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ABSTRACT 

 Metal oxide clusters of the form MnOm
+
 (M=Y,La,In), transition metal carbonyl 

complexes of the form TM-(CO)n
+
 (TM=Mn,Cu,Au), and mixed vanadium benzene 

carbonyl complexes of the form V-bz-(CO)n
+
  are produced in the gas phase by laser 

vaporization in a pulsed nozzle and detected with time-of-flight mass spectrometry.  The 

metal oxide clusters are studied using fixed frequency photodissociation.  A limited 

number of stoichiometries are found for each value of n.  Clusters are mass selected and 

photodissociated using the third harmonic (355 nm) of an Nd:YAG laser.  Larger clusters 

undergo fission to produce certain stable cation clusters.  Yttrium and lanthanum oxides 

clusters of the form MO(M2O3)n
+
 are found to be particularly stable, along with Y6O8

+
.  

Density functional theory (DFT) calculations were performed to investigate the structures 

and bonding of these clusters.  The stability of some indium oxide clusters, including 

In5O4
+
, In5O4

+
, and In3O2

+
 can be understood in terms of Wade’s Rules of electron 

counting.  Other indium oxide clusters with enhanced stability do not follow Wade’s 

Rules, including In3O1
+
, and In2O

+
.     



 

The carbonyl and mixed benzene-carbonyl complexes are studied using infrared 

photodissociation spectroscopy and density functional theory.   Mn(CO)6
+
 has a 

completed coordination sphere, consistent with its expected 18 electron stability.  All 

manganese carbonyl complexes feature red-shifted υCO.  The argon tagged analogues of 

the small (n=1-6) complexes are studied by IRPD.  The spin state of small clusters is 

observed to gradually decrease as additional ligands are added, from a quintet MnCO
+
 to 

a singlet Mn(CO)5
+
.  Copper carbonyl cations are observed to have blue-shifted υCO, 

demonstrating that they are non-classical carbonyls.  Cu(CO)4
+
 has a completed 

coordination sphere, in line with the 18 electron rule.  All small complexes are observed 

exclusively as singlets, but some triplet population is observed for n=7,8.  This is 

explained in terms of the increased oscillator strengths of the triplets.  Au(CO)n
+ 

is 

demonstrated to have a completed coordination sphere at n=4, despite having significant 

reduced binding energy for n=3,4.  It is also a non-classical carbonyl.  V-bz-(CO)n
+
 is 

demonstrated to have two different coordination numbers, with n=3 and n=4.  Both 

feature redshifted υCO.   The symmetric CO stretch is strongly activated in these 

complexes. 
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CHAPTER 1 

INTRODUCTION 

 

Metals have always played fundamental roles in chemistry.  The first known pure 

elements were metals, as the noble metals are found in their elemental form in nature.  

Metals are commonly found as ions due to their low ionization potentials and thus readily 

donate their valence electrons to form bonds [1-3].  Metal ions play fundamental roles in 

catalysis, organometallic chemistry, biological systems, atmospheric chemistry and 

astrophysical chemistry.  Transition metals are integral to industrial catalysis, with the 

metals serving as heterogeneous catalysts, homogeneous catalysts, and as supports in 

both the pure and oxide form [4-8].  The Fischer-Tropsch catalyst, for example, is 

composed of small crystals of transitions metals supported on an inert surface, such as 

silica [9].  Even gold, nearly unreactive in the bulk, serves as a highly active catalyst for 

the oxidation of carbon monoxide when gold nanoparticles are supported on an oxide 

surface [10].  Many enzymes and proteins feature transition metals in their active sites, 

which govern their function and chemistry [11-13].  Many diseases are thought to be 

related to dysfunction in the body’s transition metal chemistry [14].   

All metals, like all other elements, have a stellar origin and the bombardment of 

the Earth by meteors introduces metal ions into the atmosphere, which drives some 

atmospheric reactions [15-17].  Other metals still in space, such as metal-carbides and 

metal-polyaromatic hydrocarbon complexes (PAHs), may act as seed materials for 

condensation reactions in the stellar and interstellar medium [18-21].  With metal ions 
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playing such a rich and varied role in the chemical processes of the universe, their study 

is of great interest.  Gas phase studies allow for the fundamental interactions of these 

systems to be probed without interference from the various interactions that occur in the 

condensed phase.  Additionally, gas phase experiments enable the study of complexes 

that are not stable at room temperature.  These gas phase complexes serve as excellent 

model systems to expand our understanding of metal-ligand and metal-cluster bonding.  

Experimental measurements can be compared to theoretical calculations, many of which 

have difficulty accurately predicting the properties of transition metal complexes, due to 

the high number of electrons and the multiple possible configurations.  The work in this 

dissertation focuses on fixed frequency ultraviolet-visible (UV/Vis) dissociation studies 

of metal oxide clusters and infrared spectroscopy studies of transition metal carbonyl 

complexes, including mixed carbonyl and benzene systems.  All these systems are 

catalytically relevant, and their study in the gas phase provides insight into their 

fundamental properties.  UV/Vis studies aid in the determination of the stoichiometries of 

stable clusters, and infrared spectroscopic studies help elucidate the structures, 

coordination numbers, and electronic configuration of the carbonyl complexes studied.  

These experimental data are compared to density functional theory (DFT) calculations to 

provide insights into the structure and bonding properties of these systems. 

 1.1 Chemistry and Bonding of Metal Oxides 

 Nearly all metals are found in nature in their oxide form.  Metal oxides are widely 

used in catalysis, electronics, ceramics, and magnetic materials [22-29]  Transition metal 

oxides often have multiple stable oxidation states, which makes them valuable in 

catalytic oxidation applications and electronics [25].   Metal oxides also exhibit 
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fascinating properties on the nanoscale.  Very small metal oxide particles often 

demonstrate properties quite different from those of the bulk.  There has been tremendous 

interest in application of metal oxide clusters in magnetism, catalysis, and biotechnology 

[30-36]. Increased relative surface area of small particle and differences in bonding on 

the nanoscale play a crucial role in the difference in properties [37].  There is great 

interest in the bonding, reactivity, and stabilities of small metal oxide clusters.  Transition 

metal oxide bonding is usually understood in terms of localized ionic bonding, but main 

group metal oxide bonding is often understood by electron counting rules such as Wade’s 

Rules [41].  Transition metal oxide clusters usually have sufficient electrons to allow for 

metal-oxygen bonding networks and conventional oxidation states.  Main group oxides, 

however, are often electron deficient and must share electrons across a polyhedral 

framework to maximize electron density on the interior of the cluster.  Gas phase studies 

of metal oxide nanoparticles can provide information on the bonding and identify 

particularly stable clusters, which may be interesting for future isolation.  

 1.2 Chemistry and Bonding in Metal Carbonyls 

 Transition metal carbonyls are significant in organometallic and inorganic 

chemistry and provide classic examples of bonding [1,42,43].  They are valuable in many 

synthetic schemes and catalysis [6].  Among other reactions, transition metals and carbon 

monoxide are involved hydroformylation, the Fischer-Tropsch synthesis, the synthesis of 

acetic acid, and the water-gas shift reaction [6].   Mixed “piano stool” complexes, with an 

aromatic molecule such as benzene as the top and carbonyl “legs” are involved in many 

industrial catalysis processes as well [1,6].  
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 The strong binding of carbon monoxide in transition metal carbonyls can be 

viewed on a basic level in terms of the 18 electron rule [1,42].  Most stable carbonyl 

complexes adhere to this rule, where the carbonyl contributes two electrons and lead to a 

filled valence shell of 18 electrons.  Many metal carbonyl complexes are multinuclear, 

having more than one metal atom, which share electrons via metal-metal bonding.  One 

example is manganese carbonyl, stable at room temperature as Mn2(CO)10.  There are 

stable metal carbonyl complexes that do not obey the 18 electron rule, such as V(CO)6, 

which has 17 electrons.   

 The 18 electron rule is only a starting point in understanding metal carbonyl 

bonding.  As noted, some complexes do not follow the 18 electron rule.  It also does not 

address the spectral shifts of the carbonyl vibration observed in the infrared and the 

variable bond lengths measured in different solid metal carbonyl complexes.  The 

bonding in metal carbonyls can be further understood through the Dewar Chatt 

Duncanson model of bonding [1,44-47].  Carbonyls generally bond to metals through the 

carbon terminus, and binding occurs through two simultaneous contributions.  There is an 

on-axis σ-type interaction, where electron density is donated from the HOMO of the 

carbonyl into the empty metal orbitals.  The 5σ HOMO of CO has partially antibonding 

character, and removing electron density from this orbital strengthens the C-O bond.  At 

the same time, π-type bonding occurs when electrons are donated from the partially filled 

d-orbitals on the metal into the antibonding π
*
 LUMO of the CO.  This results in a 

weakened C-O bond.  In frequency terms, σ-bonding causes a blue shift (higher energy 

bonds) and π-type bonding causes a red-shift (lower energy bonds).  In most carbonyl 
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complexes, dubbed “classical” carbonyls, π-type bonding dominates and the carbonyl 

stretching frequency (νCO) is lowered from the gas phase value for free CO of 2143 cm
-1

.   

 There are a growing number of metal carbonyls that are “non-classical”, that is, 

featuring shortened C-O bonds and blue-shifted carbonyl stretches [48-52].  The very 

first carbonyl complex synthesized, Pt(CO)2Cl2 is actually non-classical [43].  These non-

classical complexes usually feature filled d-shells which cannot donate or accept charge 

effectively, leading to the domination of σ donation over π backbonding.  The binding in 

these complexes has been studied theoretically by several groups [53-57].  A study by 

Lupinetti and coworkers on the effect of a charge on C-O indicates that the positive 

charge polarizes the carbonyl on the carbon end, resulting in a more homogeneous 

electron distribution than free CO [58].  This results in a blue-shift of the carbonyl 

stretch.  This effect is actually present in all metal carbonyl systems, but is typically 

overwhelmed by the red-shift caused by π backbonding.   

 The charge on the metal has been observed to play a significant role in the 

bonding of these systems.  Greater electron density on the metal center is understood to 

cause weakened C-O bonding through increased π backbonding.  Various isoelectronic 

series have been studied in the condensed phase, which illustrate this behavior.  The 

isoelectronic series Ni(CO)4, Co(CO)4
-
, and Fe(CO)4

2-
, which have CO stretching 

frequencies of 2094, 1946, and 1799 cm
-1

 respectively, is an excellent example [59-61].  

Cationic species have more tightly bound d electrons, which inhibits backbonding.  We 

have observed this in studies of gas phase Co(CO)5
+
, whose bands are blue-shifted nearly  

100 cm
-1

 from those of its isoelectronic analogue Fe(CO)5
+
 [62,63].   Recent ab inito 

calculations suggest that metal charge may play an important role in the polarization and 
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electron density distribution of the CO orbitals, but relatively few isolated gas phase 

metal carbonyl cations have been studied to investigate this idea [64].    

 1.3  Generation and Ionization of Gas Phase clusters  

There are several issues that must be addressed to study gas phase ions.  

Complexes must first be introduced into the gas phase, and they must also be ionized.  

Producing cold ions is also highly desirable for spectroscopic studies.  A few transition 

metal compounds have a high vapor pressure, which can be entrained in a molecular 

beam.  Most transition metals are not so simple to vaporize.  One approach is to simply 

heat them to their boiling point in a Knudsen diffusion oven, and some groups have taken 

this approach for transition metals [65].  This method is limited to relatively low boiling 

point metals and by modest cooling potential.  High energy particle bombardment has 

been used in some studies [66].  Laser vaporization is now the most widely employed 

method to generate transition metal clusters in the gas phase [66-68], due to the high 

sample density created, high cooling potential, the wide availability of pulsed lasers, and 

the ability to create ions directly in the source.  

While laser vaporization can produce ions directly, some other techniques do not, 

and some laser vaporization studies also employ other ionization techniques.  Electron 

impact (EI) tend to cause fragmentation, making study of weakly bound systems difficult 

[69-70].  They are also limited to high vapor pressure or low melting point materials, 

eliminating most transition metals.  Electrical discharge sources can produce a continuous 

beam of ions, but this results in low instantaneous ion densities [69,71].   Their internal 

energies are usually high, even when cooled by supersonic expansions[ 72-74]. They are 

also limited to highly conductive materials, which is not an issue for pure metals but 
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potentially a problem for metal oxide systems.  Ion-molecule reactions can be used to 

ionize and grow transition metal complexes, but this technique is not ubiquitous and 

requires considerable caution when analyzing unknown metal complexes [75].  

Complexes can also be photoionized, but this tends to produce hotter complexes than 

those produced directly in a laser vaporization source, which leads to broader spectra 

[67]. 

Laser vaporization coupled with pulsed nozzles allows for the creation of high 

densities of cold neutrals and ions.  Laser vaporization was initially used to generate 

neutral metal clusters, which were subsequently ionized by photoionized, but it is also 

possible to sample ions from the laser plasma.  The ions produced directly in the laser 

plasma are initially hot, but are cooled much more efficiently in pulsed nozzle expansions 

than with EI.  Our group and others have shown that it is possible to produce metal ion 

complexes with very low internal temperatures using this technique [76-80].  It is also 

convenient to introduce ligands in this setup, simply by seeding them into the expansion 

gas.  Laser vaporization produces fairly high densities of ions, increasing signal levels 

[81,82].  These factors make vaporization in pulsed nozzles sources an excellent 

technique for the spectroscopic study of transition metal complexes.   

 1.4 Studies of Metal clusters and complexes in the gas phase 

 Metal complexes have been studied in the gas phase for more than 50 years.  

Many experiments have used mass spectrometric techniques.  The reactivities and 

thermodynamics of metal cluster ions and metal ion ligand have been studied extensively 

[83-91].
 
 Early molecular beam experiments studied small transition metal clusters and 

larger clusters of alkali metals [92,93].  Collision induced dissociation (CID) [94,95], 
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radiative association techniques [96,97], and equilibrium mass spectrometry [98,99] can 

measure the dissociation energies and coordination numbers of metal and metal-ligand 

complexes.  High energy atom bombardment has been used to study the metastable decay 

of metal oxide and other systems [100].  Fixed frequency dissociation studies can reveal 

fragmentation pathways, stable fragment ions, and occasionally photochemistry and 

charge transfer processes [87,101,102].  Our group has used fixed frequency techniques 

to study pure metal clusters like Ten
+
 and Snn

+
, metal alloys such as PbnSbm

+
 and BinCrm

+
, 

various metal oxide systems, metal carbides, and metal-ligand complexes including M
+
-

(benzene)n and M
+
-(coronene)n[101,102].  Castleman and coworkers have studied the 

mass spectrometry and collisional dissociation patterns of oxide clusters and various 

alloy clusters [103,104].  Bernstein and coworkers have used ultraviolet photoionization 

to study the mass spectra of metal oxide systems [105]. These techniques are valuable for 

obtaining stoichiometric information, but they cannot fully reveal structural information, 

electronic states, or coordination numbers.  This information can be revealed by 

spectroscopic measurements.   

 Obtaining spectroscopic information on gas phase metal complexes can be 

challenging.  Ion densities are typically low, making traditional absorption techniques 

infeasible.  Some alternatives, like cavity ring down spectroscopy [106,107], have been 

created to increase the effective path length and thus the signal levels.  Ion traps have 

been used to increase ion densities [108,109].  Matrix isolation spectroscopy allows for 

the accumulation of complexes of interest in a frozen rare gas matrix.  Small metal oxides 

and various metal carbonyl systems have been studied in the infrared using this technique 

[110,111].  However, matrix isolation does not allow for size selection and matrix shifts 
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perturb the spectra [111].  One excellent family of techniques is “action” spectroscopy, 

where some secondary signal carrier is observed to generate spectra [112]  Action 

spectroscopy often works on a zero background, leading to greatly enhanced signal to 

noise. Many studies have used electronic resonance enhanced photodissociation (REPD) 

spectroscopy in the ultraviolet and visible regions (UV-Vis) [113-119].  There are 

practical benefits to working in this frequency regime, as these regions are accessible 

with good power using tunable dye lasers and visible Optical Parametric Oscillator 

(OPO) laser systems.  Many have focused on the spectroscopy of a single metal ion 

bound to one molecule or a noble gas atom.   These systems are accessible with the 

previously mentioned light sources, and tend to have their transitions relatively near the 

known metal atomic transitions.   Several groups have studied the electronic spectroscopy 

of metal ions systems for structural and electronic information.  Our group has studied 

main group metal interactions with ligands such as CO2, N2, H2O, and noble gases [119].  

Fuke and co-workers [120], along with Kleiber and coworkers [116], have studied main 

group metals bound to other ligands.  Other groups, including Brucat and co-workers 

[115], have studied transition metal interactions with small molecules.   

Transition metal-ligand complexes are particularly interesting due to the low lying 

excited states available for bonding.  The electronic spectra of metal-ion complexes with 

a single ligand often contain vibrational bands.   Analysis of the vibrational structure can 

be used to determine the binding energy of the complexes.  Rotational structure is present 

in some spectra, and can be analyzed to give accurate structural parameters.  Optical 

spectroscopy is an effective tool to examine the interplay between ionic and covalent 

bonding forces, which are often prevalent in metal-molecule complexes.   
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 While electronic REPD spectroscopy is attractive for many systems, it does have 

disadvantages.  The most fundamental issue is that complexes with more than one ligand 

are prone to predissociation, which leads to broad, featureless spectra.  Additionally, UV-

Vis light has enough energy to cause photochemical reactions in some systems.  

Although photochemical reactions are an interesting topic in chemistry, they are difficult 

to study with electronic spectroscopy.  The low lying excited states that make transition 

metal chemistry so interesting can also add complexity to the spectrum.  Two alternative 

techniques are mass analyzed threshold ionization spectroscopy (MATI) [121], and zero 

electron kinetic energy photoelectron spectroscopy (ZEKE) [121].   

 ZEKE and MATI spectroscopy are attractive alternatives technique for probing 

the ground state of metal-ligand complexes.  Several groups have studied such complexes 

[122-126].  ZEKE spectroscopy has also been used for some ions [127-129].  ZEKE can 

provide rotationally resolved spectra for some systems, in which case the geometric 

structures and electronic states can be determined.  Our group has studied Al
+
Ar and 

Al
+
H2O using ZEKE [124].  Yang and coworkers have studied many pure metal, metal 

oxide, and metal ligand systems [122].  ZEKE and MATI have limitations as well.  They 

usually require Franck-Condon factor calculations, since many ions have significantly 

different structures from their corresponding neutrals.  The biggest limitation is that size 

selection is not possible. 

 Infrared spectroscopy overcomes many of these limitations.  Infrared 

photodissociation (IRPD) spectroscopy elucidates structure, coordination numbers, and 

electronic states.  The photons are generally of low enough energy that photochemistry is 

avoided.  It can be employed on systems with multiple ligands, and even multiple types 
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of ligands.  It can be applied to metallic and non-metallic systems, both ions and neutrals.  

This field developed somewhat slower than UV/Vis spectroscopy due to the lack of 

intense, tunable light sources.  Early experiments demonstrated IRPD using line tunable 

CO2 lasers, proving that vibrational spectra of metal-ligand systems could be obtained 

with this technique [130-136].  However, the narrow tuning range (line tunable from 9-11 

µm) significantly limited these studies and the spectra had very poor resolution.   Infrared 

free electron lasers (FELs), developed in the 1970s, and infrared optical parametric 

oscillator/amplifier (OPO/OPA) systems brought infrared spectroscopy into the forefront 

by offering good power, resolution, and tunability.  IR free electron lasers generate 

tunable light from roughly 200-1800 cm
-1

.  Our group has collaborated with Meijer and 

co-workers to study metal-oxides, metal-carbides, and metal-benzene systems using a 

free electron source [137,138].  Maitre and co-workers and Meijer and co-workers have 

studied metal oxide and metal-ligand systems using this source as well [139,140].  FELs 

are a considerable expense to build and operate, and the spectral resolution is rather poor, 

usually >20 cm
-1

.   

Benchtop OPO/OPA systems offer an alternative.  OPO/OPA systems, depending 

on the crystals used, can cover from 800 cm
-1

 to 4500 cm
-1

, with linewidths around 1   

cm
-1

.    Lisy first used these systems to study alkali and alkali earth metal systems [141], 

and Inokuchi and co-workers have studied similar complexes [142].  Johnson and 

coworkers have studied various systems using OPO/OPA systems, including water 

clusters [143].  Our group has studied main group and transition metal cation-ligand 

complexes, with ligands including benzene [144], water [145], nitrogen [146], acetylene 
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[147], carbon dioxide [148], and carbon monoxide [149].  We have been able to learn a 

great deal about the bonding and structure of these systems. 

However, infrared photodissociation does have certain limitations [150].  The 

complex must be able to fragment under infrared excitation for a signal to be observed.  

Complexes absorb energy in the ligand vibrational coordinate, which is transferred 

through intramolecular vibrational redistribution (IVR) into other vibrational coordinates.  

If energy is transferred into a coordinate with a ligand binding energy less than that of the 

photon energy, fragmentation will occur.  However, even if a complex is weakly bound 

enough to fragment, the fragmentation must occur within the timescale of the experiment 

to be detected.  Large complexes have many possible coordinates for energy transfer, 

which increases their lifetime.  In some cases they do not dissociate within the 

experimental timescale and the spectra cannot be measured.  Small complexes are 

troublesome to probe with IRPD for different reasons.  The per-ligand binding energies 

can be quite high, often greater than the energy of one (or even several) infrared photons.  

These complexes could conceivably dissociate through multi-photon excitation, but this 

is inefficient due to low laser power in our OPO system and anharmonicity at higher 

vibrational levels in small complexes, which can make resonant absorption of the second 

photon impossible [131]. 
 
As additional ligands are added, the per-ligand binding energy 

generally decreases, but quite a few ligands can be added in some cases before the 

binding energy is less than the photon energy.  Once the first solvation shell is filled, the 

binding energy of external ligands is generally much lower, on the order of the ligand-

ligand dimer bonding energy.  In this case, the complex dissociates readily.  Much of the 
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particularly interesting information in metal-ligand systems comes from studying the first 

solvation shell interactions, and alternate techniques must be employed to do so. 

The method of “rare-gas tagging” allows for the study of small, strongly bound 

complexes by attaching a weakly bound “messenger” atom [151.152].  The Y.T. Lee 

group was one of the early practitioners of this technique, utilizing H2 and N2 as tagging 

molecules, along with neon [153].  Many groups now utilize rare gas atoms as tags [154-

156], since these generally cause less perturbation on the system.  Our group has studied 

various strongly bound ion-molecules complexes with this technique [157-162].  The rare 

gas atom binds electrostatically, through a charge-induced dipole interaction.  This leads 

to binding energies that are usually quite low, on the order of a few thousand cm
-1

 for 

argon.  This is usually enough to allow for dissociation through IVR excitation of the rare 

gas coordinate.  The addition of the rare gas also increases the state density and makes it 

more likely that IVR will transfer energy to this coordinate.  However, the argon does not 

strongly couple to the complex in some systems and fragmentation is not observed even 

when photon energies are in excess of the binding energy.   These “tagged” complexes 

usually give an excellent approximation of the spectrum of the neat complex, but we have 

observed significant perturbations in some systems. 

Theoretical calculations are an excellent complement to spectroscopy.  

Spectroscopic measurements alone cannot fully elucidate bonding and structure, without 

comparison to theory.  The number of bands gives some clue to the symmetry and 

structure.  The band positions can give hints about the bond length in some systems.  The 

C-O stretch of metal carbonyls red-shift from the gas phase CO stretch value when the C-

O bond length increases, and blue-shifts when the C-O bond length increases [163].  But 
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without theoretical calculations, we cannot really identify the electronic configurations or 

the exact structures in most cases.  Density functional theory (DFT) calculations are an 

excellent tool for elucidating the structure, electronic configuration, and bonding details 

of transition metal-ligand systems.  High end ab initio methods like Couple Cluster 

Singles and Doubles (CCSD) and MultiConfiguration Interaction modified pair coupled 

function (MCI), or Moller-Plesset perturbation theory (MP2) are attractive for high 

accuracy calculations, but they are difficult to apply to transition metal systems due to the 

large number of electrons, the large number of spin states available, and the resulting 

enormous computational cost.  Several groups have performed such calculations [164-

166].  DFT can produce reasonably accurate calculations, even for large metal-ligand 

complexes, at fairly reasonable computational cost [167].  Both metal oxide clusters and 

metal carbonyl complexes have been extensively studied by theory [168-181].   

Density functional theory does have drawbacks [182].  Transition metals 

frequently have low-lying excited states, which are difficult to determine experimentally.  

DFT often miscalculates the energy differences between electronic states, often favoring 

low spin complexes [182].  It also has difficulty at accurately calculating properties of 

van der Waals molecules and complexes with purely electrostatic bonding [182].  DFT is 

simply not designed to treat the dispersion forces which govern bonding in such systems.  

The argon tagged complexes studied in this work are a difficult problem with DFT, and 

the results must be analyzed with caution.  Even with these limitations, DFT has proven 

to be an excellent tool for investigating the structures of metal-oxide clusters, and helping 

to determine the structure and electronic configuration of the metal carbonyl complexes 

studied in this work.  Comparisons of IRPD spectroscopy to theoretical calculations have 
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yielded a great deal of information which has enhanced our understanding of the bonding 

of these systems.   

This work uses fixed frequency photodissociation and DFT calculations to study 

the bonding of several metal oxide systems.  Fragmentation patterns are used to 

determine the stoichiometries of particularly stable clusters.  Additional studies use IRPD 

techniques to study the carbonyl systems of manganese, copper, and gold cations, along 

with mixed vanadium carbonyl benzene systems.  These systems are excellent models for 

catalytically relevant systems and give insight into the fundamental bonding in these 

systems.  The rare gas tagging technique is used to acquire spectra for the smaller 

complexes in the homoleptic systems.  Vibrational excitation occurs in the fundamental 

carbonyl stretching region (2000-2300 cm
-1

) for all four systems.   The coordination 

numbers are determined for each system, and comparison to DFT calculations helps 

elucidate the structures and electronic configurations.   
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CHAPTER 2 

EXPERIMENTAL 

  

Generating and studying cationic complexes presents a difficult experimental 

problem.  Many interesting complexes are highly reactive or weakly bound, and would 

not survive at room temperature.  Solution or solid phase studies introduce solvent, 

counterion, or matrix effects, which can perturb the structure of the complexes.  Our 

approach to generating and studying cationic complexes is to study the complexes in the 

gas phase, where they can be studied with minimal perturbation [1].   We use laser 

vaporization to generate our complexes, mass analyze and select individual complexes 

using mass spectroscopy, and study the complexes using either fixed frequency UV/Vis 

photodissociation or infrared photodissociation spectroscopy (IRPD).   

Metal ion complexes are generated in the gas phase by laser vaporization in a 

pulsed nozzle source.  The resulting expansion is skimmed into a differentially pumped 

second chamber and then sampled by pulsed electrical grids into a Wiley-McLaren type 

time of flight mass spectrometer, the details of which have been published elsewhere [2-

6].  A schematic of this apparatus is presented in Figure 2.1.   The first chamber is 

colloquially known as the “source” chamber, and is pumped by a Varian VHS-10 

diffusion pump and maintains pressure of roughly 10
-6

 torr when gas is not being pulsed.  

The mass spectrometer section maintains a vacuum of nearly 10
-8

 torr.   
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Figure 2.1 Molecular Beam Apparatus with Reflectron Time-of-Flight Mass 

Spectrometer 
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In the source chamber, the second (532 nm) or third (355 nm) harmonic of a Nd:YAG 

laser is focused onto a metal rod, which rotates and translates to provide a fresh surface 

for each shot.  The full details of this apparatus have been discussed in previous work [4].   

The color of laser light used for each experiment is determined empirically and varies 

with the metal used.  Similarly, the laser energy typically varies from 1-20 mJ/pulse and 

is varied to maximize production of the ions of interest.   

Behind the metal rod, a General Valve Series 9 pulsed valve produces a 

supersonic expansion and cools the complexes, and also entrains them in the molecular 

beam.  The nozzle is typically operated with pulse widths between 200-400 µs, with 

pressures varying from 40-400 psi.  The expansion gas can be solely the complex of 

interest, such as carbon monoxide, or the gas of interest seeded in noble gases, usually 

helium, neon, or argon.  It is also possible to pass the gas flow over a reservoir of liquid, 

such as benzene, to entrain some of the partial pressure into the gas flow and introduce 

them as ligands.  This technique can be used to produce mixed clusters, such as metal-

carbonyl-benzene complexes when used with seeded gas mixtures.   

The placement of the rod and the apparatus used to hold it significantly influences 

the growth conditions of the clusters, and thus we have developed several different types 

of rod-holders depending on the details of the system to be studied.  A “full-block” 

configuration is used when larger clusters with multiple metal atoms are desired.  

Additional growth regions can be added to the block to encourage even larger cluster 

growth.  These configurations encourage higher metal concentration in the growth region, 

but limits cooling [1].  Complexes like metal-oxides and metal-carbides, which are 

strongly bound, are efficiently produced in this setup.  A “cut-away” or “offset” 
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configuration is used for single metal ion complexes with multiple weakly bound ligands.  

The “cut-away” places the rod, and the subsequent laser plasma, directly in the throat of 

the expansion and has no subsequent growth channel.  This setup allows additional 

cooling over the full-block and enables the production of more weakly bound 

electrostatic and van der Waals complexes.  However, we have found that this 

configuration is not tremendously efficient at producing noble gas tagged complexes and 

can produce pure ligand clusters, such as (CO)n
+
, due to the proximity of the plasma to 

the expansion.  To remedy this, we use an “offset” configuration, where the rod is 

translated laterally by ¾ of an inch.  The expansion now occurs into free space, and the 

metal ions are ablated into the expansion where metal-ligand complexes are then formed.  

We have found that this configuration greatly increases the efficiency of argon tagging 

and largely eliminates the production of pure ligand clusters.  Schematics and sample 

mass spectra from each configuration can be found in Figure 2.2.   Here, a full-block 

configuration was used for all metal-oxide experiments and an offset configuration for 

the metal-carbonyl and mixed metal-carbonyl-benzene systems. 

In both configurations, ions are produced directly out of the jet.  They are 

skimmed with a 3 mm aperture (Beam Dynamics, Inc.)  into the mass spectrometer 

region of the apparatus.  The ions are pulse extracted into a two-stage Wiley-McLaren 

reflectron time of flight mass spectrometer (RTOF) [2].  A schematic of the RTOF is 

shown in Figure 2.3.  Both the repeller plate and draw out grid (DOG) are kept at ground 

until the ion packet enters the extraction region, when the two plates are pulsed to voltage 

using fast rise time high voltage pulse switches (Behlke Corporation HTS-50, 50 nsec 

rise time).  Voltages of 1100V and 1000V are used on the repeller and DOG, 
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respectively.  These fields accelerate the ions down the first drift tube leg of the mass 

spectrometer.  A deflection plate and an Einzel lens are used to correct for differing 

trajectories of low and high mass ions and focus the ion beam on the detector.  The 

deflection plates are operated around 30V and the Einzel lens at around 500V.   Midway 

through the first drift tube, the ions pass a pulsed deflection plate, the mass gate.  This is 

typically held at a constant DC voltage around 500V, and briefly pulsed to ground when 

the ions of interest are passing.  The mass gate is held at ground when an entire mass 

spectrum is being collected.   From here the ions enter the reflectron region [7], where a 

voltage gradient slows the ions and turns them down the second leg of the flight tube.  

The front end of the reflectron is held at ground and the back end is held at a constant DC 

voltage of 1210V.  The ions can be conveniently crossed with an infrared or UV/vis laser 

at this point as well.   

