifically,
gives harmonic frequencies that are in good agree-
ment with the experimental fundamentals. One
significant advantage of the DFT approaches is the
availability of analytic second derivatives, which
makes the evaluation of the vibrational frequencies
of sizable molecules quite tractable. Since the present
article is focused on vibrational frequencies in un-
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saturated binary transition-metal mononuclear car-
bonyl complexes, theoretical studies of saturated
carbonyls, multinuclear TM carbonyls, and carbonyls
that involve other ligands are beyond the scope of this
article. We will concentrate on some of the more
recent theoretical calculations of vibrational frequen-
cies and compare these with experimental results for
unsaturated binary carbonyls.

The previous reviews of experimental work on
unsaturated TM carbonyl complexes focused on neu-
tral species.® 11314 This article will describe ad-
vances in the spectroscopic and theoretical studies
of unsaturated binary transition-metal carbonyl neu-
tral complexes and the more challenging cation and
anion complexes. We will emphasize infrared (IR)
matrix-isolation and density functional theoretical
investigations of vibrational frequencies. Recent gas-
phase work such as time-resolved transient infrared
absorption, diode laser, and photoelectron spectro-
scopic studies will be included for comparison. Mean-
while, mononuclear homoleptic carbonyl anions in
solution and cations in superacid media have been
characterized, as outlined in recent reviews.'” Such
carbonyl complexes exhibit quite different properties
from typical carbonyls and provide good examples for
comparison with isolated carbonyl complexes. Al-
though ion cyclotron resonance and mass spectro-
metric investigations have provided considerable
thermochemical and photochemical properties of car-
bonyl anions, these methods do not give vibrational
and structural information and will be not discussed
in detail here.

Il. Spectroscopic and Theoretical Methods

A. Sample Preparation

Synthesis of unsaturated transition-metal carbonyl
species is the prerequisite for spectroscopic study. In
general, there are two main routes for the production
of binary unsaturated transition-metal carbonyls:
the first begins with metal atoms and CO molecules
(eq 1), and the second starts from saturated transi-
tion-metal carbonyls (eq 2)

M + CO — MCO — M(CO), (x =2, 3, 4,...) (1)
M(CO), — M(CO),_; —~ M(CO),, —~ ..  (2)

The earlier matrix-isolation spectroscopic studies
employed thermal techniques to produce transition-
metal atoms.®~'! This method is very useful for
synthesis of small unsaturated carbonyls, especially
for the systems where no stable saturated carbonyl
precursor is available such as the Sc, Ti, and Cu
group carbonyls. Thermally evaporated metal
atoms were co-deposited with CO and rare-gas mix-
tures, and binary transition-metal carbonyls with
different coordination numbers were thus prepared
in subsequent annealing and photolysis experiments.
Infrared absorption and electron spin resonance
(ESR) spectroscopic studies of unsaturated transi-
tion-metal carbonyls using this technique have been
summarized.®~! Similar experimental approaches
have been used by the Weltner'®® and Kasai
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Figure 1. Schematic diagram of apparatus for laser-
ablation matrix-isolation infrared spectroscopic investiga-
tion of unsaturated transition-metal carbonyls.

groups®®?® in a series of ESR studies of neutral
carbonyls isolated in rare-gas matrices.

Another technique to produce metal atoms is laser
ablation. This method has been recently employed
in our laboratory to synthesize unsaturated transi-
tion-metal carbonyls in rare-gas matrices. Laser
ablation has proven to be a powerful method to
produce reactive intermediates and radicals for gas-
phase jet studies as well as lower temperature
matrix-isolation investigations.?* A schematic dia-
gram of our reactive laser-ablation apparatus for
matrix-isolation infrared spectroscopic investigation
of unsaturated transition-metal carbonyl species is
shown in Figure 1, and the experiment has been
described earlier.?>2% The cold window is maintained
at 10 K (Model 22 cryocooler, CTI Cryogenics,
Waltham, MA) or 7K (Displex, APD Cryogenics,
Allentown, PA) for argon matrix studies or at 4 K
(Heliplex, APD Cryogenics, Allentown, PA) for neon
matrix investigations. Laser ablation has a number
of advantages, in contrast to conventional high-
temperature oven techniques. With the laser-ablation
technique only a small amount of the material is
directly heated, thus minimizing the introduction of
impurities into the samples and the heat load on the
matrix. Of more importance, laser ablation produces
electrons and cations as well as neutral atoms, and
as a result, anions can be formed by electron capture
of the neutral molecules and cations can be produced
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by cation—molecule reactions or via photoionization
by radiation in the ablation plume. The most obvious
disadvantage of laser ablation is the plume of radia-
tion produced by the laser on the target surface; thus,
the samples are deposited with concurrent irradia-
tion. Recently, a large number of new unsaturated
transition-metal carbonyl neutrals, cations, and an-
ions have been produced in our laboratory upon
reactive co-condensation of laser-ablated transition-
metal atoms, cations, and electrons with CO in excess
argon or neon rare gases.

Quartz crystal microbalances are often used to
measure the amount of metal deposited in matrix-
isolation experiments.®24-26 The present experiments
employed 1-40 mJ per 10 ns pulse of 1064 nm
radiation focused (10 cm f.I.) on the rotating metal
target. Although there is some variation from experi-
ment-to-experiment, quartz crystal microbalance mea-
surements with freshly filed metal targets and the
sample geometry and laser energies employed for
argon matrix experiments discussed here provide a
basis to estimate the metal mole concentration to be
0.1% of the argon matrix (this can range from 0.2%
to 0.02% in different experiments, but the metal
concentration is always less than the CO concentra-
tion). Typically our laser-ablation experiments em-
ploy lower metal concentrations than thermal
evaporation experiments (also compare product
yield).?526 The neon matrix experiments included a
10% neutral density filter in the laser beam with the
same laser focus, and microbalance measurements
typically gave 15% as much metal ablated. The metal
mole concentrations in the neon matrix experiments
discussed here are therefore approximately 0.02% of
the neon matrix (range from 0.03% to 0.01%).

One of the problems of spectroscopic studies of
transition-metal carbonyls lies in the unambiguous
identification of the observed spectral features. With
isotopic substitution and isotopic mixtures, the com-
position can be established but the real difficulty
usually lies in the correct identification of the charge
state. Some information about charge state can be
obtained from photolysis behavior. Unsaturated tran-
sition-metal carbonyl anions have small electron
affinities (usually less than 3 eV), and visible or
ultraviolet photolysis can easily detach the electron.
The cations are usually more strongly bound, and UV
irradiation is usually required to destroy them.
However, electrons detached from anions may then
react with cations and neutralize them. Of more
importance, many neutral unsaturated transition-
metal carbonyl species are very photosensitive and
the charge state identification via photolysis behavior
is not reliable. When cations and electrons are
present, more information about charge state can be
obtained from electron trap molecule (such as CCly)
doping experiments. The role of CCl, as an electron
trap in laser-ablation experiments has been discussed
by Zhou and Andrews in a series of cation and anion
studies.?”2° A typical example of the effect of CCl,
doping is shown in Figures 2 and 3. Laser ablation
of the metal target produces metal atoms, metal
cations, and electrons, and the added CCl, captures
most of the ablated electrons that reach the sample,
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Figure 2. Infrared spectra in the 2140—1720 cm~! region
for laser-ablated iron atoms co-deposited with 0.1% CO in
neon using medium laser power: (a) after 30 min sample
deposition at 4 K, (b) after annealing to 6 K, (c) after
annealing to 8 K, (d) after 15 min 380—580 nm photolysis,
(e) after 15 min 290—580 nm photolysis, (f) after 15 min
full-arc photolysis, and (g) after annealing to 11 K. (Re-
printed with permission from ref 43. Copyright 1999
American Physical Society).
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Figure 3. Infrared spectra in the 2140—1720 cm~! region
for laser-ablated iron atoms co-deposited with 0.1% CO in
neon with 0.02% CCl, added using medium laser power:
(@) after 30 min sample deposition at 4 K, (b) after
annealing to 6 K, (c) after annealing to 8 K, and (d) after
annealing to 10 K. (Reprinted with permission from ref 43.
Copyright 1999 American Physical Society).

thus reducing the yield of molecular anions and
facilitating the survival of more laser-ablated metal
cations and their reaction products.

When stable saturated transition-metal carbonyls
are available, dissociation of saturated carbonyls is
a powerful method for generating unsaturated car-
bonyls for spectroscopic investigation. This method
is widely used in gas-phase, solution, and rare-gas
matrix studies. A variety of techniques have been
employed to induce the dissociation, such as photoly-
sis with gamma, ultraviolet, and laser radiation,
microwave discharge, and electron or ion beam
bombardment. For example, Turner, Poliakoff, and
co-workers produced Fe(CO)z 4 and Cr(CO);-s by the
photolysis of Fe(CO)s and Cr(CO)s in rare-gas ma-
trices for infrared study.3°35 Lineberger, Leopold,
and co-workers formed the unsaturated Fe(CO)y,
Ni(CO)yx~, and Cr(CO)3;~ anions by microwave dis-
charge for photoelectron spectroscopic study in the
gas phase.’6~2 Vibrational fine structure can be
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difficult to observe accurately in photoelectron spec-
tra and is generally limited to symmetric vibrational
modes. Weitz et al. employed excimer laser photolysis
to produce unsaturated transition-metal carbonyls in
the gas phase for time-resolved infrared absorption
spectroscopic studies,’®* and Kompa et al. studied
the femtosecond dynamics of Cr(CO)s and Fe(CO)s
photodissociation.3%49

B. Spectroscopic Methods
1. Infrared Absorption

Infrared absorption is the main spectroscopic
method in characterization of coordinatively unsatur-
ated transition-metal carbonyls both in gas-phase
and rare-gas matrices. As many of the unsaturated
transition-metal carbonyls are extremely photolabile
and their UV—vis spectra are usually not very
structurally sensitive, most optical absorption studies
employed infrared absorption spectroscopy. Fortu-
nately, unsaturated transition-metal carbonyls ex-
hibit strong absorptions in the C—O stretching
vibrational region, which are often structurally sensi-
tive.

Laser ablation has been successfully employed for
generation of unsaturated transition-metal carbonyl
species for matrix-isolation infrared absorption stud-
ies in our laboratory. As mentioned, laser ablation
of transition-metal targets produces not only neutral
metal atoms, but also metal cations and electrons,
and hence, ionic metal carbonyl species can also be
formed. One difficulty of infrared studies of metal
carbonyl species lies in the unambiguous identifica-
tion of carbonyls with different coordination number.
By carefully controlling the ablation laser power and
reagent concentration, different coordinated mono-
nuclear metal carbonyls can be identified by stepwise
annealing to allow diffusion and further reaction, by
mixed isotopic substitution experiments, as well as
by comparison with theoretical predictions of vibra-
tional frequencies, isotopic shifts, and relative band
intensities. These experiments can also produce
binuclear and trinuclear metal complexes on anneal-
ing, and such complexes can often be identified.**~43
The use of isotopic mixtures and isotopic band
multiplet structure for determining the number of
carbonyls will be described with examples in section
V.

Unsaturated transition-metal carbonyl species are
extremely reactive; thus, fast and sensitive spectro-
scopic probes are required in gas and solution phases,
and time-resolved transient absorption is particularly
suitable for unsaturated transition-metal carbonyl
studies. Such investigations can provide spectroscopic
data on unsaturated transition-metal carbonyls and
can also give rate constants for ligand—metal car-
bonyl association reactions and bond dissociation
energies. In this method, a UV light source is used
to photolytically produce the coordinatively unsatur-
ated carbonyls, and a probe light source monitors the
spectrum of parent and photoproducts. In early
experiments, UV lamps were typically used as the
photolysis light sources, and some results have been
obtained with UV light probes.** More recent experi-
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ments have typically employed an excimer laser as
the photolysis light source, and a series of interesting
results has been obtained with an IR light source as
the probe.3144546 Recent progress on the photophys-
ics of metal carbonyls and the spectroscopy and
reaction kinetics of the resulting coordinatively un-
saturated transition-metal carbonyls has been re-
viewed by Weitz.13'% One major disadvantage of
gas-phase studies of transition-metal carbonyls is
that the IR absorptions are usually broad, and
structural information cannot be obtained. However,
Davies et al. demonstrated with Ni(CO), that it is
possible to obtain rotationally resolved IR spectra of
jet-cooled metal carbonyls using a diode laser.*” Such
spectra can give high-quality spectroscopic data and
structural information. Recently, the Tanaka group
successfully extended this technique to unsaturated
transition-metal carbonyl systems, including FeCO
and Fe(CO),.48-50

2. ESR

Electron spin resonance has been extensively em-
ployed to study both the neutral and ionic unsatur-
ated transition-metal carbonyls. This approach is
usually used in conjunction with the matrix-isolation
technique. It is sensitive to open-shell species with
unpaired electrons and can provide information about
the ground electronic state. This method can also
offer good characterization of the density distribution
of the unpaired electrons and of the electronic wave
function. The disadvantage of this technique is that
it is of no use for closed-shell species and open-shell
species with degenerate ground states and un-
guenched orbital angular momentum. The ESR spec-
tra provide valuable information about molecular
structure and symmetry but no vibrational frequen-
cies and bond lengths. Many groups have reported
the ESR spectra of transition-metal carbonyl neu-
trals, such as CuCO, Cu(CO); , AgCO, Ag(CO)s,
AuCO,920 Co(CO)3, Co(CO)4,%1%2 MN(CO)s,>® V(CO)y
(x = 1-5),5%% ScCO, and NbCO.'® The ESR spectra
of Cr(CO),+ and Fe(CO)s* carbonyl cations have also
been obtained.56:57

3. PES

Negative-ion photoelectron spectroscopy has been
used by several groups for studying coordinatively
unsaturated transition-metal carbonyls. This tech-
nique can provide spectroscopic information about
both neutral and anionic carbonyls in the gas phase.
The ions are usually produced in a flowing afterglow
reactor equipped with a microwave discharge ion
source. The ions were mass selected and then inter-
rogated with an electron detachment laser beam and
the detached photoelectron kinetic energy analyzed.
Negative-ion photoelectron spectroscopy has several
unique advantages. Since the selection rules for
vibrational transitions are determined by the Franck—
Condon factors, it is often possible to observe vibra-
tional states that are forbidden or weak in infrared
spectroscopy. In particular, it is possible to observe
the bending and metal—CO stretching vibrational
modes of the binary neutral transition-metal car-
bonyls that are usually out of the normal spectral
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detection range for other techniques. Negative-ion
photoelectron spectroscopy can also provide the elec-
tron affinity of the neutral carbonyls. In addition, the
intensity ratios observed in the photoelectron spectra
yield quantitative information concerning the change
in molecular structure induced by addition of the
extra electron. To date, the binary unsaturated
transition-metal carbonyls studied by negative
ion photoelectron spectroscopy include Fe(CO), (n =
1—4),3738 Ni(CO), (n = 1—3),%6 M(CO); (M = Cr, Mo
and W), MnCO,% and PdCO.®

4. NMR

The above-mentioned spectroscopic techniques are
usually suitable for gas-phase and matrix-isolation
studies. For carbonyls in acid media, nuclear mag-
netic resonance, NMR, has also been used for spectro-
scopic studies. Carbon-13 shifts and *Juc coupling
constants are helpful for characterizing the M—CO
bonds.*’

C. Theoretical Methods

Experience has shown that the Hartree—Fock (HF)
(or self-consistent-field (SCF)) approach does not
describe the metal—CO systems very accurately. One
of the biggest drawbacks of the HF approach is the
underestimation of the metal to CO donation; there-
fore, methods used to study these molecules must
include electron correlation. The complete-active-
space SCF (CASSCF) approach can be used to obtain
some insight into the bonding, but even higher levels
of theory must be used to obtain accurate results.
While the modified coupled pair functional (MCPF)
approach yields a reasonable description of these
systems, one must go all the way to the coupled
cluster singles and doubles approach, including a
perturbational estimate of the triples (CCSD(T)), to
obtain a highly accurate description. It must be
remembered that even the CCSD(T) approach yields
accurate bond energies only when a large basis set
is used.®* While the MCPF and CCSD(T) approaches
have been used to compute some bond energies and
a few vibrational frequencies, their computational
cost means that they are not practical methods for
studying large numbers of metal carbonyl species,
especially those with several CO groups.

