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Abstract 

Anion photoelectron spectroscopy was used to study extreme examples of multiple metal-

metal bonds, with formal bond orders as high as six, in order to obtain fundamental 

information about the chemical bonding properties of both neutral and negatively charged 

transition metal dimers. Anion photoelectron spectroscopy was also used to study small 

organometallic complexes which could serve as models for understanding elementary 

processes, such as carbon-hydrogen bond activation and dehydrogenation, that occur in 

reactions catalyzed by transition metals.  Density functional theory (DFT) calculations were 

used to help assign electronic states as well as determine the ground and excited state 

energies of heterobimetallic and organometallic complexes observed in anion photoelectron 

spectroscopy experiments. Heterobimetallic vibrationally-resolved spectra studied include 

those of NbCr¯ and NbMo¯. These results demonstrated that both anions have a closed-shell 

1Σ+
 ground electronic state with a dσ2dπ4dδ4sσ2 electron configuration, corresponding to a 

formal bond order of six. Organometallic anions whose vibrationally-resolved spectra were 

studied include NbC4H4¯, NbC6H4¯, and NbC6H6¯ products produced via flow tube reactions 

of Nb with C4H6. The most abundant product anion in this experiment was NbC4H4¯, which 

indicates a loss of H2 from C4H6 upon reaction with a single Nb atom. A relatively small 

yield of NbC6H4¯ and NbC6H6¯ product anions indicates carbon-carbon bond activation, 

carbon-carbon bond formation, and dehydrogenation. Isomeric structures of the 

organometallic products observed in these experiments were determined by DFT calculations 

to be a Cs five-membered ring for NbC4H4¯, a planar C2v η2 Nb-benzyne complex for 

NbC6H4¯, and a C6v η
6 Nb-benzene π complex for NbC6H6¯. 
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1.1 INTRODUCTION 

 Gas phase Anion PhotoELectron Spectroscopy (here termed APELS) can provide 

valuable contributions towards the determination of physical and chemical properties of a 

variety of neutral and negatively charged transition metal atoms, dimers, and small 

clusters. In order to expand on current knowledge, newly characterized systems of 

organometallic radicals and unsaturated metal-ligand complexes using APELS can serve 

as models for catalytic reactions that involve carbon-hydrogen bond activation, carbon-

carbon bond activation, carbon-carbon bond formation, and dehydrogenation. One 

example is metal-induced isomerizations of small hydrocarbons such as acetylene to 

vinylidene, which can be explored further. Vinylidene can play an essential role in a 

variety of catalytic processes such as olefin metathesis.1,2 Researchers studying metal 

catalysts still lack fundamental information such as vibrational frequencies, electron 

affinities (EA), equilibrium geometries, and bonding behavior of bare transition metal 

dimers as well as metal clusters. 

 APELS is also valuable when applied to better understand new patterns in the 

reactivity of small transition metal clusters as a function of cluster size, which can be 

quite pronounced. For example, using time-of-flight mass spectrometry of flow tube 

reaction products, dramatic changes have been reported in the chemical reactivities of 

small neutral niobium (Nb) clusters reacting with N2 and D2.
3

 These studies found, for 

example, that D2 reacts with Nb8 and Nb10 more than 50 times more slowly than with 

Nb7, Nb9, and Nb11. These results show how the size of a cluster can affect the rate 

coefficient of a specific reaction.3 APELS can provide additional studies on electronic 
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structures and isomeric geometries of various cluster sizes. These studies can also 

contribute to an improved understanding of larger metal clusters based on reactivity data 

for smaller metal clusters.3  

 In addition to elucidating reactivity trends of small metal clusters, methods 

involving APELS can help in understanding transition states of neutral complexes; this is 

referred to as transition-state spectroscopy.4 The photodetachment of an electron can 

allow the transition state region of a neutral molecule to be viewed using APELS. Two 

conditions must be met for transition-state spectroscopy to work:  the first is that the 

anion is stable and the second is that the geometry of the anion is similar to the geometry 

of the neutral molecule at the transition state. Figure 1.1 shows the principles of 

transition-state spectroscopy where the transition state, ABC, is found at the top of the 

barrier in the bimolecular reaction separating the reactants from the products.4 

 

Figure 1.1. The general concept of transition-state spectroscopy experiments4 
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To complement spectroscopic results, computational studies using methods such 

as Density Functional Theory (DFT) can predict molecular geometries, electronic state 

energies, and electronic state assignments to aid in the interpretation of the experimental 

data. Other computational methods such as complete active space self-consistent field 

(CASSCF) can provide multi-configurational calculations on metal dimers and small 

metal clusters that have low-lying excited states. However, the CASSCF method can be 

computationally more demanding and it is outside the scope of this dissertation. 