After being reaccelerated by the reflectron, the ions enter the second flight tube 

and strike an electron multiplier tube (EMT, Hamamatsu R595) detector at its end.  A 

floating second tube is present inside this second leg, which can be pulsed to high voltage 

for additional acceleration of the ions.  This “post acceleration stage” is driven by another 

Behlke switch, and is typically run around 2700V.  It can be used to enhance the signal in 

a mass spectrum, or reject inconvenient ions in the second flight tube before they are 

detected.  The ions are detected as a voltage signal after being amplified by a pre-

amplifier, and are recorded with a digital oscilloscope (LeCroy Waverunner).  The data is 

transferred to a PC through an IEEE-488 interface.   
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Figure 2.2 shows the rod holder configurations and representative mass spectrums 

collected in each setup.   
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Figure 2.3 The reflectron time-of-flight mass spectrometer  
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  The electrical field that samples the ions accelerates them perpendicularly to their 

translational velocities in the molecular beam.  This leads them to separate in space and 

arrive at the detector at different times according to their mass, as defined by the 

following equation:  

Kinetic Energy = ½ *Mass*Velocity 

 

The time when the acceleration field is pulsed is known and defines time zero.  The 

arrival time of the ions is measured by the oscilloscope.  Since all ions pass through the 

same electric field, they acquire the same amount of kinetic energy, and it is thus possible 

to determine the mass of any ion by its arrival time if the mass corresponding to any other 

time is known.  In practice, the metal atomic ion usually serves as the initial calibration 

point. The mass selection and photodissociation process is illustrated in Figure 2.4.  The 

process varies only slightly when using tunable infrared light or fixed frequency UV/vis 

light.  Ions of interest are selected by the mass gate, and then overlapped in the turning 

region of the reflection.  If the ions absorb the laser radiation and fragment, the fragment 

ions will appear earlier in time at the detector after being accelerated.  A difference mass 

spectrum is then created by subtracting the mass spectrum with the fragmentation laser 

on from that with the laser off.  This results in a negative going parent ion and positive 

going fragment ions.  The masses of the fragments can be assigned by altering time zero 

to the time the fragmentation laser is fired, then using the known mass of the parent as the 

reference.  In fixed frequency experiments, the excitation laser is either the second or 

third harmonic (532 nm or 355 nm) of an Nd:YAG laser, and pulse energies from 15-60 

mJ/pulse are used.   



 

 62 

Figure 2.4 Mass selection and photodissociation mass spectra.  The upper trace 

shows the mass selected parent ion with no excitation laser present.  The middle trace 

show the mass spectrum obtained when the excitation laser causes fragmentation.  The 

lower trace is a difference of the first two.   
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By comparing prominent peaks in the mass spectrum to peaks repeatedly produced by 

fragmentation, we can identify which stoichiometries are particularly stable.  We cannot 

directly detect neutral losses, which are inferred by mass conservation.  In tunable 

infrared experiments, the determination of fragmentation patterns is merely the first step.  

Once a suitable frequency for fragmentation has been identified, the intensity of the 

observed fragments is measured as a function of the infrared wavelength.  The fragment 

signal is then plotted to yield a spectrum.  Fragmentation is much more efficient on 

resonance, and this technique allows us to determine the vibrational bands of the parent 

molecule.  This “action” technique allows us to measure extremely low concentrations of 

parent ion, as we are operating on a zero background and are thus have high sensitivity. 

 The infrared light is generated in a benchtop OPO/OPA system (LaserVision), a 

schematic of which is shown in Figure 2.5.  The OPO/OPA system is pumped with 

roughly 500 mJ/pulse of the fundamental (1064 nm) of an Nd:YAG laser (Continuum 

8010), which is horizontally polarized.   The beam is split by a 70:30 beamsplitter in the 

OPO/OPA, with the smaller fraction of the light passing through a KTP doubling crystal 

and the larger fraction passing through a delay line into the amplifier.  The doubled light 

(532 nm) passes through an angled tuned KTP crystal, which splits the light into two 

beams, a signal and an idler according to the following relationships: 

 

ωpump = ωsignal + ωidler 

ωsignal ≠ ωidler and ωsignal >ωidler 
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where ω is the frequency in cm
-1

 of the photons [8].  The signal output ranges from 

14,000 - 11,300 cm
-1

 and the idler ranges from 7,400 - 4,700 cm
-1

.  The signal is rejected 

and the idler passes through to the OPA, which consists of four angled tuned KTA 

crystals, where it is combined with the remaining 1064 nm light from the delay line.  

Difference frequency generation between these two beams produces mid-infrared light 

between 2000 cm
-1

 and 4500 cm
-1

, with pulse energies varying from <1 mJ/pulse around 

2000 cm
-1

 to 30 mJ/pulse in the high wavelength regions.  In the ~2140 cm
-1

 carbonyl 

stretching region [9] where most of the spectroscopy in this work was performed, 2-3 

mJ/pulse was produced.  The linewidth is roughly 1 cm
-1

.  The laser scans continuously, 

and the scanning rate is set to approximate step sizes around 0.5 cm
-1

 for most scans.  

Typically, 30-50 oscilloscope traces are recorded at each point.   

 While the experimental process is quite similar for fixed frequency and tunable 

infrared experiments, the fragmentation dynamics vary significantly.  Fixed frequency 

experiments rely on coincidental absorption cross-section overlap with the chosen 

excitation wavelength.  UV/Vis photons have a tremendous amount of energy compared 

to infrared photon (28,000 cm
-1

 for a 355 nm photon, compared to 2100 cm
-1

 for a typical 

infrared photon in these experiments), so much stronger bonds can be broken, even when 

the laser is not tuned directly to a resonance.  The much higher laser fluences also allows 

for multiple photon absorption, which can break even stronger bonds.  In tunable infrared 

experiments, we are able to match the vibrational absorptions of many metal-ligand 

complexes, but we must have enough energy to actually break a bond to detect this 

absorption.   



 

 66 

 

  

Figure 2.5 LaserVision Optical Parametric Oscillator / Amplifier System 
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 Many ligands bind too strongly to metal ions to be eliminated with an infrared photon.  

As more ligands are attached, the per-ligand binding energy decreases and eventually we 

can dissociate them.   

To study smaller complexes, we must employ the technique of “rare-gas tagging”, 

adding an additional more weakly bound messenger atom.  The weakly bound messenger 

atom is then lost when the complex absorbs light and we obtain the IRPD spectrum from 

this fragmentation.  The rare gas tagging technique was required to study small transition 

metal carbonyl complexes in this work.  Ideally, we would apply this technique to more 

strongly bound clusters like metal-oxides to study their spectroscopy, but have so far 

been largely unsuccessful due to their high internal energy and are thus limited to fixed 

frequency techniques.  Our group has previously studied metal oxides [10,11], metal 

carbides [12], and metal silicon clusters [13] using the fixed frequency technique.  We 

have studied various metal ligand complexes, with the ligands including benzene [14], 

carbon dioxide [15], acetylene [16], water [17], and nitrogen [18].  The work presented 

here is an extension of those studies, focusing on fixed frequency studies of metal oxide 

cations and infrared spectroscopic studies of transition metal carbonyl cation systems.   

 Along with experimental techniques, theoretical calculations provide a powerful 

tool to further investigate these systems.  In the fixed frequency experiments, we 

performed density functional calculations (DFT) to help predict the structures of 

stoichiometries that were predicted to be stable, and to gain insight on the bonding 

motifs.  For the spectroscopy experiments, DFT calculations were performed to identify  
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the electronic structure and geometries of measured complexes by comparing the spectra 

predicted by theory with those measured.  We used the B3LYP functional for each 

system [19,20].  Various basis sets were used depending on the details of system being 

investigated.   
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CHAPTER 3 

 

PHOTODISSOCIATION OF YTTRIUM AND LANTHANUM OXIDE 

CLUSTER CATIONS
1
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 3.1  Abstract 

 

Transition metal oxide cations of the form MnOm
+
 (M=Y, La) are produced by 

laser vaporization in a pulsed nozzle source and detected with time-of-flight mass 

spectrometry.  Cluster oxides for each value of n form only a limited number of 

stoichiometries; MO(M2O3)x
+
 species are particularly intense.  Cluster cations are mass 

selected and photodissociated using the third harmonic (355 nm) of a Nd:YAG laser.  

Multiphoton excitation is required to dissociate these clusters due to their strong bonding.  

Yttrium and lanthanum oxides exhibit different dissociation channels, but some common 

trends can be identified.  Larger clusters for both metals undergo fission to make certain 

stable cation clusters, especially MO(M2O3)x
+
 species.  Specific cations are identified to 

be especially stable due to their repeated production in the decomposition of larger 

clusters.  These include M3O4
+
, M5O7

+
, M7O10

+
, and M9O13

+
, along with Y6O8

+
.  Density 

functional theory calculations were performed to investigate the relative stabilities and 

structures of these systems.           

 

 3.2 Introduction 

 

Transition metal oxides have applications in electronics, ceramics, magnetic 

materials, and catalysis [1-9].  Their corresponding metal oxide nanoparticles expand the 

range of applications in magnetics, catalysis, and medicine [10-16].  Gas phase 

experiments on metal oxide clusters composed of fewer atoms (up to 50-60) have been 

investigated to model the stability, reactivity and structure of solids and particles [17-45].  

Many experiments have used mass spectrometry to probe these systems [17-34], and 
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some optical spectroscopy has been performed [35-45].  Theoretical calculations have 

examined the cage and network structures of oxide clusters, as well as their stabilities and 

spectra [46-54].   In the present work, we use time-of-flight mass spectrometry and mass-

selected photodissociation measurements, along with density functional theory (DFT) 

calculations, to investigate the stability and structures of yttrium and lanthanum oxide 

cluster cations. 

 Mass spectrometry has been the standard method with which to investigate gas 

phase transition metal oxide clusters [17-34].  These experiments have most often used 

the relative intensities in the mass spectrum or patterns of reactivity to gauge relative 

cluster stability.  Unlike the dramatic “magic numbers” seen for metal carbides [55-61], a 

variety of stoichiometries are seen for transition metal oxide clusters.  Castleman and 

coworkers have studied the mass spectrometry and collisional dissociation patterns of 

oxide clusters as well as their reactions with small hydrocarbons [26].  Bernstein and 

coworkers have used ultraviolet photoionization to study the mass spectra of these 

systems [28], including yttrium oxide [28i].  Our research group has employed mass 

spectrometry and mass selected photodissociation to a number of transition metal systems 

[27].  Matrix isolation [35] infrared and anion photoelectron techniques [36-42] have 

been used to examine the spectroscopy of certain small metal oxide molecules.  Infrared 

resonance enhanced photodissociation (IR-REPD) in the far IR has been demonstrated to 

probe the vibrational spectroscopy of larger, more strongly bound clusters.  Our group, 

along with Meijer and coworkers, has investigated metal oxide [43] and metal carbide 

[58] clusters using this technique.  Other work on mass selected cations and anions has 

been performed by Fielicke, von Helden, Meijer, and Asmis [44,45].  Theoretical 
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calculations have been performed to gain information on the structures, stabilities, and 

spectra of various smaller metal oxide clusters to complement these experiments [46-54].    

 The previous studies of metal oxide clusters [63,64] have revealed limitations and 

problems in the determination of relative cluster stabilities.  The distribution of clusters 

produced in any experiment may be strongly influence by the kind of source and the 

growth conditions, introducing possible biases toward larger or smaller clusters.  

Furthermore, some form of ionization is always necessary to detect clusters in mass 

spectrometers.  Electron impact ionization and photoionization are both influenced by the 

unknown ionization potentials, size-dependent cross sections, and fragmentation 

processes.  Variable energy collision induced dissociation (CID) has been used to 

fragment clusters to measure their dissociation energies [33], but significant kinetic 

shifts, especially for strongly bound clusters, limit the accuracy of this technique.  

Variable energy photoabsoption experiments have been attempted for the same purpose, 

but absorption may not be efficient in the threshold region.  Equilibrium mass 

spectrometry measurements have been performed for small vanadium oxide clusters [17], 

and photofragmentation has been performed on bismuth and antimony oxides [27a], the 

vanadium group oxides [27b], as well as the oxide clusters of chromium [27c] and iron 

[27d].  High energy atom bombardment has been used to study the metastable decay of 

lanthanum oxide [24].  In spite of these various studies, much uncertainty remains about 

which specific oxide clusters are stable, what causes the stability, and how the 

stoichiometries in stable clusters relate to those in known bulk oxide phases.   

 Our group has previously demonstrated that mass-selected photodissociation of 

metal compound cluster ions can be used to identify the stoichimetries that are the most 
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stable [27,56,65].  These studies show that the stable cation clusters may or may not be 

prominent in the mass spectra of clusters produced initially by growth processes.  

However, stable cluster cations are resistant to decomposition, and they are likely to be 

produced more often on average than others in the fragmentation of larger clusters.  

Stable neutral clusters cannot be detected directly, but they can be inferred by mass 

conservation as the common leaving group in the fragmentation of larger clusters.  This 

photodissociation methodology has been used to study various metal carbides [56], 

metal-silicon clusters [65], and several metal-oxide cluster systems [27].  These studies 

have found trends in the dissociation behavior of these clusters, and have identified a 

number of specific clusters of each type with special stability.  In the case of oxides, we 

have found that stable species exhibit stoichiometries quite different from those that 

would be predicted on the basis of common metal oxidation states.  Metal-oxygen ratios 

corresponding to less common bulk phases (e.g., FeO) are often formed in small clusters.  

Unlike the previously studied transition metals (V, Nb, Ta, Cr, Fe), which have several 

common oxidation states, yttrium and lanthanum, with valence configurations of 4d
1
5s

2
 

and 5d
1
6s

2
 respectively, usually have only the +3 oxidation state in solid materials [3].  

The mass spectrum of yttrium oxide has been studied by Bernstein [28i] and that of 

lanthanum oxide has been studied by Gibson [23] and Van Stipdonk [24], but 

photodissociation studies have not been applied to these systems.  In the present work, we 

investigate the stabilities of yttrium oxide and lanthanum oxide clusters using 

photodissociation measurements along with density functional theory calculations.   
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 3.3 Experimental 

 

 Metal oxide cluster ions are produced by laser vaporization in a pulsed nozzle 

source and mass analyzed in a reflectron time-of-flight spectrometer.  This setup has been 

described previously [27,56,65].  The third harmonic (355 nm) of a Nd:YAG laser 

(Spectra Physics INDI-40) is employed to vaporize metal from the surface of a rotating 

and translating metal rod.  Helium gas seeded with 1-10% oxygen is pulsed with a 

General Valve (60 psi backing pressure) through the sample rod holder, which has a 5 

mm diameter bore and a 1 inch long growth channel.  The metal oxide cluster cations 

grow directly in the laser-generated plasma, and expand to form a molecular beam which 

is skimmed before it passes into a differentially-pumped mass spectrometer chamber.  A 

reflectron time-of-flight mass spectrometer with pulsed acceleration fields is used to 

sample the mass spectra of cation clusters produced under different conditions.  To mass 

select specific clusters for photodissociation measurements, pulsed deflection plates are 

employed in the first flight tube section of the reflectron.  Photoexcitation occurs in the 

turning region of the reflectron, where another Nd:YAG laser (Continuum Surelite) is 

timed to intersect the mass selected cation clusters.  The parent ion and any fragment ions 

are mass analyzed in the second flight tube and are subsequently detected using an 

electron multiplier tube.  The data are collected with a digital oscilloscope (Lecroy 

Waverunner 342) and transferred to a PC computer using an IEEE-488 interface.  Studies 

were performed at different fragmentation laser wavelengths (532 and 355 nm) and pulse 

energies (20-60 mJ/pulse over a roughly 1 cm
2
 spot) to investigate the photodissociation 

mechanism. 
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 To investigate the possible structures and energetics of these metal oxides, 

geometry optimizations were performed using density functional theory (DFT) 

computations with the Gaussian 03W program [66].
 
 The Beck-3 Lee-Yang-Parr 

(B3LYP) [67,68] functional was used with the LANL2DZ basis set [69-71].  Atomization 

energies and energies per bond are reported for the minimum energy structures.  No 

symmetry restrictions were placed on the clusters.  Theoretical investigations focused on 

the yttrium oxide clusters, with some selected lanthanum oxide cluster calculations 

performed to investigate the possible differences between the two systems.  Calculations 

were performed for YO, YO2, YO3, Y2O3, Y2O3
+
, Y3O4, Y3O4

+
, Y4O6, Y4O6

+
, Y5O7, 

Y5O7
+
, Y6O8, Y6O8

+
, Y7O10, Y7O10

+
, along with LaO, LaO2, LaO3, La2O3, La2O3

+
, La3O4, 

La3O4
+

, La5O7, and La5O7
+
.  The minimum energy structures, energies, and vibrational 

frequencies were computed for each cluster, and these data are reported in the Supporting 

Information.  Natural bond orbital (NBO) analysis, employing the Wiberg index [66], 

was used to investigate the possible occurrence of metal-metal bonding across the oxide 

cage structures. 

 

 3.4 Results and Discussion 

 

The mass spectrum of YnOm
+
 cation clusters produced is shown in Figure 3.1.  As 

shown, oxide clusters are detected containing up to 13 or more metal atoms.  The 

stoichiometries produced are not random.  Instead, there is a strong tendency to form 

certain clusters preferentially.  Species such as Y3O4
+
, Y4O6

+
, Y5O7

+
, Y6O8

+
, Y7O10

+
 and 

Y9O13
+
 are prominent.  For convenience, these stoichiometries and others are designated 
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as 3/4, 4/6, 5/7, etc., from here on.  This mass spectrum changes slightly in its relative 

peak intensities with pulsed nozzle-vaporization laser timing and gas conditions, but the 

same prominent clusters are always observed.  The number of oxygen atoms, m, is 

always greater than or equal to the number of metal atoms, n.  Beyond that, many of the 

intense mass peaks fit the formula YO(Y2O3)x
+
, and it is apparent that these odd-

numbered species are usually somewhat more abundant than the even-numbered species.  

Little change in stoichiometry is observed upon changing the oxygen concentration.  The 

mass spectrum in Figure 3.1 is obtained with 5% O2; the overall signals decrease with 

lower oxygen concentration, but values down to about 1% still produce spectra with 

comparable overall intensities.  The oxygen concentration has a small effect on the 

stoichiometry of the n=4 clusters, with Y4O5
+
 (i.e. 4/5) the most prominent species at 

lower oxygen concentrations and 4/6 slightly more abundant at 5% oxygen or higher.  

The mass spectrum reported here is similar to the one reported by Bernstein and Kang 

using photoionization of neutral clusters [28i], although no preference was apparent in 

their work for the odd numbered species.  

The mass spectrum of LanOm
+
 cation clusters produced can be seen in Figure 3.2.  

Clusters containing up to about 15 metal atoms are detected here.  Many stoichiometries 

similar to those seen for yttrium oxide are again found here, however, the preference to 

form LaO(La2O3)x
+ 

 clusters appears to be stronger.  The mass spectrum in the top pane 

of Figure 2 is obtained with a 3% oxygen gas mixture.  The strong preference for odd 

numbered cation clusters is apparent, and all of the prominent species fit the 

LaO(La2O3)x
+
 stoichiometry.  In the small clusters, the 3/4 species stands out, while in 

the larger clusters 7/10 and 9/13 are prominent.  The 7/10 cluster has 3-4 times the 
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intensity of its 6/9 or 8/12 neighbors, and it is also appreciably more intense than the 5/7 

cation.  At each metal atom increment, there is a limited number of oxide stoichiometries 

present, with some small intensity seen for the cation clusters containing only one oxygen 

more or less than the main cluster in that group.  The two largest clusters observed, 13/19 

and 15/22, both fit the LaO(La2O3)x
+
 stoichiometry, and have no adjacent peaks with 

other amounts of oxygen.  The bottom pane of Figure 3.2 shows the mass spectrum 

measured with a 10% oxygen gas mixture.  Here, a wider variety of cluster cations are 

observed, with some metal sizes having up to eight more oxygen atoms than the most 

prominent cluster stoichiometry.  In the n=4 group, the 4/7 species is larger with 10% 

oxygen, but the 4/6 and 4/7 species have comparable intensities with 3% oxygen.  There 

is also a slight preference for 8/13 with 10% oxygen instead of the 8/12 observed with 

3% oxygen.  These results generally agree with those seen by Gibson
23

 and by van 

Stipdonk and coworkers [24], although both of these previous studies detected primarily 

the major LaO(La2O3)x
+
 peaks and little else.  It is not obvious why the lanthanide species 

vary more with the oxygen concentration or why they exhibit a stronger preference for 

the MO(M2O3)n
+
 stoichiometry.  The growth conditions are the same for these species, 

and their bonding energetics are similar (see below).  However, the clusters produced in 

experiments such as these have likely undergone many addition/fragmentation steps in 

growth, in addition to ionization/neutralization processes in the plasma.  The energy 

deposited into the plasma may vary substantially because of the different species present 

and their detailed states, spectra and energy transfer processes.  Any further conclusions 

about the mass spectral intentities would therefore be highly speculative. 
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 To investigate the relative stabilities of these clusters, we perform mass-selected 

photoexcitation experiments.  Cation cluster masses with sufficient intensity are selected 

and then photodissociated by laser excitation in the reflectron at either 355 or 532 nm.  

The lists of yttrium and lanthanum oxide cation clusters studied and their photofragments 

are presented in Tables 3.1 and 3.2.  We find that either 355 nm or 532 nm induces 

photofragmentation in some but not all yttrium oxide clusters.  However, only 355 nm 

yields fragmentation in the lanthanum oxide species.  Relatively high laser fluences (40-

60 mJ/pulse) are necessary to give detectable fragmentation in either system.  This 

indicates that multiple photon excitation is necessary to break bonds in these clusters, 

consistent with the conditions we have applied in the past to study other transition metal 

oxide species.
27

  This suggests, as we suspect, that the bond energies in these systems are 

quite high.  Armentrout and coworkers determined the dissociation energy for the yttrium 

oxide diatomic to be 7.14 eV using zero-kinetic-energy (ZEKE) photoelectron 

spectroscopy [33d].  Jackson and coworkers determined the dissociation energy for LaO 

to be 9.07 eV using CID [34].   Although DFT calculations like these are not expected to 

provide quantitative binding energies, the results of these calculations presented later 

indicate that the per-bond dissociation energies for many of the larger clusters are around 

6 eV.  It is therefore understandable that these larger oxide clusters would also have 

strong bonds, thus explaining why extreme laser conditions are required for 

photodissociation.  Dissociation is never efficient, but 355 nm laser light produces the 

largest fragment yield here, and thus all data shown are using this wavelength.  We 

cannot tell whether the greater efficiency at 355 nm is due to the larger photon energy or 

to an improved absorption spectrum at this shorter wavelength.  At the extreme laser 
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powers employed here, it is conceivable that multiple photon processes could lead to 

doubly charged photofragments, via photoionization of singly charged fragment ions.  

However, no such species are detected. 

 Another observation in these photodissociation experiments supports the 

exceptional bond strength in these systems.  The dissociation efficiency depends not only 

on the laser intensity used for dissociation; it also depends on the vaporization laser 

intensity.  In the full mass spectra of both yttrium oxide and lanthanum oxide, little 

dependence on the vaporization laser was noticed other than a predictable decrease in 

signal when its power was too high or too low.  However, upon mass selection, laser 

fluences of 15 mJ/pulse or greater lead to the production of signals for low-mass 

fragment peaks even without the photodissociation laser.  These so-called metastable ion 

signals are familiar and are often seen with reflectron instruments when ions have 

significant internal energy.  Even though we have collisional cooling via a supersonic 

expansion, the condensation energy from the formation of multiple metal oxide bonds, 

and perhaps the energy deposited into the metal-containing plasma upon vaporization, is 

too great to be cooled by collisions with the helium collision gas.  Because of this 

unquenched internal energy, some prompt fragmentation likely occurs in the cluster 

source itself or in the transit time to the mass spectrometer, and we only detect the 

remnant of the internal energy which is still present at the mass spectrometer sampling 

position about 200 µsec downstream.  For metastable ions to be detected, fragmentation 

must occur in the time window between the ion acceleration at this point and the 

reflectron turning region, which is an additional 60-80 µsec away from the source, 

depending on the mass.  Such slow unimolecular dissociation like this is typically found 
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only for strongly bound ions.  Reducing the vaporization laser power eliminates the 

metastable fragmentation, presumably because clusters are not produced with as much 

internal energy.  However, too much reduction in the vaporization laser intensity makes 

the photodissociation more difficult.  We find that vaporization laser pulse energies of 

about 12 mJ/pulse were required to observe detectable photodissociation, regardless of 

the fragmentation laser pulse energy.  This suggests that residual internal energy from the 

cluster formation process is needed to aid in the photofragmentation process.  In the 

reflectron configuration that we use, photodissociation must occur on a timescale of 1-3 

µsec to be detected.  Apparently, the internal energy that these oxide clusters retain from 

their growth plus that imparted by photoexcitation makes it possible for the dissociation 

to occur within this time frame. 

Figures 3.3 and 3.4 show typical photodissociation mass spectra for selected 

yttrium oxide clusters.  These are shown in a difference mode, in which the mass 

spectrum with the fragmentation laser off is subtracted from that with it on.  This gives a 

negative parent ion peak indicating its depletion and positive fragment peaks.  In an ideal 

scenario, the integrated fragment peak intensities would equal the amount of depletion.  

However, mass discrimination in this photodissociation configuration makes it difficult to 

focus simultaneously on parent ions and their fragments [72].  We can therefore 

distinguish between strong and weak fragmentation channels but cannot give any 

quantitative branching ratios.  In the present experiments, the fragmentation yield is so 

extremely small that the fargment signal often cannot be seen shot-by-shot on the 

oscilloscope, making it difficult to focus on these species.  The parent ion is always at 

least partially focused, and its depletion is therefore more intense.  It is conceivable that 
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fragment ion detection is affected by some translational energy release in these 

photofragments, but this is not generally expected to be prominent in multiphoton 

processes, which deposit energy non-specifically in many internal states.  In each of the 

fragmentation spectra here, the parent ion depletion is offscale, and its intensity is 

therefore limited with a horizontal line.      

Figure 3.3 shows a series of n=4 cluster cations and their fragments.  This group 

of clusters showed no clear stoichiometric preference in the mass spectrum, with the most 

intense cluster in the group depending on the oxygen concentration.  The 4/5 cluster has a 

relatively efficient fragmentation to form the 3/4 species.  The 4/6 species fragments to 

produce the smaller 2/2, 2/3, and 1/1 ions.  This cluster is the only one that leads to such 

small fragments.  The 4/7 cation fragments to produce 4/6 and 4/5 by losing one or two 

oxygen atoms, and also to a small amount of 3/4.  The fragmentation from 4/7 → 4/6 

must occur by loss of atomic oxygen, while the production of 4/5 could occur by the loss 

of either two atoms or the O2 molecule.  Likewise, the production of the 3/4 charged 

fragment here could be accompanied by atomic or molecular neutrals.  Unfortunately in 

this case and others below, we cannot identify the missing neutral(s) which would 

elucidate whether the mechanism of decomposition is sequential or concerted.  We 

therefore indicate neutral losses in brackets, e.g. [O2], to emphasize this uncertainty.  It is 

also true that we cannot distinguish between concerted and sequential fragmentation 

processes.  The fragment ions seen here could be formed stepwise, or all in parallel.  

Laser power dependence does not reveal any change in relative ion intensities, but this is 

not a definitive way to identify the mechanism.  Therefore, we focus on just the nature of 

the fragments formed and the neutral losses that must go along with these. 
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Figure 3.4 shows the fragmentation mass spectra for the Y7O10
+
 and Y9O13

+
 

clusters.  The 7/10 species fragments to form 6/8, 5/7, and 3/4, with the 3/4 ion the most 

intense.  Each of these fragments are immediately recognizable as the most intense 

stoichiometries seen in the mass spectrum coming out of the cluster source.  The 9/13 

cluster fragments to produce 7/10, and then the rest of the smaller fragment ions are the 

same for both parents.  As noted above, we cannot determine what the specific neutral 

fragments are that go along with these ions.  In every case, atomic or molecular neutral 

species are possible that would conserve mass.  However, it is interesting to note the 

repeated occurrence of the 2/3 interval in the neutrals.  Except for the 6/8 species, there is 

a common interval of 2/3 for the apparent sequence 9/13 � 7/10 � 5/7 � 3/4.  Y2O3 is 

of course the stoichiometry of the most common bulk oxide of yttrium [1-3]. 

These selected fragmentation mass spectra in Figures 3 and 4 already demonstrate 

the features common to all the yttrium oxide clusters that we have studied, as listed in 

Table 3.1.  The 3/4, 5/7, 6/8 and 7/10 ions are produced many times from many parent 

ion dissociation processes.  Except for the 6/8 species, these all have an odd number of 

metal atoms and fit the general formula of YO(Y2O3)n
+
, where n=1,2,3.  Except for the 

formation of the 6/8 species, these ions often fragment by the loss of the [2/3] neutral 

interval or some multiple of this.  It is therefore tempting to view their fragmentation as a 

sequential loss of the [2/3] neutral.  Other ions that we have selected that are not one of 

these YO(Y2O3)n
+
 species tend to lose whatever group is necessary to produce one of 

these ions.  The only even-numbered ion that is produced in multiple fragmentation 

events is 6/8.  There are no prominent two, four or eight-atom fragment ions.  
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Lanthanum oxide clusters fragment in much the same way that the yttrium species 

do.  Here, fragmentation is extremely inefficient, even compared to the yttrium oxide 

systems.  The fragmentation data shown was averaged for considerably longer than the 

yttrium oxide data, and still shows very low signals.  The fragmentation channels for each 

mass selected cation cluster are shown in Table 3.2.  Photofragmentation was attempted 

with both 355 and 532 nm, but fragmentation was only observed with 355 nm.  Although 

different distributions of lanthanum oxide clusters are observed when the oxygen 

concentration is varied, there are no differences in the fragmentation channels observed 

when the same parent ion is studied. 

Figure 3.5 shows the photofragmentation data for the 4/6 and 4/7 clusters.  In the 

top frame,  the fragmentation of 4/7 produces the 4/5 and 3/4 species.  Again, the possible 

paths to 4/5 are via the loss of O2 or two oxygen atoms.  Unlike in yttrium oxide, no 

channel is observed for the loss of a single oxygen atom, suggesting that the 4/7 → 4/5 

process occurs by the loss of O2.  The 3/4 fragment could be formed by a single loss of 

neutral [1/3] or by a sequential loss of [O2] and then [1/1].  The latter seems more likely, 

as the [1/3] neutral should not be as stable as [1/1] because of the likely oxidation state of 

the metal.  Theory was performed to investigate this, as discussed below.  In the lower 

frame, the dissociation of the 4/6 species to produce 3/4 indicates a neutral loss of [1/2]. 

Figure 3.6 shows the photofragmentation data for several other representative 

LanOm
+
 clusters, chosen mainly by their availability with good intensity in the mass 

spectrum from the source.  The top trace shows the fragmentation of 9/13, which 

produces the next smaller LaO(La2O3)x cation, 7/10, with a neutral difference of [2/3].  

The middle trace shows the fragmentation of 7/10, which again loses [2/3] to yield 5/7, 
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which is another LaO(La2O3)x
+
 cluster.  Most of the other clusters are also found to 

fragment in this way, eliminating [2/3] to form the next smallest LaO(La2O3)x cation 

cluster.  The main exception to this pattern is the 6/8 species, whose fragmentation is 

shown in the lower trace.  The charged fragments here are 5/7 and 3/4, implying that 6/8 

loses [1/1] and then the 5/7 species produced fragments in exactly the way the selected 

5/7 ion does, by the elimination of [2/3] to produce 3/4.  The 6/9 cluster (not shown) has 

a single fragmentation channel to produce 5/7, implying the loss of [1/2].      