Density functional theory (DFT) is an attractive
alternative to the more traditional computational
approaches. The computational cost of DFT is much
lower than that of CCSD(T), and equally importantly,
analytic second derivatives make it possible to com-
pute the harmonic frequencies of even quite large
molecules at the DFT level. Experience has shown
that the B3LYP®%283 and BP8654% density functionals,
with moderate basis sets, can provide reasonable
predictions for transition-metal-containing com-
pounds.®6-68 In addition, isotopic frequencies can be
calculated for comparison with the observed values
to determine isotopic frequency ratios as a charac-
teristic of the normal mode and another diagnostic
for identifying new species. Theoretical and experi-
mental results will be compared for specific TM
carbonyl systems in section IV.
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lll. Overview of the Bonding

There have been many detailed studies of the
bonding in the metal carbonyls using many different
approaches,'516:69-73 and it is far beyond the scope of
this review to discuss them in detail. We point the
interested reader to the very recent review by
Frenking and Fréhlich.® While our main goal is an
understanding of the trends in the vibrational
frequencies, it is necessary to understand the impor-
tant components of the bonding in order to under-
stand the observed trends in the TM carbonyl
vibrational frequencies. In this regard, we note that
the changes in vibrational spectra with the metal
atom, with the charge, and with the number of CO
molecules can be quite large. In fact, the variation
might seem so large that the bonding in these
systems does not appear to be systematic. This is not
the case, however, as the same bonding mechanisms
exist for all of the species, and the changing impor-
tance of different components of the bonding can be
used to explain the changes in ground state, geom-
etry, and vibrational frequencies. Therefore, we give
a short overview of the bonding in this section.

Before discussion the bonding, we need to consider
the electronic structure of the metal atoms and ions.
We first note that the separation between the elec-
tronic states arising from the d"s? and d"*1s* occupa-
tions varies greatly. Starting at the left-hand side of
the row and moving to the middle, the d orbitals
become increasingly stable with respect to the s
orbitals; thus, while the ground state of Sc is
2D(3d%4s?), the ground state of Cr is 7S(3d%4s!). At
the middle of the row (Mn, Tc, and Re), the next
electron must either doubly occupy a d or an s orbital.
Since the d orbital pairing energy is very large, the
d°s? state is much below the d®s? state; for Mn, the
63(3d%4s?) state is 2.14 eV below the 6D(3d®4s').”* In
the second half of a given row, as one moves to the
right, again the d orbital becomes increasingly stable
with respect to the s orbital, and eventually the
ground state is derived from the d"*s! occupation.
Similar changes occur for the cations, but the two
states of interest are derived from the d"s! and d"*!
occupations. Relative to the first transition row, the
d orbitals are stabilized with respect to the s orbitals
in the second transition row; thus, the separation
between the states derived from different occupations
changes between the first and second transition rows.
In the third transition row, relativisitic effects sta-
bilize the s orbitals with respect to the d orbitals;
thus, for a given column, the separation between the
atomic states shows considerable variation. For the
third transition row, spin—orbit effects add some
additional complications, but we do not address this
in detail.

In addition to change in the separation between
the low-lying states of the metal atoms, the relative
size of the d and s orbitals changes across the row.”
The d orbital contracts with respect to the s orbital
as one goes to the right in a given row. The ratio of
the s/d radial expectation values are smaller for the
second transition row than the first, as the d orbital
is less compact for the second transition row. Exclud-
ing Sc, ionization reduces the ratio of the size of the
d orbital with respect to the s orbital. Since sd
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hybridization is easier when the size of the orbitals
is more similar, the changing ratio of the d to s orbital
size means that hybridization is easier as one goes
down a column, easier on the left side of a row than
on the right, and easier for a cation than for a
neutral.

The discussion of the bonding must begin with the
metal dz to CO x* donation. This movement of
charge can be observed in the electron density
difference between the MCO and M + CO charge
density plots.” This moves metal charge to the CO
m* antibonding orbital, which results in a weakening
of the CO bond and hence a decrease in the CO
vibrational frequency. The importance of this effect
is expected to depend on the metal ionization poten-
tial (IP). The lower the metal IP, the stronger the
donation and hence the lower the CO stretching
frequency. Clearly an anion would donate more
electrons than a neutral, which in turn would donate
more electrons than a cation. The donation will also
depend on the d population; a metal atom with four
7 electrons is expected to donate more charge than
one with fewer electrons.

The second component of the bonding is commonly
described as CO ¢ donation, where the CO 50 orbital
donates charge to the metal. Analysis of this compo-
nent of the bonding suggests’®’” that it ranges from
a true CO-to-metal donation to a case where the CO
50 orbital polarizes toward the metal and is stabilized
by the positive charge on the metal; that is, a case of
CO polarization more than true CO donation to the
metal. Goldman and Krogh-Jespersen’® pointed out
that this is best described as electrostatic bonding
since there is essentially no CO donation to the metal.
Such electrostatic bonding increases the C—O stretch-
ing frequency. For CuCO™, the C—0O frequency was
computed to shift up by 96 cm™! from CO at the
CCSD(T) level.”® More recent calculations at the MP2
level™ report an increase of 63 cm™, but subsequent
B3LYP calculations find a 101 cm™* increase for the
CuCO™ cation.?® The neon matrix experimental ob-
servation to be described below reveals a 93.6 cm™
increase. The importance of this bonding component
will increase with the positive charge on the metal
atom and decrease with the number of metal elec-
trons in o orbitals, especially metal valence s orbitals,
which will have a large overlap with the CO molec-
ular orbitals and hence result in a large electrostatic
repulsion.

It should be noted that the ¢ and & bonding are
not completely separate. Davidson et al.®® concluded
that the 5¢ orbital is stabilized by penetration into
the metal valence shell. This penetration gives an
increased shielding of the 3d orbitals, which leads to
an increased diffuseness of the 3d orbital and hence
more metal—CO sz bonding.

FeCO illustrates several of these points; this
important complex has a 3~ ground state derived
from the 3d74s' occupation of Fe. It is therefore
favorable for the Fe atom to promote an electron from
the s to the d orbital, even though this occupation is
about 0.9 eV above the Fe °D(3df4s?) ground state.
The removal of one 4s electron reduces the Fe—CO
repulsion in the o space, and the higher number of
3d electrons enhances the Fe to CO 7* donation. The
Fe valence occupation is 3do'3dz*3dd?4s!, which
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maximizes the number of dz electrons and hence
maximizes the st donation to the CO. In the free Fe
atom, the 3do'3dz*3dd?4s® occupation is not the
lowest in energy, both the 3do'3dz®3do%4s' and
3do?3dn?3dd34st occupations are lower, but these do
not minimize Fe—CO o repulsion and maximize the
CO o donation and the Fe to CO & donation. If the
3do and 4s orbitals are high-spin coupled, only sp
hybridization is available to reduce the Fe—CO o
repulsion; however, if the 3do and 4s orbitals are low-
spin coupled, sdo hybridization can occur and some
d® can mix into the wave function,’® and these help
to reduce the Fe—CO repulsion. Since the d® occupa-
tion is very high in energy, only a small amount
mixes in, but sdo hybridization is very efficient at
reducing the Fe—CO repulsion. (We should note that
even though the hybridization is dominated by sdo,
some sp hybridization can still contribute to a reduc-
tion of the metal—CO repulsion.) Thus, the cost of
low-spin coupling the s and d orbitals is easily paid
by the reduction in the o repulsion and the increase
in the CO o donation.

For the case of two CO molecules, the bonding
components are similar to those for the monocar-
bonyl. However, since there are two CO molecules
to share the cost of s to d promotion, the s population
is even lower. Most M(CO), species are linear or
nearly linear, because the sdo hybridization reduces
the electron density on both sides of the metal atom
(and increases it in a torus arround the metal atom)
and hence it is favorable for the second CO to be on
the opposite side from the first. Thus, sp hybridiza-
tion, which occurs for the monocarbonyl, is not
important for M(CO), except when the metal s to d
promotion energy is very large. If sp polarization
(hybridization) occurs, the CMC angle becomes much
smaller to allow the valence electron density to
polarize away from both CO subunits.

As the number of carbonyls increases further, it
becomes easier to promote to higher atomic states;
this usually involves lower spin states as these
maximize the bonding. For example, in Fe(CO)s, the
bonding is derived from 3d2, where the do orbital is
empty to accept strong o donation from the axial CO
molecules.®! Thus, this occupation has four doubly
occupied d orbitals to maximize metal to CO x
donation and one empty d orbital to minimize o
repulsion and maximize CO ¢ donation. We should
also note that as the number of CO molecules
increases, the CO—CO repulsion becomes more im-
portant and hence the optimal geometries are a
compromise between maximizing the metal—CO
bonding and minimizing the CO—CO repulsion.

In the following sections we will focus on the
vibrational frequencies. In many cases the bonding
is straightforward and we do not discuss it in detail
but point out interesting examples of the bonding
concepts discussed in this section.

IV. Binary Transition-Metal Carbonyl Neutrals

Binary unsaturated mononuclear transition-metal
carbonyl neutrals have been intensively studied for
several decades both in the gas phase'®'* and rare-
gas matrices.® !! Table 1 lists the observed C—-0O
stretching vibrational frequencies of binary unsatur-
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Table 1. C—0O Stretching Vibrational Frequencies (cm™!) for Neutral Binary Unsaturated Transition-Metal
Carbonyls M(CO), in the Gas Phase, Solid Neon, and Solid Argon

Sc Ti \% Cr Mn Fe Co Ni Cu
ref 87 92 92,97, 99 33-35, 109—111, 115, 313 | 41, 121 | 42,43, 4850, 314 | 155, 159, 160 | 25,26, 104, 172, 175 | 80, 191, 196
n=1¢ 1955 1946.5
1851.4 [ 1920.0 | 1930.6 2018.4 1950.7 |1933.7 1973.9 2006.6 2029.7
1834.2 [ 1887.8 | 1904 1975.3 1933.6 | 1922.0 1960.7 1994 .4 2010.3
n=2 1928.2
1893.1]1944.0 1982.1 1972.8 |1917.1 1945.6 2089.7 1904.4
1799.3|1844.2 1832.9 1851.5 1978.9
1775.5 1820 1970.8 1832.5 | 1984.8 1920.8 2071.5 1890.9
1716.3 1821.5 1879.2 1965.5
n=3 1859 ? 1880 1950
1975.1 (19117 1873.8 1909.5 | 1945.0 19915 2025.0 1994.3
1840.3 1891.1
1968.0 1920 ? 1867 1891.1 12042.0 1983.2 2017.2 1975.6
1822.2 1865.7 | 1935.3
1920 ? 1957 2000 2061.3
n =4 1920 1984
1871.0 11949 ? 1952.2 1973.9 | 2001.2 2029.6 2056.3
1853.5 19114 1983.2 2022.2
1865.4 1893 ? 1940 1957.6 | 1995.8 2023.5 2051.2
1896 1972.7 2016.6
1965 1980 2000 2038.11
n =5 1948 2015.55
1912.511963.4 1976.2 1998 2034.5
1885.6 | 1958.5 2010.5
1897.7 |1 1952 1965.4 1992 2025.2
1943 1936.0 2005.9
n =6 1986 2002.96
1945.7 [ 1984.3 1998
1933.5| 1976 1990
Y Zr Nb Mo Tc Ru Rh Pd Ag
ref 87 93 105 34,111-115, 313 148, 150 160,161,163 | 25,173,175 192, 197
n=1
1899.5 ] 1932.0 1881.2 1935.6 2022.5 2056.4
1869.0 1862.6 1917.7 2007.6 2050
n=2
1855.5 | 1847.2 1938.2 1955.3 2031.0 2065.8 1858.7
1785.1 1895.2
1891.9 1915.3 2014.6 2044 1842
n=3 1885 ~ 1987
1960.3 1886.1 1975.4 2029.2 2062.7 1970.4
1838.2 1970.6 2020.3
1869 2011 2058 1955
n=4 1972 ~ 2005
1911
1916.6 | 1868.3 1965.5 1983.0 2021.5 2074.6
1908.9
1951 2010 2070
1895
n==5 1985 2045
1942 2015
1978.111963.5° 1944.6 2049.8
1945.1 2012.3
2098 2039.1
1973 2003.8
1933
n==6 2005.49
1993.1(1984.1 2000.6
1992.2
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Table 1 (Continued)
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Hf Ta w Re Os Ir Pt Au
ref 93 104,105 34,113, 313 41, 127 149, 150 160—-162 25,174, 175 193, 197
n=1
1868.6 1865.2 1859.9 1972.6 2024.5 2065.5 2053.2
1848.8 2056.8 2039.4
n=2
1850.9 1918.3 1884.5 1905.4 1975.2 2014.5 2053.2 1943.7
1806.7 1838.6
? 1926.6
n=3 1980
1951.2 1973.8 2021.3 2044.0
1835.5 1966.2 2012.0
1865 ?
n=4 1957, 1909 2000
1902.6 1915.2 1954.0 1983.1 2010:5 2058.1
1900.1 1909.0
1939 2002.6 2053.5
n=>5 1980 2046
2008
1969.5 1954.7 1975.9 2004 2048.7
1937.1 2003.4
1963.0 1995
n==6 2000.36
1986.7 1976.0 1995.3
1986.6

a For each metal carbonyl coordination number, n, the first row contains the gas-phase observation, the second row the neon

matrix value (s), and the third row the argon matrix value (s).

ated transition-metal carbonyls in the gas phase and
rare-gas matrices. As heavier rare-gas solids interact
more strongly with host molecules and usually ex-
hibit larger shifts from gas-phase values,® only neon
and argon matrix values are listed. Since neon matrix
observations are usually closer to gas-phase measure-
ments,*24348-50 this review will emphasize the recent
neon matrix results, which generally confirm previ-
ous argon matrix assignments. Furthermore, solid
neon is more effective for trapping cations, and more
information on all of the trapped species—cations,
neutrals, and anions—can be obtained from the neon
matrix spectra recently obtained in our laboratory.
Assignments from earlier reports now known to be
incorrect are not listed here, but these are discussed
in the recent literature where the new assignments
are given.

Unsaturated transition-metal carbonyls have also
been the subject of a surprisingly large number of
theoretical studies, most of which are focused on
monocarbonyls, and a variety of computational meth-
ods have been used. These calculations have provided
accurate predictions of the equilibrium geometries,
harmonic frequencies, and bonding energies. There
are several systematic studies on monocarbonyls and
dicarbonyls of first-row transition-metals.83-85 While
these studies provide great insight into the nature
of the bonding, only the more recent DFT calculations
give a consistent set of vibrational frequencies for
systems containing from one to six CO molecules for
virtually all transition-metal atoms, and therefore,

we focus on these calculations in the following
sections.