Experimental results obtained from APELS measurements can also be used as possible 

benchmarks to aid in the future development of improved computational methods.  

 The Minnesota Anion PhotoELectron Spectrometer (MAPELS) was used in this 

thesis to study electronic and chemical bonding properties for congeners of group 5/6 

heterobimetallic dimers including NbCr and NbMo as well as to compare these results to 

previously researched isoelectronic dimers such as VCr and VMo in the MAPELS lab.5,6 

In addition, flow tube reactions of Nb with butadiene (C4H6) were also investigated. Mass 

spectra were collected for anions produced in the flow tube ion-molecule reactor. 

Photoelectron spectra were recorded for mass-selected anions, which provided 

measurements of electron affinities, vibrational frequencies, changes in equilibrium 

geometries upon electron detachment, and bonding behavior of bare transition metal 

dimers as well as metal clusters and organometallic reaction products. To support 

interpretations of the experimental data, observed photoelectron spectra were compared 

to supplementary DFT calculations to identify and confirm electronic and vibrational 

state assignments.   
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 1.2 SPECTROSCOPIC METHODS  

Different spectroscopic methods possess their own unique advantages; therefore, 

a combination of these techniques is needed to obtain a complete understanding of the 

spectroscopic properties of transition metal dimers and clusters. Spectroscopic methods 

that are used to study small metal atoms, dimers, and clusters include matrix-isolation 

infrared spectroscopy (IR), resonance Raman, free electron laser for infrared experiments 

(FELIX)/ free electron laser intracavity experiments (FELICE), resonance-enhanced 

multiphoton ionization (REMPI)/resonant two-photon ionization (R2PI), zero electron 

kinetic energy (ZEKE), pulsed field ionization zero electron kinetic energy (PFI-ZEKE), 

mass analyzed threshold ionization (MATI), slow electron velocity-map imaging (SEVI), 

and the technique used in this lab, anion photoelectron spectroscopy (APELS). Each 

technique will be detailed in the sections below. 

First, matrix-isolation IR spectroscopy, incorporating laser-ablation techniques, 

can be used to study metal anions, cations, and neutral species.7 As compared with oven 

vaporization methods, laser ablation minimizes potential impurities and prevents sample 

material from overheating, while still enabling the study of metals that vaporize at high 

temperatures. One disadvantage of laser-ablation studies is the production of a radiation 

cloud as a result of laser excitation,7 which may excite, dissociate or ionize the sample 

material. In resonance Raman experiments by Lombardi and co-workers, a Wien filter is 

used to mass-select metal cations, which are then deposited onto an inert gas matrix.8,9 

Information provided using this technique includes ground state vibrations, 

anharmonicities, force constants, dissociation energies (estimated from vibrational 
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energies), and geometric parameters.8,9 A limitation of both IR and Raman spectroscopy 

is their selection rules, which make some vibrational transitions undetectable. For 

example, for a vibrational mode to be IR-active, the dipole moment of the molecule must 

change during the vibration. However, for a vibrational mode to be Raman-active, the 

polarizability must change during the vibration. Therefore, homonuclear diatomics can be 

studied by Raman spectroscopy, but not by IR spectroscopy. The allowed transitions are 

dictated by selection rules, which will be described in Section 1.3.B. 

FELIX/FELICE uses high intensity tunable IR light, which is tightly focused and 

pulsed, to excite neutral molecules or ions, causing them to ionize or dissociate.10–12 This 

multiphoton technique provides information on vibrational and geometrical properties of 

cluster systems. One of the main advantages of this technique is that it analyzes the 

molecular fingerprint region of the spectrum, as wavelengths can be tuned from 3 - 100 