The fragmentation in all these lanthanum oxide clusters seems to be driven by the 

strong tendency to form the LaO(La2O3)x
+

 stoichiometry.  Other fragmentation channels 

are rare, and only observed for the clusters which are less intense in the mass spectrum.  

When the LaO(La2O3)x cation clusters fragment, they all lose units of neutral [2/3], which 

is the bulk stoichiometry.  Van Stipdonk and coworkers observed similar behavior in the 

metastable decay of LaO(La2O3)x
+

 clusters [24].  These particular clusters demonstrate 

considerably less efficient photofragmentation compared to the even numbered clusters.  

Given the dramatic preference for these clusters in the mass spectrum and how they 

dominate the fragmentation channels, it seems likely that they are significantly more 

stable than other cluster stoichiometries.   

Some insight can be gained from comparing these yttrium and lanthanum oxides.  

Both have the same bulk stoichiometries, M2O3.  In the mass spectra for both systems, the 

MO(M2O3)x
+
 cations are more intense than the clusters with even numbers of metal 

atoms.  For these odd-numbered metal species, there is little variation in the number of 

oxygen atoms.  This is not the case for the even-numbered clusters, which demonstrate no 

clear preference for a specific number of oxygens.  In the fragmentation processes of both 
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yttrium and lanthanum oxides, MO(M2O3)x cations are universally the most abundant, as 

is the loss of neutral [2/3].  For the even-numbered ions of both metals, the initial neutral 

loss varies as needed to produce the nearest MO(M2O3)x
+
 species as the highest mass 

charged fragment.  Smaller fragments then follow the same MO(M2O3)x
+
 sequence seen 

for the other clusters.   This indicates that the production of MO(M2O3)x cations is the 

strongest driving force behind these fragmentation processes.  Another important 

tendency is the loss of the [2/3] neutral unit. 

The similarities between these yttrium and lanthanum systems are striking, but 

there are also differences.  In particular, the overall fragmentation processes for 

lanthanum are less efficient than those for yttrium, and fewer fragment channels are 

detected for lanthanum.  This is consistent with a sequential fragmentation mechanism 

for both kinds of systems, which proceeds to a greater extent for the yttrium species.  

This suggests that the bond energies for the yttrium species are generally lower than those 

for the lanthanum species.  The most common step in the sequential fragmentation 

appears to be the elimination of the [2/3] neutral corresponding to the bulk stoichiometry.  

Another noticeable difference is the importance of the 6/8 cluster for the yttrium oxides.  

This is a prominent species in the mass spectrum of the clusters produced by the source, 

and it is the only cluster with an even number of metal atoms produced as a common 

fragment ion.  This particular cluster appears to be quite important for yttrium oxides, but 

not for lanthanum.  

The stoichiometries seen in these yttrium and lanthanum oxide clusters are 

reasonable in light of the metal oxidation states known for these metals.  As noted, both 

lanthanum and yttrium oxides take the form M2O3 in the bulk, where the metal oxidation 
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state is +3.  If we average over all the atoms without regard to structural arrangements, 

the MO(M2O3)x
+
 cations seen throughout the data here for both metals indicate that the 

metal in these clusters has the same +3 oxidation state.  This same MO(M2O3)x
+
 

stoichiometry was observed previously for oxides clusters of aluminum [35c], and in 

those of antimony and bismuth [27a], where the +3 oxidation state is also expected.  

Apparently, this stoichiometry pattern is the best way for these clusters to maintain the +3 

oxidation state while accommodating the single positive charge.  Yttrium is also known 

to have a +2 oxidation state in metal-hydrides, as does lanthanum in hydrides, sulfides, 

tellurides and selenides [3].  The 1/1 neutral seen occasionally in the data here as a 

leaving group can be rationalized in this way, along with the 4/5 and 6/8 clusters, which 

would require a single metal atom in this lower oxidation state.  However, there is no 

simple way to assign common oxidation states to some of the other even numbered metal 

clusters produced as minor species in the source distribution.  At least one metal with a 

+4 oxidation state would be necessary in the 4/6, 6/9 and 8/12 clusters.  Although some 

of these latter species deviate from this, it is clear that the most stable species produced 

for both of these metals follow the MO(M2O3)x
+
 formula and have the most common +3 

oxidation state.  This behavior is quite different from that seen previously for other 

transition metals.  In our studies of the vanadium group (V, Nb, Ta) oxides, where the 

normal oxidation state is +5, we found evidence for lower oxidation states (average 

values of 4.5) in the smaller clusters [27b].  In the case of chromium oxides, where the 

most common oxidation state is +3 (as in Cr2O3), the small clusters preferred the higher 

+6 oxidation state, which is known, but less common, for chromium (as in CrO3) [27c].  

In the iron system, the small clusters preferred the +2 oxidation state, and 1:1 oxide 
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stoichiometries rather than the more common +3 value seen in Fe2O3 [27d].  Thus, we 

have seen significant variation in the oxidation states of small transition metal oxides 

compared to the most common bulk phases in other studies.  However, the yttrium and 

lanthanum systems seen here follow the same oxidation state trend seen in the most 

common solids.   

To further investigate the stability of the specific ions and neutrals identified here, 

we performed DFT calculations to find the lowest energy structure and binding energies, 

using the B3LYP functional.  The prominent cations Y2O3
+
, Y3O4

+
, Y4O6

+
, Y5O7

+
, Y6O8

+
, 

and Y7O10
+
 were investigated.  Additionally, the possible neutral leaving groups YO, 

YO2, YO3, and Y2O3 were investigated.  To investigate possible differences in structure 

between lanthanum oxide and yttrium oxide, selected lanthanum oxide clusters were also 

included in these computational studies (La2O3, La2O3
+
, La3O4, La3O4

+
, La5O7, and 

La5O7
+
).  The schematic minimum energy structures found for these clusters are shown in 

Figures 3.7 and 3.8.  The cations and neutrals have quite similar structures, only differing 

slightly in bond lengths and angle.  In these figures, only one structure for each 

stoichiometry is shown; additional details are presented in the Supporting Information 

along with the calculated vibrational frequencies.  For each of the stable cations, the 

corresponding neutral was investigated to explore the role of charge on the relative 

stability.  The energetics for these systems are summarized in Table 3.3 and Table 3.4.  

For each cluster studied, numerous starting geometries and spin states were investigated 

in the search to locate the most likely structures for these species.  Unfortunately, none of 

even the diatomic or triatomic species here have been studied with high resolution 

spectroscopy whereby we could test ground state bond distances or spin configurations. 
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 As shown in Figures 3.7 and 3.8, the structures for these oxides are cage-like with 

alternating metal-oxygen-metal bonds.  Each oxygen is bonded to two or three metal 

atoms and each metal forms at least three bonds, consistent with the +3 oxidation state.  

There are no terminal oxygens, i.e., oxygen atoms only attached to a single metal via a 

double bond.  Terminal oxygens like this have been seen in the structures of all the 

previous transition metal oxide systems that we have studied (V, Nb, Ta, Cr) except iron 

[27], and are the result of higher metal oxidation states.  No internal atoms are found for 

any of these clusters.  NBO analysis shows that all the bonding occurs along the edges of 

these structures, with no significant metal-metal interactions across the interior of the 

cages.  Lanthanum oxide clusters are calculated to have the same general structures as the 

corresponding yttrium species, but the bond distances are generally longer.  For each 

stoichiometry, the neutral and cation have essentially the same structure, with only minor 

differences in bond lengths and angles.  These structures presumably maximize the 

number of strong metal-oxygen bonds.  Interestingly, the structures shown here for the 

smaller clusters are pretty much the same as those we proposed several years ago in our 

study of antimony and bismuth oxide clusters [27a].  At that time, we were not able to do 

any DFT calculations, but instead just used the expected oxidation states and connected 

the atoms to make structures that satisfied their bonding capacity.  It is satisfying that the 

more sophisticated DFT calculations here arrive at the same qualitative conclusions for 

these structures.  The NBO analysis also provides a charge on each atom, which is within 

± 0.2 of +3 for each metal atom and -2 for each oxygen, consistent with the expected 

ionic bonding.   
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The bond energies in these clusters are all quite high, as is typical for metal 

oxides.  Table 3.3 shows that the per bond dissociation energy varies from 59 kcal/mol to 

155 kcal/mol (2.56 to 6.72 eV) for yttrium oxide, with the larger clusters having bond 

energies around 150 kcal/mol (6 eV).  Lanthanum oxide clusters (Table 3.4) have per 

bond energies ranging from 100 to 142 kcal/mol (4.3-6.2 eV), with the larger clusters 

again having bond energies around 140 kcal/mol (6 eV).  These bond energies are 

significantly greater than those for other transition metal oxides that we have studied 

[27].  For example, the per-bond energy computed for chromium oxide clusters with the 

same DFT methods were in the range of 70-90 kcal/mol [27c].  DFT is of course not 

reliable for quantitative energetics in clusters of this type, but the relative energies 

computed indicate that the yttrium and lanthanum clusters are quite strongly bound.  We 

can investigate the effect of charge on bonding energetics as well.  The atomization 

energies are relative to separated neutral atoms or to separated neutrals and one metal ion, 

respectively.  Using this as a reference, the cations here are found to be slightly more 

stable than the corresponding neutrals.  It is possible in priciple to use the difference in 

atomization energies for neutrals and ions to derive ionization potentials for the neutral 

clusters.  However, because DFT energetics are not quantitative even for the atomic 

metal species, such an exercise would not be useful.  Although the atomization energy is 

generally higher for yttrium oxide, the lanthanum oxide clusters proved to be more 

difficult to fragment and had fewer fragmentation channels.  However, the absorption 

cross sections for lanthanum and yttrium oxide are unknown, so lanthanum oxide may 

simply not absorb light at the wavelengths used as efficiently as yttrium oxide.     
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 The calculated energetics prove somewhat useful in explaining the observed 

stabilities and fragmentation patterns.  YO and YO2 are strongly bound, but YO3 does not 

converge to a stable structure.  This suggests that the loss of [1,3] in our 

photodissociation experiments most likely represents the simultaneous, or rapid 

sequential, loss of YO and O2.  The same is seen with lanthanum clusters, where LaO3 

does not converge to a stable structure.  The calculated atomization energy for YO (6.71 

eV) is somewhat lower than the value measured by Armentrout (7.14 eV) [33d].  The 

calculated value for LaO (9.93 eV) compares somewhat less favorably to Jackson’s 

measured value of 9.07 eV [34].  Although these comparisons are reasonable, some of the 

energetics computed for the larger clusters are somewhat troubling.  Oddly, both the 

Y4O6 cation and neutral are calculated to be among the most stable clusters per bond, but 

these are not seen as fragments in any case other than the dissociation of 4/7.  Y3O4
+ 

and 

the Y2O3 are not calculated to be especially stable relative to other clusters, but these are 

seen to be the most intense cation fragment and the most common neutral leaving group, 

respectively, throughout our data.  Y2O3 is not calculated to be more stable than the 

cation, despite having the same stoichiometry as bulk yttrium oxide.  On the other hand, 

the Y7O10 cation is nearly 20 kcal/mol more stable per bond than the 5/7 cation, and this 

species is quite prominent in the mass spectrum and it appears in the fragmentation of all 

clusters with n > 7. 

 Another trend running through the data for both metal oxide systems is that the 

per-bond dissocation energies increase with cluster size.  The 5/7 clusters for both metals 

have energies of about 140 kcal/mol, while the 7/10 value for yttrium is about 150 

kcal/mol.  These are significantly greater than the 2/3 and 3/4 values for both metals.  
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Apparently, the smaller cage structures are strained compared to the larger ones.  It could 

then be speculated that the smaller cage species here are more reactive than their larger 

cage counterparts.  Reaction kinetics studies on these systems would be interesting to test 

this possibility. 

 

 3.5 Conclusions 

 

Yttrium and lanthanum oxide clusters produced by laser vaporization have been 

investigated with time-of-flight mass spectrometry and mass-selected photodissociation.  

Only a limited number of oxide stoichiometries are observed for each cluster size.  There 

is a strong preference observed for odd numbered metal clusters in the mass spectrum.  

Dissociation produces mainly the same ions, mostly commonly those with the 

MO(M2O3)x
+
 stoichiometry. Yttrium oxide clusters are observed to have a variety of 

fragmentation channels.  Photodissociation appears to be a sequential process, with the 

loss of the M2O3 neutral occuring throughout the data for both metals.  In addition to the 

MO(M2O3)x
+
 ions and M2O3 neutrals, the  Y6O8

+
 cluster is also formed prominently by 

cluster growth and is a common photofragment.  Lanthanum oxide clusters rarely have 

more than one fragmentation channel, with LaO(La2O3)x
+
 fragments produced almost 

exclusively.  Unlike other transition metal oxide clusters studied previously, the +3 

oxidation state implied by the data here for both of these cluster systems is exactly the 

same as that for the corresponding bulk oxides. 

Density functional theory computations on these clusters produce structures that 

are visually and geometrically appealing, which lead to high bonding stability.  
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Examination of the per-bond energetics gives some insight into the stabilities of the 

clusters, but the picture is not as clear as in the experiment.  Future theoretical 

investigations of these systems could be useful.  These oxide systems have greater per-

bond binding energies than many other transition metal oxide clusters.  Due to this high 

intrinsic stability, these systems may be interesting for isolation in macroscopic quantities 

as nanocluster materials.  Because several of these systems are closed-shell singlets with 

an overall single charge, they might be less reactive and produce more stable solids if co-

condensed with negatively charged ligands. 
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Table 3.1.  The stoichiometries of yttrium oxide photofragments (YnOm
+
 = n/m) detected 

using 355 nm.  When multiple fragments are produced, especially prominent channels are 

indicated in bold.   

 

 

Cation    Fragment Ions 

Clusters 

 

4/5    3/4 

 

4/6    1/1, 2/2, 2/3, 3/4 

 

4/7    3/4, 4/5, 4/6 

 

5/7    3/4 

 

6/9    3/4 

 

7/10    3/4, 5/7, 6/8 

 

8/11    3/4, 5/7, 6/8 

 

9/13    3/4, 5/7, 6/8, 7/10 
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Table 3.2.  The stoichiometries of lanthanum oxide photofragments (LanOm
+
 = n/m) 

detected using 355 nm.  When multiple fragments are produced, especially prominent 

channels are indicated in bold. 

 

Cation    Fragment Ions 

Cluster 

 

4/5     3/4 

 

4/6    3/4 

 

4/7    3/4, 4/5 

 

5/7    3/4 

 

6/8    3/4, 5/7 

 

6/9    5/7 

 

7/10    5/7 

 

8/12    7/10 

 

9/13    7/10 

 

11/16    9/13 
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Table 3.3: The energies computed using B3LYP for the yttrium oxide clusters studied 

here.  All units are kcal/mol. 

 

  Atomization Energy  Energy per Bond Spin Multiplicity 

YO  154.8    154.8   2 

YO2  235.6    117.8   2 

Y2O3  815.3    135.6   1    

Y2O3
+ 

 819.5    136.6   2 

Y3O4  1175.6    130.6   2 

Y3O4
+
  1248.9    138.8   1 

Y4O6  1789.1    149.1   1 

Y4O6
+
  1790.9    149.2   2 

Y5O7  2126.0    141.7   2    

Y5O7
+ 

 2200.1    146.7   1  

Y7O10  3036.5    151.8   2 

Y7O10
+
  3101.9    155.1   1 
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Table 3.4: The energies computed using B3LYP for the lanthanum oxide clusters studied 

here.  All units are kcal/mol. 

 

  Atomization Energy  Energy per Bond Spin Multiplicity 

LaO  229.1    229.1   2 

LaO2  400.9    200.5   2 

La2O3  652.1    108.7   1    

La2O3
+ 

 795.6    132.6   2 

La3O4  1153.0    128.1   2 

La3O4
+
  1210.4    134.5   1 

La5O7  2064.1    137.6   2    

La5O7
+ 

 2130.0    142.0   1  
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Figure Captions 

 

Figure 3.1.  Time of Flight Mass Spectrum for YnOm
+ 

clusters formed in a He expansion 

with 5% O2. 

 

Figure 3.2.  Time-of-flight mass spectra for LanOm
+ 

clusters formed in a He expansion 

with 3% (top) versus 10% (bottom) O2 concentration. 

 

Figure 3.3.  Photodissociation mass spectra for Y4Om
+
 clusters at 355 nm.  The parent ion 

depletion is marked as a off-scale negative-going peak. 

 

Figure 3.4.  Photodissociation mass spectra for Y7O10
+
 and Y9O13

+
 clusters at 355 nm.  

The parent ion depletion is marked as a off-scale negative-going peak. 

 

Figure 3.5.  Photodissociation mass spectra for La4Om
+
 clusters at 355 nm.  The parent 

ion depletion is marked as a off-scale negative-going peak. 

 

Figure 3.6.  Photodissociation mass spectra for La6O8
+
, La7O10

+
, and La9O13

+
 clusters at 

355 nm.  The parent ion depletion is marked as a off-scale negative-going peak. 

 

Figure 3.7.  The structures computed for various YnOm clusters. 

 

Figure 3.8.  The structures computed for various LanOm clusters. 
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CHAPTER 4 

 

MASS SPECTRA AND PHOTODISSOCIATION OF INDIUM OXIDE (InnOm
+
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 4.1 Abstract 

 

 Indium oxide cations of the form InnOm
+
 are produced by laser vaporization in a 

pulsed nozzle source and detected with time of flight mass spectrometry.  Only a limited 

number of cluster stoichiometries for each value of n are formed.  Cluster cations are 

mass selected and photodissociated using the third harmonic (355 nm) of an Nd:YAG 

laser.  Cation clusters that are commonly produced are likely to be particularly stable.  

Several clusters that appear to be particularly stable are found to obey Wade’s Rules, 

including In5O4
+
, In5O4

+
, and In3O2

+
.   The In3O1

+
 cluster is also found to be particularly 

stable.  The evaporation of indium cation is a dominant loss channel for all cluster 

cations. 

 

 4.2 Introduction 

Metal oxides have been demonstrated to have importance in electronics, magnetic 

materials, catalysis, and ceramics [1-9].  Metal oxide nanoparticles have applications that 

include magnetics, catalysis, and medicinal applications.  Main group metal complexes 

have particular application in semiconductors and molecular devices.  Main group metal 

complexes, including arsenides, phosphides, and oxides can have fascinating 

combinations of electrical and optical properties, and are known quantum dot systems 

[17].   Gas phase study of these compounds can help elucidate their fundamental 

properties.  Mass spectroscopy experiments have shown significant intensity 

discontinuities in the relative ion abundances of Ga and In clusters and interesting trends 

in ionization potential for indium clusters [18].     Here we investigate indium oxide 

clusters.  Indium oxides are used as n-type semiconductors, functioning as resistive 
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elements in integrated circuits [18].   Indium oxide nanowires have found application as 

high transparency metallic conductors [19], in molecular devices [20], and gas sensors 

[21].   

Previous studies have investigated both pure indium clusters and indium oxides in 

the gas phase.  The pure clusters have been probed using mass spectrometric methods 

[22-29], and ion mobility [30].   Mixed metal alloys of indium have been studied using 

mass spectrometric methods [31-33], and with theoretical calculations [34].  Indium 

oxide clusters have been studied using mass spectrometric methods [35,36], emission 

spectroscopy [37], electron spin resonance using matrix isolation [38], and theoretical 

calculation [39,40].  These studies have demonstrated that certain pure indium and 

indium alloy clusters are particularly stable.   

Transition metal oxides clusters in the gas phase have been found to have 

localized bonding,[50-52] with conventional oxidation states and structures consisting of 

metal to oxygen bonds.  Main group metal compounds rarely follow this scheme.  Their 

electronic structures and bonding are usually understood with simple models based on 

electron counting.  These rules were originally developed to explain the stabilities of 

Zintl ions, which are well known in inorganic chemistry [41-42].  Wade’s Rules, as this 

system of electron counting is known, explains and predicts the stabilities of electron 

deficient clusters [42].  The clusters take on polyhedral structures to maximize the 

sharing of electron density in the interior of the cluster.   This results in a system where 

closed shell species result from species with n metal atoms and 2n + 2, 2n +4, and 2n+6 

valence p electrons, which correspond to close, nido, and arachno cluster forms 

respectively.  Gas phase analogies to the condensed phase Zintl ions have been studied 
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for various main group metal alloy clusters, including Group IV/Group V binary clusters 

[43,44], In/Sb and In/Bi clusters [45], Bi/alkali clusters [46,47], and tin-bismuth alloy 

clusters [48].  These systems can all be explained using the Wade’s Rules.   These rules 

has not been demonstrated to work reliably on main group metal oxides, which can form 

particularly stable clusters that do not satisfy Wade’s Rule and instead are driven by 

simple covalent bonding [49].     

Previous work on various metal oxide clusters has revealed limitations in the 

determination of relative cluster stabilities [50-52].  Source and growth conditions can 

significantly affect the distribution of clusters observed.  In mass spectrometric 

experiments, some form of ionization is always required.  Photoionization and electron 

impact both suffer from unknown ionization potentials, size-dependent cross sections, 

and fragmentation processes.  Identification of particularly stable clusters from a simple 

examination of mass spectrometric intensity has therefore proven to be unreliable.  Our 

previous work has demonstrated that mass selected photodissociation of metal compound 

cluster ions can identify which stoichiometries are most stable.  These stable clusters may 

or may not be prominent in the mass spectrum, but they are more likely to be resistant to 

decomposition and should be produced more frequently than other clusters during the 

fragmentation of larger clusters.  We cannot detect stable neutrals directly, but they can 

be inferred using mass conservation and examination of the cation fragment loss 

channels.  We have previously applied this methodology to study various metal carbides 

[53], metal silicon clusters [54], and several metal oxide systems [50-52] and 

demonstrated that it can identify the stoichiometries which are the most stable.   
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In this paper, we present the mass spectrum and mass selected photodissociation 

of some indium oxide clusters.  We will examine clusters that appear to be particularly 

stable from mass spectrometric intensities and photodissociation data, and explain these 

results in the context of Wade’s Rules.   

 

 4.3 Experimental 

 

Metal oxide clusters are produced by laser vaporization using a pulsed nozzle 

source and are sampled using a time of flight mass spectrometer.   This setup has been 

previously described.   The third harmonic (355nm) of an Nd:YAG laser (Spectra Physics 

GCR-11) is used to vaporize metal from the surface of a rotating and translating indium 

rod.  Helium gas seeded with either 1-5% O2 or 1-5% N2O is pulsed over the rod with a 

General Valve pulsed valve (60 psi backing pressure, 1mm orifice).  The sample holder 

has a 5mm bore diameter and a 1 in growth channel to encourage larger cluster growth.  

The cluster cations grow directly in the laser plasma and are skimmed into the mass 

spectrometer as a molecular beam.  A pulsed acceleration field time-of-flight mass 

spectrometer samples the clusters.  Pulsed deflection plates on the first leg of the mass 

spectrometer allow for mass selection of cluster.  The selected ions are crossed in the 

turning region of the reflection with another Nd:YAG operating at either 532nm or 

355nm (DCR-3).  The parent ions and any fragment ions produced from the 

photoexcitation process are mass analyzed in the second leg of the reflection and 

subsequently detected by an electron multiplier tube and digital oscilloscope (LeCroy 

9310A).  The data are transferred from the oscilloscope to a computer using an IEEE-488 
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interface.  Studies were performed as a function of vaporization laser power, which 

ranged from 10 mJ to 60 mJ/pulse. 

 

 4.4 Results and Discussion 

 

 The mass spectrum of InnOm
+
 cations produced is shown in Figure 4.1.  Oxide 

clusters containing up to six metal atoms are produced.  Clusters produced using helium 

seeded with oxygen are shown in the top pane, and clusters produced using helium 

seeded with N2O are shown in the lower pane.  Somewhat smaller clusters are produced 

with N2O, and there is less variation in the number of oxygen atoms per metal atom.    

Clusters containing only a few metal atoms have a strong tendency to produce certain 

cluster stoichiometries, instead of a random distribution.  As the cluster sizes increase, the 

stoichiometric preference appears to decrease, with three or more clusters having roughly 

equal intensity in the mass spectrum.   The metal ion and the species In2O1
+ 

and In3O1
+
 

are very prominent in both spectra.  These stoichiometries will be designated as 1/0, 2/1, 

3/1 from now on for the sake of convenience.     The 4/2 cluster is the first n=4 cluster 

produced, but the preference over n=4 clusters with more oxygens is not obvious.  

Production of clusters containing five or more metal atoms varies greatly with condition, 

and no preference can be discerned.   

 Mass-selected photo-fragmentation experiments were performed to investigate the 

relative stabilities of these clusters.   Cluster cations with sufficient intensity are mass 

selected and then photodissociated by laser excitation at 355 nm in the reflectron region 

of the mass spectrometer.  Fragmentation experiments were attempted with 532 nm light, 

but fragmentation was not nearly as efficient as with 355 nm for any cluster.  The photon 
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energy may be too low to cause efficient fragmentation, or the absorption cross section at 

that wavelength may be too small.  Studies of fragmentation yield versus laser fluence 

were also performed.  Fragmentation was observed with fluences as low as 10 mJ/cm
2 

at 

355 nm.   Most of the clusters fragment efficiently with 30 mJ/cm
2
.   A complete list of 

fragmentation channels for each cluster cation studied can be found in Table 4.1.   

 Figure 4.2 shows the photofragmentation mass spectrum for In3O2
+
.  This 

spectrum is shown in a difference mode, with the mass spectrum with the fragmentation 

laser off subtracted from the mass spectrum with the laser on.  This gives a negative 

parent ion peak and positive going fragment ion peaks.  Ideally, the integrated peak 

intensities would equal the amount of depletion.  Unfortunately, mass discrimination 

effects make it difficult to focus equally on parent and fragment ions.  Therefore, we 

cannot give any quantitative branching ratios and simply distinguish between strong and 

weak fragment channels.   

 The In3O2
+
 cluster has three fragmentation channels.  There is a small amount of 

fragmentation from 3/2 →  3/1.  We cannot detect the neutral fragments, so the identity 

of the neutrals is inferred by the mass difference.  In this case, the neutral loss must be 

atomic oxygen.  The next fragment, 2/1, could be produced several different ways.  It 

could be a sequential loss from 3/1, or a concerted loss from 3/2.  We cannot distinguish 

conclusively between these two alternatives, and the neutral loss is indicated in brackets, 

e.g. [1,1] to emphasize this uncertainty.    Laser power dependence studies show no 

change in relative fragmentation yields, but this cannot conclusively identify the 

mechanism.  The final fragment is the atomic indium cation, which can be produced from 
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3/2 →  1/0, or from 2/1 → 1/0, with neutral losses of [2/2] and [1/1] respectively.  This 

channel is by far the most intense, at any laser power.   

 The other n=3 cluster cations also fragment primarily to 1/0, but the other loss 

channels show some variety.  The 3/1 cluster cation fragments to 2/1, 2/0, 2/1, and 0/1.  It 

is interesting that the atomic oxygen cation and the diatomic metal would be produced, 

but there is no sign of the In3
+
 cluster. The oxygen atom has an IP of 13.6 eV, while the 

IP of the In atom is only 5.78 eV and the bulk work function is 4.12 eV [57].  Only a 

small amount of oxygen cation is produced, and it seems likely that it is a product of a 

sequential loss from the 2/1 fragment instead of 3/1 →  3/0.  The 3/3 cluster cation 

fragments to 2/1, 1/0, and 0/1.  Here again we have the production of an oxygen atom, 

without any signs of either the 3/2 or 2/0 cations being produced.  These species should 

have much lower IPs than the oxygen atom, so it is somewhat puzzling how this species 

is being produced.   

 Figure 4.3 shows the fragmentation mass spectrum of In4O3
+ 

with 355 nm 

photoexcitation.   This cluster has quite a few fragmentation channels.  The most intense 

channels are 3/2, 2/1, and 1/0.  Smaller amounts of 3/1, 2/2, and 2/0 are produced.  If we 

assume a concerted mechanism, the main neutral losses are [1/1], [2,3], and [3,3].   The 

4/3 cluster cation also fragments with 532 nm photoexcitation, but not nearly as 

efficiently as with 355 nm.  The loss channels and relative intensities are the same as with 

355 nm.        

 The other n=4 cations have similarly diverse fragmentation channels, but few loss 

channels appear for more than one cluster.  The 4/2 cluster cation fragments to 3/1, 2/1, 

2/0, and 1/0.  The 2/1 channel is most intense, followed by the metal cation.  The 4/2 → 
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2/1 channel would produce [2/1] as a neutral.  It is somewhat tempting to view this as a 

simple fission process, splitting the 4/2 cluster in half.  No atomic oxygen is observed as 

a fragment channel here.  The diatomic metal cation is observed.  The most prominent 

fragment channel from the 4/4 cluster cation is again 2/1, with a neutral loss of [2/3].  

The metal cation and oxygen cation are also rather prominent, even at low laser powers.  

No metal cluster cations larger than the atom are observed here.  It is again interesting 

that the loss channel of 4/4→4/2 with a neutral loss of [O2] is observed, but no 4/3 is 

observed and the O
+
 species is produced.   

 Figure 4.4 shows the fragmentation mass spectrum of the 5/4 cluster cation.  The 

n=5 clusters are somewhat more homogenous in their fragmentation than smaller cluster 

sizes.  The 5/4 cluster has prominent channels to 3/2 (a neutral loss of [2/2]), 2/1 (a 

neutral loss of [3/3]), and 1/0 (a neutral loss of [4/4]).  One bulk stoichiometry of indium 

oxide is known to be InO, so these neutral losses may be reassuring.  If a sequential 

mechanism is considered, the neutral losses are [2/2] and [1/1], again, both with the same 

stoichiometry as the bulk.  However, this trend is not reproduced across the n=5 clusters.   

The 5/2 cluster cation has a prominent neutral loss of [2/1], the 5/3 cluster cation has a 

prominent neutral loss of [2/2] again, and 5/5 has prominent neutral losses of [2/3] and 

[4/4].  Indium oxide is also known to take the In2O3 stoichiometry in the bulk, but the 

[2/1] neutral is anomalous.   It is also interesting that 5/5 and 5/4 fragment primarily to 

3/2, and 5/3 and 5/2 fragment primarily to 3/1.  Also of note is the production of the 

oxygen cation for all four parent cations.  Only in the 5/5 cation cluster is the In5Om-1
+
 

channel observed.   
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 The driving force behind the production of specific clusters is not at all obvious.  

We observe some enhanced intensity for 2/1 and 3/1 in the mass spectrum.  Certain 

clusters are commonly produced as fragments, but their relative intensities can vary 

widely.  The [1/1] and [2/3] neutral losses, both stoichiometries found in bulk indium 

oxide, are observed as fragments but not universally.  The 3/2 cluster cation is commonly 

produced as a fragment, sometimes as the most intense channel and sometimes as an 

extremely weak channel.  The same is true with the 3/1 cluster cation.  It is produced 

from every cluster with n ≥ 4, but only occasionally as a prominent channel.  It is not 

produced at all from 3/3, which may have seemed plausible via a loss of neutral 

molecular oxygen channel.  The 2/1 cluster cation is again produced from every parent, 

but is not especially prominent in all.  The [2/1] neutral loss is again common but far 

from ubiquitous.  The production of the metal cation is the only true constant; it is 

produced from every parent and with fairly high intensity for all.   Rayane observed that 

the metal cation loss channel was the dominant process for fragmentation in pure indium 

clusters, which he rationalized in terms of the ion’s relatively low ionization potential.   