Mixed isotopic spectra are extremely important for
sorting out the coordination number, i.e., the number
of CO subunits in a metal carbonyl. In the mixed 50%
12C160 + 50% 3C1%0 isotopic experiment, the mono-
carbonyl absorption will consist of a 1/1 doublet
containing only the pure isotopic molecules but the
dicarbonyl will exhibit one new mixed isotopic band
for the M(*2C160)(*3C*%0) isotopic molecule (Figure
4). For the strong antisymmetric C—O vibration not
interacting with the usually weaker symmetric
vibration, M(*2C0Q),, M(*?CO)(*3CQO), M(*3CQ),, the
band intensities will follow the statistical weights of
1/2/1. The tricarbonyl will form four isotopic mol-
ecules, and the 1/3/3/1 statistical weights for
M(*2CQO);, M(*2C0O),(**CO), M(*?CO)(**C0),, and
M(3CO); apply to the symmetric nondegenerate
mode. However, for the doubly degenerate mode, the
mixed isotopic molecules have lower symmetry, de-
generacy is lifted, and coincident band intensity
addition results in a 3/1/1/3 quartet in most cases,?6:87
see, for example, pyramidal Sc(CO); in Figure 4. The
triply degenerate mode of a tetrahedral M(CO),
complex will exhibit three new mixed isotopic bands
often with 1/2/1 relative intensities in the center of
a pentet structure. Darling and Ogden have described
these mixed isotopic multiplet structures with vary-
ing degrees of vibrational interaction.®®
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Figure 4. Infrared spectra in the 1980—1670 cm

~1 region for laser-ablated Sc atoms co-deposited with 0.25% 12C160 +

0.25% 13C180 in excess argon: (a) after 1 h sample deposition at 10 K, (b) after annealing to 25 K, (c) after 20 min 1 > 470
nm photolysis, (d) after 20 min full-arc photolysis, and (e) after annealing to 35 K.

A. Sc Group

Compared to other transition metals, there is
relatively little experimental work on group 3 car-
bonyls. After co-deposition of thermally evaporated
scandium atoms with CO diluted in argon, ESR
spectra suggested that the ScCO molecule is linear
with a*=~ ground state.'® More recently, we repeated
the Sc + CO reaction using the laser-ablation method,
and the C—O stretching vibration of ScCO was
observed at 1834.2 cm™! in an argon matrix and at
1851.4 cm™ in a neon matrix.8” Figure 4 clearly
shows the mixed isotopic doublet structure for the
monocarbonyl. Both traditional ab initio and DFT
calculations predicted the ScCO molecule to have a
43~ ground state derived from '=* CO and atomic Sc
with the first excited 3dz?4s' occupation.83-85.87-90
That is, the Sc atom is promoted to the excited state
to minimize Sc—CO o repulsion and to maximize the
Sc to CO & donation. The doublet state of ScCO
correlates to '=* CO and the °D ground state of
scandium atom, which has a 3d'4s? occupation, and
is predicted to be weakly bound, in part because of
the large repulsion arising from the doubly occupied
Sc 4s orbital. Ab initio calculations predicted that the
Sc(CO), molecule has a linear 211, ground state with
the 4%, state derived directly from 4=~ ground state
ScCO very close in energy.® Recent DFT calculations
found the bent doublet Sc(CO), to be slightly more
stable than the linear geometry, and evidence was
presented for both structures in solid argon.8” The
Sc(CO); molecule was calculated to have a “A; ground
state with C3, symmetry, and the trigonal pyramidal
structure was confirmed by infrared spectra in a solid
argon matrix containing both stretching modes (Fig-
ure 4).87

B. Ti Group

For Ti group 4 metal carbonyls, the experimental
data are also sparse. The titanium hexacarbonyl,
Ti(CO)s, was first synthesized in CO, Ar, Kr, and Xe
matrices by the Ozin group using titanium atoms and
characterized by infrared and ultraviolet—visible
absorption spectroscopy.®® The unsaturated M(CO)y
(M =Ti, Zr, Hf, x = 1-5) molecules were synthesized
recently in our laboratory by co-deposition of laser-
ablated metal atoms and CO molecules in neon.®2:%3
The TiCO molecule is predicted to have a °A ground
state,88594 which correlates with a °F excited-state
Ti lying 0.78 eV higher than the 3F ground-state
atom,” and the C—O stretching vibrational frequency
is observed at 1920.0 cm™! in a neon matrix.*> The
ZrCO and HfCO molecules are found to have 3%~
ground states by CASSCF and density functional
methods.®** The smaller d—d exchange terms as-
sociated with the second and third transition rows
leads to the lower spin ground state. The C-0O
stretching vibrations for TiCO, ZrCO, and HfCO
decrease from 1920 to 1900 to 1869 cm™* in solid
neon, showing an increase in metal d to CO &
donation.®

The M(CO); dicarbonyls are bent molecules with
C,y symmetry, as both symmetric and antisymmetric
C—0 stretching vibrations are observed. The dicar-
bonyls are identified from 1/2/1 relative intensity
triplets in mixed 2C%0 + 13C'60 spectra, as shown
in Figure 5 for zirconium. Since zirconium and
hafnium are refractory metals, the laser-ablation
method is particularly appropriate for investigations
of these systems.®3% All three tricarbonyls in this
group have nonplanar geometry with Cz, symmetry;
the doubly degenerate antisymmetric C—O stretching
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Figure 6. Infrared spectra in the 2000—1660 cm~! region
from laser-ablated V atoms co-deposited with 0.1% CO in
neon: (a) 30 min sample deposition at 4 K, (b) after
annealing to 8 K, (c) after annealing to 10 K, (d) after 15
min full-arc photolysis, and (e) after annealing to 10 K.

vibration is characterized by approximately 3:1:1:3
relative intensities of mixed isotopic structure.86.92.93
The nondegenerate symmetric C—O stretching vibra-
tion is characterized by approximately 1:3:3:1 relative
intensities of mixed isotopic structure. The tetracar-
bonyls were predicted to be tetrahedral molecules as
only one IR absorption is observed in the C-O
stretching region.

C. V Group

Spectroscopic studies of group 5 metal carbonyls
are mainly focused on vanadium carbonyls. The VCO
molecule was first synthesized by Hanlan et al.®” via
thermal vanadium atom reactions with CO molecules
in rare-gas solids. The C—O stretching vibration was
observed at 1904 cm™! in argon, which is in accord
with our recent 1930.6 cm™! neon matrix value®
(Figure 6). In the Weltner ESR study, two forms, one
with a bent structure and the other with a linear
structure, were observed for sextet VCO in rare-gas
matrices.>* Theoretical calculations predicted a 6=t
ground-state VCO molecule with linear geometry,
which correlates with the metastable 3d*4s! (°D) V
atom and ground-state CO. The low-spin quartet
VCO, which correlates with the ground-state metal
atom, is slightly higher in energy.83-8594.98
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Although earlier infrared work reported three
isomers of V(CO); in solid Ar, Kr, and Xe hosts,”” ESR
results indicated that only one V(CO), structure was
observed in a neon matrix with a quartet ground
state.>* Our infrared spectra also clearly showed that
V(CO), has only one bent structure in neon matrix.%?
Earlier ab initio calculations considered a linear
geometry, which predicted a 534t ground state with
a “Il, state very close in energy, but recent DFT
calculations favor the bent structure with a “B;
ground state derived from a “Il; state.> As men-
tioned,® the bending potential of V(CO), is very flat,
and this molecule can easily be linear in the gas
phase.

There is disagreement on V(CO)3: an argon matrix
1920 cm~! band was assigned to the trigonal spe-
cies,” whereas a gas-phase time-resolved infrared
study reported a 1859 cm™! absorption.®® The ESR
spectrum in a neon matrix revealed a doublet ground
state.5* Our DFT calculation predicted a ?A; ground
state with Cz, symmetry and a strong vs; fundamental
at 1799 cm™1; however, no absorption in this region
can be assigned to this molecule in a neon matrix,??
but a 1910.8 cm~* band follows the annealing profile
for V(CO)s.

The structures of V(CO), and V(CO)s remain un-
determined; infrared spectra in rare-gas matrices
suggest a T4 or D4, geometry for the V(CO), molecule
and a Dz, geometry for V(CO)s.°” Morton and Preston
reported an electron spin resonance study of V(CO),
and V(CO)s in a krypton matrix produced by vy
irradiation of V(CO)e; their results indicated a 2B,
ground state with distorted trigonal bipyramid (C,,)
symmetry for V(CO)s and a high-spin 8A; ground
state with tetrahedral symmetry for V(CO)4.%°

V(CO)s was first synthesized in 1959 via high-
pressure reductive carbonylation of VCls at 120 °C%
and spectroscopically studied by infrared absorp-
tion,*! electron spin resonance,'®? and nuclear mag-
netic resonance.*®® In the gas phase, V(CO)s is subject
to a dynamic Jahn—Teller effect and appears to be
approximately octahedral; the C—O stretching vibra-
tion is observed at 1986 cm™! in the gas phase® and
at 1984.3 cm™! in solid neon.®?

Binary tantalum carbonyls have been prepared by
reactions of tantalum atoms with CO in an argon
matrix and tentatively identified by infrared spec-
troscopy.'® The Nb(CO)x and Ta(CO)x (x = 1-6)
carbonyls were recently synthesized by co-deposition
of laser-ablated metal atoms and CO molecules in
excess neon.'% CASSCF%:107 and DFT calculations!®
predicted a 5= ground state for NbCO, which is in
agreement with argon matrix ESR study.'® The
ground state of TaCO was predicted to be *A, with a
63+ state very close in energy.%19 The ground states
of NbCO and TaCO correlate with ground-state
Nb(D) and Ta(*F) atoms’™ and CO(*=Z") and are
observed at 1932.0 and 1865.2 cm™, respectively, in
solid neon.t%5

D. Cr Group

Unsaturated group 6 carbonyls have been exten-
sively studied in rare-gas matrices,'%33-3% solution,*%®
and the gas phase.'%®~112 The Turner group produced
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the penta-, tetra-, and tricarbonyls in rare-gas ma-
trices for characterization by infrared spectros-
copy.337% The pentacarbonyls were found to have the
C4y structure, while C,, and Cs, structures were
determined for the tetra- and tricarbonyls. Gas-phase
time-resolved infrared absorption studies by the
Weitz,1%° Rosenfeld,’%111 and Rayner'?1% groups
provided evidence that these unsaturated molecules
adopt the same structures. The latter investigations
also found that bimolecular rate constants for CO
addition to Cr(CO), (n = 2—5) and Mo(CO), (n = 3—5)
were within an order of magnitude of the gas kinetic
collision rate, indicating that the ground states of the
tri-, tetra-, and pentacarbonyls all have the same
spin, which is singlet for these species.

The CrCO molecule was characterized by Weltner
and co-workers, who reported a 1977 cm~! absorption
from the co-deposition of thermal Cr atoms and CO
diluted in argon.’® Laser-ablated Cr gave a 1975.6
cm~! argon matrix absorption,’* which shifted to
2018.4 cm~1tin solid neon,'® a relatively large argon-
to-neon matrix shift.®2 The CrCO molecule was
predicted to have a “A’ ground state which correlates
with ground-state Cr atom and CO (1X).83-8 The
ground-state CrCO molecule adopts a bent geom-
etry.*'6 The 50 orbital of CO does not point directly
toward the metal in bent CrCO, and the o repulsion
can be reduced; this repulsion, coupled with the fact
that sdo hybridization is not possible for the 7S state
of Cr due to the spin coupling of the s and do orbitals,
acts as a driving force for bending. The MoCO and
WCO complexes exhibit low-spin ground states,!'”
which arise from the smaller Mo and W s to d
promotion energy than that found for Cr. Because
the low-spin state has lower repulsion due to s to d
promotion and more metal to CO & donation, the
C—0 stretching frequencies significantly decreased
to 1881.2 and 1859.2 cm™%, respectively, for MoCO
and WCO in solid neon.1%®

The group 6 M(CO)x carbonyls have also been
investigated in solid neon in our laboratory.**> The
neon matrix studies give a strong 1832.9 cm~* band,
which exhibits a 1/2/1 triplet with 2CO + 13CO and
an associated weaker 1982.1 cm~* band for Cr(CO);
our BP86 calculations provide 1882.3 (b,) and 1963.8
cm~! (a;) modes for °A; ground-state Cr(CO),. Chro-
mium dicarbonyl appears at 1821.5 cm™? in solid
argon.'> The bands considered earlier for Cr(CO),
in solid methane at 1903 cm~* and in the gas phase
at 1914 cm~! must be due to another species.®*1%° The
gas-phase, neon matrix, and argon matrix results
appear to be compatible for Cr(CO)s456 (Table 1).

Although binuclear complexes are only peripheral
to this review, the strongest product band in Cr
experiments, even stronger than CO precursor at
0.1% in neon,''® is at 1735.4 cm™%; so brief mention
will be made of (Cr,)(CO),. This band becomes a
sharp triplet at 1735.4, 1715.6, 1698.9 cm™* with a
weak 1799.0 cm~! band for the mixed isotopic mol-
ecule of lower symmetry using 2CO + 3CO. Our DFT
calculations find a low-energy 3A, rhombus structure
OC(Cr,)CO with two bridging carbonyls; the geo-
metrical parameters are 1.761 A Cr—Cr bond, 2.070
A Cr—C bond, and 1.183 A C—0 bond. This rhombus
has calculated carbonyl frequencies of 1795.6 cm™!
(b1u, 2271 km/mol) and 1862.3 cm™? (ag, 0 km/mol)
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that are in excellent agreement with the observed
bands. This rhombus structure is the dimer of CrCO
and exhibits substantial Cr—Cr bonding.

E. Mn Group

Mn has a 8S (3d°4s?) ground-state configuration,
and the two lowest excited states are D(3d®4s?) and
8P (3d°4s'4p?). Because both of these atomic excited
states are very high in energy, a weakly bound 8=*
van der Waals complex, derived from ground-state
Mn (8S), might be expected for the ground state of
MnCO. Although Huber et al. tentatively assigned
an 1850 cm™! band in argon to MnCO,*8 similar
studies in the Weltner group®® and our group failed
to produce this absorption.*? Instead, we assign a
weak new 1933.6 cm~* band in solid argon and 1950.7
cm~? in solid neon to MnCO, in agreement with a
1955 cm™! prediction by DFT/BP86 for MnCO.% Fenn
and Leopold® measured the photoelectron spectra of
MnCO~, and two states of the neutral MNnCO were
observed. The lower state of neutral MnCO is 1.115
+ 0.006 eV above the ground state of the MnCO~
anion. The Mn—CO and C—O stretching vibrational
frequencies for this state of MNnCO are 370 + 20 and
1955 4+ 15 cm™%, respectively. The upper state of the
MnCO neutral is 2610 + 20 cm™! above the lower
state; the Mn—CO and C—O stretching frequencies
are 430 £+ 10 and 1925 + 15 cm™. On the basis of
ACPF calculations,*'® these two MnCO states are
assigned as ®I1 and “IT; hence, the MnCO ground
state is éIT and not 6Z*. Both TcCO and ReCO were
found to be very weakly bonded in “=~ ground states
with respect to the ground state S metal atoms and
CO_lZO

The strongest features in reactions of laser-ablated
Mn and Re with CO in excess neon are at 1865.7 and
1905.4 cm™t These strong bands give the 1/2/1
triplets with *?CO + 3CO, which is characteristic of
a dicarbonyl absorption. DFT calculations support
these Mn(CO), and Re(CO), assignments. Mn(CO)3
and Mn(CO), are also formed by diffusion and further
reaction of CO in these experiments.*!

Among this group carbonyls, Mn(CO)s and Re(CO)s
have received the most study and are now well
characterized. Turner and co-workers produced the
Mn(CO)s radical via UV photolysis of HMn(CO)s in
a CO matrix at 10 K; the IR absorption spectrum at
1988, 1978 cm™! suggested that Mn(CO)s has a
square pyramidal C,4, structure with an axial—
equatorial bond angle of (96 & 3)°.1?! This reassign-
ment of Mn(CO)s from the earlier thermal Mn atom
work!® is in agreement with our laser-ablation
experiments in solid argon and neon*' and the gas-
phase assignment.’?? By reacting Mn(CO)sCl or
Mn(CO)sBr with Na or Ag atoms using a rotating
cryostat, Howard and co-workers generated Mn(CO)s
in a C¢Ds matrix at 77 K for examination by ESR
spectroscopy.>® The ESR spectrum is characteristic
of anisotropic interactions between one unpaired
electron, one Mn nucleus, and the magnetic field; the
unpaired electron occupies an a; orbital. This char-
acterization has been confirmed for Mn(CO)s from the
photolysis or radiolysis of HMn(CO)s in solid argon'?
or krypton'?4 in a sealed tube at 77 K.

The Re(CO)s radical was first detected in a mass
spectroscopic study of Re;(CO);o vapor.'?® Wrighton
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and Bredesen investigated the photoreaction of
Re,(CO)y0 with CCl, and provided evidence for a
Re(CO)s radical.’?® However, photolysis of Reo(CO)1o
apparently does not give Re(CO)s. By reaction of Re
atoms with CO, Huber et al. produced Re(CO)s in
argon matrix for IR study and suggested that
Re(CO)s also has a square pyramidal Cy, structure.?”
These argon matrix observations are in accord with
our neon matrix experiments.*

F. Fe Group

A considerable amount of experimental and theo-
retical work has been done to elucidate the funda-
mental physical properties of binary unsaturated iron
carbonyls. Poliakoff and Turner were the first to
obtain direct spectroscopic evidence for unsaturated
Fe(CO), and Fe(CO); in rare-gas matrices from
photodissociation of the saturated Fe(CO)s pre-
cursor;39732 Fe(CO), is an important intermediate.
The Fe(CO)4 molecule has C,, symmetry with three
IR-active absorptions, and Fe(CO); is trigonal with
Csy symmetry and two IR absorption bands in the
C—0O stretching region. The Fe(CO), and FeCO
molecules were reported from early reactions of
thermal iron atoms with CO in solid argon; a 1898
cm~! absorption was first assigned to the C—-O
stretching vibration of FeCO and an 1860 cm™
absorption to the Fe(CO), molecule.®'? However, in
the diode laser spectroscopic studies of iron carbonyl
radicals generated by ultraviolet laser photolysis of
Fe(CO)s in a supersonic jet, the C—O stretching
vibration of FeCO was determined to be 1946.5 cm™
and the antisymmetric stretching vibration of linear
Fe(CO), was measured at 1928.2 cm~1.48-5 The latter
studies with rotational resolution provide definitive
identifications and suggest that the original matrix
infrared spectra are in fact due to another species.

Reactions of iron atoms with CO were reinvesti-
gated in our laboratory using the laser-ablation
technique, which showed that the earlier matrix
assignments to FeCO and Fe(CO), are incorrect.*?43
On the basis of concentration studies, isotopic shifts,
and DFT calculations, the FeCO molecule is observed
at 1922.0 cm™t in argon and at 1933.7 cm™! in neon
and the antisymmetric C—O stretching vibration for
Fe(CO), is observed at 1879.2 cm~! in solid argon and
1917.1 cm™? in neon, which are compatible with the
gas-phase high-resolution results*®~° considering the
expected matrix shifts. The neon matrix spectrum*
for iron and 2C%0 + 13C160 gives a mixed isotopic
1/1 doublet for FeCO and 1/2/1 triplet for Fe(CO),.
The Fe(CO)s, Fe(CO),4, and Fe(CO)s absorptions ap-
peared on annealing to allow diffusion and further
reaction of CO and on irradiation. Sweany also
produced the same Fe(CO), bands upon photolysis
of HyFe(CO), in solid argon.'?® Although our laser-
ablation studies provide new assignments for FeCO
and Fe(CO),, the same infrared absorptions were
observed for Fe(CO)s45 as first reported from the
photodissociation experiments with Fe(CO)s.3°~32 The
1898 cm™?! band first assigned®'?® to FeCO has been
reassigned to Fe,CO, a species of considerable inter-
est in its own right.*?

On the theoretical side, there has been long discus-
sion on the ground state of FeCQ.76:83-85130-147
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Berthier and co-workers found 3=~ to be the ground
state, with a 53X state lying 12 kcal/mol higher in
energy using the CIPSI method.’®* At the MCPF
level, the quintet state was predicted to be 1.6 kcal/
mol more stable than the triplet state.’3” Even the
CCSD(T) level of theory in a quintuple basis set
predicts the 53~ state to be lower.> Very recent
MRCI calculations, including the Davidson correc-
tion, yield the 33~ state slightly below the 53~ state.146
Earlier DFT-based calculations indicated that the X~
state is more stable than the quintet state.'36:47
Clearly it is very difficult to accurately compute this
small energy separation. The Villalta and Leopold3®
photodetachment studies of FeCO~ showed vibra-
tionally resolved transitions to two electronic states
of neutral FeCO, and the 32~ state was assigned as
the ground electronic state, with the quintet state
about 1135 cm™1 higher in energy. DFT calculations
predicted that Fe(CO),, Fe(CO);, and Fe(CO), all
have triplet ground states with linear, trigonal
planar, and distorted tetrahedral C,, structures, in
agreement with experimental observations.*>43
There are interesting matrix effects on the FeCO
and Fe(CO), molecules. Our experimental and calcu-
lational results strongly suggest that FeCO in argon
has a 3A ground state, while in neon, the ground state
is a 32~ state as is in the gas phase.*?43 We note that
FeCO increases on annealing in neon but not in
argon. Apparently °D iron atoms react readily with
CO to form 3%~ FeCO in neon but not to form 3A
FeCO in argon on annealing. However, RUCO (3A)
increases on annealing in both matrices. The Fe(CO),
molecule is demonstrated to be linear in the gas
phase from the observation of alternately missing
spin components in the antisymmetric vibration band
spectrum.®® The Fe(CO), molecule is probably linear
in solid neon as no symmetric C—O stretching vibra-
tion is observed; however, it is bent in solid argon
based on the observation of the symmetric C—0O
stretching mode at 1984.8 cm~1. As the bent molecule
has a large dipole moment, the bent state is stabilized
due to stronger argon matrix solvent interaction. The
1876 cm~! band in solid methane presumed due to a
lower carbonyl® is probably due to bent Fe(CO),. Our
DFT calculations suggest that the bent and linear
states are within a few kcal/mol of each other,* so
such a matrix effect on structure is reasonable.
Compared to iron carbonyls, ruthenium and os-
mium carbonyls have received far less attention, in
part because the ruthenium and osmium pentacar-
bonyl precursor molecules are unstable. The infrared
spectrum of Os(CO), has been observed at 1972 and
1955 cm™! from photolysis of Os(CO)s in a methane
matrix.®2 Broad absorptions have been reported for
the tetracarbonyls and tricarbonyls in gas-phase
time-resolved infrared spectroscopic studies.48:149
Recently, the Ru(CO), and Os(CO), (x = 1—4) mol-
ecules were produced by co-deposition of laser-ablated
Ru and Os with CO in neon, and infrared spectra and
DFT calculations were reported.’® The tetracar-
bonyls were computed to have D,qg symmetry. Both
experimental spectra and DFT calculations showed
that the tricarbonyls have T-shaped structures with
C,y symmetry and the dicarbonyls have linear struc-
tures. According to DFT calculations RuCO has a A
ground state, as shown by high-level calculations,*5!
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Figure 7. Concentration study for NiCO and Ni(CO), produced by reaction of thermally evaporated Ni atoms and CO in
excess argon during co-deposition at 9 K. Infrared spectra in the 2100—1800 and 650—370 cm! regions. (a) Ni/CO/Ar =
0.4/2/100, and (b) Ni/CO/Ar = 0.1/0.5/100, with the absorbance scale multiplied by 6 to scale approximately the NiCO

absorptions. (Figure courtesy of L. Manceron).

but OsCO has the 3=~ ground state as does the FeCO
molecule.*®® Within the iron group, we see a reversal
in the trend going down the transition series rows
from 1933.7 to 1925.6 to 1973.8 cm™? for the mono-
carbonyl complex.

G. Co Group

Co(CO0), was first observed by Keller and Wawersik
from the sublimation of Co,(CO)g at 77 K.1%2 Subse-
guently, the existence of Co(CO), has been confirmed
by several studies.’®®"1%5 |n 1975, Hanlan et al.
isolated Co(CO);—4 in solid Ar, Kr, and Xe and
characterized the complexes by infrared and electron
spin resonance spectroscopy!®® and others investi-
gated Co(CO), by ESR.'®%157 Theoretical calcula-
tions'®® predicted that ground-state Co(CO)4 has a
pyramidal structure with C3, symmetry and three IR-
active C—0O stretching modes, which is consistent
with the observed spectrum. Our subsequent laser-
ablation experiments are in agreement with the early
thermal work on Co(CO);-4.151%° The tricarbonyl
Co(CO)s is a planar trigonal species with Dg, sym-
metry, and the doubly degenerate C—O streching
vibration was observed at 1983.2 cm™! in solid
argon.’™ Our DFT calculations predicted that the
Co(CO), molecule has a bent 2A; ground state with a
guite open C—Co—C angle and two IR-active C—O
stretching vibrations; however, the symmetric mode
is much weaker than the antisymmetric mode, so
only one C—O stretching vibration was observed in
solid argon.®® The CoCO complex was recorded at
1960.7 cm~tin solid argon and at 1973.9 cm~* in solid
neon.1%9.160 Al calculations performed on CoCO have
predicted a 2A ground state with a linear geometry,
which correlates with ground-state Co atom.8+85159.160

The neutral Rh(CO);-4 and Ir(CO);-4 Species were
identified in solid argon in earlier thermal atom
experiments;*¢1.162 however, recent investigations of
laser-ablated Rh and Ir reactions in excess neon
produce better resolved spectra for these neutral
species.1®0163 The RhCO and IrCO molecules also

have the ?A ground state!®*~168 and show an increase
down the row to 2022.5 and 2024.5 cm™ in solid
neon.'® The isolated Rh(CO); and Ir(CO), dicarbonyls
are linear as evidenced by one IR-active C—O stretch-
ing vibration and DFT predictions. The Rh(CO); and
Ir(CO)s molecules have T-shaped structures with C,,
symmetry, as do the isoelectronic Ru(CO);~ and
Os(CO);~ anions. One strong C—O stretching vibra-
tion was observed for the Rh(CO), and Ir(CO),
molecules, and DFT calculations suggest that Rh(CO),
and Ir(CO), molecules have D,y structure with the
Cay structure slightly higher in energy.'% This Dy
structure has been determined by ESR, which shows
that Co(CO), has a different structure, namely Ca,.16°

H. Ni Group

Nickel tetracarbonyl was the first metal carbonyl
to be prepared,® and nickel group carbonyls are
among the most studied metal carbonyls both experi-
menta"y25,26,104,170—175 and theoreticalIy.78'84'85141*143'176‘189
The neutral M(CO), (x = 1—4) carbonyls have been
synthesized using the matrix-isolation technique, and
their infrared spectra have been reported.?526:104.170-175
Very recently the complete vibrational spectrum has
been recorded for the important NiCO intermediate
by Joly and Manceron using thermal evaporation of
nickel atoms for reaction with CO in excess argon.?®
These workers measured the intense carbonyl fun-
damental at 1994.5 cm~* and the much weaker Ni—C
stretch at 591.1 cm~* and the bending mode at 409.1
cm~1 (Figure 7). It is significant to note that the latter
two bands are 0.5% and 1% of the carbonyl mode
intensity. The assignments are confirmed by isotopic
substitution at all atomic positions and through
observation of the overtone and combination bands
of the carbonyl fundamental. Most of what we know
about binary transition-metal carbonyl intermediates
is based on the strong carbonyl mode, but in the case
of NiCO very careful measurements in the mid-IR
and far-IR on the same sample have provided a more
complete picture of the bonding in NiCO.



Investigations of Vibrational Frequencies

Chemical Reviews, 2001, Vol. 101, No. 7 1945

Pt(CO),
257pco
0.06 . | PtCO), 0.06 -
2.0 1
3 Pt(CO),
=
S 0.04 1.5 1 0.04 -
S i
2
< . 1.0 J
0.02 - J 0.02 -
'\/\f\_\L 7 1
../\/\..’W
._,JU (b)
0.00 ‘\/T\","L 0.0 ——J. L’,“L. —— 0.00 v (a)
2200 2180 2080 2040 2000 1880 1840

Wavenumbers (cm”)
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atoms co-deposited with CO in excess argon at 9 K. (a) Pt/CO/Ar = 0.03/0.5/100, absorbance scale x4, (b) Pt/CO/Ar =
0.07/2/100 deposition, and (c) same as (b) after annealing. (Figure courtesy of L. Manceron).

The Ni(CO);-4 carbonyls blue shift on going from
argon to neon matrices by 12.1, 13.4, 7.8, and 5.1
cm™1, respectively, which indicates relatively little
matrix interaction and demonstrates consistency in
the assignments.?%17> The Ni group monocarbonyls
have = electronic ground states and show an
increase in C—0 frequency going down the Ni, Pd,
Pt group from 2006.6 to 2056.4 to 2065.5 cm ™1 in solid
neon and from 1994.5 to 2044.2 to 2054.3 cm™! in
solid argon.?6173-175 The 2140 4 60 cm ™! fundamental
for PACO deduced from the photoelectron spectrum®®
of PdCO~ is too high and probably suffers from
inaccuracy in the weak fine structure band measure-
ment. A fine structure measurement®” in the NiCO~
PES at 1940 4+ 80 cm™1, however, is within the matrix
NiCO fundamental values. Ab initio calculations
show that peaks in the NiCO~ photodetachment
spectra are consistent with a bound °IT state and
possibly a 3=* state of NiCO, in addition to the ground
12+ State_37,182

Manceron and co-workers investigated PdCO and
PtCO in detail and found an interesting increase in
the Pt—C stretching and Pt—C—0O bending modes
from the PACO values.'”® These results show that
perturbation of the CO ligand is an unreliable indica-
tor of the evolution of metal—ligand interaction
energies in contrast to the metal—carbon force con-
stant. Comparisons with theoretical predictions, in-
cluding relativistic effects,’®® of the fundamental
frequencies indicate a systematic underestimation of
the bending frequencies, which is especially sensitive
for heavy metal monocarbonyls, although the carbo-
nyl frequencies are more reliably predicted.'” Clearly
an accurate description of the TM—carbon bond is a
more difficult theoretical challenge than the CO bond,
and more far-IR studies are needed to measure the
TM—carbon frequencies and to test theoretical cal-
culations.

The dicarbonyl molecules were first claimed to be
linear based on the absence of the symmetric C—0
stretching mode in the infrared spectrum;?5:104.170
however, recent IR studies have shown that the

Ni(CO), molecule is bent as the symmetric vibration
is observed in argon (Figure 7) and neon
matrices.'’*~17> The bent Ni(CO), structural charac-
terization is further supported by DFT calcula-
tions. 136172175 Again, the far-IR spectrum reveals
crucial Ni—C stretching and Ni—C—-0O bending
modes.1"?