This may explain the apparently ubiquitous fragmentation of the metal cation from 

indium oxide clusters as well.   

 Some insight may be gained into the stability of these certain cluster cations from 

the application Wade’s Rules of electron counting for electron deficient clusters.  Our 

previous study on In/Sb and In/Bi alloy clusters demonstrated that there is little s-p 

hybridization [44], so we will only consider the p-electron count for satisfying Wade’s 

Rules.  Additionally, work by Rayane et al. on charged pure indium clusters supports the 

assertion that there is little s-p mixing in small (n < 15) indium clusters [22]. 
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 In this context, we can see in Table 4.2 that many of our prominent clusters can be 

assigned to a Wade’s Rule polyhedral structure. Each of the prominently observed n=5 

clusters can be assigned to a particularly stable polyhedral framework.  The 5/5 cluster is 

nido, 5/4 is closo, and 5/3 has 4n electrons, which represents a capped polyhedron.  

Previous work from our group on indium sulfur clusters (paper in progress), which might 

be expected to follow the same electron counting rules, also found a particularly intense 

peak at 5/4 in the mass spectrum.  Among the n=4 clusters, none fit into the Wade’s 

Rules framework.  This may explain why no consistent fragmentation patterns were 

observed for n=5 going to n=4 clusters.  If we consider the neutral clusters, which have 

one more electron than the cations, each of the observed n=4 stoichiometries should have 

increased stability.  This may explain the loss of single metal cations in the n=5 clusters, 

as particularly stable neutral n=4 clusters could be formed as a result.   When we consider 

the n=3 clusters, the 3/3 cluster fits the criteria for a closo structure, 3/2 fits a capped 

structure, and 3/1 does not fit a Wade’s Rule shell closing.   The structure of In3O
+
 was 

previously calculated by Lievens, indicating a planar D3h structure with a central oxygen.  

This provides a rationalization for why 3/1 does not fit the Wade’s Rules prediction; it is 

simply too small to form a viable polyhedron.  It does, however, share electron density 

inside an inner cavity, albeit a two dimensional cavity.  The Wade’s Rules framework 

may provide an explanation for the relatively common production of 3/2 as a fragment, 

but this is not conclusive.    
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 4.5 Conclusions 

   

 Indium oxide clusters produced by laser vaporization have been investigated with 

time of flight mass spectrometry and mass selected photodissociation.  We observe a non-

statistical distribution of sizes for each cluster size.  It appears that clusters with five 

metal atoms that satisfy Wade’s Rules have some enhanced stability.  No enhanced 

stability from Wade’s Rules is found for cation clusters, but the neutral complexes could 

have enhanced stability and may provide explain some explanation for various 

fragmentation processes.  The In3O
+
 cluster does not satisfy Wade’s Rules, but is 

analogous in principle due to sharing electrons in a central cavity.  This cluster is 

especially stable.  The dominant fragmentation process is elimination of the metal cation, 

which may simply be due to its fairly low ionization potential.   
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Table 4.1. The stoichiometries of indium oxide photofragments (InnOm
+
 = n,m) detected 

using 355 and 532 nm.  

 

 

Parent Cation Cluster    Photofragments 

 

3,1      2,1; 2,0; 1,0, 0,1 

3,2      3,1; 2,1; 1,0 

3,3      2,1; 1,0; 0,1 

4,2      3,1; 2,1; 2,0; 1,0 

4,3      3,2; 3,1; 2,2; 2,1; 2,0; 1,0 

4,4      4,2; 3,2; 3,1; 2,1; 1,1; 1,0 

5,2      3,2; 3,1; 2,1; 1,0; 0,1 

5,3      3,2; 3,1; 2,1; 1,0; 0,1 

5,4      4,3; 3,2; 3,1; 2,1; 1,0; 0,1 

5,5      5,4; 5,3; 3,2; 3,1; 2,1; 1,0; 0,1 
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Table 4.2 : Wade’s Rules electron counts and structural assignments for selected indium 

oxide stoichiometries  

 

Cluster  p electron count Wade’s Rule structural assignment 

In5O5
+  

24   Nido 

In5O4
+
  20   Closo  

In5O3
+
  16   Capped  

In5O2
+
  12   None 

In4O4
+
  19   None 

In4O3
+
  15   None 

In4O2
+
  11   None 

In3O3
+
  14   Closo 

In3O2
+
  10   Capped 

In3O1
+
  6   None 
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Figure Captions 

 

Figure 4.1. Time-of-flight mass spectra for InnOm
+
 clusters formed in a helium expansion 

seeded with either 3 % O2 (upper trace) or 3 % N2O (lower trace). 

 

Figure 4.2. Photodissociation mass spectra of In3O2
+
.  

 

Figure 4.3. Photodissociation mass spectra of In4O3
+
. 

 

Figure 4.4. Photodissociation mass spectra of In5O4
+
. 
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CARBONYL CATIONS, Mn(CO)n
+
 (n=1-9)
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 5.1 Abstract  

 

Manganese carbonyl cations of the form Mn(CO)n
+
 (n=1-9) are produced in a 

molecular beam by laser vaporization in a pulsed nozzle source.  Mass selected infrared 

photodissociation spectroscopy in the carbonyl stretching region is used to study these 

complexes and their "argon-tagged" analogues.  The geometries and electronic states of 

these complexes are determined by comparing their infrared spectra to theoretical 

predictions.  Mn(CO)6
+
 has a completed coordination sphere, consistent with its predicted 

18-electron stability.  It has an octahedral structure in its singlet ground state, similar to 

its isoelectronic analogue Cr(CO)6.  Charge-induced reduction in π backbonding leads to 

a decreased red-shift in Mn(CO)6
+
 (υCO=2106 cm

-1
) compared to Cr(CO)6 (υCO=2003 cm

-

1
).  The spin multiplicity of Mn

+
(CO)n complexes gradually decreases with progressive 

ligand addition.  MnCO
+
 is observed as both a quintet and a septet, Mn(CO)2

 
is observed 

only as a quintet, while Mn(CO)3,4
+
 are both observed as triplets.  Mn(CO)5

+
 has a singlet 

ground state, and Mn(CO)6
+
 is observed predominantly as a singlet but with some triplet 

population.  All larger complexes are observed exclusively as singlets.   

 

 5.2 Introduction 

 Transition metal carbonyls are significant in organometallic and inorganic 

chemistry and provide classic examples of metal-ligand bonding [1-3].
  
Metal carbonyl 

complexes are used in synthesis and catalysis and as models for chemisorption on metal 

surfaces [4].  Infrared and Raman vibrational spectroscopy provides information about 

the structure and bonding in these systems [1-8].  In particular, the number of IR- or 
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Raman-active vibrations and their frequencies reveals the symmetry of carbonyl 

complexes and their electronic structure.  On surfaces, the geometrical arrangement of 

CO bonding can be determined from the vibrational frequency [4].  The free molecule C-

O stretch occurs at 2143 cm
-1

[9], which is well-removed from most other molecular 

vibrations, and provides a convenient and sensitive indicator of bonding interactions.  

Vibrational spectroscopy has therefore been employed to study a wide variety of metal 

carbonyl complexes.  In the present study, we use new IR spectroscopy methods to study 

the carbonyl stretch of manganese carbonyl cations in the gas phase.   

 The bonding interactions in transition metal carbonyls are usually described with 

the Dewar-Chatt-Duncanson (DCD) complexation model [1,7,8,10,11].  The metal-

carbonyl bond involves a synergistic interaction between a σ-type donation and π-type 

back-bonding.  Electron density is contributed from the occupied orbitals of the carbonyl 

to empty orbitals on the metal, removing electron density from the partially bonding 

carbonyl orbitals and forming the σ bond.  π-type backbonding stems from donation of 

electron density from the partially filled d-shells into the antibonding π
*
 orbital of the 

CO.  In "classical" carbonyls, the C-O stretching frequency (νCO) is lowered compared to 

its value in the free-CO molecule due to a net decrease in bonding electron density and an 

increase in antibonding electron density in the π
* 
orbitals.  The majority of transition 

metal carbonyl complexes exhibit a resulting red-shift in the carbonyl stretch.  In rare 

cases, a blue-shift of this vibration is observed.  The interplay of these σ and π type 

interactions in metal carbonyl bonding has been recognized for many years.  However, 

recent work suggests that electrostatic interactions can provide interesting additional 

effects in ionized systems.  Calculations suggest that metal charge may play an important 
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role in the polarization and electron density distribution of the CO orbitals [12,13].  

Unfortunately, there are few studies of isolated gas phase metal carbonyl ions with which 

to investigate these predictions.   

 Stable neutral transition metal carbonyl complexes have been studied extensively 

in both the condensed phase and the gas phase [6,7,14-17].  Neutral chromium 

hexacarbonyl, which is isoelectronic with manganese hexacarbonyl cation, is stable at 

room temperature and has been investigated spectroscopically [18,19].  Charged 

transition metal carbonyl complexes have been produced and studied in the condensed 

phase as salts with counterions to study isoelectronic analogues [20-23].  Various small 

neutral carbonyls have been studied using photoelectron spectroscopy of mass selected 

anions [24-26].  The electronic structure and bonding in these systems causes systematic 

shifts in the carbonyl stretching frequency and theory has investigated these effects 

extensively [12,13,27,28].
 

 Mass spectrometry has been used to study a number of ionic metal carbonyl 

complexes [29,30].  Ion-molecule reactions have been characterized and ion-ligand 

dissociation energies have been measured [31,34].  Rare gas matrix isolation techniques 

have been employed to study neutral, cationic, and anionic carbonyls, including those of 

manganese neutrals and anions [8,35].  Gas phase studies of carbonyl cations are limited.  

Free electron lasers have been used to study metal cluster ions with attached CO ligands 

using resonance enhanced multiphoton photodissociation [36-39].  Our research group 

has recently employed mass-selected infrared photodissociation to study various metal 

cation-carbonyl complexes in the gas phase [40-41], including Au(CO)n
+
 [42], Pt(CO)n

+
 

[43], Co(CO)n
+
 [44], and the vanadium group systems [45].  In the present work, we use 
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these same techniques to investigate the manganese carbonyl cation complexes 

Mn(CO)n
+
 (n=1-9). 

 Manganese complexes are of particular interest both because of the high spin in 

the isolated atomic ion, which has a 
7
S configuration, and the existence of the stable 

saturated binuclear carbonyl complex Mn2(CO)10.  Mn2(CO)10 is a stable complex at 

room temperature, and can dissociate into Mn(CO)5 radicals [46].  Spectroscopy for both 

the binuclear and mononuclear neutral and anionic complexes has been reported [35j].  

Photolysis of HMn(CO)5 gives a Mn(CO)5 radical with C4v structure [46].  When the 

cations are considered, Mn(CO)6
+
 should be stable, as it satisfies the 18-electron rule and 

is isoelectronic to Cr(CO)6.  The salt of Mn(CO)6
+
 was isolated as Mn(CO)6

+
(PF6)

-
 and 

νCO was measured at 2095 cm
-1

 [23].  The binding energies of Mn(CO)n
+
 (n=1-6) have 

been determined by measuring the kinetic energy release distributions [53].  The MnCO¯
 

ground state has been investigated by theory [27], and various neutrals and anions have 

been studied theoretically and compared to experiment [35j]. The present study examines 

the infrared spectroscopy in the gas phase of both the small unsaturated Mn
+
(CO)n (n=1-

5) complexes and larger species at or above the filled coordination (n=6-9).  The 

experimental infrared spectra are interpreted using density functional theory (DFT) 

computations to probe the structure and bonding in these systems. 

 

 5.3 Experimental Section 

 Mn(CO)n
+
 ions are produced in a pulsed-nozzle laser vaporization source using 

the third harmonic of a pulsed Nd:YAG laser (355 nm; Spectra-Physics DCR-11).  The 

laser is focused onto a rotating and translating ¼ inch diameter manganese rod, which is 
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mounted with a ¾ inch horizontal offset in front of a pulsed nozzle (General Valve Series 

9).  The apparatus has been described in detail elsewhere [40].  The expansion gas is pure 

carbon monoxide (National Specialty Gases) at a backing pressure of 150 psi.  Mixed 

clusters containing argon, i.e., Mn
+
(CO)nArm, are produced using a mixture of carbon 

monoxide and argon.  The expansion is skimmed into a second chamber and pulse 

extracted into a homemade Wiley-McLaren time-of-flight mass spectrometer.  Ions of 

interest can be mass selected using pulsed deflection plates located in the first flight tube.  

These ions are then excited with tunable infrared light produced in an optical parametric 

oscillator/amplifier system (LaserVision) pumped by the fundamental (1064 nm) of a 

pulsed Nd:YAG (Spectra Physics Pro 230).  This system provides continuously tunable 

light in the region of 2000-4000 cm
-1

 with about 1 cm
-1

 linewidth.  When cluster cations 

are excited on resonance with a molecular vibration, intramolecular vibrational energy 

relaxation (IVR) occurs on a time-scale faster than the time scale of the experiment (1-2 

µs), leading to dissociation of the complex provided the binding energies are low enough.  

Infrared spectra are obtained by monitoring the yield of a particular fragment as a 

function of the laser wavelength.   

Density functional theory (DFT) computations were performed to investigate the 

structures and spin configurations of the complexes studied.  Calculations were 

performed for several isomers each for Mn(CO)
+

n  (n=1-7) and Mn(CO)
+

nAr (n=1-6), 

considering the singlet, triplet, and quintet spin states for each complex.  The calculations 

were performed using the B3LYP functional [48-49], as implemented in the Gaussian 

2003 computational package [50], using the Def 2-TZVPP basis set on all atoms [51,52]. 
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 5.4 Results and Discussion 

 A mass spectrum of the Mn(CO)n
+
 complexes produced is shown in Figure 5.1, 

along with selected examples of infrared photofragmentation mass spectra.  The most 

intense peak in the mass spectrum produced by the cluster source corresponds to 

Mn(CO)6
+
, indicating that this cluster cation is produced preferentially and likely has 

some enhanced stability.  This cluster is expected to be stable as it satisfies the 18-

electron rule and is isoelectronic to the well-known neutral Cr(CO)6.  The addition of 

carbonyls beyond n=6 would likely result in "external" CO’s, that is, ligands not bound 

directly to the metal ion but coordinated to other carbonyls through weaker electrostatic 

forces.  These clusters are produced efficiently due to the cold supersonic expansion, and 

are not likely to survive at room temperature. 

 The ligand binding energies in these complexes can be investigated further by 

their fragmentation tendencies upon infrared excitation.  Small Mn
+
(CO)n clusters (n=1-

5) do not fragment in this experiment.  This is consistent with the binding energies 

measured previously by Bowers for these clusters, which range from 0.69 eV to 1.39 eV 

[53].  IR photons in the CO stretching region near 2100 cm
-1

 have energies of about 0.26 

eV, so it is not surprising that fragmentation is not observed.  The fragmentation mass 

spectra for Mn(CO)n
+ 

(n=6-8) are shown in the inset of Figure 5.1.  These spectra are 

accumulated with a difference method by recording the mass spectrum with the 

fragmentation laser "on" versus "off," resulting in a negative-going parent ion (showing 

its depletion) and positive fragment ions.  The laser was set to the wavelength that 

produced the maximum fragmentation yield for each parent complex.  At n=6, only a 

small amount of fragmentation is detected.  The low signal here indicates a poor 
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fragmentation yield, consistent with the relatively high binding energy expected for this 

ion which should have complete coordination.  The small amount of fragmentation is 

likely coming from multiphoton absorption or from a small fraction of ions containing 

residual internal energy from the growth process.  At the low laser energy energies used 

here (about 1 mJ/pulse), we do not expect efficient multiphoton absorption.  Residual 

internal energy could add to the photon energy and allow for fragmentation below the 

one-photon threshold.  There is relatively little signal, simply because few hot ions are 

produced.  If we change conditions, we find that hotter plasmas lead to increased 

fragmentation, supporting the idea that internal energy contributes to the fragmentation.  

As shown in the figure, clusters larger than n=6 fragment efficiently, and their 

fragmentation terminates at n=6.  This is consistent with the presence of weakly bound 

external ligands beyond this size, confirming our expectation that the six-coordinate 

complex is most stable. 

 To investigate the spectroscopy of these systems, we measure the wavelength 

dependence of the fragmentation.  The smaller clusters do not fragment with IR 

excitation, so we use the “rare gas tagging” technique to study these systems [40,41].  We 

produce mixed complexes of the form Mn(CO)nArm
+
, which can fragment by eliminating 

argon when excited on vibrational resonances.  The Mn
+
-Ar binding energy has not been 

measured, but is calculated to be 0.131 eV (1056 cm
-1

) [54], and should be low enough to 

allow efficient fragmentation when the IR laser is in the CO stretching region.  As shown 

in Figure 5.2, this method allows spectra to be measured for the small (n=1-5) manganese 

carbonyl complexes.  It is of course a valid question whether or not these spectra of 

tagged complexes represent the desired spectra of the bare carbonyl species.  Experience 
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with previous systems indicates that tagging usually has a negligible effect on the 

structure and spectrum of the complex, but argon can bind strongly in some systems and 

cause a significant perturbation.  With this in mind, we exercise caution in interpreting 

the resultant spectra and use computations on complexes with versus without argon to 

investigate this. 

  Fragmentation of the Mn(CO)
+
 complex cannot be detected when it is tagged 

with a single argon, presumably because the argon binding is still too strong, and even a 

second argon cannot be eliminated efficiently.  The addition of a third argon leads to 

efficient fragmentation, producing the spectrum shown in the lower trace of Figure 5.2.  

In a similar way, the Mn(CO)2
+
 complex fragments inefficiently with a single argon, but 

acceptable signal is obtained with two.  The Mn(CO)2Ar
+
 spectrum (not shown) is not 

significantly shifted in frequency from that of Mn(CO)2Ar2
+
, indicating that the second 

argon is a minor perturbation on the system.  All the larger complexes in the n=3-6 size 

range fragment efficiently when tagged with a single argon.  All of the spectra of these 

small complexes feature a strong primary band that is red shifted from the free CO 

frequency of 2143 cm
-1

 (indicated with the vertical dashed line in the figure), and the 

n=1,3,4 and 5 spectra contain small secondary bands.  The interpretations of these spectra 

are discussed later, using DFT calculations to investigate the spin states, structure and 

spectra. 

 Complexes containing more than five CO ligands can be dissociated without the 

addition of an argon tag.  Spectra were obtained for n=6 both with and without argon, 

allowing for a direct comparison of the perturbation caused by the argon.  The neat 

spectrum can be seen in the bottom trace of Figure 5.3 and the argon tagged spectrum is 



 

 154 

in the top trace of Figure 5.2.  The band for the tagged complex is blue shifted by 4 cm
-1

 

and is much sharper than that for the untagged species.  The untagged complex would not 

be expected to fragment with a single photon unless it had substantial internal energy, so 

the broadness of the Mn(CO)6
+
 spectral feature is not unexpected.  The tagged complex is 

also observed to lose CO and Ar simultaneously, and this loss channel yields a slightly 

different spectrum, which will be discussed later.   

The spectra measured for the n=6-9 complexes in the CO-loss channel are shown 

in Figure 5.3.  Each features one primary spectral feature, red-shifted by roughly 20 cm
-1

 

from the free-CO frequency.  This band does not significantly change position as more 

ligands are added.  The increased dissociation yield after n=6 and the lack of further 

change in the vibrational spectrum are both consistent with the presence of a six 

coordinate Mn(CO)6
+
 core ion, which becomes solvated by weakly bound external CO's.  

A second weaker spectral feature near 2174 cm
-1

 gradually becomes prominent as 

additional CO ligands are added past the n=6 species, and its position also does not 

change as more ligands are added.  We assign this band to the vibration of the external 

carbonyls in the second sphere, which are bound only to other carbonyls and not directly 

to the metal ion.  This behavior has been seen in other metal ion-CO complexes we have 

studied.  The presence of this band only after the n=6 complex size again supports the 

conclusion of a six-coordinate Mn(CO)6
+
. 

To gain further insight into these spectra, we have performed DFT calculations on 

the Mn(CO)n
+
 complexes for n=1-7.  Complete details on all the calculated structures, 

energetics, and spin states are provided in the Supporting Information for this paper.  We 

have investigated various isomers and spin states for each complex, and have also 
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investigated the corresponding argon complexes at the same level of theory to help 

determine the perturbation caused by tagging.  Table 5.1 summarizes the structures, 

electronic states, and relative energetics of the computed species.  The addition of the 

argon causes a significant geometry perturbation in the n=3 complex, but has only a 

minor effect on all other cluster sizes.  The excellent signal to noise observed in this 

experiment can also be understood from these theoretical results.  The computed 

intensities of the CO stretches are generally >500 km/mol, with some in excess of 1000 

km/mol (see Supporting Information).  Also, second-sphere CO molecules are calculated 

to be bound by about 600 cm
-1

.  Although the van der Waals binding in this situation is 

not expected to be handled particularly well by DFT, the weak binding suggested is low 

enough to allow for efficient photodissociation for the larger complexes.     

We find that Mn
+
(CO) is linear for all spins states, and DFT predicts a septet 

ground state, although this is favored by only 0.75 kcal/mol over the quintet.  The triplet 

lies another 33 kcal/mol higher in energy from the quintet.  For the bare cation, the 
7
S 

state is 9472.97 cm
-1

 (27 kcal/mol) lower in energy than the 
5
S state [58].  The addition of 

a single argon only minimally perturbs the geometry of the Mn
+
(CO) system and results 

in an overall linear structure.  Addition of a second argon leads to a small geometric 

distortion and a C2v structure.  The Mn
+
(CO)2 complex has a linear triplet ground state, 

with a higher energy singlet state.  The argon binds on the side of this, producing a 

slightly bent C2v structure.  Mn
+
(CO)3 has a triplet D3h structure, with a C2v singlet 

species lying 10 kcal/mol higher in energy.  The triplet is deformed significantly by the 

addition of argon, into a structure resembling that of the singlet.  For Mn
+
(CO)4, a C2v 

singlet structure is predicted to be more stable than a triplet C3v species by about 9 
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kcal/mol.  The singlet is only slightly perturbed by the addition of argon, while the triplet 

again distorts towards the singlet geometry.  The energy difference is nearly the same for 

Mn
+
(CO)5, but the singlet is predicted to be more stable with a C4v structure.  The 

distortion caused by argon is again small for this complex.  Mn
+
(CO)6 is predicted to be 

an octahedral singlet, some 48 kcal more stable than the triplet configuration.  This 

complex is also virtually unchanged by the addition of argon.  No minimum structure 

could be found for a seven-coordinate Mn(CO)7
+
 complex; all starting geometries 

converged to structures with a central octahedral core and an external CO ligand capping 

the octahedron.  This is consistent with the previous conclusion that six carbonyl 

molecules complete the coordination sphere around Mn
+
.   

Table 5.2 gives a comparison between the computed frequencies and the 

experimentally measured frequencies, for neat and argon tagged complexes.  The 

calculated frequencies are scaled by 0.9679 and given a 3 cm
-1

 FWHM Lorentzian line 

shape to produce computed spectra to compare to the experimental data.  The scaling 

factor was chosen to make the calculated CO stretching frequency match the 

experimental free molecule value.  Figure 5.4 shows the computed and experimental 

spectra for the n=1-2 complexes, along with their computed ground state geometries.  

Mn
+
(CO) has two experimental IR bands, indicating the presence of two spin states.  The 

septet and quintet configurations are nearly equivalent in energy, with the triplet lying 

some 33 kcal/mol higher in energy.  Considering solely the neat calculated spectra, we 

might be tempted to exclude the septet, which is predicted to have υCO at 2210 cm
-1

.  

However, the addition of a single argon shifts this band to 2158 cm
-1

, and to 2141 cm
-1

 

with a second.  The neat quintet lies at 2130 cm
-1

, the singly tagged at 2120 cm
-1

, and the 
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doubly tagged at 2114 cm
-1

.  The doubly tagged triplet configuration shifts down to 2080 

cm
-1

, from 2107 cm
-1

 for the neat variant.  We were unable to find a stable minima on the 

triply argon tagged potential energy surface, likely due to the extremely flat argon 

potential.  However, we do have a noisy experimental spectrum for the doubly tagged 

(not shown), which is not significantly shifted from the triply tagged, so we are 

reasonably confident that the theoretical calculations for doubly tagged complex serve as 

an adequate representation.   We must take the frequency positions with some skepticism 

due to the argon perturbation, but due to the overall ordering of the frequencies and the 

significant energy different of the triplet, we can reasonably say that the quintet and 

septet are present in our experiment.  The majority of the population is in the quintet 

state.  The oscillator strengths are nearly identical, around 544 km/mol, so the observed 

intensities should roughly reflect the relative populations.  It appears that theory 

somewhat overestimates the stability of the septet.   

In the n=2 complex, the quintet is 28 kcal more stable than the triplet, which is 

predicted to be roughly 28 kcal/mol more stable than the singlet.  There are two stable 

structures for the monoargon complex, a linear structure with the argon binding to the 

oxygen in a carbonyl, and a bent C2v structure with the argon bound to the metal. There is 

fairly minimal perturbation in the linear structure for either the singlet or triplet due to the 

argon, and the predicted triplet frequency matches up well to our measured value.  We 

could not find a stable minima on the potential energy surface of the quintet for this linear 

configuration.  We found stable minima for all three spin states in the bent configuration.  

The quintet is the lowest energy, by 25 kcal over the triplet.  The bent triplet 

configuration is nearly identical in energy to the linear triplet configuration.  The 



 

 158 

calculated frequency for the bent quintet is 2115 cm
-1

, which matches quite well with out 

experiment spectrum’s band position of 2116 cm
-1

.  The bent triplet is calculated to be at 

2096 cm
-1

, and the linear triplet is calculated to be at 2112 cm
-1

.  The bent quintet is 

significantly lower in energy, and so we assign this complex as a quintet.  We 

successfully measured a very low signal to noise spectrum for the singly argon tagged 

spectrum (not shown), and its band position was identical to that of the doubly argon 

tagged.  We were not able to calculate the doubly tagged complex, but our experimental 

data gives us some confidence that our singly argon tagged experimental spectra are 

reasonable reflections of the true Mn(CO)2
+
 spectrum.  

 The experimental and calculated spectra and structures for n=3,4 can be found in 

Figure 5.5.   For n=3, we have some ambiguity in the assignment of the electronic state.  

The triplet state is predicted to be around 10 kcal/mol more stable.  The predicted 

spectrum for the neat triplet is well off our observed values, but it is significantly 

perturbed by the addition of Ar, from a D3h structure to a C2v structure.  The Ar tagged 

triplet fits somewhat well to the observed spectrum, but there is a small band around 2135 

cm
-1

 that we cannot clearly resolve in our measured spectrum.  The singlet spectrum is 

only minimally perturbed by the addition of argon, and our peak is wide enough for the 

red-shaded shoulder to mask the predicted doublet of peaks.  The singlet does predict a 

single small band to the blue, although the position is not an exact match.  We cannot 

draw a concrete assignment for this complex from these data.   

For the n=4 complexes, the predicted triplet structure features two bands with 

positions that nearly match our measured frequencies.  The intensity ratio, however, is 

reversed between the theory and experiment.  The singlet has three major bands, with 
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sufficient separation that we should be able to resolve them if they were present.  We can 

conclude we do not have the triplet, despite it being more stable.  When the triplet 

calculation was performed with a different basis set, 6-31+G* on C, O, and Ar and 

LANL2DZ on Mn, the predicted neat spectrum was nearly identical to that calculated 

with TZVPP, but the Ar tagged complex swapped intensity ratios as seen in our 

experimental spectrum.  It appears here that the deformation due to argon is not fully 

described when using TZVPP.  If we assume that n=4 is in fact a triplet, then the n=3 

complex should also be a triplet.  There is no obvious reason that a smaller complex 

would have a lower spin. 

Figure 5.6 shows the experimental and calculated spectra for n=5 and 6, along 

with their ground state geometries.  Neither the singlet or triplet configuration is 

deformed significantly by the addition of argon.  Here, the singlet is predicted to be more 

stable by 8.8 kcal/mol.  The singlet has two bands, at 2097 and 2114 cm
-1

.  The positions 

and intensity ratio matches quite neatly with our observed spectra.  The triplet is 

predicted to have a 2095 cm
-1

 band, and a doublet split by 0.5 cm
-1 

at 2148 cm
-1

.  We do 

not observe a band in this higher region, and can exclude the triplet and assign the n=5 

complex as a singlet.  

 We obtained neat and Ar tagged versions of the n=6 complex, which can be 

compared to theory.  Figure 5.6 shows the Ar tagged spectra, as measured by the loss of 

Ar and CO.  The spectra as measured by loss of Ar can be found in Figure 5.3, bottom 

pane.  The main band position is identical between the two spectra.  Here we can see 

excellent agreement with both the argon tagged and neat calculated spectra.  As we were 

able to measure experimentally the neat and argon tagged complex, we have some direct 
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confirmation of the degree of shift induced.  For this complex, the band centers are nearly 

identical at 2114 cm
-1

.  The untagged complex has a much broader band, likely due to the 

degree of internal energy required for fragmentation.  Subsequent comparisons will use 

the argon tagged complex as representative of the correct spectrum.  We can see excellent 

agreement between the Oh singlet configuration and the measured spectra, adding 

additional confirmation that this is indeed a hexacoordinate system.  The Mn(CO)6
+
 

complex ground state has previously been determined to be a singlet by various methods 

[53,56,57], and we reaffirm that conclusion here. The top panel of Figure 5.6 shows the 

Mn(CO)6Ar
+
 complex measured by the loss of Ar + CO.  This is a weaker channel than 

the loss of argon in the experiment, and thus the signal to noise is somewhat poor.  

However, we can see two clearly resolved bands along with the main band we previously 

identified as the singlet CO stretch.  The calculated spectra for the triplet, predicted to be 

some 46 kcal/mol higher in energy, matches these two bands quite well in position and 

intensity ratio.  It seems that, while the majority of the ion population here is in the 

singlet state, some population exists as a triplet despite the significantly higher energy.  It 

was experimentally noted that these bands increased in intensity as the source plasma 

temperature was increased, and could be eliminated entirely.   

The Mn(CO)6
+ 

core ion identified here, with a CO stretching frequency at 2114 

cm
-1

, varies by some 20 cm
-1

 from the solution phase [Mn(CO)6
+
][PF6

-
] salt value.   The 

chromium hexacarbonyl, isoelectronic to Mn(CO)6
+
, has a stretching frequency of 2003 

cm
-1

 [19].  This significant redshift from the cation to neutral analogue mirrors the trend 

previously observed between Co(CO)5
+
 and Fe(CO)5.  Co(CO)5

+
 has υCO at 2140 and 

2150 cm
-1

, while Fe(CO)5 has has υCO at 2013 and 2034 cm
-1

 [46,55].  It is likely due to 
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increased π backbonding into the antibonding π
* 
orbital in the neutral analogue.  The 

charged manganese has more tightly bound d electrons than the neutral chromium, which 

inhibits backbonding and leads to a lessened red-shift in the cation.  This has also been 

demonstrated for the isoelectronic series of Ni(CO)4, Co(CO)4
-
, and Fe(CO)4

2-
, which 

have CO stretching frequencies of 2094, 1946, and 1799 cm
-1

 respectively [15,20,22].
 
 

The negatively charged complexes have increased back bonding, and thus weaker C-O 

bonds.  The results observed here are consistent with those previous experiments.   