The recent thermal Pd investigation found two
sharp absorptions at 2050.3 and 2044.2 cm™* for
PdCO and a weaker 2051.6 cm™! absorption for Pd-
(CO),, which requires a revision of several earlier
assignments.?>1”® The new argon matrix and neon
matrix assignments are in accord.'’317> The mid-IR
region of the spectrum from a very recent thermal
Pt study in solid argon is illustrated in Figure 8. Two
sharp absorptions at 2056.8 and 2051.9 cm™! are
identified as PtCO. Increasing CO concentration
produced new bands near 2040 cm™%, which give a
1/2/1 triplet with mixed 2CO/*3CO, identify Pt(CO),,
and revise the older assignment.?®> The lower fre-
guency region (not shown) also reveals important
Pt—C stretching and Pt—C—O bending modes for
PtCO and Pt(CO),. The combination of symmetric
and antisymmetric C—O modes was observed for
Pt(CO),, but the symmetric C—O fundamental was
absent from the spectrum. The Pd(CO), and Pt(CO),
molecules might be linear as the symmetric C—0O
stretching vibrational modes were not observed in
solid argon and neon; however, the possibility of
nonlinear dicarbonyl complexes has been considered,
and recent DFT calculations suggest bent forms.7®

It is generally accepted that the nickel group
tricarbonyls are trigonal planar molecules with D3y
symmetry and the tetracarbonyls are tetrahedral
molecules with T4 symmetry. Infrared spectra for the
platinum species are shown in Figures 9 and 10 using
laser ablation and solid neon; note the different
intensity scales and the 2 orders of magnitude
greater intensities for the neutral over the charged
species. Clearly, laser ablation produces mostly neu-
tral atoms under the conditions of these experiments.
Note the absence of charged species in the appropri-
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Figure 10. Infrared spectra in the 1900—1830 cm™! region
for laser-ablated Pt co-deposited with 0.2% CO in neon at
4 K: (a) sample deposited for 35 min, (b) after 8 K
annealing, (c) after >470 nm photolysis, (d) after >380 nm
photolysis, (e) after 240—580 nm photolysis, and (f) after
12 K annealing.

ate regions of the thermal platinum experiments
using solid argon (Figure 8) and the fortunately
better resolution of different Pt(CO),_4 species in solid
neon.

l. Cu Group

There have been a large number of spectroscopic
studies of the interaction of Cu group metal atoms
with CO in rare-gas solids.19:20.80.190-197 |n yery early
work, Odgen found that reaction of copper and CO
at 12 K gave an IR spectrum with two bands in the
C—0 stretching region attributable to copper carbo-
nyls.*® In similar studies, Ozin and co-workers
synthesized Cu(CO), (x = 1—3), Ag(CO)x (x = 1-3),
and Au(CO)x (x = 1, 2) and characterized them by
infrared spectroscopy.'91-19 Although the AgCO as-
signment has been challenged and AgCO explained
as a silver atom perturbed by CO,?%1% the Cu(CO);-3
assignments have been confirmed by very recent
thermal work!® and the Ag(CO).z and Au(CO);,
identifications supported by recent neon matrix
investigations.®” For comparison, infrared spectra of

copper carbonyls in solid neon are illustrated in
Figure 11. Again, the stoichiometric identification is
based on mixed isotopic multiplet absorptions and the
Cu(CO);—3 species are blue shifted 19.4, 13.5, and
18.7 cm~* from solid argon to neon.81% The forma-
tion of CuCO, Cu(CO)sz;, Ag(CO)s, and AuCO has also
been confirmed by ESR spectroscopy.1920:19419 These
studies suggested that CuCO and AuCO are linear
with the 2= ground state and that Cu(CO); and Ag-
(CO); are trigonal planar with the 2A," electronic
ground state in D3, sSymmetry. It is interesting to note
that Au(CO); is not a stable species, in contrast to
Cu(CO); and Ag(CO)s. Even with 10% CO in neon'%
(where no AuCO is trapped and the Au(CO), bands
are broadened and red shifted 8 cm™! from the
isolated Au(CO), position of 1943.7 cm~* observed for
0.1% CO in neon,'®” due to apparent perturbation by
the gross excess of CO present) Au(CO); still does not
form. This has been rationalized by the higher ns —
np promotion energy of gold.!®

Due to the extra stability of the filled nd'° shell of
the metal, the bonding in the copper group carbonyls
is quite different from the other transition-metal
carbonyls. In the case of copper monocarbonyl, most
earlier calculations yield a weak van der Waals type
interaction with a linear arrangement.*9-214 How-
ever, using DFT, Fournier found that CuCO is
nonlinear and predicted a binding energy of 80 kJ/
mol.8+116 The bent structure was confirmed by MCPF
and CCSD(T) calculations, which gave a much lower
binding energy (about 20 kJ/mol) and a quite low
barrier to linearity (about 2 kJ/mol).?*® This later
binding energy is in good agreement with the experi-
mental value of 25 + 5 kJ/mol reported by Blitz et
al.?® The structure and binding energy of CuCO have
been further studied using extended basis sets with
a number of different density functional approaches,
and all methods agree in forecasting a bent equilib-
rium structure with a significant barrier to linearity
(about 15 kJ/mol).?** Finally, on the basis of isotopic
shifts in the v, and v; fundamentals of CuCO recently
observed in the far-infrared spectrum, Tremblay and
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Manceron'®® conclude that CuCO is bent with an
angle near 160°.

Upon addition of another CO molecule to CuCO,
the unpaired electron on Cu is promoted into the x,
orbital, which significantly changes the situation. The
Cu(CO), molecule has a 21, ground state with linear
equilibrium geometry and is more strongly bound due
to the reduction of two-orbital three-electron repul-
sion interactions and the increase in the metal px to
CO z* donation. The bonding remains essentially the
same in Cu(CQO);.80.214

ESR results showed that the bonding schemes of
AuCO and CuCO are very similar,**?° while AgCO
can only be regarded as an Ag atom perturbed by a
CO molecule in the nearest neighbor sphere of the
host lattice.'®® The weak Ag—CO interaction is evi-
denced in the nearly one unpaired electron density
in the Ag 5s orbital, negligible density in the 5p
orbital, and small 3C hyperfine coupling tensor.
Kasai and Jones discussed in detail why CuCO and
AuCO are stable complexes while AgCO is not, based
on energy levels of the valence (n — 1)d, ns, and np
orbitals of the Cu, Ag, and Au atoms and those of
the lone-pair o electrons of CO and its vacant z*
orbitals.’®?° For the CuCO complex, the metal dz and
CO z* levels are close but the Cu metal s and CO 50
orbitals are far apart, so in CuCO, the ¢ donation is
small and the dz — p* donation is primarily respon-
sible for the formation of CuCO. The valence s and p

orbitals of Ag are at the same levels as those of Cu,
so the o donation is small, as found for CuCO.
However, the increased stability of the valence d
orbital level for the second transition row dramati-
cally increases the separation between the Ag dz and
CO z* levels and therefore reduces the Ag 4d to CO
m* donation relative to CuCO. With neither CO ¢
donation to the metal nor metal = donation to the
CO, it is not surprising that AgCO is not formed. In
the case of AuCO, the metal dx is between Cu and
Ag, so there is more metal & donation than for Ag
but less than for Cu. The larger CO frequency in
AuCO than CuCO is consistent with a smaller &
donation in AuCO. However, the Au metal s orbital
is much closer to the CO 5¢ than for Cu or Ag;
therefore, AuCO has significantly more o donation
than either CuCO or AgCO. Thus, Kasai and Jones
concluded that both ¢ and x donation are operative
in AuCO and hence AuCO is a stable complex.120

J. Actinide-Metal Carbonyls

The coordination chemistry of CO with actinide
elements is a relatively new area of research, in part
because of the experimental challenges faced in
handling and characterizing actinide complexes.
Early matrix infrared experiments with thermal U
atoms and CO gave evidence for a number of U(CO)y
species.?® Recently, we have investigated reactions
of laser-ablated Th and U metal atoms with CO
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Figure 12. Infrared spectra in the 1850—1750 and 900—600 cm~! regions for laser-ablated thorium co-deposited with
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molecules in a neon matrix, and new thorium and
uranium carbonyls have been characterized.?*’-21°
The experimental C—O stretching frequency in ThCO,
1817.5 cm™1, is the lowest of any neutral binary
terminal metal carbonyl complex, Figure 12, which
implies a very large metal to CO & donation in this
molecule. Scalar relativistic DFT calculations predict
ThCO to have a 32~ ground state that reflects the
Th 7s?6d? ground electron configuration. The UCO
molecule has a C—O stretching frequency 100 cm™!
higher than ThCO despite the fact that U has a
greater number of valence electrons for donation to
the CO x* orbital than does Th. The differences
between ThCO and UCO are mainly reflective of the
much more electropositive nature of thorium.

For Th and U, the dicarbonyls are bent molecules
with C,, symmetry while the tricarbonyls are non-
planar trigonal molecules with Cz, symmetry and the
tetracarbonyls are tetrahedral molecules with T4
symmetry. The bent dicarbonyls are evidenced by
strong symmetric C—O stretching vibrations and by
relativistic DFT calculations.?17-219

K. Photon-Induced Isomerization Reactions

Several unprecedented photon-induced isomeriza-
tion reactions were observed for several early transi-
tion-metal carbonyls and actinide metal carbonyls in
our laboratory. Figure 12 shows the spectra of ThCO
and CThO and their photolysis behavior. The mono-
carbonyls of Nb,1% Th,2® and U?'7 can be isomerized
to the inserted carbide—oxide molecules on visible
light photolysis, eq 3.

MCO + hy — CMO (M= Nb, Th,U)  (3)

According to relativistic DFT calculations, the ura-
nium insertion product CUO is linear with a singlet
ground state and the shortest U—C bond yet char-
acterized; it has a U—C triple bond with substantial
U 5f character. The CThO molecule appears to be
bent with a triplet ground state, and it is an unsatur-

ated metallocarbene complex analogous to ketenyli-
dene, which has a triplet ground state.?*’—220

The dicarbonyls of the Ti group,®?% the V group,'%
and the actinide metals Th and U27219 undergo
photoinduced isomerization to OMCCO molecules
with visible or UV photons, eq 4. The OMCCO
molecules can undergo further photochemical rear-
rangment to the OM—(#3-CCO) or (C;)MO, molecules
with UV photons, eqs 5 and 6. The strong metal—
oxygen bond provides part of the thermodynamic
driving force for these isomerizations.

M(CO), + hv — OMCCO
(M = Ti, Zr, Hf, Nb, Ta, Th, U) (4)

OThCCO + hy — OTh-(5*-CCO) (5)
OMCCO + hy — (C,)MO,(M = Nb, Ta, U) (6)

L. Addition Reactions in Rare-Gas Matrices and
the Gas Phase

The photochemistry of metal carbonyls such as
V(CO)s, chromium group hexacarbonyls, Mn;(CO)o,
iron group pentacarbonyls, and nickel group tetra-
carbonyls and the spectroscopy and Kkinetics of the
resultant coordinatively unsaturated carbonyls have
been the subject of many studies.3940:108,109221.222 |
the gas phase, the rates of reaction of coordinatively
unsaturated metal carbonyls with CO are typically
very fast but there is a wide range in the magnitudes
of rate constants for association reactions. Taking the
iron carbonyl system for example, which is the
best studied, the association reactions of Fe(CO),,
Fe(CO)s, and Fe(CO), with CO have been extensively
discussed by Weitz.1314 It is well-known that Fe(CO)s
has the singlet ground state, and calculations pre-
dicted that Fe(CO),4, Fe(CO); and Fe(CO), all have
triplet ground states.*?>*3 The rate constants for CO
association with Fe(CO), and Fe(CO); are larger,
consistent with spin conservation. However, the rate
constant for CO association with Fe(CO), to form
Fe(CO)s is more than 2 orders of magnitude smaller,
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as this addition reaction is spin forbidden. The
ramifications of spin conservation on the Kinetics of
association reactions of unsaturated transition-metal
carbonyls have been widely studied; although other
factors can affect the rate constant, apparently spin
conservation is the major effect on the rate constant
of ligand addition reactions in the gas phase.

Addition reactions of unsaturated transition-metal
carbonyls with CO are quite different in matrix
environments. Although kinetic information cannot
be obtained in matrix-isolation experiments, some
gualitative information can be drawn from annealing
and photolysis behavior. In the iron carbonyl systems
Fe(CO), and Fe(CO); are both triplet states. Linear
Fe(CO), in neon reacting with CO to form Fe(CO)s,
which has Cz, symmetry, requires a large tricarbonyl
geometry change and some activation energy is
required; as a result there is no growth on annealing.
In solid argon, the Fe(CO), molecule is bent, so there
is less geometry change and the absorption of
Fe(CO); increased slightly on annealing. In solid
neon, Fe(CO); increased greatly on photolysis, and
the same applies to the formation of Fe(CO), and
Fe(CO)s in both matrices. Apparently, the spin
restriction on reaction in the matrix environment is
less rigorous than in the gas phase, and geometry
change plays an important role in controlling the
addition reactions in rare-gas matrices.*?43 Annealing
is an important part of the matrix synthesis as
diffusion in the cryogenic solid allows the controlled
growth of higher carbonyl complexes, as shown in
Figures 5—14.

We noted earlier that FeCO increased on annealing
in solid neon but not argon. However, NO is more
reactive and FeNO, Fe(NO),, and Fe(NO); all in-
crease on annealing in solid argon.??® When mixtures
of NO and CO are investigated the mixed ligand
species Fe(CO)(NO), Fe(CO),(NO), Fe(CO)(NO),, and
Fe(CO)2(NO), are observed with the latter dominat-
ing on annealing.??*

V. Binary Unsaturated Transition-Metal Carbonyl
Anions

Carbonyl anions are more difficult to study than
the neutral species because anions are more reactive
and photosensitive. In general, near-infrared or vis-
ible radiation can detach electrons from anionic
carbonyls. As early as three decades ago, several
reports appeared on the synthesis and spectroscopic
characterization of mono- or multinegative charged
carbonyl species in solution.??5226 Since then, many
metal carbonyl anions have been prepared through
chemical reduction in basic solvents, and recent
progress in this field has been reviewed by Ellis.1"2
These anions are of the general type M(CO),™,
where M is an element from groups 4—9, the ionic
charges m, falls between —2 and —4, and the coor-
dination numbers n are between 3 and 6. The
molecular geometries are comparable to those of
typical carbonyls. Multicharged anions are beyond
the scope of this review, and only monocharged
anions will be discussed. In solution, counterion
perturbation is very significant in vibrational spec-
troscopic studies. Even in the absence of counterion
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perturbation, the vibrational spectrum is still very
sensitive to solvent.??6 Metal carbonyl bond strengths
in M(CO),~ anions have been determined by energy-
resolved collision-induced dissociation investiga-
tions,??7:228 and many of these anions are observed
in the infrared spectra of laser-ablated metal reaction
products to be reviewed here.

Matrix isolation has a number of advantages for
studying infrared spectra of transition-metal carbonyl
anions. By choosing a suitable noble-gas host, mini-
mal spectral and structural perturbation can be
expected. Of more importance, preparation of matrix-
isolated carbonyl anions can be done over long
periods of time, and the detection sensitivity can thus
be enhanced. Again, CCl, doping can be employed to
capture laser-ablated electrons and to identify anion
absorptions by their marked reduction in the sample
spectrum.®171 Various techniques have been used
to prepare saturated carbonyl anions, including
vacuum-UV irradiation and electron bombardment
of saturated neutral carbonyls,??%23° and these ob-
servations will be compared with the present laser-
ablation results.

Table 2 lists the experimentally observed C—-0O
stretching frequencies of TM carbonyl anions in rare-
gas matrices and in solution. Electron capture by
MCO results in the MCO™ anion. The bonding of CO
to transition-metal anions is very similar to bonding
in neutral MCO, which involves the mechanism of
CO o donation to the metal and metal to CO x*
donation. In general, addition of an electron to the
metal atom results in a significantly larger metal to
CO z* donation, and as a result, the C—O stretching
vibrational frequency is lowered with respect to the
neutral molecules. As can be seen from Tables 1 and
2, the C—O stretching vibrational frequencies of
anions are 100—200 cm™! lower than those of the
corresponding neutral complexes, which is confirmed
by DFT frequency calculations.

A. Early Transition-Metal Carbonyl Anions

The ScCO™~ anion has a 32~ ground state, where,
relative to the neutral system, the extra electron is
added to the open-shell o orbital. The C—0O stretching
vibration is observed at 1732.0 cm™! in solid neon,
which is red shifted by 119.4 cm™! relative to that of
the neutral ScCO complex.®” Clearly the effect of the
extra metal & donation in the anion is more impor-
tant than the increase in the o repulsion and the CO
vibrational frequency is lower for the anion than the
neutral. Our DFT calculation also predicted a triplet
ground state for Sc(CO),~ with bent structure, where
the bending helps to reduce the o repulsion. Unfor-
tunately, no experimental evidence was found for this
anion.®’

The TiCO~ anion was predicted to have a “A
ground state which correlates mainly with the *F
ground state of Ti~ and the =" state of CO, and the
C—0 stretching vibration was observed at 1789.9
cm~? in solid neon.®? The Ti(CO),~ anion was com-
puted to have a “B, ground state as the isoelectronic
V(CO), molecule, and the symmetric and antisym-
metric C—O stretching vibrations were observed at
1742.1 and 1677.5 cm™? in solid neon. Ti(CO);™ is
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Table 2. C—0O Stretching Vibrational Frequencies (cm™?) for Binary Unsaturated Transition-Metal Carbonyl

Anions
Ne Ar solution ref Ne Ar solution ref
ScCO~ 1732.0 87 Ru(CO),~ 1830.6 1834.2 150
TiCO~ 1789.9 92 1766.5 1756.9
Ti(CO)2~ 1742.1 92 Ru(CO)s~ 1823.6 1810.3 150
1677.5 Ru(CO),~ 1864.8 1857 150
Ti(CO)s~ 1730.9 92 (D2q) 1860.1
Ti(CO)4~ 1760.6 92 Ru(CO)4~ 1881.0 1882.0 150
Ti(CO)s~ 1824.5 92 (Csv) 1868.6 1862.4
Ti(CO)s™ 1861.0 92 OsCO~ 1785.5 150
Zr(CO),~ 1745.9 93 Os(CO),~ 1898.8 150
1682.2 1783.5
Hf(CO),~ 1747.4 93 Os(CO);~ 1843.1 150
1681.0 1826.9
VCO~ 1806.7 92 Os(CO)4~ 1866.3 150
V(CO),~ 1777.9 92 (D2a) 1858.3
1670.6 Os(CO)4~ 1882.6 150
V(CO)s~ 1714.3 92 (Cav) 1862
V(CO)4~ 1792.6 92 CoCO~ 1820.2 1804.0 159, 160
1775.3 Co(CO),~ 1847.1 1860.2 159, 160
V(CO)s~ 1835.1 92 1789.2 1768.9
V(CO)s~ 1864 1843 230 Co(CO)3~ 1829.1 1826.9 159, 160
Nb(CO),~ 1768.6 105 Co(CO)4~ 1894.8 1890.0 1887 159, 160, 225
1656.7 RhCO~ 1828.6 1813.7 160, 163
Nb(CO);~ 1793.7 105 Rh(CO),~ 1900.4 160, 163
1713.7 1816.7 1799.4
CrCO~ 1678.0 115 Rh(CO)s~ 1864.8 1851.9 160, 163
Cr(CO),~ 1705.0 115 Rh(CO),~ 1906.4 1901.5 1900 160, 163, 241
Cr(CO)s~ 1855 230 IrCO~ 1842.6 160
1838 Ir(CO),~ 1818.1 160
Mo(CO),~ 1718.7 115 Ir(CO);~ 1860.4 160
WCO~ 1640.8 115 Ir(CO)4~ 1901.8 1898 160, 242
W(CO),~ 1751.5 115 NiCO~ 1860.6 1847.0 171, 175
MnCO~ 1807.5 1789.4 41 Ni(CO),~ 1813.8 1801.7 171, 175
Mn(CO),~ 1756.2 1754.9 41 Ni(CO);~ 1864.7 1858.8 171, 175, 230
Mn(CO)s~ 1781.8 41 PdCO~ 1909.0 175
ReCO~ 1728.0 1713.7 41 Pd(CO),~ 1832.3 175
Re(CO),~ 1788.7 41 Pd(CO);~ 1872.2 175
FeCO~ 1782.0 1770.3 42,43 PtCO~ 1896.3 175
Fe(CO),~ 1732.9 1815.0 42,43 Pt(CO),~ 1844.0 175
1721.9 Pt(CO)s~ 1875.8 175
Fe(CO);~ 17945 1786.5 42,43 CuCO~ 1746.2 1733.4 80
Fe(CO)4~ 1859.7 1853.5 42,43, 230 Cu(CO),~ 1793.9 1780.8 80
RuCO~ 1792.8 1782.5 150 Cu(CO)3~ 1838.9 1829.7 80

expected to have a ?A; ground state with Cs, sym-
metry like the isoelectronic V(CO); complex.

The VCO™ anion in the 52" ground state has a C—0O
stretching vibration at 1806.7 cm™ in solid neon.%?
V(CO), is predicted to have a °A; ground state with
bent geometry, and the symmetric and antisymmetric
C—0 stretching vibrations are observed at 1777.9 and
1670.6 cm~tin neon. V(CO);™ anion has a *A; ground
state with Cz, symmetry as does the isoelectronic
Cr(CO)s; molecule. The doubly degenerate C—O
stretching vibration is observed at 1714.3 cm™! in
neon.®2 Two bands at 1792.6 and 1775.3 cm™* in neon
were tentatively assigned to the V(CO),~ anion with
C,y symmetry as is the isoelectronic Cr(CO), mol-
ecule. It is not clear whether the V(CO)s™ is a singlet
or triplet. Molecular orbital calculations suggest that
the ground-state V(CO)s~ should be a d® singlet with
C4 symmetry as is the isoelectronic Cr(CO)s mol-
ecule;31232 however, experimental observation of low
reactivity with two electron donor ligands suggests
that V(CO)s™ is a 16 electron triplet.?®2 The saturated
V(CO)s~ anion is an octahedral singlet, which has
been observed in solution and solid argon.?3°

The Cr(CO)s~ anion has been identified by 1855,
1838 cm™! frequencies in solid argon?® and charac-

terized as a doublet ground state with a square
pyramidal C,, structure like the isoelectronic
Mn(CO)s molecule. Molecular orbital calculations
suggest that the Cr(CO),~ anion has a doublet ground
state with either the C,, or D4, structure.?31.232
Photoelectron spectra of Cr(CO);~ indicated a Cs,
equilibrium geometry like the neutral molecule.>®
McDonald et al. observed that CO adds rapidly to
Cr(CO);~ and Cr(CO),™ in the gas phase, suggesting
that both Cr(CO);~ and Cr(CO),~ have doublet ground
states.?%

The ground state of MNCO™, predicted to be a °I1
state derived from a mixture of the 3d®4s? and
3d®4s24pt occupations of Mn~,119 is observed at 1807.5
cm~tin solid neon and at 1789.4 cm™? in solid argon.*
Mn(CO),~ is found to have a triplet ground state like
the isoelectronic Fe(CO), molecule, and Mn(CO);™ is
also calculated to be a Cj, triplet like Fe(CO);. Slow
rates for addition of ligands to Mn(CO),~ suggest that
it has a triplet ground state like the Fe(CO), mol-
ecule.?%52% Following this rationale, Mn(CO)s™, like
Fe(CO)s, has the singlet ground state and trigonal
bipyramidal structure.*>??> Infrared spectroscopic
evidence for the Mn(CO)~; 23 anions has been found
in our laser-ablation matrix-isolation experiments.*
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B. Fe Group Carbonyl Anions

The Fe(CO),~ (x = 1—4) anions have been studied
by photoelectron spectroscopy in the gas phase.’”:%
In addition, Fe(CO),~ was formed by vacuum-UV
irradiation of Fe(CO)s in solid argon and character-
ized by infrared absorptions at 1864.2 and 1854.1
cm~1.230 All four binary carbonyl anions Fe(CO),~
were prepared in solid argon and neon from co-
deposition of laser-ablated iron, electrons, and CO in
our laboratory, and the later 1853.5 cm™! argon
matrix band for Fe(CO),™ is in excellent agreement
with the earlier work.*?432% Figure 3 shows the
typical spectra of Fe(CO),~ in solid neon; the anion
yield was relatively higher in solid argon. Earlier
photoelectron spectroscopic data suggested that the
FeCO~ anion is a doublet. Later higher resolution
photoelectron spectroscopic data indicated that FeCO~
has a quartet ground state, in agreement with recent
theoretical calculations,?®” which predicted a *=~
ground state. Rapid addition of CO to Fe(CO),™ and
Fe(CO);™ in gas-phase investigations suggested that
Fe(CO)x (x = 2—4) all have doublet ground states.?3
DFT calculations predicted that the Fe(CO),~ anion
has a linear 2IT, ground state with a bent ?A; state
slightly higher in energy. Analogous to the Fe(CO),
neutral, the Fe(CO),~ anion in neon has a linear
geometry, but in argon Fe(CO),~ adopts a bent
geometry, since both symmetric and antisymmetric
C—Ostretchingvibrationswere observed. The Fe(CO);~
anion was predicted to have a ?A;’' ground state with
D3, symmetry, which was confirmed from the infra-
red spectrum of the mixed isotopically substituted
molecule. Recent B3LYP calculations predicted a 2A;
ground state for Fe(CO),~ with C3, symmetry, as is
the isoelectronic Co(CO), molecule, in agreement
with earlier infrared structural characterization in
a solid argon matrix.230

The matrix photochemistry of Fe(CO);—4~ is differ-
ent from the gas-phase ion cyclotron mass spectros-
copy result in that electron detachment dominates
in the matrix*?43230 whereas CO dissociation is
favored in the gas phase.?3%24° This may be governed
by the relative ease of diffusion of an electron
compared to a CO ligand away from the anion site
in the matrix cage.

The Ru and Os carbonyl anions exhibit different
properties from Fe carbonyl anions. Both RuCO~ and
OsCO~ have °A ground states, and Ru(CO),~ and
Os(CO),™ appear to have bent 2B, ground states. The
Ru(CO);~ and Os(CO);~ anions have T-shaped C,,
geometries, like the isoelectronic Rh(CO); and Ir(CO);
molecules. For Ru(CO),~ and Os(CO),~, two struc-
tural isomers coexist in the neon matrix; one form
exhibits the Cs, geometry like Fe(CO),~, and the
other form has the Dyq structure.*®°

C. Co Group Carbonyl Anions

The properties of group 9 carbonyl anions are very
similar, except for the monocarbonyl anions. The
CoCO™ anion was predicted to have a A ground
state, arising from adding an extra electron to an
empty o orbital, relative to the ?A ground state of
CoCO. For RhCO™ and IrCO-, the =" configuration
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Figure 13. Infrared spectra in the 2200—2155 cm~ region
for laser-ablated Rh co-deposited with CO in neon at 4 K
after (a) 0.1% CO sample co-deposited for 60 min, (b) 0.2%
CO sample deposited for 60 min, (c) annealing to 8 K, (d)
0.2% CO sample with 0.1% CCl, co-deposited for 60 min,
(e) annealing to 8 K, and (f) annealing to 11 K.

is the ground state.'5%16° The singlet state can utilize
sdo hybridization to remove s electron density from
the metal—C region and reduce repulsion. This occurs
for the second and third transition rows because the
s and d orbitals are more similar in size and the
increased stability of the metal d orbitals relative to
the first transition row. The dicarbonyl anions have
1A; ground states with bent structures. Infrared
spectra and DFT calculations both indicate that the
tricarbonyl anions have *A;' ground states with Dg,
symmetry. The tetracarbonyl anions exhibit A;
ground states with T4 symmetry, as do the isoelec-
tronic molecules of the Ni group tetracarbonyls. All
12 of these anions have been observed in our laser-
ablation experiments, and the frequencies are listed
in Table 2.

Figures 13 and 14 illustrate the rhodium carbonyl
cation and anion regions and show the effect of
concentration, annealing, photolysis, and CCl, dop-
ing. Note the growth of higher carbonyl species on
annealing, the enhancement of cation bands in the
upper region, and the reduction of anion absorptions
in the lower region with added CCl, electron trap.
Also note that Rh(CO),™ is the most photostable as
it increases on 290—580 nm irradiation before de-
creasing with 240—580 nm photolysis. In the satu-
rated M(CO),~ cases, these anions are known in
solution and the strongest infrared absorption is
within 10 cm™ of our matrix bands.??5241.242 Einally,
Co(CO)4 has been observed by ICR and determined
to have a large (=2.35 eV) electron affinity.?

D. Ni Group Carbonyl Anions

Figure 15 shows IR spectra in the C—O stretching
region for nickel carbonyl anions in solid argon, which
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Figure 14. Infrared spectra in the 1930—1800 cm™! region
for laser-ablated Rh co-deposited with CO in neon at 4 K
after (a) 0.1% CO sample co-deposited for 60 min, (b) 0.2%
CO sample deposited for 60 min, (c) A > 380 nm photolysis,
(d) 2 > 290 nm photolysis, and (e) full-arc photolysis.
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Figure 15. Infrared spectra in the 1870—1795 cm~! region
for laser-ablated Ni co-deposited with 0.4% CO in argon
at 10 + 1 K: (a) sample co-deposited for 1.5 h, (b) after 20
K annealing, (c) after 25 K annealing, (d) after 850—1000
nm photolysis, (e) after 630—1000 nm photolysis, (f) after
470—1000 nm photolysis, and (g) after 30 K annealing.

may be compared with neon matrix bands 13.6, 12.1,
and 5.9 cm™?! higher.1"%175 It is important to note that
the Ni(CO);235~ anions were not observed in the
thermal Ni experiments (Figure 7).25172 Ni(CO);~ was
first observed at 1857.9 cm™ in solid argon?3® from
the vacuum-UV photolysis of Ni(CO)4, which is in
excellent agreement with the 1858.8 cm™* assignment
from our laser-ablation experiments.'’* The tricar-
bonyl anions of this group have trigonal planar D3
structures, which is confirmed by DFT calculations
and isotopically substituted IR spectra.'”* The ground
state of Ni(CO);~ is predicted to be a A" state.
Photoelectron spectroscopic measurements suggest
that both NiCO~ and Ni(CO),~ have doublet ground
states.?® Density functional theoretical calculations
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predicted that the dicarbonyl anions of this group
adopt linear °I1, ground states in agreement with
vibrational spectroscopic results. All three monocar-
bonyl anions have doublet ground states: the NiCO~
anion forms a °Z* state with linear geometry, while
PdCO™ and PtCO™ are predicted to be bent.171175

Figure 15 also contrasts the photochemistry of
NiCO~, Ni(CO),~, and Ni(CO)z;~. The monocarbonyl
anion is the most photosensitive: 850—1000 nm
photolysis reduced the 1850.1, 1847.0 cm~! absorp-
tions about 40% with no effect on the Ni(CO),~ and
Ni(CO);~ bands, but radiation in the 630—1000 nm
region totally destroyed the NiCO~ and Ni(CO),~
absorptions, while the 1853.8 cm™! site band of
Ni(CO);™ increased about 20% with no change for the
1858.8 cm™! site band. Continued photolysis in the
470—1000 nm region destroyed the Ni(CO);~ absorp-
tions, which is in agreement with the photodisap-
pearance of Ni(CO);~ when irradiated at 2.0—2.5 eV
using the techniques of ion cyclotron resonance.?**
The matrix photolysis behavior is in accord with the
low electron affinities for the neutral species derived
from photoelectron spectra in the gas phase® and
provides further evidence to support the matrix
identification of the Ni(CO)y~ anions.