The effect of charge on oscillator strength has also been investigated.  Table 5.3 

shows the calculated frequencies and oscillators strengths compared to the experimental 

frequencies for the isoelectronic pairs of Mn(CO)6
+
 and Cr(CO)6, and Co(CO)5

+
 and 

Fe(CO)5
+
, respectively.  We can see reasonably good band position agreement between 

theory and experiment for each system.  Interestingly, the oscillator strengths are 

significantly higher for the neutral analogues.  This may be due to the cation withdrawing 

more charge from the CO, leading to a more even charge distribution between carbon and 

oxygen.  This would lead to a lessened red-shift for the cations, which is indeed seen 

experimentally, and a lower oscillator strength due to decreased change in dipole.   

With the six-coordinate octahedral ion identified as the “core” ion of this system, 

we can interpret subsequent complexes as CO solvated versions of this.  No stable seven-

coordinate complex could be found, and n=7 invariably converged to a six-coordinate 

core with an external CO ligand.  The spectra and calculated structure can be found in the 

Supporting Information.  The agreement between the theoretical calculation and 

experiment is excellent, with the blue-shifted “surface” CO reproduced quite nicely.  The 

main υCO stretch moves slightly as additional CO ligands are added, reaching 2119 cm
-1
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by the third external CO, n=9.  The surface CO band also shifts slightly to the red, from 

2175 cm
-1

 for n=7 to 2172 cm
-1

 for n=9.  These frequencies are some 30 cm
-1

 from the 

free CO stretch at 2143 cm
-1

.  We have previously partially interpreted this blue shift in 

terms of the polarization effects described by Goldman and Krogh-Jespersen [12].  

However, the magnitude of the shift cannot fully be explained in this context.  We have 

now observed this effect for several systems, and some further theoretical study may be 

necessary.   

 

 5.5 Conclusion 

 Manganese carbonyl cations of the form Mn(CO)n
+ 

(n=1-9) and their 

corresponding “argon-tagged” analogues Mn(CO)n(Ar)m
+

  were produced
 
and studied 

using mass selected infrared photodissociation spectroscopy and density functional 

theory.  Comparison of the number of infrared bands, along with their positions and 

intensities, allows us to assign the electronic configuration and geometry for these 

complexes.  A gradual spin change is observed as sequential carbonyl ligands are added.  

The MnCO
+
 complex has both quintet and septet population, with a quintet ground state.  

Mn
+
(CO)2 also has a quintet ground state, while Mn(CO)3-4

+ 
complexes are triplets.  The 

Mn(CO)5
+
 complex is a singlet, and the ground state of Mn(CO)6

+
 is also a singlet.  Some 

triplet population is observed for Mn(CO)6
+
.  Mn(CO)6

+
 has a completed coordination 

shell, in line with its expected 18 electron stability, and shares an octahedral structure 

with its isoelectronic analogue, Cr(CO)6
+
.  The carbonyl stretches for Mn(CO)6

+
 are less 

red-shifted than in Cr(CO)6
+
, as expected due to lessened π backbonding due to the 
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charge.  However, the oscillator strengths of the neutral analogues are greater than the 

cations, potentially due to polarization effects on the carbonyl.    
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Table 5.1:  The structures, electronic ground states, and energetics computed for 

Mn(CO)n with DFT.  No stable quintet configurations could be found for n=3-6. 

complex  state/structure  relative energy  (kcal/mol) 

 

Mn(CO)
+
  

7
C∞v

   
0.0 

   
5
C∞v   +0.7  

Mn(CO)2
+
  

5
D∞h   0.0 

3
D∞h

   
+24.9 

   
1
D∞h

   +
51.6 

Mn(CO)3
+
  

3
D3h   0.0 

   
1
C2v   +9.8 

Mn(CO)4
+
  

1
C2v   0.0 

3
C3v   +8.8 

Mn(CO)5
+
  

1
C4v   0.0 

   
3
C2v   +8.7 

Mn(CO)6
+
  

1
Oh   0.0 

   
3
C4h   48.0  
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Table 5.2:  The vibrational frequencies computed (Scaled by 0.9679) and measured for 

Mn(CO)n
+
 and Mn(CO)n(Ar)m

+
 complexes 

 

Complex      theory (neat)    theory (argon-tagged)  experiment 

 

Mn(CO)
+  

septet     2210.1  2158.2 (m=1), 2141.5 (m=2) 2106, 2148 

  quintet     2132.8                     2122.3 (m=1), 2106.4 (m=2) 

Mn(CO)2
+
       quintet     2127.4   2114.6    2115 

Mn(CO)3
+
   triplet      2146 .1  2091.1, 2130.3, 2170.1 2110, 2188     

 

Mn(CO)4
+ 

triplet      2077.0, 2150.1, 2072.6, 2138.6,  2081, 2148 

    2150.3  2138.7, 2172.8       

Mn(CO)5
+
  singlet     2099.9, 2119.3  2097.0, 2114.2  2086, 2114 

Mn(CO)6
+
 singlet     2118.5  2119.4    2114 
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Table 5.3: comparison of experimental frequencies to calculated frequencies and 

oscillator strengths of the isoelectronic analogues Mn(CO)6
+
, Cr(CO)6

+
 and Co(CO)5

+
, 

Fe(CO)5. 

 

Species Experimental Frequency Calculated Frequency  Oscillator  

                Strength 

 

Mn(CO)6
+
 2114    2118.5    1061 

Cr(CO)6 2002.9
a
   2001.2    1861 

Co(CO)5
+
 2140, 2150

b
   2140.0, 2154.1  644, 761  

Fe(CO)5
 

2013, 2034
c
   2008, 2036   1268, 1456 

 

a) Ref 19 

b) Ref 44 

c) Ref 55 
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Figure Captions 

 

Figure 5.1.  The mass spectrum of Mn(CO)n
+
 clusters produced by our cluster source.  

Inset: the photofragmentation mass spectra of n=6-8. 

 

Figure 5.2.  The infrared photodissociation spectra of small Mn(CO)n
+
(Ar)m

 
complexes 

measured by the elimination of argon.  The dashed vertical line shows the vibrational 

frequency of isolated CO in the gas phase, at 2143 cm
-1

.  

 

Figure 5.3.  The infrared photodissociation spectra of larger Mn(CO)n
+
 complexes 

measured by the elimination of CO.  The dashed vertical line shows the vibrational 

frequency of isolated CO in the gas phase, at 2143 cm
-1

. 

 

Figure 5.4.  Infrared spectra of Mn(CO)nArm
+
 (n=1,2) compared to the spectra predicted 

by theory, along with calculated ground state structures. 

 

Figure 5.5.  Infrared spectra of Mn(CO)nArm
+
 (n=3,4) compared to the spectra predicted 

by theory, along with calculated ground state structures. 

 

Figure 5.6.  Infrared spectra of Mn(CO)nArm
+
 (n=5,6) compared to the spectra predicted 

by theory, along with calculated ground state structures.  The Mn(CO)6Ar
+
 spectra was 

measured by loss of Ar + CO, the Mn(CO)5Ar
+
 spectra was measured by loss of CO.   
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CHAPTER 6 

 

INFRARED SPECTROSCOPY OF COPPER AND GOLD CARBONYL 

CATIONS: NONCLASSICAL CARBONYLS
1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
Reed, Z.D. and Duncan, M.A.  To be submitted to J. Phys. Chem. A  

 



 

 184 

 6.1 Abstract 

 

Copper carbonyl and gold carbonyl cations of the forms Cu(CO)n
+
 and Au(CO)n

+
 

are produced in the gas phase via pulsed laser vaporization and are analyzed in a time of 

flight mass spectrometer.  Copper carbonyl cation clusters containing up to 15 carbonyls 

are produced, and gold carbonyl cations containing up to 30 carbonyls are produced.  

Individual complexes are mass selected and studied by infrared photodissociation 

spectroscopy and the copper complexes are compared to density functional theory 

calculations.  The argon tagged analoges of small copper carbonyl cation complexes 

(n=2-4) are studied, and feature blue-shifted carbonyl stretches (υCO).  The larger 

complexes, Cu(CO)n
+ 

n=4-8, also feature blue-shifted υCO.  These blue-shifts indicate 

copper carbonyl cation is a non-classical carbonyl.  Cu(CO)4
+
 has a completed 

coordination sphere, consistent with its expected 18 electron stability.  The carbonyl 

stretch in gold carbonyl cations (n=3-7) is also blue-shifted
 
and Au(CO)4

+
 has a 

completed coordination sphere, but the third and fourth carbonyls are weakly bound.   

 

 

 6.2 Introduction 

 

Carbon monoxide has been one of the most important ligands in transition metal 

chemistry for over 100 years.  Many different transition metal carbonyls have been 

synthesized and characterized, and some of these are important in homogeneous and 

heterogeneous catalysis [1,2].  Transition metal complexes and carbon monoxide are 
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involved in hydroformylation, the Fischer-Tropsch synthesis, the synthesis of acetic acid, 

and the water-gas shift reaction, among other catalytic reactions [3].  More 

fundamentally, gas phase transition metal carbonyl systems are valuable models for 

complicated systems like chemisorption on metal surfaces [4], or the binding of carbon 

monoxide on the active sites of proteins [5].  

Metal carbonyls are conveniently probed with Raman and infrared spectroscopy 

[1-5,6-8].  Stable neutral metal carbonyls have been studied in both the condensed phase 

and the gas phase [9-12].  Various charged metal carbonyls have been studied in the 

condensed phase as salts, including noble metal carbonyls [13-17].  Mass spectrometry 

has been used extensively to study metal carbonyl ions in the gas phase [18,19].  The 

structures and bonding of these systems have been investigated with theoretical 

calculations [20-24].  Reactions and bond energies have been reported [25-26].  Matrix 

isolation studies have been reported of anions, neutrals, and some cations [8,27].  Infrared 

photodissociation spectroscopy of metal cluster cations using a free electron laser has 

been reported [28-31].  Our group has studied several transition metal carbonyl systems 

using infrared photodissociation spectroscopy [32-35].  In the present study, we examine 

the copper carbonyl cation and gold carbonyl cation systems through infrared 

photodissociation spectroscopy in the gas phase. 

Transition metal carbonyl bonding is usually understood in terms of the Dewar-

Chatt-Duncanson complexation model [1,7,8,36,37].  Two separate interactions form the 

metal-CO bond.  The carbonyl contributes electron density from its HOMO, forming a σ 

bond and reducing the electron density of the carbonyl orbitals.   The metal donates 

electron density from its partially filled d-orbitals into the LUMO of CO through π 



 

 186 

backbonding.  This LUMO is antibonding, and thus π backbonding weakens the C-O 

bond.  In the majority of carbonyl complexes, π backbonding predominates and the C-O 

bond is weaker, longer, and the C-O stretching frequency (υCO) is reduced.  These are so-

called “classical” carbonyls.   

An increasing number of complexes have been found that do not follow this 

scheme, and these systems are known as “non-classical” carbonyls [37-42].   These 

species have υCO higher than the gas phase CO value of 2143 cm
-1

.  The very first 

carbonyl complex synthesized, Pt(CO)2Cl2, is actually non-classical [42].  Non-classical 

carbonyls usually involve filled metal d-shells which cannot efficiently donate or accept 

charge.  In these systems, σ donation dominates over π backbonding.  Nonclassical 

carbonyl bonding was originally described in terms of electron density being moved out 

of the partially antibonding σ orbitals on CO, which would lead to an increased bond 

strength and blue shifted vibrations [7].  However, more recent theoretical work by 

Lupinetti explains the blue-shift in terms of an electrostatic polarization effect [21].    

Noble metal atomics ions are known to form non-classical carbonyls in the condensed 

phase.  Non-classical carbonyls have been studied theoretically by several groups [23,43-

46].  Armentrout and coworkers measured the binding energy of the copper and silver 

carbonyls [25].  Noble metal carbonyls have been studied in strong protic acids and as 

salts [47-50].  Solid compounds have been prepared using highly fluorinated anions and 

have been structurally characterized [17].  Andrews and coworkers have studied some 

neutral, anionic, and cationic noble metal carbonyls in rare gas matrices, including gold 

and copper [27].  Meijer and coworkers have recorded the infrared spectra of CO bound 

to cationic and anionic gold clusters, with 3 to 20 gold atoms [30].  Our group has 
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published a preliminary report on the infrared spectroscopy of gold carbonyl complexes 

and compared them to theory [32].   

Copper carbonyl complexes have been studied experimentally and theoretically.  

The neutrals have been characterized by EPR [51,52], IR spectroscopy [53], and by 

theory [24].  The binding energies of Cu(CO)n
+
 complexes have been measured by 

collision induced dissociation (CID) [25].  The cations have also been investigated by 

theory [24,27].  Matrix isolation spectroscopy has been reported for Cu(CO)n neutrals and 

cations [27].  These systems have also been studied in strong acids and prepared as solids 

[17,42].  Copper carbonyl cations in strong acids have been noted to have high catalytic 

activity towards various hydrocarbons [17].  There have been some discrepancies in the 

spectra for Cu(CO)n
+

 complexes.  Acid media studies demonstrated a red-shift in the CO 

stretching frequencies as sequential carbonyls are added [17], while argon matrix studies 

demonstrate a blue-shift [27].  Here we report infrared photodissociation spectroscopy for 

both small unsaturated Cu(CO)n
+
 (n=2-4) complexes, and complexes beyond the 

coordination sphere, n=5-9.  The experimental spectra are compared to density functional 

calculations to probe the structure and bonding in these systems.  We also report new data 

on Au(CO)n
+
 complexes, n=3-8 and determine the completion of the coordination sphere 

through spectroscopic measurements.   

 

 6.3 Experimental 

 

 Copper and gold carbonyl cations are produced in a pulsed nozzle laser 

vaporization source using the third harmonic of a pulsed Nd:YAG laser (355 nm; 
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Continuum Surelite).  The laser is focused on a rotating and translating ¼ inch diameter 

copper or gold rod, which is mounted with a ¾ inch horizontal offset in front of a pulsed 

nozzle (General Valve Series 9).  This general apparatus has been described in detail 

elsewhere [54].  The expansion gas is either pure CO, or 20% CO in Ar or Ne, by partial 

pressure.  Backing pressures range from 200 to 300 psi.  The expansion is skimmed into a 

second chamber and sampled by pulse extraction into a home-built Wiley McLaren 

reflectron time of flight mass spectrometer.  Mass spectra are recorded with a digital 

oscilloscope (LeCroy “Waverunner”) connected to a computer via a GPIB interface.  Ions 

of interest can be mass selected using pulsed deflection plates in the first leg of the 

reflectron.  Mass selected complexes can be crossed with tunable infrared light in the 

turning region of the reflectron.  The infrared light is generated in an optical parametric 

oscillator/amplified (OPO/OPA) system (LaserVision) pumped by the fundamental of an 

Nd:YAG (1064 nm; Continuum 8010).  The tuning range is approximately 2000 cm
-1

 to 

4500 cm
-1

.  The laser energy in the carbonyl stretching region is 1-2 mJ/pulse with about 

1 cm
-1

 linewidth.  Complexes with sufficiently weakly bound ligands dissociation via 

IVR upon excitation with infrared light tuned to a molecular vibration.  Spectra are 

generated by monitoring fragment yield as a function of laser wavelength.   

 Density functional theory calculations were performed to investigate the 

structures and spin configurations of the complexes studied.  Various geometries and spin 

states were calculated for each Cu(CO)n
+
 (n=2-7) and Cu(CO)n

+
Ar (n=2-4) complex 

studied experimentally.  The calculations were performed using the B3LYP functional 

[54,56] as implemented in the Gaussian 2003 computational package [57].  We 

investigated all complexes using the Def 2 TZVPP basis set on all atoms [58-59].  A 
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scaling factor of 0.9679 was applied to all calculated frequencies, in line with literature 

values [24].   

 

 6.4 Results and Discussion 

 

 A mass spectrum of the Cu(CO)n
+
 complexes produced is shown in Figure 6.1.  

The main peaks in the series are Cu(CO)n
+
 complexes.  The width of the peaks is due to 

the isotopes on copper, which can be resolved on an expanded view.  There is some 

enhanced intensity to the n=4 peaks.  The n=4 complex has 18 electrons and would be 

expected to have enhanced stability.  Previous acid matrix and fluororacid counterion 

studies have indicated that copper carbonyl is stable with four ligands [17,42].  All 

carbonyls beyond n=4 are likely to be “external”, bound only to other carbonyls and not 

directly to the metal cation.  These clusters are produced in our experiment because of the 

cold conditions of the supersonic expansion, and likely would not be stable at room 

temperature.   

We can investigate the binding energies and coordination number further through 

their fragmentation patterns upon infrared excitation.  These photofragmentation mass 

spectra can be seen in Figure 6.2.  These mass spectra are shown as the difference of the 

laser on minus the laser off.  The result is a negative going parent ion and positive going 

fragment channels.   The smallest clusters, n=1-3, do not fragment at any wavelength of 

infrared excitation.  The bonding energies for these complexes has previously been 

measured by Armentrout to be 1.54 eV, 1.78 eV, 0.78 eV, and 0.55 eV for n=1-4, 

respectively [25c].  Our photons have only about 0.27 eV of energy, so we would not 
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expect fragmentation for these strongly bound complexes.  Interestingly, the n=4 

complex does fragment weakly.  Multiphoton excitation is possible, but unlikely due to 

the low laser power at this wavelength.  Our cluster source produces a distribution of 

internal energies, and some clusters are produced with relatively high internal energy.  

We are likely seeing the “hot fraction” of complexes dissociate with a single photon, 

which adds to their internal energy and allows them to fragment.  All complexes above 

n=4 fragment more efficiently, although not nearly as efficiently as other M-CO systems 

we have investigated.  The fragmentation channels are also somewhat broad compared to 

other M-CO systems we have investigated.  This effect will be discussed later in this 

paper.  All complexes larger than n=5 are observed to lose two carbonyl units as the 

primary fragmentation channel.  These fragmentation patterns suggest that copper 

carbonyl is likely four coordinate, but we must investigate the spectroscopy to be sure.   

 Figure 6.3 shows the spectra obtained for the smaller Cu(CO)n
+
 clusters, n=2-4.  

The dashed line is the free CO vibrational frequency of 2143 cm
-1

.  These clusters do not 

fragment efficiently, so we investigate their argon tagged analogues, of the form 

Cu(CO)n
+
Ar, and the neon tagged analogues, Cu(CO)n

+
Ne.  The Cu

+
-Ar binding energy 

has been calculated to be 0.504 eV, or 4065 cm
-1

 [60], and the argon binding energy 

should decrease as additional ligands or argons bind to copper.  Experimentally, the 

binding energies of argon and neon are low enough to allow for fragmentation with a 

single photon in these complexes.  We can see that all of these complexes are blue-shifted 

from the free-CO value, indicating that they are non-classical complexes.   

  The n=1 complex was not observed to fragment, even when tagged with three 

argon atoms or two neon atoms.  We would not expect the singly tagged argon analogue 
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to fragment, but the per-argon binding energy should decrease as additional argons are 

added and we would expect fragmentation if no additional complications are present.  

Neon should be even more weakly bound.  This may be a coupling issue, where the rate 

of IVR is too small due to low state density to allow for fragmentation through the rare 

gas coordinate to occur on the timescale of the experiment.  The n=2 complex fragments 

weakly with a single argon or neon, with the two rare gas tags producing roughly equal 

signal to noise levels.  Both spectra feature a single band, at 2225 cm
-1

 for the argon 

tagged version and at 2195 cm
-1

 for neon.   The n=3 complex fragments much more 

efficiently, and the argon and neon tagged vibrations are at 2210 cm
-1

 and 2191 cm
-1

, 

respectively.  The n=4 complex also fragments efficiently with tagging, and has bands at 

2202 cm
-1

 and 2198 cm
-1

 for argon and neon, respectively.  The untagged Cu(CO)4
+
 

complex has one broad spectral feature at 2198 cm
-1

.  This width is not surprising, since 

fragmentation should only occur here for the complexes with residual internal energy.  

The tagged complexes are likely a better representation of the true spectrum.   

Strauss observed a blue-shift in fluoroanion salts with the addition of carbonyls 

[49], while Andrews observed a red-shift in rare-gas matrices [27b].  We observe a red-

shift in the argon tagged complexes as additional CO ligands are added.  Our gas phase 

measurements, with only a single argon interaction, should be the closest to the true 

vibrational frequencies.  It appears then that the fluoroanions have a significant solvation 

interaction in the structures of these copper carbonyl cation complexes.  Andrews 

measured the carbonyl stretching frequency of Cu(CO)2
+
 at 2233 cm

-1
, of Cu(CO)3

+
 at 

2211 cm
-1

, and of Cu(CO)4
+
 at 2200 cm

-1
 in solid neon.  These are quite close to our 

argon tagged frequencies, indicating the matrix and the argon tag have similar 
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perturbations on the system.  The degree of perturbation is investigated further with 

theoretical calculations.  Interestingly, the neon tagged analogues in our experiment are 

significantly shifted from either the argon tagged species and Andrew’s neon matrix 

studies.  Andrews observes a 60 cm
-1

 red-shift for CuCO
+
 in Ar verses Ne matrices.  

Even if we consider the neon species, we still see a red-shift from n=2 to n=3, although a 

smaller one than with argon.  There is a blue-shift from n=3 to n=4 in the neon analogues.  

We cannot fully explain this odd perturbation, but it indicates that neon may cause more 

significant frequency shifts than argon in some systems.    

 Figure 6.4 shows the larger Cu(CO)n
+
 (n=4-8) complexes.  Each has a single main 

feature, which gradually red-shifts from 2201 cm
-1

 to 2196 cm
-1

 as additional carbonyl 

ligands are added.  This band is blue shifted from free CO, like those in the small 

CuCOn
+
 complexes. We also see the growth of a secondary feature around 2165 cm

-1
 as 

the complexes become larger.  We have determined previously that this feature 

corresponds to “external” CO’s, that is, carbonyls outside the first coordination sphere 

[32-36].  This band is weakly present for n=5 and grows larger with each additional 

carbonyl.  This confirms our previous determination that the fourth carbonyl completes 

the first coordination sphere of copper.  We also see some small features appear to the red 

of these main bands on n=7,8.  These weak features will be investigated through theory.  

It was experimentally noted that they could be eliminated by varying the source 

conditions.  Decreased laser power or altering the placement of the laser spark to produce 

an apparently “cooler” plasma eliminated these peaks. 

 To further elucidate the structural and bonding details of this system, we have 

performed DFT calculations on Cu(CO)n
+
 complexes, n=2-7.  The structures, electronic 
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states, and relative energetics of the computed species are summarized in Table 6.1.  

These complexes have been previously investigated by several groups, and our results are 

generally comparable to the previous results [24,27].  Detailed comparisons to previous 

theory can be found in Table 6.2.  We find the ground state of each complex to be a 

closed shell singlet.  The n=2 complex has a linear structure, n=3 is trigonal planar, and 

n=4 is tetrahedral.  There are two calculated configurations for n=5, a D3h structure with 

all carbonyls bonded directly to the metal, and a tetrahedral core with an externally bound 

CO.  The D3h structure lies much higher in energy, some 309 kcal/mol higher than the Th 

structure and has a negative frequency, and can thus be excluded from consideration.  

Any additional carbonyls added past this point coordinate to the first carbonyl 

coordination sphere and not directly to the metal ion, confirming our previous conclusion 

that copper carbonyl cation has a coordination number of four.   

 Figure 6.5 shows the spectra of the small CuCOn
+
 complexes (n=2-4) and 

compares them to the predictions of theory.  The calculated frequencies for these small 

complexes are compared to our experimentally measured vibrational bands and previous 

theoretical work in Table 6.2.  The calculated spectrum for the neat linear singlet for the 

n=2 complex matches our experimental data, measured by loss of argon, fairly well.  The 

CO stretch for this complex is at 2230 cm
-1

, and our measured band position is 2225 cm
-1

.  

The neon tagged spectrum is shifted by nearly 30 cm
-1

 from both the Ar tagged spectrum 

and the calculated neat spectrum.  The calculated argon tagged complex is bent, and has a 

vibrational band at 2221 cm
-1

.  Apparently the theory slightly overestimates the 

perturbation caused by the argon, but the neat and tagged frequencies are quite close.  

The calculated triplet has a slightly bent structure, and lies 107.5 kcal/mol higher in 
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energy.  The triplet is strongly red-shifted, with a band position at 1964 cm
-1

.  We can 

confidently assign our measured spectrum to the singlet state, and conclude that it is the 

ground state for this complex.   

We also see excellent agreement between the calculated trigonal planar singlet 

spectrum for n=3 and our measured one.  The calculated CO stretching frequency is 

2208.5 cm
-1

 and our experimental value, measured by loss of argon, is 2210 cm
-1

.  Here 

again the spectrum measured by loss of neon is shifted, by some 19 cm
-1

 from that with 

the argon loss.  The calculated argon tagged complex shows a somewhat significant 

perturbation, resulting in two vibrational bands at 2080 and 2210 cm
-1

.  Again, the theory 

appears to overestimate the deformation due to the argon binding.   

The spectra for n=4 measured by loss of argon and neon are almost identical, and 

both agree well with predictions for the calculated tetrahedral singlet structure.  The 

predicted value for n=4 is 2199 cm
-1

, our neon tagged complex has a band at 2198 cm
-1

, 

and that for the argon tagged complex appears at 2202 cm
-1

.  The Ar tagged analogue has 

a calculated υCO at 2198.5 cm
-1

, which is a very minimal perturbation.  We also have a 

spectrum for the neat complex, measured by the loss of CO, which features a broad 

spectral feature centered around 2198 cm
-1

.  This gives us some confidence that neither of 

the rare gases substantially perturbs this complex, but does not provide much insight into 

the disparity between the argon and neon loss channel in the previous two complexes.  

We can reasonably assign the n=2-4 complexes as singlets.   

 The experimental spectra for n=5,6 and the comparison to theory can be found in 

Figure 6.6.  Here we can see the main spectral feature around 2200 cm
-1 

for both 

complexes and very weak band appearing around 2165 cm
-1

 for n=5 complex, and then 
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growing in intensity for the n=6 complex.  This band is reproduced fairly accurately in 

our calculated spectra, and can be assigned to “external” CO’s, bound to the first 

coordination sphere and not directly to the metal.  Again, we have fairly good agreement 

between our calculated spectra and the measured spectra.  The n=5 structure is calculated 

to have a tetrahedral core with an externally bound CO.  It features one main band at 

2198 cm
-1

, and a weaker band at 2171 cm
-1

.  The measured spectrum has bands at 2202.6 

cm
-1

 and 2167 cm
-1

.  We can therefore be reasonably confident that this complex is a 

singlet with a tetrahedral core and an externally bound CO.  The n=6 calculated structure 

is quite similar to that of n=5, with an added external carbonyl.  The calculated spectrum 

again features two bands.  The main band here is at 2194 cm
-1

, red-shifted from that of 

n=5 and also somewhat red-shifted from our experimental value of 2199 cm
-1

.  The 

calculated secondary band here is at 2174 cm
-1

, blue-shifted slightly from both the 

calculated n=5 band and our experimental value of 2167 cm
-1

.  However, both bands are 

sufficiently close for us to assign this complex as being a singlet with a tetrahedral core 

and two externally bound CO ligands. 

 Figure 6.7 shows the experimental spectrum of n=7 and compares it to the 

predictions of theory.  The calculated structure for the singlet configuration features a 

tetrahedral core and externally bound ligands, and the spectra reproduces the main band 

and the external CO band well. However, we see a weak red-shifted peak around 2117 

cm
-1

, and the calculated spectra for the singlets does not account for these bands.  We 

calculated the triplet configurations and found that these low frequency bands likely 

represent low lying excited triplet states.  The triplet features a D4h core, with externally 

bound CO ligands.  Their vibrations fall around 2090 cm
-1

, making them a reasonable fit 
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for our experimental spectral features.  The multiple peaks in n=8 can be accounted for 

by the multiple possible configurations of carbonyl ligands.   With the planar Cu(CO)4
+
 

core, four additional CO ligands can either be arranged with two above the plain of the 

core molecule and two below, or three above and one below.  The triplet configurations 

are significantly higher in energy than the singlets, by 80 kcal/mol or more.  However, 

the oscillator strengths are much greater than the singlets.  The singlet oscillator strengths 

are generally around 250 km/mol, while the triplets are 1400-1900 km/mol (full details 

are reported in the Supporting Information).  We likely have a very small amount of 

triplet population, trapped in the excited state during the cooling process in our source, 

but they are represented in our spectrum due to their extremely high oscillator strengths.  

It is also interesting to note that the fragmentation channel associated with bands assigned 

as singlets were rather broad, while those associated with triplets were quite sharp.  The 

increased oscillator strength or the increased internal energy of the triplets compared to 

the singlets may lead to more discrete fragmentation.   

 We do not observe any triplet associated bands in complexes smaller than n=7.  

The theoretical calculations for the n=2 triplet indicate a severe red-shift, down to 1964 

cm
-1

, below the range scanned in this experiment.  This complex was 107 kcal/mol higher 

in energy.  We were unable to find a stable minima on the triplet potential energy surface 

for n=3,4,5.  The n=6 triplet has two stable configurations with nearly identical energy, 

one with two carbonyls above the D4h core, and one with a carbonyl above and below the 

core.  Both are some 81 kcal/mol higher in energy than the singlet.  The complex with 

both carbonyls above the core has a vibrational band at 2067 cm
-1

, and the other 

configuration has its vibrations at 2068 and 2074 cm
-1

.   The n=7 complex has three 
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stable configurations, and their calculated vibrations are slightly less red-shifted again, up 

to around 2090 cm
-1

.  Our laser power decreased rapidly as the wavelength is decreased 

in this region, and it is likely we simply do not have enough laser power to observe the 

n=6 triplet complex, which presumably has a very small population like that observed for 

n=7,8.    

 Strauss and coworkers have previously discussed in the bonding in Cu(CO)n
+
 in 

terms of the σ-bond and π-back bonding [17].  They observed a blue-shift in the carbonyl 

stretch between Cu(CO)2
+
 and Cu(CO)3

+
.  Their explanation focused on the relative 

decreases in electron density which leads to σ- and π-bonds.  They concluded that the loss 

of π-backbonding going from Cu(CO)2
+
 to Cu(CO)3

+
 had a large effect than the loss of σ-

bonding.  However, their analysis was based on acid matrix studies.  Our work here, and 

Andrews and coworkers work [28], clearly indicates that there is actually a red-shift 

between these two complexes, and thus the acid matrix studies overestimate the effect of 

π bonding.  Silver and gold carbonyl cations in rare gas matrices follow an identical trend 

to our observed copper trend [27].  We can conclude here that copper follows trends more 

similar to those of other non-classical carbonyls, and not that of classical carbonyls.  

 We have also obtained new data for gold carbonyl cations, a known non-classical 

carbonyl system.  The mass spectrum obtained from our cluster source for Au(CO)n
+ 

can 

be seen in Figure 6.8.  Here we produce an excellent distribution of carbonyl ligands 

attached to gold, making complexes with 30 or more carbonyl ligands.  The n=2 and 4 

complexes have particularly high intensity.  The Au(CO)2
+
 core ion is known to be stable 

in the condensed phase [49] and the spectrum of these complexes has been measured 
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[29,32] and investigated by theory [21,27].  The tricarbonyl complex has been formed 

under high CO pressures [17].    