E. Cu Group Carbonyl Anions

The Cu(CO),~ anions have been produced in argon
and neon matrices and characterized by vibrational
spectroscopy and DFT calculations.®® The CuCO
complex adds an electron to form CuCO~ with a A’
ground state, correlates with ground-state Cu-, and
has an usually low carbonyl frequency. As the
Cu(CO), neutral is a 2I1, ground state with linear
geometry, addition of another electron gives two
unpaired electrons in the s, orbitals, and results in
a 3%,~ ground state for the Cu(CO),  anion. The
Cu(CO);~ anion has *A; ground state with trigonal
planar geometry. Figure 11 shows copper carbonyl
anion spectra in solid neon; again, it is important to
note that these features are absent from the thermal
copper experiments.1%

F. Electron Affinities

The DFT calculations and selected wavelength
range photolysis provide some rough measure of the
electron affinities of the neutral carbonyl molecules.
Before considering the carbonyl species, we first
compare CrO,, where the electron affinity has been
precisely measured as 2.413 + 0.008 eV (55.6 kcal/
mol) in the gas phase.?*® For this calibration system,
our DFT calculations?*¢ give 53.9 (BP86) and 58.1
kcal/mol (B3LYP) for the adiabatic electron affinity
(computed as the energy difference between anion
and the neutral, each at its equilibrium geometry),
which are very close (£3%) to the experimental
electron affinity. The CrO,~ anion absorption re-
mained unchanged on 4 > 380 nm photolysis and
disappeared on 4 > 290 nm photolysis; it appears that
approximately 1.0 eV in excess of the gas-phase
detachment energy is required for photodetachment
in the matrix environment.

The matrix photochemistry of CuCO~ is of interest,
in part because no gas-phase data are available. We
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Table 3. DFT Calculated and Experimental Electron Affinities for Neutral Late Transition-Metal M(CO)yx

Complexes (kcal/mol)

X Mn Fe Co Ni Cu
1 25.72 26.72 18.52
25.0P 25.7° 22.3P 19.1° 26.6°
24.0¢ 21.8° 13.8¢ 23.0¢
2 28.1 14.8
38.2° 32.6° 41.8 19.9 29.2
16.0 22.2
3 41 24.8
53.1° 520 59.8 35.3 325
27.9
4 55 >542
61.94 67 77

a Underlined values are gas-phase experimental, refs 36—38, 59, and 243.  BP86/6-311+G*calculated energy difference is second
value. ¢ B3LYP/6-311+G* calculated energy difference is third value. ¢ BP86 Mn(CO),~ (°B;) and Mn(CO), (*B,) energy difference;

BP86 difference for Mn(CO)s is 70.8 kcal/mol.

note that the matrix photolysis of CuCO~ is almost
exactly like that observed for FeCO™ in solid argon,
which suggests that the electron affinity for CuCO
may be near the 26.7 kcal/mol value observed for
FeCO.® Although DFT energies for anions are sub-
ject to error, we also note that our calculated energy
for FeCO™ is below FeCO by an amount (25.7 kcal/
mol)*? near the experimental electron affinity® and
our BP86 calculation finds CuCO~ below CuCO by a
similar 26.6 kcal/mol amount. Since DFT/B3LYP
energies are commonly more accurate than BP86
energies, we have repeated the calculations for
FeCO(X"), FeCO (*XZ), CuCO(A"), and CuCO (*A")
with the B3LYP functional. The iron carbonyl anion
is 21.0 kcal/mol below the neutral and the copper
carbonyl anion is 23.0 kcal/mol below at the B3LYP
level, which are in reasonable agreement with the
BP86 energy differences.

We list in Table 3 a comparison of experimental
(underlined) and DFT electron affinities. The results
for both the BP86 and B3LYP functionals are pre-
sented. For the two most thoroughly studied metal
carbonyl species, Fe and Ni, the electron affinity as
a function of number of CO molecules has been
measured. Despite the approximation involved, the
calculated values are in reasonable agreement with
experimental measurements. Note that Mn(CO),,
Co(CO)y~, and Cu(CO)x~ values increase with x just
as do the known iron and nickel carbonyl anion
measurements. Our DFT calculations suggest that
Ru(CO)x and Os(CO)x have comparable electron af-
finities to the iron analogues but Rh(CO), and Ir(CO)y
have higher electron affinities than the cobalt and
the iron analogues.'®%10 These DFT energy differ-
ences provide reliable electron affinity estimates until
gas-phase measurements can be made.

VI. Binary Unsaturated Transition-Metal Carbonyl
Cations

Binary unsaturated transition-metal carbonyl cat-
ions are important as intermediates in the reactions
of metal ions with organic systems containing CO,
such as aldehydes and ketones.?*":?*® The mechanisms
of reactions involving these ions are often discussed
in terms of the metal ion—ligand bond energies, some

of which have been measured in extensive guided ion
beam mass spectrometry investigations.?*°=253 Due to
the high energies needed for their production and to
their high reactivity, spectroscopic studies of carbonyl
cations are quite difficult.?54-257

The first method to gain significant use for vibra-
tional spectroscopic study of mononuclear transition-
metal carbonyl cations employed strongly oxidizing
superacid media.#258.25%9 Under these conditions,
counterions coordinate to the carbonyl cation and
influence the CO bonding. For example, the C—0O
fundamental in CuCO™" ranges from 2127 to 2180
cm™1, depending on the counterion,?®82%° but absorbs
at 2234 cm! isolated in solid neon.8°

After some early reports for synthesis of the CuCO*
and Cu(CO);" cations in salts and acid media,?58-260.261
the Strauss group succeeded in the synthesis and
characterization of the carbonyl cation complexes
CU(CO)174+, Ag(CO)173+, and AU(CO)172+ by using
weakly coordinating counterions?62-266 including
SbyF1;,7, OTeFs—, and B(OTeFs),~. These compounds
are stable enough to be isolated as crystalline solids
under CO atmosphere or at low temperature. New
homoleptic carbonyl cations of the type M(CO),™*
(with M = group 8—11,n=6,4,2and m =1, 2, 3)
have been synthesized by Aubke and co-workers via
carbonylation of metal salts in such superacids as
fluorosulfuric acid and “magic acid” (HSO3F)-
(SbFs).267-274 Thermally stable salts with Sb,F;;~ as
counterion are obtained with antimony pentafluoride
as the reaction medium. As noted above, these
cationic species exhibit higher C—O stretching vi-
brational frequencies due to the very small metal &
donation to the CO ligands. However, vibrational
perturbations from the medium must be recognized.

Matrix isolation is perhaps the most efficient
technique for studying infrared spectroscopy of iso-
lated carbonyl cations. Although cations interact
more with the matrix than neutrals, recent studies
have shown that with a suitable choice of host matrix,
well resolved and relatively unperturbed spectra of
cations can be obtained.?®*~257 Cations are unique to
laser-ablation experiments as thermal evaporation
produces only neutral species. Recently, Van Zee and
Weltner observed ESR spectra of Ni*, Pd*, and Pt*
cations in solid argon and krypton, and Knight and
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Table 4. C—0O Stretching Vibrational Frequencies (cm™?) for Binary Unsaturated Transition-Metal Carbonyl

Cations

Ne media ref Ne media ref
ScCO™* 1962.4 87 Ni(CO)," 2205.3 175
Sc(CO)," 1926.0 87 Ni(CO)s" 2192.4 175
TiCO* 2041.3 92 2186.2
VCO™* (2116.3)2 92 Ni(CO)," 2176.2 175
CrCO™* 2200.8 115 pPdCO* 2206.4 175
MoCO™* 2189.1 115 Pd(CO),* 2210.5 175
MnCO™ 2089.5 41 PtCO* 2204.7 175
FeCO™ 2123.0 42,43 Pt(CO),* 2210.3 175
Fe(CO),* 2134.0 42,43 Pt(CO)s* 2207.9 175
RuCO* 21349 150 CuCO™* 2234.4 2178, 2127 17b, 80, 258
OsCO* 2106.0 150 Cu(CO),* 2230.4 2164 80, 259, 262
CoCO* 2165.5 160 Cu(CO);* 2211.3 2179 80, 259, 262
Co(CO),* 2168.9 160 Cu(CO),* 2202.1 2183 80, 259, 262
RhCO* 2174.1 160, 163 AgCO™* 2233.1 2204, 2197 197, 263, 265
Rh(CO)," 2184.7 2115 160, 163, 283 Ag(CO),*" 2234.6 2209 197, 265
Rh(CO)s* 2167.8 160, 163 Ag(CO)s* 2216.0 2192 197, 266
Rh(CO),*" 2161.5 2138 160, 283 Ag(CO)4* 2205.7 197
IrCO* 2156.5 160 AuCO™* 2236.8 2195 197, 268
Ir(CO),* 2153.8 160 Au(CO)," 2233.4 2211, 2217 197, 267, 268
NiCO* 2206.5 175 Au(CO);* 2203.5 197

Au(CO)," 2193.4 197

2 In an argon matrix.

co-workers also reported reactions of Pd* using laser
ablation.?”®> Due to its higher ionization energy and
lower polarizability, neon is the most suitable matrix
host for cation investigations.

Recent evolution of the laser-ablation technique in
our laboratory has extended neon matrix infrared
spectroscopy to the study of unsaturated transition-
metal carbonyl cations. As mentioned, laser ablation
of metal targets also produces metal cations and
photons ranging from vacuum ultraviolet to visible,
and hence, metal carbonyl cations can be formed via
metal cation and CO reactions or by photoionization
of neutral metal carbonyls. The presence of an
electron trap also greatly facilitates the survival and
identification of cations in the matrix. By adding a
small amount of the electron trap molecule CCl,
(<10% of CO) to the matrix gas/CO mixture, the yield
of cations is enhanced (usually two to four times)
while the yield of anions is reduced (usually to less
than 10%) with little effect on neutral species.
Figures 2, 3, 9, 11, and 13 show typical spectra for
carbonyl cations prepared by co-deposition of laser-
ablated metals with CO in excess neon.

Numerous theoretical studies of small transition-
metal carbonyl cations have been per-
formed,”3.78-80.276-282 gnd for a systematic study of
first- and second-row transition-metal mono- and
dicarbonyl cations, see ref 276. As discussed above,
the bonding mechanisms for the cations are similar
to the neutral carbonyl molecules but the relative
importance of the bonding contributions changes. For
the cations, the metal d to #* donation is, in general,
much smaller than for the neutrals. As the number
of CO ligands increases, the increasing CO o repul-
sion favors the 3d"*? states over the 3d"4s? states and
the metal d to 7* donation increases. This is similar
to the neutrals, but for a given number of CO
molecules, the cation donation is naturally smaller
than for the analogous neutral. For the cation, sdo
hybridization and s to d promotion are important
mechanisms for reducing the o repulsion, but in the

cations, the p orbital lies too high in energy to permit
efficient hybridization, so spo hybridization effects
are small. Electrostatic effects in the cation bonding
interaction are found to be important.’37°

Table 4 lists the observed C—O stretching vibra-
tional frequencies of transition-metal cations in solid
neon and in superacid media. Compared to the
neutral molecules, the C—O stretching vibrational
frequencies of cations are normally higher by about
100—200 cm™1, which is consistent with the reduction
in metal to CO & donation. For the earlier transition-
metal carbonyl cations, the C—O stretching frequency
is usually lower, and for later transition-metal car-
bonyl cations, the C—O stretching vibrational fre-
guency is normally higher than the free CO molecule
frequency. This is consistent with the increasing
second ionization potential with increasing nuclear
charge and therefore a decrease in the metal to CO
7* donation with heavier metals.

A. Early Transition-Metal Carbonyl Cations

The C—O stretching vibration of ScCO*, 1962.4
cm~tin neon and 1923.5 cm™! in argon, is the lowest
frequency binary terminal transition-metal carbonyl
cation yet known.8” The ScCO™ cation has a 3%~
ground state derived from the 3d?(°F) Sc* excited-
state lying 13.8 kcal/mol above the ground state.”4276
It is interesting to note that ScCO™ has very large
a* donation for a cation, which increases the CO bond
length and decreases the C—O stretching vibrational
frequency.

The C—O stretching vibrational frequency of TiCO™,
2041.3 cm™t in neon, is also lower than that of the
free CO molecule. The ground state of TiCO™ is
predicted to be “A, which correlates with the 3d® (*F)
state Ti* lying 2.3 kcal/mol above the 3d?4s!(*F)
ground state.”#27® No band could be assigned to VCO™
in solid neon. The 5= ground state was predicted at
2098.5 cm~ by DFT, and the strong 2140 &+ 10 cm™*!
CO precursor absorption probably masks VCO™.
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However, a 2116.3 cm™~! argon matrix band behaves
appropriately for VCO™, and this observation may
have been made possible by the larger argon matrix
shift for the cation species.

The CrCO™ cation has a =" ground state, derived
from the 3d® (6S) Cr* state. Due to the stability of
the half-filled d° configuration, the CrCO™ cation is
weakly bonded?’® and the C—O stretching vibrational
frequency is observed at 2200.8 cm™~! in neon,'!> above
CO and even the CO* value of 2194.3 cm™! in solid
neon.'®® The Cr(CO)," cation is predicted to have a
634" ground state.?’® Preston and co-workers prepared
the Cr(CO)," cation in a krypton matrix via y-
irradiation of Cr(CQO)s, and ESR spectra showed that
the chromium atom is tetrahedrally bound to four
CO submolecules in a A; ground state.5¢

B. Fe Group Carbonyl Cations

The three monocarbonyl cations of this group adopt
43~ ground states derived from the d’(*F) metal cation
states, although the *F state of Fe* is 5.8 kcal/mol
higher in energy than the 3d%4s! (D) ground state,
while for Ru™ and Os™, the “F state is the ground
state. The C—O stretching frequencies are very close
for these three metal carbonyl cations (Table 4).42:43.150
The dicarbonyl cations of this group have 4=~ ground
states, which correlate with ground-state mono-
carbonyl cations.*3150.276 ESR study of Fe(CO)s" in
chromium hexacarbonyl crystal indicated that
Fe(CO)s" has a ?A; ground state with C4, symmetry.5”
Our laser-ablation experiments characterized
FeCO", RuCO", and OsCO™" at 2123.0, 2134.9, and
2106.0 cm™ in solid neon and Fe(CO)," at 2134.0
cm~t in solid neon.*31%0

C. Co Group Carbonyl Cations

The monocarbonyl cations of this group all have
3A ground states derived from 3d® (°F) ground-state
metal cations. The C—O stretching frequencies were
observed at 2165.5, 2174.1, and 2156.5 cm™! in solid
neon, respectively.?%%16 The dicarbonyl cations form
3Aq ground states that correlate with adding CO to
the ground-state monocarbonyl cations.'%%276 The
antisymmetric C—O stretching frequencies were
observed for Co, Rh, and Ir dicarbonyl cations at
2168.9, 2184.7, and 2153.8 cm™! in solid neon,
respectively.'>%1%0 Figure 13 shows the Rh(CO);_4*
cation region. Note the CO concentration dependence
on the relative populations of the 1, 2, 3 carbonyl
cations and the increase in cation yield on doping
with CCl, to capture ablated electrons. Note also the
strong growth of Rh(CO)," on the last annealing
cycle. Finally, the Rh(CO)," cation with carborane
anions gives a strong IR absorption at 2138 cm™,
some 24 cm~! lower than our neon matrix value of
2162 cm™! for the isolated Ru(CO)," cation.160.283
Clearly counterion interaction perturbs the carbonyl
vibrations.