 The photofragmentation mass spectra can be found in Figure 6.9.  From these 

patterns, we see additional support for the strongly bound n=2 complex.  This complex 

does not fragment, the n=3 complex strongly loses a carbonyl to produce Au(CO)2
+
, and 

n=4 fragments strongly to n=3 and weakly to n=2.  Larger complexes fragment to 

produce the n=4 complex, strongly for n=5 and n=6, and weakly from n=7.  This gives us 

some indication that n=4 has enhanced stability compared to the larger complexes, but 

each additional CO is bound much more weakly than the first two.  This has previously 

been explained in terms of an s-d(σ) hybridization model [17].  The hybridization 

minimizes the σ repulsion between the filled ligand orbitals and the metal orbitals, 

strongly enhancing the bonding for the first two ligands.  The addition of more ligands 

makes the s-d hybridization much less effective and produces weaker bonds.   

 To further investigate the bonding in this system, we measured the infrared 

photodissociation spectra.  The measured spectra can be seen in Figure 6.10, with the free 

CO frequency indicated as a dashed line.  The main band for each complex is blue-

shifted, confirming previous observations that gold is a non-classical carbonyl.  The 

spectra for the n=3 and n=4 complexes show only a single band, which corresponds well 

to calculations performed by Gordon predicting a trigonal planar complex for the n=3 

complex and a tetrahedral structure for the n=4 complex [32].  The spectra for the n>4 

complexes have a smaller secondary feature at 2170 cm
-1

, which is assigned to the 

external CO band.  This band gains intensity as more CO ligands are added.  This 

confirms that there is a core Au(CO)4
+
 ion, and additional ligand solvate this core.  This 
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leads to the possibility of producing a stable four-coordinate gold carbonyl complex in 

the solid phase. 

 We were unable to obtain spectra for either Au(CO)
+
 or Au(CO)2

+
, despite 

producing significant signal for both the neon and multiply argon tagged analogues.  The 

Ar-Au
+
 binding energy has been calculated to be 2600 cm

-1
 [61], which is too strong for 

efficient single photon fragmentation.  However, the per-ligand binding energies should 

decrease with multiple argons and should be low enough to allow fragmentation, but 

none is observed.  The neon binding energy should also be lower than the argon value, 

but fragmentation is not observed.  This same phenomena was observed for Cu(CO)
+
.  

There may be an issue with the coupling of the rare gas tag to the molecular framework, 

or it may be that fragmentation does not occur on the timescale of the experiment.  We 

were able to measure argon and neon tagged spectra for Au(CO)3
+
, which fragmented 

efficiently by eliminating the rare gas.  The band positions were nearly unchanged for 

both tagged analogues compared to those of the neat complexes.   

 Bonding in non-classical systems has been discussed extensively in the literature 

[37-42].  Copper, silver and gold carbonyls are all non-classical, but their bond lengths 

and strengths vary significantly.  One proposed reason is variation in the σ-repulsion 

from the filled CO 5σ MOs with the filled z
2
 (dσ) atomic orbital.  Decreasing the σ-

repulsion by s-dσ mixing shifts electron density off the metal-ligand axis and allows for 

shorter, stronger bonds.  The amount of s-dσ mixing depends on the s-dσ energy gap, 

which varies for each element.  Gold is estimated to have the lowest energy gap of the 

noble metals (1.9 eV), and silver the largest (4.9 eV), with copper in the middle (2.7 eV) 

[17].  The bond dissociation energies for the first two carbonyls follow the inverse of that 
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trend, with gold having the most strongly bound carbonyls and silver the weakest.   

However, there are some interesting patterns in the molecular vibrations.  Larger gold 

carbonyl complexes (n>2) have nearly identical frequencies as the equivalent copper 

carbonyl systems, but the bond energy is significantly greater for Cu(CO)3
+
 than 

Au(CO)3
+
, and roughly equal for the tetracarbonyl complexes.   Cu(CO)3

+ 
and Cu(CO)4

+
  

have bond dissociation energies of 0.78 eV, and 0.55 eV, respectively, while Au(CO)3
+
 

and Au(CO)4
+
 have values of 0.54 eV and 0.58 eV, respectively [26,33].  The υCO for 

Cu(CO)3
+
 is 2211 cm

-1
, Cu(CO)4

+
 is 2203, Au(CO)3

+
 is 2208 cm

-1
, and Au(CO)4

+
 is 2199 

cm
-1

.  Unfortunately, we were not able to measure the band positions of Au(CO)1,2
+
, 

which are bound by 2.2 eV and 2.5 eV, respectively [32].  Following the bond 

dissociation energy trend, we would expect these complexes to be significantly blue-

shifted from n=3,4 and this would have given us some additional insight into the bonding 

of these systems.  We were also not able to measure any spectra for Ag(CO)n
+
 despite 

significant effort, as none of the complexes were observed to fragment.  Silver carbonyl 

cations are known to have very long C-O bonds and very low bond dissociation energies.  

It is possible that these long, weak bonds lead to a low rate of IVR, which would explain 

why no fragmentation is observed on the timescale of our experiment, although this is 

speculative.   

 

 6.5 Conclusion 

 Complexes of Cu(CO)n
+ 

and Au(CO)n
+
 have been produced in the gas phase by 

laser vaporization and investigated using infrared photodissociation spectroscopy and 

density function theory calculations.  The mass spectra and photodissociation patterns 
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indicate that copper carbonyl cation is a four-coordinate system with four strongly bound 

ligands.  Gold carbonyl cation is a four-coordinate system, but the third and fourth 

ligands are only weakly bound due to s-d(σ) hybridization.  A linear singlet ground state 

was observed for Cu(CO)2
+
, a trigonal planar singlet for Cu(CO)3

+
, and a tetrahedral 

singlet for Cu(CO)4
+
.  Larger complexes have a tetrahedral core and externally bound CO 

ligands.  For the n=7,8 complexes, we observe a small population of triplets, which have 

a four coordinate D4h core and externally bound CO’s.  These are observed due to their 

extremely high oscillator strengths compared to relatively those for the singlets.  Smaller 

triplets, if present, are not observed in this experiment due to a significant red-shift in 

υCO, which gradually decreases as additional carbonyls are added.        
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Table 6.1  The structures, electronic ground states, and energetics computed for Cu(CO)n 

with DFT.  No stable triplet configurations could be found for n=3-5. 

 

 

complex  state/structure  relative energy  (kcal/mol) 

Cu(CO)2
+
  

1
C∞v

   
0.0 

   
3
C2v   107.5 

Cu(CO)3
+
  

1
D3h   0.0 

Cu(CO)4
+
  

1
Td   0.0 

Cu(CO)5
+
  

1
C2v   0.0 

Cu(CO)6
+
  

1
C2v

   
0.0 

   
3
Cs   +81.4 

   
3
C4v

   
+81.4 

Cu(CO)7
+
  

1
C3v

   
0.0 

   
3
Cs

   
+81.6 
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Table 6.2:  The vibrational frequencies computed (Scaled by 0.9679) and measured for 

Cu(CO)n
+
 and Cu(CO)n(Ar)m

+
 complexes, along with comparisons to previous theoretical 

work.  All frequencies are in wavenumbers. 

 

Complex theory
a
   theory

b
   theory

c
      experiment

a
 

 

Cu(CO)2
+
 2230    2228    2230.2   

Cu(CO)2
+
Ar 2221              2225 

Cu(CO)3
+
 2208.5   2203.0   2211.6   

Cu(CO)3
+
Ar 2090, 2210              2210 

Cu(CO)4
+
 2199   2195.9   2202.1         2198 

Cu(CO)4
+
Ar 2198.5               2202 

 

a) This work 

b) Reference 27a 

c) Reference 24                   
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Figure Captions 

 

Figure 6.1:  The mass spectrum of Cu(CO)n
+
 clusters produced by our cluster source.   

Figure 6.2: The photofragmentation mass spectra of Cu(CO)n
+
, n=4-8. 

Figure 6.3: The infrared photodissociation spectra of small Cu(CO)n
+
(Ar)m

 
complexes, 

measured by the elimination of argon. 

Figure 6.4: The infrared photodissociation spectra of larger Cu(CO)n
+ 

complexes, 

measured by the elimination of CO. 

Figure 6.5: Infrared spectra of Cu(CO)nArm
+
, n=1-4 compared to the spectra predicted by 

theory, along with calculated ground state structures.  

Figure 6.6: Infrared spectra of Cu(CO)n
+
, n=5,6 compared to the spectra predicted by 

theory, along with calculated ground state structures. 

Figure 6.7: Infrared spectra of Cu(CO)n
+
, n=7,8 compared to the spectra predicted by 

theory, along with calculated structures. 

Figure 6.8: The mass spectrum of Au(CO)n
+
 clusters produced by our cluster source.   

Figure 6.9: The photofragmentation mass spectra of Au(CO)n
+
, n=3-7. 

Figure 6.10: The infrared photodissociation spectra of Au(CO)n
+ 

complexes, measured by 

the elimination of CO.
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INFRARED PHOTODISSOCIATION SPECTROSCOPY OF  

BENZENE VANADIUM CARBONYL CATIONS, bz-V
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7.1 Abstract 

 
 Benzene vanadium carbonyl cations of the form (bz)V

+
(CO)n

 
are produced in a 

pulsed nozzle laser vaporization source and studied by infrared photodissociation 

spectroscopy and density functional theory.  Photofragmentation patterns indicate a stable 

tricarbonyl core ion.  Further infrared spectroscopy and comparison to the predictions of 

DFT indicates that two stable configurations are present, a triplet tricarbonyl core and a 

singlet tetracarbonyl core.  The tetracarbonyl complex is calculated to be more stable, but 

a greater population of the tricarbonyl complex is observed in our experiment.  The 

benzene strongly activates the symmetric C-O stretches in these complexes.  The 

asymmetric carbonyl stretch is red-shifted from that of gas-phase vanadium carbonyl. 

 

 

 

7.2 Introduction 
 

 

 Aromatic organometallic carbonyl molecules have been a topic of interest since 

the discovery of ferrocene more than 50 years ago [1].  These “piano stool” molecules, 

with a planar aromatic molecule acting as the “seat” and carbonyl “legs” with a metal 

atom at the core, have applications in synthesis and catalysis, and have been used in 

various applications such as gasoline additives [2-4].  Fischer introduced 

cyclopentadienyl vanadium tetracarbonyl and cyclopentadienyl managanese tricarbonyl 

in 1954 [6,7].  Benzene metal carbonyls have also been synthesized.  (η
6
-benzene) 

chromium tricarbonyl was synthesized by Fischer in 1957 by reacting dibenzene 

chromium with chromium hexacarbonyl in a heated sealed tube [8].  The formation of η
6 

or η
5
 complexes between arenes and metal carbonyl moieties significantly alters the 
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chemical reactivities of the arene.  Among benzene complexes, the complexation of 

Cr(CO)3
 
to benzene activates the benzene to nucleophilic attack, due to electron 

withdrawing effects from the metal carbonyl [3].  The resulting compounds are useful 

intermediates for organic synthesis [4].  Here we report infrared photodissociation 

spectroscopy for benzene vanadium carbonyl cations and investigate their structure, 

electronic states, and coordination chemistry. 

 The structure of benzene chromium tricarbonyl has been determined by x-ray 

crystallography, neutron diffraction, and microwave spectroscopy [8-11].  The infrared 

and electronic spectra have also been measured [12-15].  The vanadium organometallic 

analogue, Cp-V(CO)4, has been studied by x-ray crystallography [16].  Its reactions have 

been studied by mass spectroscopy and Fourier transform ion cyclotron resonance 

experiments [17-21].  The cyclopentadienyl vanadium carbonyl system has been 

observed to form clusters of the form (CpV)n(CO)m (m=1-4) [22].  Vanadium benzene 

famously forms multidecker sandwich complexes.  These multidecker complexes have 

been studied by mass spectrometry [23-26], atomic force microscopy [27], ion mobility 

experiments [28], infrared spectroscopy, magnetic deflection [29,30], and theoretical 

calculations [31-34].     

Inorganic coordination chemistry is often understood in terms of the 18 electron 

rule [1].  Cp-V(CO)4, Cp-Mn(CO)3, and (bz)Cr(CO)3
 
all have 18 electrons.  However, 

V(CO)6
 
is stable with 17 electrons [1].  Theoretical calculations predicted that a seven 

coordinate vanadium carbonyl cation would be stable [35] and collision induced 

dissociation measurements found some evidence for a seven-coordinate homoleptic 

vanadium carbonyl cation [36].  We have recently reported infrared spectroscopy of gas 
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phase vanadium group carbonyl cations, and found no evidence for a seven coordinate 

vanadium carbonyl cation complex [37].  However, Nb formed both six and seven 

coordinate complexes and Ta was exclusively seven coordinate.  This trend may be 

caused by the ionic radius of the metal.  The benzene ligand is smaller than three 

carbonyl ligands [11] and this may allow for the formation of a seven coordinate mixed 

system with vanadium cation.  The (bz)V(CO)n
+
 system presents an interesting test case 

for coordination chemistry.  Benzene typically contributes one more electron than 

cyclopentadienyl, and the positive charge removes an electron.  A tricarbonyl or 

tetracarbonyl species may be expected, analogous to either V(CO)6
+ 

or Cp-V(CO)4.   

Gas phase infrared photodissocation spectroscopy provides a sensitive probe of 

the coordination number and the bonding in metal ligand systems.  We have previously 

applied this technique to various metal-benzene and metal-carbonyl systems and have 

learned much about the bonding, geometries, and electronic structures of those systems 

[38,39].  Here we apply this technique to a novel mixed benzene-vanadium-carbonyl 

cation system and determine its coordination number and explore the detail of its binding.  

The infrared spectra are compared to density functional theory calculations to further 

elucidate the structure and bonding of this system.   

 

7.3 Experimental 

 

 Benzene vanadium carbonyl complexes are produced in a pulsed nozzle laser 

vaporization source using the third harmonic of a pulsed Nd:YAG laser (355 nm; 

Continuum Surelite), which is focused on a rotating and translating ¼ inch diameter 
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vanadium rod.  The rod is mounted with a ¾ inch horizontal offset in front of a pulsed 

nozzle (General Value Series 9).  The general apparatus has been described in detail 

elsewhere [40].  The expansion gas is pure carbon monoxide seeded with benzene, which 

is introduced via a reservoir placed in the gas line.  The nozzle backing pressure was 300 

psi.  The expansion is skimmed and pulse extracted into a home-built reflectron time of 

flight mass spectrometer.  Ions of interest can be mass selected with a pulsed deflection 

plate and crossed with tunable infrared light in the turning region of the reflectron.  The 

infrared light is generated by an optical parametric oscillator/amplifier (OPO/OPA; 

LaserVision) pumped by the fundamental of an Nd:YAG (Continuum 8010).  The tuning 

range is from 2000-4500 cm
-1

, and the pulse energy is about 1-2 mJ/pulse in the carbonyl 

stretching region, and 8-10 mJ/pulse in the C-H stretching region.  Complexes with 

sufficiently weakly bound ligands dissociate via IVR upon resonant excitation with 

infrared light, and spectra are generated as a function of the fragment yield versus laser 

wavelength.   

 Density functional theory calculations were performed to investigate the 

structures and spin configurations of the complexes studied.  A variety of geometries and 

spin states were examined for each (bz)V
+
(CO)n

 
complex studied experimentally.  All 

calculations were performed in Gaussian 2003 [41] using the B3LYP functional [42,43].  

The 6-31+G(d) basis set was used on all atoms [44].   A scaling factor of 0.9732 was 

applied.   
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7.4 Results and Discussion 

 

 A mass spectrum of the (bz)V
+
(CO)n complexes produced is shown in Figure 7.1.  

The main series is V(CO)n
+
.  bzV

+
(CO)n

 
is a smaller secondary series, which can be seen 

on the expanded view (inset).  The other small secondary series is (H2O)V
+
(CO)n.  Some 

water is present along with the benzene, and we find experimentally that some water is 

necessary to produce the desired complexes.   We produce (bz)V
+
(CO)n

 
complexes 

containing up to 10 carbonyls.  We are able to mass select only the (bz)V
+
(CO)n

 

complexes and exclude the V(CO)n
+
 and (H2O)V

+
(CO)n complexes.  Many of the 

complexes we produce are not likely to be stable at room temperature and are observed 

due to the cold conditions of the supersonic expansion.  No (bz)V
+
(CO)n

 
complex has 

obviously enhanced intensity, and we must investigate the photofragmentation patterns to 

gain clues about the coordination of these complexes. 

 The photofragmentation mass spectra of the (bz)V
+
(CO)n complexes can be seen 

in Figure 2.  These are shown as the difference of the mass spectra with the fragmentation 

laser on minus the laser off.  The result is a negative going parent ion and positive going 

fragments.  The laser wavelength is selected to maximize fragmentation of each complex.  

We do not observe any fragmentation for the (bz)V
+
(CO)1-3

 
complexes (e.g., n=1-3).  The 

n=4 complex fragments readily on excitation with 2070 cm
-1

 light, and loses a single 

carbonyl.  Large complexes lose multiple carbonyls and have several loss channels.  The 

n=5 complex loses one or two carbonyls to produce n=3 and n=4.  The loss of two 

carbonyl channel is much more intense.  The n=6 and n=7 complexes lose two carbonyls 

as their primary decay channel, but the loss of one and three carbonyl channels are also 
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present.  Taken all together, these results suggest that the n=3 complex has a completed 

coordination sphere and additional carbonyls are externally bound.   

 The vibrational spectra of these complexes are measured by recording the 

fragmentation yield versus the wavelength.  The measured spectra of n=4-7 are shown in 

Figure 3.  The n=4 complex is measured by loss of one carbonyl, and all the larger 

complexes by the loss of two carbonyls.  The n=4 and n=5 complexes have three major 

vibrational bands, two large ones around 2070 cm
-1

 and 2120 cm
-1

, and a smaller one at 

2165 cm
-1

.  The gas phase V(CO)n
+
 system has carbonyl stretches around 2100 cm

-1
 [37].  

Larger complexes, those with a filled coordination sphere and externally bound 

carbonyls, have a “free CO” stretch around 2165 cm
-1

.  Here we see two bands in the 

carbonyl stretch region, and a third band that may be the free carbonyl band.  This gives 

support to the idea that n=3 represents a filled coordination sphere.  The larger 

complexes, n=6,7, have the same three bands, with the 2165 cm
-1

 growing in intensity.  

We would expect this band to gain intensity as more external CO’s are added.  We also 

see two smaller bands develop, at 2030 cm
-1

 and 2090 cm
-1

.  This hints that some other 

isomer or spin state may be present.  This will be investigated further with theoretical 

calculations. 

We performed DFT calculations for the singlet, triplet, and quintet configuration 

for the (bz)V
+
(CO)3 core complex.  The triplet is most stable, and the singlet and quintet 

are 10 and 26 kcal/mol higher in energy, respectively.  The energetics for all calculated 

complexes can be found in Table 7.1.  When a fourth carbonyl is added, it can bind to the 

metal center to form a tetracarbonyl core ion, to the V
+
 (CO)3 moiety as an “external” 

carbonyl, or to the benzene ring.  For convenience, we will use the notation (n,m) to refer 
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to “n” directly bound carbonyls and “m” externally bound carbonyls, eg the V
+
(CO)3 core 

with an externally bound carbonyl is (3,1) and the V
+
(CO)4 core is (4,0).  The various 

electronic states must also be considered here.  When another CO is placed near the metal 

on (3,0), the singlet converges to form the (4,0) core.  The triplet, however, converges as 

(3,1), with the external carbonyl binding to the first carbonyl coordination sphere.  The 

(3,1) triplet is 18.5 kcal/mol higher in energy than the (4,0) singlet.  The (4,0) triplet 

configuration has significant imaginary frequencies and is 43 kcal/mol higher in energy 

than the V
+
(CO)3 core and is not likely to be stable.  The (3,1) quintet is 43 kcal/mol 

higher in energy than the singlet, and 24.5 kcal/mol higher in energy than the triplet.  It 

has a distorted (3,1) geometry, with one elongated M-CO bond and the external CO on 

the V
+
(CO)3 moiety.  The metal carbonyl group is also slipped from the center of the 

benzene ring.   When the carbonyl is placed near the benzene on the singlet (3,0), it binds 

to the edge of the benzene ring.  This (3,1) singlet configuration is some 28 kcal/mol 

higher than the (4,0) singlet, and 9.6 kcal/mol higher than the (3,1) triplet.   

We have calculated the binding energy for sequential carbonyl addition, and the 

results can be found in Table 7.2.  We can readily see that all external carbonyls are quite 

weakly bound, by 1 or 2 kcal/mol in most cases.  The fourth carbonyl in the singlet (4,0) 

complex is bound by 30.1 kcal/mol, and we would not expect to observe fragmentation 

for this complex.  Armentrout has previously measured the binding energy for the 

homoleptic V(CO)n
+
 system, and found the binding energy to be around 20 kcal/mol for 

n=1-7, with some variation for each complex [36].  Our binding energy here for the 

singlet (4,0) complex is generally in line with those measurements, and indicates that the 

carbonyl is directly coordinated to the metal ion.  The predicted spectra for n=4 are 
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compared to our measured spectra in Figure 4.  The geometries of each complex are also 

shown there.  Each has two main bands and a smaller band corresponding to the external 

CO stretch.  We see good agreement between the predicted (3,1) triplet band positions 

and our experimental data.  The predicted doublet at 2080 cm
-1

 also coincides well with 

the broadened 2072 cm
-1

 experimental band.  The (3,1) quintet also agrees fairly well, 

and there are no significant spectral difference to rule out one or the other, although the 

quintet is computed to be substantially higher in energy.  The (4,0) complex not does 

match well with our experiment, and we would not expect to be able to fragment this 

complex anyway based on its high computed binding energy (see Table 7.2).  The (3,1) 

singlet has similar band positions to the (4,0) complex.  Therefore, the n=4 complex is 

likely a triplet with a V(CO)3
+
 core and an externally bound carbonyl, but we cannot 

exclude the higher energy (3,1) quintet.  It is also possible that we have some population 

of both spin states present.   

 In the (3,0) and (3,1) triplets, the 2070 cm
-1

 band corresponds to two asymmetric 

carbonyl stretches, split by some 6 cm
-1

.  The 2120 cm
-1

 band is a symmetrical carbonyl 

stretch.  These two bands are respectively red shifted and blue shifted relative to the 

V(CO)6
+
 gas phase values, which has a single vibrational band at 2102 cm

-1
, assigned to 

the nearly degenerate asymmetric CO stretches in that complex [37].  The (4,0) singlet 

band at 2030 cm
-1

 is a doubly degenerate asymmetrical carbonyl vibration, and the 2090 

cm
-1

 band is a symmetric carbonyl stretch.   This fully symmetric mode has low oscillator 

strengths (generally <1 km/mol) in our previous metal carbonyl cation studies [37,39], 

and seems to be activated by the benzene in the present systems, as the computed 

oscillator strengths here are >500 km/mol.   
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 The bonding in metal carbonyl systems has been well described in previous work 

[1,44-48].  The red-shift observed for υCO in most carbonyl systems is attributed to the 

dominance of π-back-bonding over σ-bonding.  π-back-bonding leads to an increased 

population in the antibonding orbitals of C-O, and thus causes red-shifted carbonyl 

vibrations.  In this system, we see a greater red-shift than in the homoleptic vanadium 

carbonyl cation.  It seems that the π bonding between the vanadium cation and the 

benzene either increases the amount of π backbonding to the carbonyls or decreases the 

amount of σ-bonding, either of which would result in a further red-shift.  The vanadium 

cation-benzene binding energy has been previously measured to be 55.8 kcal/mol [49].  

This is much greater than the energy of a single carbonyl bond (roughly 20 kcal/mol), but 

slightly less than three carbonyls [36].  Given the similar bond energies for a single 

benzene and three carbonyls to vanadium, the cause of the additional red-shift is not 

obvious.  The charge transfer between the vanadium and the benzene likely plays a role, 

but we cannot fully explain this effect. 

To investigate the extra bands appearing in the spectra of larger complexes, we 

performed calculations on various n=5 complexes.  The calculated and experimentally 

measured spectra for n=5 are shown in Figure 5.  All the calculated vibrational 

frequencies are compared to the experimental values in Table 7.3.  For this complex, we 

have two different experimental spectra, one measured by the loss of 1 CO and one 

measured by the loss of 2 CO.  The spectra shown here is from the loss of 1 channel.  The 

spectrum from the loss of 2 CO, shown in Figure 3, looks nearly identical to that of n=4, 

while the spectrum from loss of 1 CO has two extra vibrational bands, one at 2032 cm
-1

 

and a very weak one at 2094 cm
-1

.   The spectrum of calculated (4,1) singlet agrees quite 
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well with the positions of these two additional bands, with the calculated vibrations at 

2035 and 2090 cm
-1

.  The (3,2) triplet agrees rather well with the other band two 

positions.  If we examine the n=6 spectrum in Figure 3, we see evidence for the same two 

bands at 2032 and 2094 cm
-1

 associated with the singlet (4,1) configuration.  It appears 

that two separate core isomers are present in our experiment, a triplet (bz)V
+
(CO)3 and a 

singlet (bz)V
+
(CO)4.  All larger complexes have one of these two cores, with externally 

bound carbonyls.   

The oscillator strengths of the two core ion configurations are similar, with 

computed IR intensities around 1000 km/mol.  From the relative band intensities, we can 

conclude that the population of complexes with the (3,0) core is greater than that with a 

(4,0) core.  This is interesting on several levels.  The triplet (3,1) is calculated to be 18.5 

kcal/mol higher in energy than the singlet (4,0).  The (bz)V
+
(CO)4 complex would have 

18 electrons, and the (bz)V
+
(CO)3 complex has 16 electrons.  Despite this, we see a 

greater population of the tricarbonyl core ion.  This is in some ways expected in light of 

our study of V(CO)n
+
, which was found to be exclusively six coordinate [37].  Here 

though, we seem to at least some seven coordinate complexes. 

Several separate factors leading to the production of six over seven coordinate 

vanadium species were discussed in our work on the vanadium group carbonyl cations 

[37].  The vanadium cation is smaller than both niobium and tantalum cations, and was 

apparently less able to accommodate seven carbonyl ligands.  In this work, however, the 

benzene ligand is smaller than three carbonyls, and this diminished steric crowding may 

allow for the formation of seven coordination species.  Additionally, greater spin-orbit 

coupling was determined to decrease the inhabitation towards insertion of the seventh 
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carbonyl.  The benzene may allow for greater spin orbit coupling in these mixed systems 

compared to the homoleptic system.  We see a significantly greater population of triplet 

(3,0) core ions than singlet (4,0) ions, despite the calculation of a singlet ground state.  

We have observed similar behavior in V
+
(bz)2

 
complexes, where DFT predicted a triplet 

ground state, but we observed a quintet state.  Interestingly, the equivalent complex to 

V
+
(bz)2 in this work, (bz)V

+
(CO)3, is a triplet, not a quintet, supporting the idea that 

carbonyls encourage lower spin configurations than pure benzene.   The cold growth 

conditions of our source may prevent the majority of complexes from overcoming energy 

or spin activation barriers to reach the seven coordinate singlet ground state in this 

system.  However, the computed energetics of different spin states are often misjudged 

by DFT/B3LYP calculations [50], and the computed energies here may simply not be 

reliable.   

We also measured the spectroscopy of these complexes in the C-H stretching 

region.  Again, no fragmentation was observed for n≤3.  All complexes n≥4 fragmented 

very weakly over a broad region, some 200 cm
-1 

wide and centered around 3100 cm
-1

.  

Our theoretical calculations predict a number of very weak (oscillator strengths from 1-10 

km/mol) bands in this region, which explains the weak fragmentation.  It is unclear why 

the fragmentation occurs over such a broad region.  Previous electron diffraction and 

microwave spectroscopy experiments on (bz)Cr(CO)3  predicted that the benzene could 

freely rotate at elevated temperatures (some 400K for that system) [11].  We noted 

experimentally that high vaporization laser power was necessary to produce the desired 

complexes and the laser plasma appeared quite hot.  It is certainly possible that our 

complexes were hot and this contributed to the very wide fragmentation.  High 
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fragmentation laser power (~10 mJ/pulse) was also required to observe any fragmentation 

in the C-H stretching region, and may have caused some broadening.   

 

7.5 Conclusions 

 

We have produced (bz)V
+
(CO)n complexes in the gas phase using laser 

vaporization and investigated them using infrared photodissociation.  Different spectra 

are obtained by recording different loss channels.  The spectra feature two main bands.  

These bands are assigned to degenerate asymmetric carbonyl stretching modes and a 

symmetric carbonyl stretch of the triplet V
+
(CO)3 core ion.   This symmetric carbonyl 

stretch is strongly activated by the benzene.  Smaller bands in the n≥5 complexes are 

assigned to the asymmetric and symmetric carbonyl stretches of a singlet V
+
(CO)4

 
core 

ion.  The spectra for all complexes with n>4 are a mix of both complexes.  The addition 

of carbonyls past either of these coordination numbers leads to externally bound ligands, 

which appear as a “free” CO vibration.  A greater population of the tricarbonyl complex 

is observed, which could be due to preferential trapping of the higher energy isomer in 

our source.  The relative energetics may also be incorrectly predicted by DFT.  This 

organometallic carbonyl cation system apparently has stable tricarbonyl and tetracarbonyl 

forms, and may be interesting to study in the condensed phase with counterions.   
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Table 7.1:  The electronic ground states and energetics computed for (bz)V
+
(CO)n with 

DFT.   

complex  state   relative energy  (kcal/mol) 

 

(bz)V
+
(CO)3   singlet   +10.1  

   triplet   0.0 

   quintet   +26.4 

(bz)V
+
(CO)4   singlet   0.0 

   triplet   +18.5 

   quintet   +40.8 

(bz)V
+
(CO)5   singlet   0.0 

   triplet   +19.4 
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Table 7.2: Calculated sequential carbonyl binding energies for (bz)V
+
(CO)n.  All binding 

energies are in kcal/mol.   

 

 

     Complex   D0 (bz)V
+
(CO)n-1 

 

     (bz)V
+
(CO)4 singlet 30.1 kcal/mol 

     (bz)V
+
(CO)4 triplet  1.46 kcal/mol 

     (bz)V
+
(CO)4 quintet 5.6 kcal/mol 

     (bz)V
+
(CO)5 singlet 2.1 kcal/mol 

     (bz)V
+
(CO)5 triplet  1.3 kcal/mol  
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Table 7.3:  The vibrational frequencies computed (scaled by 0.9732) and measured for 

(bz)V(CO)n
+
.  All frequencies are in wavenumbers. 

Complex     theory   experiment  

(bz)V
+
(CO)4         2072, 2120, 2164 

singlet  2036, 2038, 2091   

   triplet  2054, 2060, 2110, 2168  

   quintet  2080, 2088, 2127, 2169  

(bz)V
+
(CO)5  2032, 2067, 2094     

2128, 2164 

singlet  2034, 2035, 2090, 2173  

  triplet  2056, 2071, 2120, 2164, 

2170
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Figure Captions 

 

Figure 7.1.  The mass spectrum of (bz)V
+
(CO)n clusters produced by our cluster source.  

Inset, expanded view of the mass spectrum with several series labeled. 

Figure 7.2. The photofragmentation mass spectra of (bz)V
+
(CO)n , n=4-7. 

Figure 7.3.  The infrared photodissociation spectra of (bz)V
+
(CO)n

 
, n=4-7 

Figure 7.4.  Infrared spectra of (bz)V
+
(CO)4

 
compared to the spectra predicted by theory, 

along with calculated structures.  Complexes are indicated as (n,m) with n directly 

coordinated carbonyls and m external carbonyls.   

Figure 7.5. Infrared spectra of (bz)V
+
(CO)5 compared to the spectra predicted by theory, 

along with calculated structures.  Complexes are indicated as (n,m) with n directly 

coordinated carbonyls and m external carbonyls. 
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Figure 7.4 
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Figure 7.5 
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Chapter 8 

 

Conclusions 

 

 
 Metal oxide cations of the form MnOm

+ 
(M=La,Y, In), transition metal carbonyl 

cations of the form TM-(CO)n
+
 (TM=Mn,Cu,Au), and mixed vanadium benzene-

carbonyls of the form (bz)V
+
(CO)n are produced by laser vaporization and analyzed in a 

time of flight mass spectrometer.  Density functional theory calculations were employed 

in support of the experimental work.  The bonding and structure of these systems is 

understood through their fragmentation patterns and spectroscopy.  This work has 

particular application to catalytic systems.  Stable metal oxide clusters that may be 

interesting for isolation as nanoparticles have been identified and their bonding 

examined.  Significant details are revealed about the coordination chemistry of metal 

carbonyls, both homoleptic and mixed arene systems.   The details of metal carbonyl 

bonding have been probed by investigating both classical and non-classical carbonyl 

systems.   

The metal oxide systems demonstrate only a limited number of stoichiometries 

for each cluster size.  Lanthanum and yttrium oxides show a preference in the mass 

spectrum for clusters of the form MO(M2O3)n
+
.  The metal oxides are studied further 

using fixed frequency photodissociation.  Certain clusters are produced repeatedly from 

the fission of larger clusters, and are deduced to be stable.  Yttrium and lanthanum oxide 

cation clusters often fragment to produce cluster of the form MO(M2O3)n
+
.  Y6O8

+
 is also 

commonly produced.  These clusters appear to be particularly stable.  Density functional 
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theory calculations were performed to investigate the structures and bonding of these 

clusters.  The clusters form cage structures with alternating M-O bonds.  The bonding is 

almost exclusively ionic, and the metals have the oxidation state of the bulk metals, +3.  

These systems have a high per-bond energy, and may be interesting for future isolation 

on the macroscale as nanoparticles.   

The mass spectrum of indium oxide shows enhanced signal for In2O
+
 and In3O

+
.   

Photodissociation indicates some preference for certain clusters, but more variety is 

observed.  Clusters with five metals atom that satisfy Wade’s Rules appear to have 

enhanced stability.  The In3O
+ 

cluster does not satisfy Wade’s Rules, but is analogous in 

principle due to sharing electrons in a central cavity.  The dominant fragmentation 

process is elimination of the metal cation, which may simply be due to its fairly low 

ionization potential.   

Manganese carbonyl cations and their argon tagged analogues are studied using 

gas phase infrared photodissociation spectroscopy (IRPD) and density functional theory.  

Comparison of the number of infrared bands, along with their positions and intensities, 

allows us to assign the electronic configuration and geometry for these complexes.  There 

is a gradual decrease in spin as sequential ligands are added.  The MnCO
+
 complex is 

observed as both a quintet and a septet, with a quintet ground state.  Mn(CO)2
+
 has a 

quintet ground state.  Mn(CO)3,4
+ 

are both triplets.  Mn(CO)5
+
 is a singlet, while 

Mn(CO)6
+
 is observed as both a singlet and a triplet, with a singlet ground state.  

Mn(CO)6
+
 has a completed coordination sphere, in line with its expected 18 electron 

stability and shares an octahedral structure with isolectronic Cr(CO)6.  The carbonyl 

stretch for Mn(CO)6
+
 is less red-shifted than that of Cr(CO)6 due to lessened π 
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backbonding.  This follows the trends in other metal carbonyl systems.  However, the 

oscillator strengths of the neutrals are actually stronger than that of the cations, 

potentially due to polarizations effects caused by the positive charge.   

Copper carbonyl cations are demonstrated to be non-classical.  Cu(CO)4
+
 has a 

completed coordination sphere, as expected from the 18 electron rule.  Previous 

theoretical predictions of the ground state of Cu(CO)1-4
+

 have been confirmed, and this 

work’s theory has been compared to previous theoretical work.  All complexes have 

singlet ground states, with triplets lying much higher in energy (80-100 kcals).  However, 

some triplet population is observed in the larger (n=7,8) complexes.  These complexes 

have very high oscillator strengths compared to the singlets.  A gradual red-shift is 

observed in the triplets as additional CO ligands are added.  

Gold carbonyl cations are again demonstrated to be non-classical.  Here we 

discover that gold carbonyl cation has a completed coordination sphere at Au(CO)4
+
.  

Studies of condensed phase gold carbonyl complexes and theoretical calculations have 

previously determined that only the first two carbonyls are strongly bound, so this 

coordination number is of interest and indicates that four coordinate gold carbonyl 

complexes may be possible in the condensed phase under certain conditions. 

Novel benzene-vanadium-carbonyl complexes of the form bz-V
+
-(CO)n have been 

studied.  These systems are demonstrated to have two different coordination numbers, a 

triplet tricarbonyl and a singlet tetracarbonyl.  The tetracarbonyl is calculated to be more 

stable, but a greater population of the tricarbonyl is observed.  This may be due to various 

effects caused by our cold source, or may be an artifact of density functional theory.  The 

asymmetric carbonyl stretch is observed to be red-shifted in these complexes relative to 
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that of gas phase homoleptic vanadium carbonyl.  The symmetric carbonyl stretch is 

strongly activated in these complexes.  These details provide valuable information on the 

bonding in organometallic carbonyl complexes.   

   This work presents several directions for future work.  The fixed frequency 

fragmentation techniques in this work cannot determine the structures of these metal 

oxides, but the spectroscopy of metal oxides would provide invaluable details on their 

bonding.   Metal oxides are too strongly bound to fragment with a single infrared photon, 

and we are currently unable to tag them due to the high amount of internal energy 

generation in their growth.  The development of tagging techniques for these systems 

would enable their study by IRPD.   

  Silver carbonyl cations present an interesting case of non-classical carbonyls, 

with extremely long and weak bonds.  Their spectroscopy would provide fascinating 

details on metal carbonyl bonding, filling in the gaps left after the study of gold and 

copper.  Silver provides an example of a system with very minimal π backbonding, and 

determining the gas phase coordination number and vibrational frequencies would help 

answer outstanding questions about the nature of π backbonding, σ donation, and 

electrostatic effects in carbonyl bonding.  The very small gold carbonyls, n=1,2, would 

likewise provide crucial details on carbonyl bonding, but we were unable to measure their 

spectra.  These very strongly bound complexes have a high degree of s-d mixing and 

bonding details could be determined from the effect on the position of their vibrational 

bands.  Multiple metal carbonyl systems, like Mn2(CO)n
+
 would also help resolve 

outstanding bonding questions.  The effect of sharing metal-metal electrons on carbonyl 

bonding has not been well described, and investigating systems with known mononuclear 
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spectroscopy, like manganese carbonyl, would help describe these interactions.   Larger 

mixed metal carbonyl benzene systems would also be fascinating.  Multidecker metal-

benzene sandwich complexes of the form Mnbzm are of great interest due to the work of 

Nakajima, and the addition of carbonyls to these complexes could prove to be a sensitive 

probe of changes in the electronic structure as additional sandwich layers were added.  

IRPD studies, or other novel spectroscopy techniques, of these various complexes would 

further refine the understanding of metal-molecule chemistry.   
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APPENDIX A 

 

PHOTODISSOCIATION OF YTTRIUM AND LANTHANUM OXIDE 

CLUSTER CATIONS 

STRUCTURES, ENERGIES, AND FREQUENCIES 
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Table A.1: The energies computed using B3LYP for the yttrium oxide clusters studied 

here.  All units are kcal/mol. 

  Atomization Energy  Energy per Bond Spin Multiplicity 

YO  154.8    77.4   2 

YO2  235.6    58.9   2 

Y2O3  815.3    135.6   1    

Y2O3
+ 

 819.5    136.6   2 

Y3O4  1175.6    130.6   2 

Y3O4
+
  1248.9    138.8   1 

Y4O6  1789.1    149.1   1 

Y4O6
+
  1790.9    149.2   2 

Y5O7  2126.0    141.7   2    

Y5O7
+ 

 2200.1    146.7   1  

Y7O10  3036.5    151.8   2 

Y7O10
+
  3101.9    155.1   1 
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Table A.2: The energies computed using B3LYP for the lanthanum oxide clusters studied 

here.  All units are kcal/mol. 

  Atomization Energy  Energy per Bond Spin Multiplicity 

LaO  229.1    114.5   2 

LaO2  400.9    100.2   2 

La2O3  652.1    108.7   1    

La2O3
+ 

 795.6    132.6   2 

La3O4  1153.0    128.1   2 

La3O4
+
  1210.4    134.5   1 

La5O7  2064.1    137.6   2    

La5O7
+ 

 2130.0    142.0   1  
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Figure A.1: Y2O3 optimized geometry using B3LYP.   

 

Spin multiplicity: 2S+1=1 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis: 

294.8039(0.0157), 299.4594(0.0163), 341.4095(75.6776), 566.5360(184.0426), 

597.5202(269.2738), 648.3731(0.3777) 

 
Figure A.2: Y2O3

+
 optimized geometry using B3LYP.   

 

Spin multiplicity: 2S+1=2 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis: 

198.6455(26.5821), 271.8808(34.5386), 320.0166(0.8591), 357.7280(2.7811), 

371.3711(0.0020), 397.4199(8.5321), 555.8618(148.3452), 614.1757(314.6896), 

640.7352(11.6385)   
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Figure A.3: Y3O4 optimized geometry using B3LYP.     

 

Spin multiplicity: 2S+1=2 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis: 

160.7167(6.3201), 164.8690(8.4815), 201.2802(21.7829), 202.0939(23.0606), 

231.7138(22.0452), 289.8302(1.0630), 394.6674(81.2620), 395.8605(62.0081), 

443.7018(78.4104), 454.2994(0.7941), 525.8355(840.7029), 530.7597(763.9568), 

558.1876(895.0876), 563.4924(820.3416), 569.6911(95.6066) 
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Figure A.4: Y3O4

+
 optimized geometry using B3LYP.       

 

Spin multiplicity: 2S+1=1 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis: 

171.0158(14.4232), 171.6685(15.0620), 207.0475(4.1160), 208.1120(3.9595), 

239.7684(30.1523), 308.1105(0.3474), 402.9077(33.1014), 404.4799(31.8857), 

459.4788(200.1613), 473.7377(0.0002), 564.7200(144.9724), 568.6168(140.8275), 

586.3768(39.9730), 683.4920(355.0992), 685.7982(360.8064)                  
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Figure A.5: Y4O6 optimized geometry using B3LYP.      

 

Spin multiplicity: 2S+1=1 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis: 

110.6454(0.0076), 112.4751(0.0155), 150.2576(35.3206), 150.7689(35.0455), 

153.3657(34.8651), 171.7288(0.2006), 174.6992(0.1706), 174.7896(0.0053), 

258.8313(0.0195), 280.3299(17.3793), 283.2706(18.8815), 283.9628(16.8762), 

433.8690(135.9641), 435.0273(112.2697), 435.3698(245.1470), 437.4279(174.4619), 

438.4888(142.6090), 447.8378(2.5463), 534.4511(0.0335), 536.6153(0.0209), 

537.4455(0.0200), 739.8130(455.0830), 740.7677(454.8219), 742.1775(455.0861) 
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Figure A.6: Y4O6
+
 optimized geometry using B3LYP.      

 

Spin multiplicity: 2S+1=2 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis: 

123.6213(43.2243), 144.2867(25.6132), 153.9291(31.0470), 166.8512(7.6139), 

230.7769(2.8042), 252.6904(20.3983), 266.1160(22.2624), 274.1908(1.0557), 

281.9409(30.1744), 409.3986(0.0123), 411.8085(237.8755), 417.5174(154.5669), 

428.7791(96.3250), 436.6043(43.3367), 450.2424(2.0817), 564.8861(11.6553), 

723.9996(292.1589), 774.0870(508.0853), 781.0462(372.6725) 
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Figure A.7: Y5O7 optimized geometry using B3LYP.  

 

Spin multiplicity: 2S+1=2 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

63.2228(1.0841), 74.6943(0.1478), 86.3628(1.1010), 105.0323(0.1613), 

111.7353(5.8884), 126.7732(1.8083), 135.3959(9.7447), 142.3541(2.1686), 

184.8963(10.5619), 187.2212(21.3760), 211.5441(30.3618), 230.6135(1.7742), 

231.3851(0.1538), 259.3868(1.6744), 274.0294(7.9879), 279.9099(6.8439), 

381.8586(97.0849), 389.2091(121.6377), 424.5336(63.6249), 432.2804(2.2453), 

433.5691(115.7593), 438.1549(11.1653), 508.7560(257.8439), 518.8439(1.0287), 

552.0331(10.4442), 565.7620(0.0450), 601.7653(489.7289), 623.1031(780.9187), 

736.4154(190.0429), 760.1646(172.7955) 
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Figure A.8: Y5O7
+

 optimized geometry using B3LYP. 

 

Spin multiplicity: 2S+1=1 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

65.8693(1.1104), 68.6503(0.4280), 91.0806(7.1661), 109.4180(19.2475), 

115.4146(0.4415), 128.9486(10.7479), 144.7740(4.5577), 146.7391(14.3253), 

198.1332(16.7467), 199.7415(65.6676), 226.8546(38.6982), 235.1523(0.6374), 

239.8445(3.0046), 275.0473(4.7165), 283.6132(43.8554), 326.8087(41.0345), 

380.1023(10.3007), 389.7676(105.7278), 417.6228(64.8793), 427.4296(243.6482), 

431.8291(117.2529), 437.3921(8.7710), 513.3560(130.9789), 546.5586(44.9815), 

570.5118(21.9943), 572.8869(90.8212), 702.7067(403.5465), 722.8652(409.8438), 

780.4021(730.3512), 794.3694(372.7628)   
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Figure A.9: Y7O10 optimized geometry using B3LYP. 

 

Spin multiplicity: 2S+1=2 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

30.2867(0.0074), 32.1966(0.0021), 79.6521(2.2556), 79.8782(1.3555), 80.2610(7.1193), 

118.2271(2.6355), 120.6364(0.0053), 126.5755(17.8516), 126.8562(23.7572), 

165.1122(32.7123), 168.8652(8.2721), 186.2637(1.6694), 193.9274(10.7677), 

200.8347(123.9105), 209.4968(30.4598), 221.3915(32.4618), 238.6737(103.1465), 

251.3926(14.5975), 276.9752(20.5310), 286.5914(82.0513), 312.1875(0.0689), 

330.5310(122.3069), 342.9908(31.4138), 392.0752(135.3759), 398.5755(0.4969), 

401.0130(0.0513), 403.8454(0.0005), 411.8669(142.3215), 414.2357(200.6474), 

577.3760(0.0853), 613.5149(12.3265), 746.4628(1847.0594), 758.0708(824.2671), 

771.4560(1333.8643), 789.5962(25.1799), 816.4267(154.7381)    
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Figure A.10: Y7O10
+

 optimized geometry using B3LYP. 

 

Spin multiplicity: 2S+1=1 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

 

20.4043(6.3823), 32.8643(0.7528), 34.4230(0.6295), 41.4499(0.4106), 58.4914(0.0242), 

81.9362(2.0555), 85.0374(8.2873), 103.5836(4.2272), 114.7710(4.0344), 

122.8409(1.7613), 126.5363(0.0641), 129.8166(13.7768), 132.5674(21.3976), 

148.7156(0.7101), 171.6498(7.8738), 176.7056(78.6620), 186.1138(0.8033), 

187.9726(0.6411), 203.0566(9.3694),  208.6533(112.5018), 223.3141(21.8360), 

229.0545(63.3510), 235.6569(141.3745), 255.8196(25.1034), 273.8482(66.4015), 

289.0706(9.6461), 300.7516(0.2364), 330.4272(121.1584), 339.3907(26.8906), 

389.8722(101.0078), 395.3065(26.3685), 401.3236(1.9558), 402.4519(0.4881), 

411.0243(187.8365), 411.9433(193.1899), 587.0284(0.3757), 587.5016(7.7723), 

603.1403(0.0041), 641.5789(9.4449), 764.5565(1333.4317), 774.0577(992.8578), 

789.4271(1701.6095), 804.6659(14.4902), 808.5565(0.1683), 844.0737(185.8964) 
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Figure A.11: La2O3 optimized geometry using B3LYP. 

 

Spin multiplicity: 2S+1=1 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

167.5632(26.8922), 263.4842(31.0534), 323.6255(2.0809), 347.2468(10.4297), 

491.4919(140.9536), 567.6181(339.3676), 568.8000(5.8649) 

 

 

 

 

 
 

Figure A.12: La2O3
+
 optimized geometry using B3LYP. 

 

Spin multiplicity: 2S+1=2 

 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

166.9270(26.6712), 242.9748(0.0044), 262.8196(30.9289), 323.6344(2.1067), 

347.1358(10.5245), 491.2794(140.8980), 567.6604(340.0399), 568.7613(5.3160) 
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Figure A.13: La3O4 optimized geometry using B3LYP. 

 

Spin multiplicity: 2S+1=2 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

136.0055(9.5563), 143.1994(7.8869), 151.4840(13.1210), 155.0574(20.5174), 

20.5174(14.6867), 231.5125(6.11060), 349.0396(84.4080), 353.1341(32.5051), 

388.9950(44.5382), 403.3043(0.1262), 471.5872(398.1967), 473.3951(328.6216), 

505.1591(260.5793), 506.6895(619.4531), 513.3034(1466.7457)  
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Figure A.14: La3O4
+
 optimized geometry using B3LYP. 

 

Spin multiplicity: 2S+1=1 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

142.5763(14.0078), 147.5126(13.1457), 156.2897(0.0628), 158.4294(0.2382), 

197.8976(20.7218), 247.5325(4.7252), 354.1634(34.4754), 357.8271(35.3853), 

405.0050(176.4316), 419.8530(0.0494), 494.5141(119.3488), 496.7493(124.1908), 

519.8272(33.3674), 629.3541(385.2355), 631.4367(389.1194) 
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Figure A.15: La5O7 optimized geometry using B3LYP. 

 

Spin multiplicity: 2S+1=2 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

46.3856(0.3351), 73.4708(2.9240), 77.2667(0.7847), 86.5122(5.4300), 

107.7506(2.3236), 109.0530(1.3631), 109.5000(4.0924), 159.0927(0.5173), 

161.4495(26.4621), 170.8673(30.0019), 184.9751(0.6382), 196.5761(1.1629), 

214.0435(1.9554), 229.6036(15.0566), 254.2335(2.7640), 324.5605(91.2516), 

338.1484(28.2712), 348.5204(8.9029), 355.0812(96.0741), 356.0609(64.0841), 

364.9583(27.5007), 450.1933(2.1290), 455.4572(212.5729), 488.2359(10.6885), 

500.9340(0.1742), 548.6781(713.4319), 570.3196(970.8342), 682.7667(206.7483), 

706.1183(179.8960)   
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Figure A.16: La5O7
+
 optimized geometry using B3LYP. 

 

Spin multiplicity: 2S+1=1 

 

B3LYP vibrational frequencies, in cm
-1

, with IR intensities in parenthesis:   

33.4722(1.0415), 48.4372(0.0316), 71.4277(15.0271), 85.2487(0.1249), 

87.0380(6.0675), 108.6134(4.0638), 110.9814(5.9819), 113.6725(5.8061), 

169.8986(28.9079), 170.8137(0.8695), 183.1009(18.8932), 186.6745(9.3914), 

199.1222(13.8450), 232.5688(40.0183), 237.2914(27.3339), 286.0936(28.5825), 

321.5828(89.1415), 336.0071(24.5147), 338.8096(0.9026), 346.5673(188.5083), 

350.6324(143.0878), 363.4988(20.5335), 442.5164(123.1444), 486.2670(34.5443), 

505.7770(12.2290), 505.9767(83.1256), 644.9193(481.2439), 661.9667(468.8717), 

721.8592(804.6682), 733.9625(367.0247) 
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APPENDIX B 

 

INFRARED SPECTROSCOPY AND STRUCTURES OF MANGANESE 

CARBONYL CATIONS, Mn(CO)n
+
 (n=1-9) 

CALCULATED STRUCTURES, ENERGETICS, AND VIBRATIONS 
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Table B.1:  The electronic states calculated for Mn(CO)
+
 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)

+
 -1264.0568491   +33.6 

 
5
Mn(CO)

+
 -1264.1104673   +0.74 

  
7
Mn(CO)

+ 
-1264.1116475   0.0 
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Figure B.1:  The optimized geometry of the triplet MnCO
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.2: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

351.5175        1.5568          

351.5176        1.5568          

454.0709        9.6207          

2176.9108       402.1439        

 

 

 

 

 

 

 

 

Figure B.2:  The optimized geometry of the quintet MnCO
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.3: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

279.474         0.5224          

296.3447        3.592           

387.4012        1.4532          

2203.5303       409.6587        
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Figure B.3:  The optimized geometry of the septet MnCO
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.4: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency  Intensity 

116.83554939    4.5931          

116.83554939    4.5931          

149.71820784    35.3764         

2283.17409708   19.8158         
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Table B.5:  The electronic states calculated for Mn(CO)
+
Ar with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)

+
Ar -1791.624557    +33.5 

 
5
Mn(CO)

+
Ar -1791.6779615   +0.75 

  
7
Mn(CO)

+
Ar

 
-1791.679162    0.0 
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Figure B.4:  The optimized geometry of the triplet MnCO
+
Ar calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.6: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

70.6456         4.6157          

174.7477        10.1311         

384.5709        0.1339          

384.6424        0.1841          

454.9874        7.3328          

2169.1925       516.653         

 

 

 

 

 

 

Figure B.5:  The optimized geometry of the quintet MnCO
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.7: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

41.6503         5.1936          

64.9502         3.7359          

169.8701        7.8971          

291.418         0.2668          

336.164         1.4049          

403.76          1.0449          

2192.7254       544.971         
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Figure B.6:  The optimized geometry of the septet MnCO
+
Ar calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.8: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency  Intensity 

42.35002504     5.1936          

66.04136336     3.7359          

172.72401936    7.8971          

296.3138224     0.2668          

341.8115552     1.4049          

410.543168      1.0449          

2229.56318672   544.9711        
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Table B.9:  The electronic states calculated for Mn(CO)
+
Ar2 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)

+
Ar2 -2319.18677207   +30.6 

 
5
Mn(CO)

+
Ar2 -2319.2354864   +1.46 

  
7
Mn(CO)

+
Ar2

 
-2319.2378266   0.0 
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Figure B.7:  The optimized geometry of the triplet MnCO
+
Ar2 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.10: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

67.4989         0.8764          

79.55           3.8183          

80.4459         0.7618          

154.0469        11.4492         

164.7087        8.4297          

396.2145        0.1092          

428.5384        0.4933          

461.6942        10.1385         

2150.2994       556.1642        
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Figure B.8:  The optimized geometry of the quintet MnCO
+
Ar2 calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.11: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency  Intensity 

22.5106299      4.2078          

41.7110589      0.8839          

41.7977181      4.4896          

132.7672103     14.1337         

141.3680356     9.2037          

288.9571787     0.3304          

309.9603999     2.7228          

404.5456068     0.8735          

2182.7644071    591.0659        
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Figure B.9:  The optimized geometry of the septet MnCO
+
Ar2 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.12: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency  Intensity 

32.5515004      6.1282          

41.0905484      0.46            

92.4910319      12.2476         

177.5513149     6.6884          

188.9356518     22.4593         

319.5013597     4.0443          

485.9052897     13.3593         

2211.8001414    852.7135        
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Table B.13:  The electronic states calculated for Mn(CO)2
+
 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
5
Mn(CO)2

+ 
-1377.5260269   0.0

 

 

3
Mn(CO)2

+
 -1377.4810479   +28.2 

 
1
Mn(CO)2

+
 -1377.4360506   +56.4 
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Figure B.10:  The optimized geometry of the singlet MnCO2
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.14: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

83.8262         3.496           

306.3249        0               

306.3285        0.0008          

346.2978        0.0001          

379.9617        84.5977         

511.4033        6.3032          

511.4538        6.3984          

2195.9135       1184.122        

2248.9814       0.0293          
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Figure B.11:  The optimized geometry of the triplet MnCO2
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.15: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

86.7587         3.5912          

305.5303        0               

305.5353        0.0003          

351.2383        0.0001          

382.5427        97.0855         

519.3888        6.89            

519.4352        6.9845          

2181.8451       1352.4584       

2241.5233       0.0302          
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Figure B.11:  The optimized geometry of the quintet MnCO2
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.16: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

53.8068         4.7225          

266.7266        0.0001          

273.2929        0               

302.3241        0.0088          

304.2598        0.0003          

346.6147        81.9415         

423.1696        1.0879          

2198.0229       1457.6683       

2258.613        0.0288         
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Table B.17:  The electronic states calculated for Mn(CO)2
+
Ar with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer      Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
5
Mn(CO)2

+
Ar (C2v)    -1905.0813517   0.0 

 
3
Mn(CO)2

+
Ar (C2v)    -1905.0415629   25.0 

 
1
Mn(CO)2

+
Ar (C2v)       -1904.9991976   51.6 

 

3
Mn(CO)2

+
Ar (D∞h)    -1905.0310439   31.6 

 
1
Mn(CO)2

+
Ar (D∞h)      -1377.4360506   59.8 
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Figure B.12:  The optimized geometry of the D∞h singlet MnCO2
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.18: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

4.3255         2.1478          

5.9651         0.5393          

84.5669         3.3761          

84.7186         3.482           

307.2115        0.0001          

307.6395        0               

345.7954        0.0004          

379.2864        85.0479         

511.6249        6.3723          

511.6678        6.3768          

2194.9621       1190.31         

2247.9914       0.0268    
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Figure B.13:  The optimized geometry of the D∞h triplet MnCO2
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.19: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

4.0252         2.3781    

13.0775        0.3118          

86.6695         3.4844          

86.8271         3.5834          

305.1532        0.0021          

306.5886        0               

350.8039        0.0001          

382.0319        97.3958         

519.2259        6.9606          

519.2883        6.9514          

2181.9487       1358.6181       

2241.5395       0.0144                
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Figure B.14:  The optimized geometry of the C2v singlet MnCO2
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.20: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

 

79.634          1.0721          

86.186          3.1119          

86.6014         0.4368          

163.84          10.3022         

307.0769        0               

344.0355        3.3382          

346.7092        0.2096          

380.981         93.1804         

518.865         6.7326          

527.8785        5.3788          

2180.3339       1255.9719       

2235.7876       8.6381          
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Figure B.15:  The optimized geometry of the C2v triplet MnCO2
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.21: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

80.6551         0.3834          

83.2265         0.6035          

88.3366         3.1612          

142.538         11.7666         

309.6151        0               

341.8406        1.8439          

352.2335        0.1804          

384.0082        104.3811        

526.6341        7.1748          

534.8235        6.2612          

2166.3757       1406.4026       

2228.1798       7.2284          
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Figure B.16:  The optimized geometry of the C2v quintet MnCO2
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.22: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

36.1021         0.6614          

51.0578         3.7838          

62.188          3.0999          

93.6787         14.6777         

268.7948        0               

271.9758        0.1985          

296.6307        0.0875          

311.0474        0.098           

337.7028        0.0636          

339.6802        89.871          

2184.955        1566.7883       

2249.3428       14.4681        
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Table B.23:  The electronic states calculated for Mn(CO)3
+
 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)3

+
 -1490.8678704   0.0 

 
1
Mn(CO)3

+
 -1490.8521369   +9.8 
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Figure B.17:  The optimized geometry of the singlet MnCO3
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.24: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

86.0486         1.6426          

86.1389         3.6939          

91.8506         2.3144          

309.002         0               

332.1149        0.2724          

338.6181        2.5081          

348.1265        0.1619          

364.2219        60.9571         

414.4884        6.7098          

512.042         6.7689          

547.0457        29.0876         

564.5003        12.9134         

2171.7547       485.7967        

2195.3477       1096.0341       

2247.2493       0.1921          
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Figure B.18:  The optimized geometry of the triplet MnCO3
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.25: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

52.1164         0.8045          

52.3618         0.7999          

151.7627        0.0616          

261.7952        0               

262.5215        0.0002          

272.0616        0.0004          

279.6747        0.0009          

324.1325        13.3121         

324.3711        12.7244         

338.0154        9.6324          

338.3345        10.1385         

2217.0137       677.5297        

2217.2405       677.1024        

2253.5408       0.0117          
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Table B.26:  The electronic states calculated for Mn(CO)3
+
Ar with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)3

+
Ar -1490.8678704   0.0 

 
1
Mn(CO)3

+
Ar -1490.8521369   +16.8 
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Figure B.19:  The optimized geometry of the singlet MnCO3
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.27: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

46.2022         0.2075          

84.1048         0.002           

86.3021         0.5174          

97.827          1.5851          

100.303         3.3777          

140.8163        7.8331          

310.7243        0               

342.2543        1.4244          

363.698         5.7257          

374.2155        59.8051         

377.9805        0.0035          

419.2191        5.1988          

525.9224        9.5662          

566.2441        26.5075         

579.2025        20.0699         

2165.9099       508.3688        

2185.8155       1111.1453       

2239.6236       12.8435         
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Figure B.20:  The optimized geometry of the triplet MnCO3
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.28: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

30.3546         0.2524          

71.109          1.1213          

88.6854         0.4471          

90.7317         0.4734          

91.0797         3.0856          

139.8383        8.044           

307.7917        0.3379          

312.1041        0               

352.1408        1.229           

352.2957        0.2799          

358.8038        2.6568          

374.9689        72.566          

494.092         29.5117         

526.656         7.5777          

566.9224        22.607          

2160.4723       1382.7244       

2200.9457       220.4474        

2242.0763       140.7375        
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Table B.29:  The electronic states calculated for Mn(CO)4
+
 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)4

+
 -1604.2834421   +8.8 

 
1
Mn(CO)4

+
 -1604.2974166   0.0 
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Figure B.21:  The optimized geometry of the singlet MnCO4
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.30: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

75.5384         0.0163          

87.0049         2.0648          

89.2598         0               

99.842          3.7451          

107.5603        2.6482          

333.0057        0.9559          

334.7666        0.0275          

336.9572        3.1785          

358.4295        0.8053          

359.3794        47.2363         

402.6064        2.6794          

414.6243        11.4326         

506.9677        6.3267          

535.8577        0               

553.0921        37.5704         

592.5866        22.3053         

612.96          22.8879         

2162.1125       648.1413        

2179.3107       347.9399        

2193.4853       1045.4758       

2245.4511       0.5811          
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Figure B.22:  The optimized geometry of the triplet MnCO4
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.31: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

46.0296         0.2309          

46.1106         0.2377          

69.8791         1.5531          

83.6306         2.4967          

83.8098         2.4855          

264.0668        2.976           

271.7731        0.0008          

299.7473        6.6592          

300.2167        6.6695          

311.3003        7.7539          

311.5344        7.5284          

328.7057        1.9914          

328.8369        2.0538          

349.7981        0.0558          

461.3483        19.4701         

518.9504        2.2778          

519.3229        2.266           

2145.8524       557.8059        

2221.421        612.7398        

2221.6622       612.8877        

2254.1757       0.9229          
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Table B.32:  The electronic states calculated for Mn(CO)4
+
Ar with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)4

+
Ar -2131.8435635   +9.5 

 
1
Mn(CO)4

+
Ar -2131.8586255   0.0 
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Figure B.23:  The optimized geometry of the singlet MnCO4
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.33: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity   Frequency Intensity   