D. Ni Group Carbonyl Cations

The monocarbonyl cations of the nickel group have
2>+ ground states, which correlate with ground-state
metal cations and almost the same frequencies in
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solid neon (Table 4),'75 again suggesting the impor-
tance of electrostatic effects.” The dicarbonyl cations
form linear 2Z,* ground states.'’>27¢ The tricarbonyl
cations have T-shaped structures with C,, symmetry
and the tetracarbonyl cations the D4 Structure
instead of T4.'® Figure 9 shows growth of the
Pt(CO);-3* cations on annealing and reaction of Pt*
and CO in solid neon. In our laser-ablation experi-
ments, the MCO™0~ species have been observed for
the Ni, Pd, and Pt metals in solid neon,”® and from
the infrared absorptions for the trapped MCO*0%~
species and the calculated infrared intensities, we
estimate that cation and electron ablation is 2—3%
of neutral atom ablation, assuming that different
charged species are equally reactive.

E. Cu Group Carbonyl Cations

All of the M(CO),* (x = 1—4) cations of this group
exhibit singlet ground states which are derived from
ground-state metal cations. The monocarbonyl and
dicarbonyl cations are linear, while the tricarbonyl
cations are trigonal planar, and the tetracarbonyls
have the tetrahedral structure.89164280 Several groups
have reported the synthesis of copper group carbonyl
cations using weakly coordinating counteranions.?60-268
A striking feature of these carbonyl cations is that
the C—O stretching frequencies are higher than that
of free CO, which is supported by theory.”37878 More
recently, we produced the isolated copper carbonyl
cations in solid neon from the reaction of laser-
ablated Cut and CO,® as shown in Figure 11. As
carbonyl cations in media are usually stabilized by
coordination with counteranions, the C—0O stretching
frequencies depend on the counteranions and exhibit
frequencies 19—56 cm~* lower than the neon matrix-
isolated cations. The same applies to Ag(CO); 3™ and
Au(CO);," (Table 4). Taking the copper carbonyl
cations for example, the C—0O stretching frequencies
decrease with increasing CO coordination number,
as predicted by DFT calculations,® but a different
situation is observed in superacid media?>°283 owing
to structure-dependent media perturbations. In our
neon matrix investigations, the same general fre-
guency decrease with increasing CO subunits is
observed for the silver and gold carbonyl cations as
that found for copper carbonyl cations.8%1%7

VII. Carbonyls in Complex lons and Supported
Metal Catalyst Systems

There is an extensive literature for the use of CO
as a probe for the state of transition metals on
supported oxide and zeolite catalyst systems. It is
relevant to compare late first row and rhodium
investigations with the spectra of isolated MCO™
species in solid neon to gain better understanding of
the local catalyst sites.

Transition-metal(ll) ions supported on amporphous
AIPO, have given the following monocarbonyl fre-
quencies: Mn, 2198 cm™?; Fe, 2180 cm™1; Co, 2189
cm™; Ni, 2093 cm™?; Cu, 2220 cm~1.28¢ What is the
local charge on the metal ions as reflected in the
carbonyl frequencies? Comparison with the MCO™
frequencies in Table 4 shows that the supported Mn,
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Figure 16. Plot of observed and calculated (BP86/6-
311+G*) carbonyl frequencies for FeCO species vs net local
charge on each FeCO species: (x) calculated frequencies
and (e « o) the experimental values.

Fe, Co, Ni, and Cu values are 108, 57, and 23 cm™
higher and 13 and 14 cm~* lower, respectively. This
suggests first that the supported Ni and Cu states
are just below +1 and that the supported Co, Fe, and
Mn states are above +1 but not near as high as +2.
Figure 16 shows a plot of carbonyl frequencies vs
charge, g, for BP86 calculated (x) and neon matrix
observed () Fe(CO)d frequencies.*? This plot suggests,
based on the observed carbonyl probe frequency, that
g = +1.4 for Fe9(CO)/AIPO,4 and q = +1.3 for Fed-
(CO)/SiO,. A new calculation for FeCO?* gives a 33X~
state 405 kcal/mol above FeCO", with 1.885 and
1.126 A bond lengths and 2220.4 cm~! carbonyl
frequency, which is included in the plot.

In examining responses of the Fe(CN),(CO) subunit
to electronic charges in [NiFe] hydrogenases, we note
that for Fe'!' complexes the C—O frequency ranges
from 1950 to 2000 cm™! and for Fe' species the
frequency appears from 1860 to 1900 cm1.28 This
work shows large blue shifts in the coordinated C—0O
fundamental on electrochemical oxidation of the Fe
center. However, it is clear from the neon matrix
frequencies reported here for FeCO*, FeCO, and
FeCO™ that the above Fe' carbonyl has in fact a slight
negative local charge and the above Fe'' carbonyl has
only a slight positive charge (less than +1 as FeCO™
absorbs at 2123 cm™ in solid neon).

A similar point is made for the [Ru''(NH3)sCO]ClI,
complex with a 1925 cm~* C—0 frequency.?®® Tables
1 and 4 show that RuCO and RuCO™ absorb at 1936
and 2103 cm™*. Clearly the Ru center in this complex
is effectively neutral owing to electron donation from
the five ammonia ligands, based on the C—O probe
frequency.®°

Rhodium-supported catalyst systems are used for
many important reactions including the hydrogena-
tion of carbon monoxide and the hydroformylation of
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Figure 17. Plot of RhCO*, RhCO, and RhCO~ carbonyl
stretching frequencies observed in solid neon vs net local
charge on each RhCO species.

olefins. The chemisorption of CO on supported Rh
produces a discrete Rh(CO), species, and the oxida-
tion state and charge on the metal center have been
considered.?87-2% This rhodium dicarbonyl species is
usually designated Rh'(CO), because of agreement
with the C—O stretching modes of the (OC),Rh-
(CH2Rh(CO), molecule, where the oxidation state of
rhodium is +1.26972"1 The rhodium dicarbonyl on
alumina, silica, and zeolites is widely used as a
catalyst system for activation of many molecules
including H,, N, and C0O,?%2%8 through a coordina-
tively unsaturated Rh!'(CO) center, which absorbs
near 2096 cm~* on zeolites,?*® 2070 cm™* on silica,2%730
and 2060 cm™?! on alumina.?82% Furthermore, the
activation of C—H bonds in alkanes by a transient
CpRh(CO) species absorbing near 1985 cm™ in the
gas phase readily occurs.30%392 Finally, the rhodium—
phosphine complexes, Rh(CO)(CI)(PR3)., exhibit car-
bonyl frequencies ranging from 2016 (R = OPh) to
1956 cm™! (R = Et).3% What is the local charge on
the Rh(CO) centers in these active species?

The carbonyl frequencies of RhCO™ (2174 cm™1),
RhCO (2022 cm™1), and RhCO~ (1828 cm™1) show a
pronounced dependence on net charge. The calculated
Mulliken charges show that most of the net charge
resides on the metal. An added electron decreases the
Rh—C bond length and increases the C—O bond
length, thus decreasing the C—0O frequency. Hence,
the carbonyl stretching frequency is a measure of
charge on the RhCO species, which approximates
local charge on the Rh metal center. We offer the
RhCO™, RhCO, and RhCO~ frequencies as a scale for
estimating charge on Rh in the active catalyst
media'®® and plot our observed monocarbonyl fre-
guency vs net charge in Figure 17. The highest
frequency for Na9(CO)/zeolite3%* at 2178 cm~* almost
matches our isolated RhCO™ at 2174 cm™?; so q =
+1.0 is a reasonable description of local charge. The
frequency for Rh9(CO)/zeolite at 2096 cm™* is halfway
between RhCO" and RhCO, and g near +0.5 is
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Table 5. Scale Factors (observed neon matrix/calculated DFT/6-311+G*) for the First-Row Transition-Metal

Monocarbonyl Cations, Neutrals, and Anions

cations neutrals anions

B3LYP BP86 B3LYP BP86 B3LYP BP86
Sc 0.993 1.005 1.001
Ti 0.947 1.003 0.973 1.017 0.975 1.006
\Y 0.963 1.003 0.974 0.993
Cr 0.971 1.025 1.002 1.046 0.946 0.977
Mn 0.966 0.998 0.964 0.997
Fe 0.953 1.003 0.954 0.995 0.965 0.999
Co 1.009 0.997 0.991
Ni 0.962 1.015 0.963 1.000 0.960 0.995
Cu 0.966 1.012 0.996 0.965 0.928 1.007

Table 6. Observed and Calculated (BP86/6-311+G*) Frequencies (cm~1) and Isotopic Frequency Ratios for RhCO™,

RhCO, and RhCO~

observed calculated
12cl60 12cl60/13cl60 12C160/12018O 12cl60 120160/13cl60 120160/120180
RhCO* 2174.1 1.0231 1.0237 2129.4 1.0238 1.0232
RhCO 2022.5 1.0240 1.0218 2004.7 1.0250 1.0215
RhCO~ 1828.6 1.0257 1.0195 1843.6 1.0268 1.0186
proposed. The Rh4(CO)/alumina frequency at 2060 2300
cm~! suggests q near +0.3. The Rh(CO)(CI)(PR3),
complexes range from g = 0 to —0.3, and the CpRh- + o+
(CO) transient at 1985 cm™! indicates a slightly N McCo o
negative charge near —0.2. An analogous correlation 2200 o .
has been made for the important rhodium dicarbonyl ra
Rh9(CO), species.163 ;
We conclude that the frequencies for CO attached 21001 ,A *
to metal centers in complexes and supported catalyst
systems can be used as a probe for the local charge
at the metal center using neon matrix-isolated MCO™, b MCO o
MCO, and MCO~ frequencies as a scale. It appears 2000k ,,'Qx\ o
that the local charge on these metal centers is not .
nearly as positive as assumed owing to partial vC-0) + .’ 5. L
neutralization by ligands or the support system. cm 00 N
1900
VIIl. Summary ’ .
5 MCO™ o
Figure 18 presents the C—O stretching vibrational o
frequencies of the first-row transition-metal mono- 1800 F .® RAS )
carbonyl cations, neutrals, and anions in solid neon; ad * s
similar diagrams®®1° have been reported for neutral . ’ N
MCO species in solid argon, but three of the early ’
assignments have been changed by recent work?#%:43:87 1700
and one new assignment added.%? The laser-ablation Sc v Mn Co Cu
method produces mostly neutral atoms with a few Ti Cr Fe Ni

percent cations and electrons for capture to make
anions; in contrast, thermal evaporation gives only
neutral species. Hence, the very recent neon matrix
investigations in our laboratory provide carbonyl
cations and anions for comparison to neutrals on a
level playing field. Several trends are very interest-
ing. First, for all metals, the C—O stretching fre-
quencies follow the order cations > neutrals > anions
with large diagnostic 100—200 cm™! separations,
which is consistent with the magnitude of the metal
d to CO #* donation. Second, for a given charge, there
is a general increase in C—O stretching vibrational
frequencies with increasing metal atomic number,
which demonstrates the expected decrease in the
metal to CO #z* donation with increasing metal
ionization potential. Some of the structure in this plot
arises from the extra stability of the filled and half-

Figure 18. Plot of C—O stretching frequencies for first-
row transition-metal monocarbonyl cations, neutrals, and
anions in solid neon (A denotes argon matrix value).

filled d shell and from the electron pairing that occurs
at the middle of the TM row; the plot resembles the
“double-humped” graph found for the variation in
properties across a row of transition metals.° For the
anions, the variation with metal atom is the smallest
since all of the metals can easily donate charge to
the CO ligand. Third, for the early transition-metal
Ti, V, and Cr families, the C—0 stretching frequen-
cies decrease when going down the family, but the
reverse relationship is observed for the late transi-
tion-metal Fe, Co, and Ni families.

In most of the present discussion, we have referred
to neon matrix frequencies; however, the argon
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matrix frequencies are complementary, and useful
information can be obtained from comparison of the
two matrix hosts.®? In most cases, the neon-to-argon
red shift for neutral carbonyls is from 11 to 26 cm™1,
but a few (CrCO) lie outside of this range. In the case
of FeCO and Fe(CO),, it appears that neon and argon
trap different low-lying electronic states.*>*3 In gen-
eral, the carbonyl neutrals and anions have similar
shifts but carbonyl cations have larger matrix shifts.
For example, the FeCO* fundamental is at 2123.0
cm~! in neon and 2081.5 cm™! in argon, a 42.5 cm™!
shift, which is larger than those found for FeCO~
(11.7 cm™1) and FeCO (11.7 cm™1),42:43

It is unusual for different low-lying electronic states
to be trapped in different matrices, but CUO provides
another example. The linear singlet state (1047.3,
872.2 cm™1) is trapped in solid neon,?'” and a calcu-
lated 1.2 kcal/mol higher triplet state is trapped in
solid argon (852.5, 804.3 cm™1) and stabilized by a
specific interaction with argon.3%

The bonding trends are well described by theoreti-
cal calculations of vibrational frequencies. Table 5
compares the scale factors (observed neon matrix/
calculated) for the C—O stretching modes of the
monocarbonyl cations, neutrals, and anions of the
first-row transition metals observed in a neon matrix
using the B3LYP and BP86 density functionals. Most
of the calculated carbonyl harmonic stretching fre-
quencies are within 1% of the experimental funda-
mentals at the BP86 level of theory, while calcula-
tions using the B3LYP functional give frequencies
that are 3—4% higher as expected for these density
functionals and calculations on saturated TM-—
carbonyls 68306312 For second- and third-row carbo-
nyls using the BP86 density functional and the LANL
effective core potential in conjunction with the DZ
basis set, the agreement between theory and experi-
ment is just as good. For example, the 16 M(CO);—4
neutral and anion and 2 MCO™ cation (M = Ru, Os)
carbonyl frequencies are fit within 1.5%.1%° The 16
species (M = Rh, Ir) are fit within 1%, but the
Rh(CO);—4" calculations are 2—3% too low and
Ir(CO);-4" computations are 1—2% too low.1°

In addition to predicting the vibrational frequen-
cies, DFT can be used to calculate different isotopic
frequencies, and isotopic frequency ratios can be
computed as a measure of the normal vibrational
mode in the molecule for an additional diagnostic.
For diatomic CO, the *?CO/*3CO ratio 1.0225 and
C80/C*0 ratio 1.0244 characterize a pure C—0O
stretching mode. In a series of molecules such as
RhCO™, RhCO, and RhCO~, where the metal-CO
bonding varies, the Rh—C, C—O vibrational inter-
action is different and the unique isotopic ratios for
the carbonyl vibration are characteristic of that
particular molecule.*®® Table 6 summarizes the iso-
topic ratios observed and calculated for the RhCO™0.~
species. Note that RhCO™ exhibits slightly more
carbon-13 and less oxygen-18 involvement in the
C—0O vibration than CO itself and that this trend
increases to RhCO and to RhCO™ as the Rh—C bond
becomes shorter and stronger. Note also how closely
the calculated and observed ratios both follow this
trend. In a molecule with two C—O stretching modes,
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for example, bent Ni(CO), exhibits a strong b, mode
at 1978.9 cm ! and a weak a; mode at 2089.7 cm™!
in solid neon,'”® and these two modes involve differ-
ent C and O participations. The symmetric mode
shows substantially more C (1.0242) and less O
(1.0217) participation than does the antisymmetric
mode with C (1.0228) and O (1.0238) involvement,
based on the given isotopic frequency ratios, which
are nicely matched by DFT calculations (a; 1.0244,
1.0224 and b, 1.0232, 1.0241, respectively).

These investigations of vibrational frequencies in
unsaturated transition-metal carbonyl cations, neu-
trals, and anions clearly demonstrate the value of a
close working relationship between experiment and
theory to identify and characterize new molecular
species.
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