49.5837         0.192             2156.0055       656.3193        

78.2713         0.0027            2173.3548       357.3662        

81.1211         0.0179            2173.3548       357.3662        

90.704          0.0018            2239.3187       13.9388         

91.0375         1.1477             

105.6489        1.1117          

106.0982        2.5914          

138.9229        8.4281          

338.2413        0.0703          

341.6113        2.006           

364.7405        13.6151         

370.5912        36.3961         

378.2163        1.0243          

409.8236        1.7265          

420.2471        11.3292         

519.9366        6.1708          

546.5625        0.0004          

566.9758        38.3117         

600.8803        31.2744         

626.7629        27.7977         
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Figure B.24:  The optimized geometry of the triplet MnCO4
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.34: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity    Frequency Intensity 

44.135          0.011              2141.3687       519.773         

44.2162         0.0107          2209.5024       643.6963        

73.1179         0.0037             2209.6803       644.4617        

73.174          0.003              2244.8676       5.7349          

80.5668         0.4506          

95.3088         2.0714          

95.4125         2.0714          

131.8756        6.3388          

269.3755        2.3428          

277.4414        0.0002          

318.0464        18.8799         

318.3394        18.7691         

335.6728        1.5816          

335.8249        1.585           

341.7954        0.0137          

342.0058        0.0219          

401.8417        0.1046          

463.3341        15.4843         

548.0073        5.532           

548.1495        5.5362          
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Table B.35:  The electronic states calculated for Mn(CO)5
+
 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)5

+
 -1717.7017608   +8.7 

 
1
Mn(CO)5

+
 -1717.7156852   0.0 
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Figure B.25:  The optimized geometry of the singlet MnCO5
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.36: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity    Frequency Intensity 

63.3663         0                  2189.655        1018.8948       

83.8945         0.0336             2205.5653       0.1387          

83.9143         0.0329             2253.7948       0.0128          

94.0365         0.0001             2189.6371  1016.7945            

103.6617        2.704           

103.6661        2.6994          

106.9966        1.9598          

339.2844        0.0044          

339.2871        0.0045          

342.2778        0               

345.9192        1.8715          

346.786         0.0004          

377.0902        36.8785         

377.2123        37.0287         

414.2325        4.7441          

481.5476        0               

532.363         0.0834          

532.854         4.3025          

532.8955        4.2922          

611.9108        68.8749         

611.9946        68.5807         

615.1775        73.1974         

2169.5288       494.379         

   



 

 310 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.26:  The optimized geometry of the triplet MnCO5
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.37: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity    Frequency Intensity 

40.4411         0.0465             2195.8748       0.1199          

40.7508         0.0465             2219.7068       534.7334        

78.5915         2.8535             2220.3291       534.0161         

81.6188         0.0003             2254.1656       0.0574          

81.8148         0.0017             574.8279        46.0856         

98.6748         1.2025               

98.7436         1.1979          

271.5616        0.0002          

276.6809        0               

311.5735        7.3628          

311.7226        7.4317          

321.9469        0.0003          

321.979         0.0007          

340.5714        3.2264          

341.0239        3.3281          

350.7868        23.9505         

357.0482        0.035           

478.9678        58.9083         

497.2059        0.0033          

497.4936        0.0064          

574.5952        46.0306         



 

 311 

Table B.38:  The electronic states calculated for Mn(CO)5
+
Ar with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)5

+
Ar -2245.2526065   +13.6 

 
1
Mn(CO)5

+
Ar -2245.2743638   0.0 
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Figure B.27:  The optimized geometry of the singlet MnCO5
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.39: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity    Frequency Intensity 

67.2367         0.0006             622.2448        83.2069         

67.3847         0.0005             622.4853        83.1528         

67.762          0.0001             627.4512        71.7093         

87.404          0.0004             2166.5892       505.0654        

87.4944         0.0011             2184.1727       1006.9511       

94.5657         0.0005             2184.3538       1008.8674       

98.1908         0.0183             2200.378        2.3467          

109.1418        1.9145             2249.5388       8.5205          

109.1854        1.9234          

124.5352        6.1019          

344.6664        0.0024          

349.062         0.8586          

351.1357        0.0081          

364.8373        0.0267          

364.9271        0.0426          

384.2126        36.3811         

384.4326        36.4882         

418.6774        3.6984          

496.9047        0.0004          

534.5841        0.026           

537.8876        4.2698          

538.1876        4.427           
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Figure B.28:  The optimized geometry of the triplet MnCO5
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.40: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity    Frequency Intensity 

 

12.469          0.4813           479.7077        58.3231         

24.2703         1.4244             574.1871        46.6513              

40.7902         0.0182             496.6241        0.2176          

43.136          0.0218             498.6589        0.0422          

78.9326         2.8075            576.0901        45.5963         

81.397          0.0042             2165.4182       1267.3372          

82.0329         0.0103             2195.3564       0.5181             

98.3327         1.1643             2219.262        526.7751        

98.7238         1.3554             2219.7344       532.7951        

271.4351        0.0231             2253.8128       0.0884          

276.3111        0.0059               

310.5703        7.7216          

311.8613        8.2577          

322.0082        0.0005          

322.4703        0.0005          

338.4069        2.4154          

343.0435        3.1813          

351.8469        23.9028         

357.5698        0.009           
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Table B.41:  The electronic states calculated for Mn(CO)6
+
 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

 
3
Mn(CO)6

+
 -1831.0570285   +48.0 

 
1
Mn(CO)6

+
 -1831.1335673   0.0 
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Figure B.29:  The optimized geometry of the singlet MnCO6
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.42: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity    Frequency Intensity 

71.8181         0                  634.9132        159.1256        

71.9896         0                  634.9997        159.1359        

72.1385         0.0001             635.3162        159.2944         

97.4876         0                  2188.6346       1061.8458        

97.5373         0                  2188.7466       1061.9249       

97.6479         0                  2188.795        1061.6888        

111.832         1.6634             2203.2033       0.0004           

111.9494        1.6462             2203.3091       0.0003             

111.9885        1.6522             2263.773        0               

346.3477        0               

346.7283        0               

346.9465        0               

355.6877        0               

357.001         0               

357.1499        0               

392.9206        27.065          

393.0154        27.0006         

393.1387        26.9253         

498.2843        0.0001          

498.4255        0.0002          

498.6078        0.0001          

544.3517        0               

544.4125        0               

544.6071        0               
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Figure B.30:  The optimized geometry of the triplet MnCO6
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.43: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity    Frequency Intensity 

42.9385         0.0004             572.776         33.8699         

42.9757         0.0002             572.8199        33.9249          

46.4868         0                  2142.8706       1321.4663        

53.0081         0                 2183.4986       0               

64.8108         0                  2229.9892       0.0279            

64.8501         0                  2230.2735       507.6358          

68.5707         1.6362             2230.3026       507.0552           

88.3619         3.6484             2260.4358       0               

88.4102         3.632           

115.7592        2.1064          

116.0587        2.1435          

145.9965        0               

219.1549        0               

240.7706        0               

240.9993        0               

264.6451        0.7715          

264.7818        0.7577          

298.958         0               

306.5727        0.0001          

342.9662        0.2288          

360.3145        0               

425.9476        0               

426.0182        0               

448.9003        130.8353        
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Figure B.31:  The optimized geometry of the singlet MnCO6
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table B.44: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity    Frequency Intensity 

-4.1823         0.2531             514.0785        0.002           

16.0756         0.3309             534.2191        0.1148          

16.7735         0.9537             534.4302        0.0008          

72.8945         0                  534.5937        0.0186          

73.4723         0.0003             649.5874        150.4693        

73.6612         0.0029             649.8455        147.7595        

95.4178         0                  649.9842        144.3484        

95.4719         0.0001             2189.0322       968.0903        

96.4676         0.0041             2189.6843       971.8209        

111.0985        1.7845             2189.7647       978.4836        

111.1214        1.7848             2203.565        1.7562          

111.5575        1.8884             2204.0724       2.5768          

347.8103        0.0006             2261.3687       0.0393          

348.0271        0.0008          

348.0699        0.0002          

353.6074        0.0033          

356.2463        0.0045          

356.4015        0.0082          

394.7823        27.4746         

395.2475        27.3737         

395.2708        26.6161         

513.89          0.0032          

513.925         0.0439          
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Figure B.32:  The optimized geometry of the singlet MnCO7
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table B.45: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity    Frequency Intensity 

19.066          0.1878     514.3734        0.0018          

21.0114         0.1844             534.1691        0.334           

38.4457         1.1192             534.4448        0.042           

62.0615         0.0029             534.6721        0.0031          

62.4334         0.0009             649.4655        162.074         

72.8199         0.0001             650.284         143.9728        

74.6479         0.0017             650.4249        143.8158        

75.0712         0.0022             2182.1816       512.7895        

95.7258         0.0016             2188.9655       950.4522        

95.9431         0.0013             2189.0803       949.5067        

97.2305         0.0566             2190.0437       655.4132        

111.0333        1.7647             2203.5247       5.9538          

111.2423        1.7619             2203.6548       6.468           

113.1191        1.9119             2261.3329       0.1178          

347.6868        0.0001          

348.33          0.0001          

354.1326        0.0015          

356.9041        0.0025          

356.9779        0.0031          

395.2791        26.8215         

395.6116        26.5364         

395.8515        26.4005         

513.7532        0.0035          

514.1664        0.0027          
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APPENDIX C 

 

INFRARED SPECTROSCOPY AND STRUCTURES OF COPPER CARBONYL 

CATIONS, Cu(CO)n
+
 (n=1-8) 
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Table C1:  The electronic states calculated for Cu(CO)2
+
 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

1
Cu(CO)2

+
 -1867.0917464   0.0 

 
3
Cu(CO)2

+
 -1866.9204464   +107.5 
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Figure C1:  The optimized geometry of the singlet Cu(CO)2
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C2: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

53.5         1.0          

283.2        0           

283.4        0          

313.9        0         

334.0       1.4           

334.1        1.4          

372.8        18.0        

2303.3       367.1        

2326.4      0.1          
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Figure C2:  The optimized geometry of the triplet Cu(CO)2
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C3: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

-147.9      56.9         

84.6         4.0          

314.3       0         

357.9        0               

387.3       0         

412.9       0.5          

470.8        73.9       

2029.3       3929.5      

2220.3       0.2          
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Figure C3:  The optimized geometry of the singlet Cu(CO)2
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table C4: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

35.4         0.8061          

41.2         4.119           

54.5        1.0718          

71.4         6.2          

278.0        0               

288.2        0          

310.3       0.        

326.2        1.5          

334.6       0.2         

365.6        17.6         

2295.2       383.2         

2317.8       9.8          
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Figure C4:  The optimized geometry of the singlet Cu(CO)3
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C5: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

57.5         0.1          

57.5        0.1          

62.9       1.1           

246.6       0               

246.6        0               

257.2        0               

275.5        0               

286.8       7.9          

286.9        7.9          

322.7        3.6         

352.7       0.3          

352.7        0.3          

2281.9       289.1       

2281.9       289.1        

2303.1     0               
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Figure C5:  The optimized geometry of the singlet Cu(CO)4
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C6: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

52.5         0  

52.7         0  

63.3          0.2         

63.8         0.2           

64.0         0.2          

230.4       0          

231.1        0  

231.4       0  

246.5         4.5          

247.3        4.        

248.0       3.2          

249.6       1.6          

330.5        1.4          

331.6        0.4          

331.8       1.0          

331.9        0.8        

333.1       0.9          

2271.5       253.2        

2272.1      251.3        

2272.5       251.0        

2294.1       0.1
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Figure C6:  The optimized geometry of the singlet Cu(CO)5
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C7: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity   Frequency Intensity 

-1.3         0.2           332.7        0.9           

24.1         0.3            2242.6       79.0        

31.6         1.2           2269.6       256.8        

52.8         0    2270.7       252.4       

54.9        0.1            2271.5      239.2       

63.4         0.2          2271.5       239.2       

64.3        0.2            2292.9       0.1          

66.5        0.2          

73.8         0        

79.2       0        

230.6        0         

230.9        0         

231.8       0         

246.6        4.5       

247.3        3.9         

248.5        4.0         

249.8         1.4        

330.0        2.1        

331.7        1.0          

331.7        0.5          

332.6       1.2        
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Figure C7:  The optimized geometry of the singlet Cu(CO)5
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C8: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity   Frequency Intensity 

4.2          0.2          331.7        1.1         

7.8          0.3           331.8        1.4          

9.3          0.4           332.6       1.0        

15.8         0.1          333.1       2.0          

36.6        1.0            334.2       1.0          

38.6         1.7          2245.3       95.1        

52.4         0        2246.0       53.9         

53.4         0    2267.3     251.7        

63.9        0.2           2267.4        251.6      

64.2         0.3           2267.8      243.9        

64.5        0          2290.3      0.1        

70.2         0          

72.4         0          

72.9        0        

73.7        0          

231.4        0          

233.3        0          

234.8        0  

246.7         4.4          

248.1       3.9         

250.7        4.2         

251.6      1.3          
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Table C9:  The electronic states calculated for Cu(CO)6
+
 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

1
Cu(CO)6

+
 -2320.5969872   0.0 

 
3
Cu(CO)2

+
 -2320.4671964   +81.4 
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Figure C8:  The optimized geometry of the singlet Cu(CO)6
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C10: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity   Frequency Intensity 

4.2         0.2            331.7       1.1          

7.8          0.3            331.8        1.4          

9.3          0.4            332.6        1.0          

15.8         0.1            333.1        2.0          

36.6         1.0            334.2       1.0          

38.6         1.7           2245.3       95.1        

52.4       0             2246.0      53.9         

53.4         0             2267.3      251.7         

63.9         0.2            2267.4        251.6        

64.2         0.3          2267.8      243.9       

64.5         0             2290.3       0.1          

70.2         0          

72.4         0  

72.9         0  

73.7         0  

231.4        0  

233.3        0         

234.8      0          

246.7         4.4          

248.1       3.9          

250.7        4.2          

251.6        1.3          
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Figure C9:  The optimized geometry of the triplet Cu(CO)6
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C11: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity   Frequency Intensity 

-5.2        0.1            275.0        0.2         

8.5          0.1            276.8        1.4         

9.7         0.1            315.0        0.1          

17.2      0            331.1       20.8        

32.3       0.2             331.9         20.4       

35.0         1.3            383.7        0.7           

39.3         2.3           384.7        0.1          

57.8       0.3            437.2        0.3          

61.0          0.3           447.5        0         

75.7         1.8           2137.5       1420.9       

75.9         1.5            2143.0     1952.4     

77.6         0.4           2145.6       587.4        

82.0         1.4            2243.4       34.3         

82.4          1.1            2244.4       96.9        

85.2        0.9            2256.7        0.5          

221.3         0            

244.6        0  

273.2        16.8         
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Table C12:  The electronic states calculated for Cu(CO)6
+
 with the B3LYP functional 

using Gaussian03.  The Def 2 TZVPP basis set was used for all atoms.   

 

Isomer  Total Energy (Hartrees)  Relative Energy (kcal/mol) 

1
Cu(CO)7

+
 -2433.9622961   0.0 

 
3
Cu(CO)7

+
 -2433.8323164   +81.6 
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Figure C9:  The optimized geometry of the singlet Cu(CO)7
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C13: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity   Frequency Intensity 

5.5          0.2            235.4        0  

6.6          0.6           248.4        4.7          

7.4          0.4           249.1        4.6          

10.9         0.2            250.0        2.5           

12.8       0.1           252.5        2.0          

13.7       0.1            332.0        1.3         

36.7          0.5            332.5         1.9          

38.2        1.7            332.6        0.8          

39.2         1.7            334.0       2.0        

52.4         0             334.4        1.4          

53.1         0             2243.7      101.5       

63.9         0.3            2244.0       86.6         

64.2         0.3            2244.7       38.3         

64.5         0.3            2265.5       250.9       

71.5         0             2265.7       250.5      

72.0         0    2266.0       241.7       

72.6        0            2288.9       0.1         

73.5       0.1          

73.7        0.1          

74.6         0.1          

233.5        0  

233.7       0           
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Figure C10:  The optimized geometry of the triplet Cu(CO)7
+
 calculated with the B3LYP 

functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all atoms. 

 

Table C14: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity   Frequency  Intensity 

-8.0      0             269.1      4.6        

-7.6       0.3           270.6     3.9         

-4.7       0.3           308.1     0.7        

4.7       0.2            324.7      20.4      

8.5        0    325.3      20.2       

19.7  0           375.4      0.8        

30.3  0.3              376.3      0.1          

32.7  2.2           427.7      0.5           

33.0       0.4           439.5     0          

38.8      2.4           2082.0     1201.9     

57.9  0.5            2090.6    2039.9      

59.8  0.4            2099.6     766.4       

60.5  0            2191.7     64.8         

61.4  0.1            2192.6    84.6         

73.8     2.2          2193.9    58.2       

74.5      1.5           2206.1     1.9       

75.7      0.7         

79.6     1.9         

82.1     0.8          

83.6    0.8         

217.4    0  

239.0  0          

265.0  10.5     
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Figure C.11:  The optimized geometry of the singlet Cu(CO)2
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table C.15: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

35.4         0.8         

41.2        4.1          

54.5         1.0         

71.4         6.2         

278.0        0               

288.2        0         

310.3       0         

326.2       1.5          

334.6        0.2          

365.6       17.6         

2295.2       383.2       

2317.8       9.8         
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Figure C.11:  The optimized geometry of the singlet Cu(CO)3
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table C.15: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity 

28.7         0.1           

30.4          0.2         

41.8         3.3        

42.0        1.1          

45.7         3.2          

63.9        3.8         

95.8         1.6          

98.4        0.1          

106.0        7.5           

277.5      0         

283.1        0.1         

307.5       0          

320.6      0.3          

336.9        0.5          

353.6       16.8         

2148.7      220.4      

2283.9      405.8       

2306.2      27.4         
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Figure C.12:  The optimized geometry of the singlet Cu(CO)4
+
Ar calculated with the 

B3LYP functional using Gaussian2003.  The Def 2 TZVPP basis set was used for all 

atoms. 

 

Table C.15: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity   Frequency Intensity 

-3.2        0.5            2271.3       252.1        

-2.3           0.2            2271.4      251.1      

0.8         0.7            2271.4      251.1        

52.3        0            2293.4       0          

52.6         0          

63.3         0.2          

63.5        0.2          

63.7         0.2          

230.4          0         

230.9       0          

231.1        0         

247.0       4.5          

247.2        4.6         

247.4        4.5          

248.8       0.1          

330.8        1.4          

331.3        0.4          

331.5        1.4          

331.8        0.3          

332.0        1.0          
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APPENDIX D 

 

INFRARED PHOTODISSOCIATION SPECTROSCOPY OF  

BENZENE VANADIUM CARBONYL CATIONS, bz-V
+
-(CO)n 

STRUCTURES, ENERGETICS, AND VIBRATIONS 
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Table D1:  The electronic states calculated for bz-V
+
-(CO)3 with the B3LYP functional 

using Gaussian03.  The 6-31+G* basis set was used for all atoms.   

 

Isomer   Total Energy (Hartrees)  Relative Energy (kcal/mol) 

1
bz-V

+
-(CO)3   -1516.0043133   +10.1 

 
3
bz-V

+
-(CO)3   -1516.02046684   0.0 

  
5
bz-V

+
-(CO)3   -1515.97840344   +26.4 
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Figure D1:  The optimized geometry of the singlet bz-V
+
-(CO)3 calculated with the 

B3LYP functional using Gaussian2003.  The 6-31+G* basis set was used for all atoms. 

 

Table D2: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity Frequency Intensity Frequency Intensity 

13.4         0.1            616.5        0.3          2087.3       571.1        

68.1         0.6          663.0        1.0          2093.3       1148.7   

89.5         0.3          799.2        38.8         2146.1       665.6        

93.9         2.4          928.7        1.2          3215.0       0.1          

99.9          1.9          929.1         1.3          3220.2        0.8          

110.6        0.4          991.0        2.9          3223.1       1.3          

242.8        3.9          991.3        0.2          3229.5        4.8          

252.0        1.1          1018.5       4.4          3231.6       5.6          

280.0        1.4          1020.0       0.1          3237.4       1.1          

312.2        0.6          1026.3       0.7          

352.4         11.6           1036.3       0           

357.6         16.6         1062.0       0          

382.3        14.6         1193.8       4.0          

417.5        3.1          1195.3        1.5          

423.1        0.4          1197.0       2.1          

438.0        0.3          1375.4       12.8         

462.4        37.3         1381.3       0               

464.7        30.7         1496.3       14.3         

552.1        21.0         1507.8       23.8         

569.2        45.3          1566.5       26.5         

604.3       0.5          1590.0       9.2          
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Figure D2:  The optimized geometry of the triplet bz-V
+
-(CO)3 calculated with the 

B3LYP functional using Gaussian2003.  The 6-31+G* basis set was used for all atoms. 

 

Table D3: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity Frequency Intensity Frequency Intensity 

10.8          0.2          904.4       0.4        3232.6       5.6          

46.2          3.6          912.4        1.5        3236.2      7.2           

62.9          0           964.1        12.7   3240.3       1.8             

77.2          1.3          984.0        1.1          

82.0          1.5          1011.2       4.6          

98.6          0.5          1017.8        0.1          

233.6         7.0          1024.2        3.0          

241.0         1.9          1032.8       0          

258.2         3.8          1049.5       1.3          

309.8         0.9          1182.6       5.0          

312.5         1.4          189.5        3.7          

337.2         9.5          1193.7       1.3          

358.4         2.0          1376.5      0.1         

367.7         12.0          1378.9      8.3          

382.4         12.4         1489.2      9.7          

403.4         19.0         1496.6      8.9          

427.3         6.2          1551.8       30.0         

431.0          37.6         1569.9      33.6         

483.8         44.8         2113.4      688.7        

488.4         32.0         2118.3      1076.1       

605.3         0.8          2169.0      633.1       

615.2         0.1          3218.1       0.2          

658.5         0.9          3220.7       0.3          

789.2         49.8         3226.6       3.3           
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Figure D4:  The optimized geometry of the quintet bz-V
+
-(CO)3 calculated with the 

B3LYP functional using Gaussian2003.  The 6-31+G* basis set was used for all atoms. 

 

Table D5: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity Frequency Intensity Frequency Intensity 

17.0      0           930.9    3.9          3401.4   4.6          

26.7      0           966.2    0.1          3406.3   6.1          

58.1      0.6          1013.4   7.6          3415.5   1.4          

63.1      0.4          1041.3    4.7          

71.9       0.7          1066.3  1.6          

80.4      0           1081.6   3.0          

131.2     0.5          1097.7    0.9          

137.3     1.2          1103.9   1.3          

248.8      1.4          1110.1   1.3          

256.2     0.2          1275.3   1.3           

302.2     1.2          1291.2    2.1          

329.0      7.2         1295.6   5.9          

338.5      0.2          1359.8   3.6          

364.4      1.2          1496.0   0.2          

386.5     4.1          1590.6   24.1         

391.0     23.1         1598.3   29.6         

397.5     9.0           1649.2   9.3           

407.7     21.1         1655.0   18.0         

440.2     6.4          2138.4   729.0        

460.1     9.3          2140.9    564.1        

654.0     0          2187.1   388.6        

661.1     2.4          3385.0   0         

695.5     11.7          3389.2   0          

789.8     111.7       3392.6   1.9           
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Table D6:  The electronic states calculated for bz-V
+
-(CO)4 with the B3LYP functional 

using Gaussian03.  The 6-31+G* basis set was used for all atoms.   

 

Isomer   Total Energy (Hartrees)  Relative Energy (kcal/mol) 

1
bz-V

+
-(CO)4   -1629.3696866   0.0 

 
3
bz-V

+
-(CO)4   -1629.3401201   +18.6 

  
5
bz-V

+
-(CO)4   -1629.3046839   +40.8 
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Figure D5:  The optimized geometry of the singlet bz-V
+
-(CO)4 calculated with the 

B3LYP functional using Gaussian2003.  The 6-31+G* basis set was used for all atoms. 

 

Table D7: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity Frequency Intensity Frequency Intensity 

10.3          0           575.1        60.2         1509.5       25.2        

70.4          0           577.1        61.1         1578.8       19.9         

94.0          1.1          607.7        0.4          1598.6       0.5         

95.4         1.2          609.7        48.8         1598.6       0.5         

103.0         3.8          614.5        8.7          2091.8       1150.8      

107.3         0          671.4        0.1           2092.9        1157.9       

120.6          0.5          801.4        40.7         2103.2       6.8    

121.0          0.6          930.2        3.4          2148.7       600.8        

243.9         0.6          938.9        3.8          3216.8       0.4         

247.5         2.4          995.5         0.1          3221.3       0.2          

274.2         0.1          1001.6       0.2          3224.9       0.1          

321.0         0           1023.0       0           3230.8       5.8          

356.5         0           1028.2       4.2          3233.8       7.6          

366.1         5.7         1036.0       0.2          3237.7       0.5          

406.1         10.8         1042.1       0.1          

406.7         8.1          1059.6       0         

428.6        0.3          1197.0       3.9          

430.9         0           1199.3       0.4          

439.9         0.5          1200.9       0.4          

459.6         33.2         1383.5       0         

463.2         33.9         1386.3       3.2          

561.6         0          1501.0       19.3         



 

 344 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D6:  The optimized geometry of the triplet bz-V
+
-(CO)4 calculated with the 

B3LYP functional using Gaussian2003.  The 6-31+G* basis set was used for all atoms. 

 

Table D8: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity Frequency Intensity Frequency Intensity 

-7.6         0.1          484.2        47.8          1568.4        32.8         

5.4           0.7          488.7        30.4         2111.2       718.3        

16.1         0.2          605.7        0.8                   2117.5       1027.2       

26.0          0.8          615.7        0.1          2168.2       625.7        

51.5         2.7          658.8        0.8          2228.3       84.2         

63.1         0           789.2        52.0         3218.4       0.4          

64.7         0          903.3        0.1           3220.7       0.3          

67.9         0           912.4        1.5          3227.7       2.2          

78.8         1.2          961.3        10.9         3233.1       5.5          

81.8         1.5          984.4        1.2          3237.2       6.8          

98.4         0.6          1011.6       4.1          3240.6       1.3          

236.6        5.4           1017.7       0.1          

241.7        2.3          1024.5       3.1          

257.9        3.4          1032.3       0         

311.2        0.5          1049.2       1.5          

314.2        1.5          1183.3       3.9          

337.1         9.0          1188.1       3.4          

359.3        1.8          1192.9       1.2            

368.1        12.0         1376.5       0.1          

383.1        12.2         1379.4       8.5          

403.6        17.7         1489.8       9.8            

428.2        7.8          1496.2       8.6           

431.6         38.2         1554.2       28.1         
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Figure D7:  The optimized geometry of the quintet bz-V
+
-(CO)4 calculated with the 

B3LYP functional using Gaussian2003.  The 6-31+G* basis set was used for all atoms. 

 

Table D9: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity Frequency Intensity Frequency Intensity 

8.9          0.2          389.3        9.3          1512.8       17.9      

17.0         0.5         392.3        0.8          1608.0       6.9        

24.4         0.3          427.7        0.1        1610.0       6.5        

32.2         0.4          610.0        0          2137.8       943.9       

36.6         0   611.0        0.2          2145.5       568.0        

55.2         0.4         684.2        6.7        2186.3        444.5      

57.7         0.9         739.7        96.0        2229.2       84.9        

62.6         0          892.2        0.4     3199.8       0.3        

64.7         0.5        903.5        0.2         3207.6       0.2        

66.8         0.1          982.4        1.1          3209.9       0.9         

70.1          0.2          999.8        4.6           3218.4       0.5        

89.3         1.1          1008.7       0.8          3219.9        0  

113.0        0.4        1020.8       0.3        3229.4       0  

196.2        3.2         1031.0       2.3          

261.0        0.6          1051.1       1.4         

267.8        3.1        1057.4       1.3        

285.1        2.4          1190.1       0.1          

298.0        0.7          1199.4       0.3          

308.3        4.9        1206.1       2.3        

319.0        10.0        1342.0        1.8          

339.2        14.7       1386.0       0          

365.3        9.6        1507.6       18.6        
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Table D10:  The electronic states calculated for bz-V
+
-(CO)5 with the B3LYP functional 

using Gaussian03.  The 6-31+G* basis set was used for all atoms.   

 

Isomer   Total Energy (Hartrees)  Relative Energy (kcal/mol) 

1
bz-V

+
-(CO)5   -1742.6903576   0.0 

 
3
bz-V

+
-(CO)5   -1742.65946234   +19.4 
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Figure D8:  The optimized geometry of the singlet bz-V
+
-(CO)5 calculated with the 

B3LYP functional using Gaussian2003.  The 6-31+G* basis set was used for all atoms. 

 

Table D11: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity Frequency Intensity Frequency Intensity 

-5.8         0.2          463.0        33.1         1579.2      11.7         

7.7         0.7         563.0        0          1599.1      7.5          

12.1         0.1         575.3        62.1         2090.6      1164.2        

54.9        2.2         577.3       61.2         2091.7      1180.3      

68.8         0   607.7        12.5         2101.9       0.3         

85.2        0          610.3        39.8         2148.0       590.8      

88.2         0.1          614.2        5.1          2233.4       82.8          

93.8        1.1         671.1       0.1          3215.2       11.0         

94.9        1.8          808.1      39.4        3219.4      5.6            

102.2        3.6       939.4       3.2          3219.4      5.6            

107.1       0           942.8        3.7          3221.1       11.2         

120.9       0.3          995.3      0.5          3228.8       16.5        

121.1        0.5          1011.3       0.8          3230.1       7.6          

242.0        0.8          1023.1      0.4           3235.6      0.5          

247.9        2.3         1030.0       3.1          

272.6       0.2          1036.9      0          

321.0        0   1047.8       0.5          

358.2        0.2          1060.9       0.1          

365.4        4.8          1197.6      1.6           

406.9        9.9          1201.3     2.0          

407.5        7.8          1205.0        1.5          

426.4       0.5          1385.1       1.9          

430.9        0   1387.8      0.7          

440.0        0.2          1501.1      22.6         

459.8       35.5         1512.3      23.8         
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Figure D9:  The optimized geometry of the triplet bz-V
+
-(CO)5 calculated with the 

B3LYP functional using Gaussian2003.  The 6-31+G* basis set was used for all atoms. 

 

Table D12: The unscaled normal mode frequencies and intensities (km/mol) are reported 

from this same level of theory. 

 

Frequency Intensity Frequency Intensity Frequency Intensity 

-8.7         0           387.6        13.9        1485.8       7.0         

4.8          0.1         419.2        2.9          1536.3        34.2        

11.9         0.2          433.7        40.3        1580.3       32.0         

20.2         1.9         470.3        37.3         2113.1       944.5       

25.5         0   497.0        48.0         2129.0       840.4        

31.5         2.6        605.7        0.3         2178.1        631.3        

35.9         1.2       616.0        0.4          2223.4        87.3        

58.5         0   658.4         0.8         2229.9       86.4          

63.1         0   788.8        51.6         3219.6        0.6         

64.5         0          901.0        0   3221.4       0.5          

66.8         0.1         912.1        1.5          3229.1       0.5        

74.6         0.3        964.5        7.9          3233.7       5.3         

76.3         1.1          983.5        1.5        3238.6       7.8          

81.4         1.6         1002.1       6.9          3241.5       0.8         

96.1         0.4          1015.3       1.1         

231.5        3.7          1023.2       3.2          

240.4        2.5          1031.7       0.3        

268.3        3.5          1049.0       1.0          

298.3        1.1          1176.9       3.6         

313.5        2.7          1189.7       0.9          

324.1      12.4         1193.2       3.9          

352.3        6.3          1375.9       1.0         

361.4        4.3        1376.9       7.9          

1498.6       11.1          