μm. Also, use of a time-of-flight mass spectrometer enables IR spectra to be measured for 

different cluster sizes at the same time.10,11 In addition, IR spectra from this technique can 

record anionic metal clusters, such as Nb10
- and Nb6C 

-, which were previously difficult to 

obtain by other IR techniques.12  

 REMPI or R2PI works in two steps. In the first step, a high resolution, tunable 

pulsed laser promotes the molecules from the ground electronic state to an excited 

electronic state. In the second step, the molecules in the excited electronic state absorb 

one or more photons from the same or a different laser, which excites the molecules 

above the ionization limit. The wavelength of the first laser is scanned to be resonant with 

a specific rotational and vibrational level of the excited electronic state, allowing more of 
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the sample to absorb the light and increasing the detected ion signal.13 This technique is 

used to study the spectroscopic properties of neutral species, and gives information on 

equilibrium bond lengths (if rotational structure is resolved), vibrational frequencies, 

bond energies, and excited electronic states.14 Since multiphoton transitions are highly 

improbable at normal light intensities, R2PI requires high intensity pulsed lasers in order 

to observe these transitions.13  

 ZEKE spectroscopy uses a tunable light source to eject electrons from neutral 

molecules or anions near their photodetachment or photoionization thresholds, producing 

very slow electrons. This photoelectron spectroscopic technique is used to study the 

spectroscopic properties of neutral and ionic species.13 The ionization or electron 

detachment process can produce some electrons with zero electron kinetic energies, 

called ZEKE electrons, and other electrons with higher kinetic energies. Once an electric 

field is applied, the ZEKE electrons and non-zero kinetic energy electrons will approach 

the detector at different rates, allowing these electrons to be distinguished.13 One of the 

advantages of ZEKE spectroscopy is its high spectral resolution, which is around 0.6 

meV (5 cm-1) at full width half maximum intensity (FWHM), about 60 times better than 

in conventional photoelectron spectra.15 A limitation to ZEKE spectroscopy is the amount 

of time it takes to scan the laser in order to find a wavelength for which the photon 

energy is equal to the energy difference between the initial and final states, to collect 

enough ZEKE electrons from a molecule (or anion) of interest. It is helpful for other 

spectroscopic methods to be used to help find the electronic and vibrational transitions of 

the anion or molecule.15  
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 A variation of ZEKE spectroscopy is PFI-ZEKE, which uses a pulsed electric 

field to detach the electron, after it has been excited to near the ionization energy by a 

tunable light source. This technique can be used to study the spectroscopic properties of 

neutral molecules and the cationic species formed upon ionization. PFI-ZEKE excites 

molecules to long-lived Rydberg states that are just below the ionization threshold, by 

approximately 5 cm-1.13 To produce PFI-ZEKE electrons, after a short delay, the 

molecules existing in a Rydberg state are introduced to a small pulsed electric field. This 

causes the PFI-ZEKE electrons to detach.13 However, Rydberg states do not typically 

exist in anionic species, which limits PFI-ZEKE studies to neutrals.15  

 One final variation of ZEKE spectroscopy is MATI, which detects mass resolved 

ions rather than electrons. This technique also excites molecules to long-lived Rydberg 

states, but applies a very small electric field to allow the ions to separate from their near-

threshold neutrals. The advantage of MATI is that it is a mass-selective technique. Thus, 

it can give mass information on cluster species that are otherwise difficult to study by 

various types of photoelectron spectroscopy such as ZEKE, because of the possibility of 

having more than one type of cluster contributing to the detected signal.16 

 Anion photoelectron spectroscopy (APELS) differs from ZEKE spectroscopy as it 

uses a fixed wavelength, continuous light source to remove an electron from the anionic 

state of a molecule. This technique measures the kinetic energy of electrons produced 

upon detachment to different electronic and vibrational states of the neutral molecule, 

providing information such as electron affinity values and spectroscopic constants.13 One 

of the advantages of using APELS is that it can collect a photoelectron spectrum within 
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1- 2 hours.  A second advantage of this continuous (rather than pulsed) spectroscopic 

technique is that it can be coupled to a continuous flow tube reactor, as is done in this lab. 

The resolution, not as high as in ZEKE spectroscopy, is about 5-7 meV at FWHM, but is 

still capable of resolving a majority of vibrational transitions. Since the vibrational states 

observed in this and other types of photoelectron spectroscopy are determined by the 

Franck-Condon principle, some vibrational modes (like the stretching mode of a 

homonuclear diatomic) which cannot be observed in IR spectroscopy can be detected by 

APELS methods. Section 1.3 below will detail APELS instrumentation, including 

specific designs of the MAPELS instrument used in this dissertation, as well as selection 

rules which dictate the observed transitions and methods used to interpret photoelectron 

spectra. 

 

1.3 ANION PHOTOELECTRON SPECTROSCOPY 

1.3.A MAPELS Instrument 

Studies performed in the MAPELS lab use an anion photoelectron spectrometer,17 

which incorporates modifications from the Lineberger group’s original instrument18 that 

increase the mass and electron energy resolution. A schematic diagram of the instrument 

is shown in Figure 1.2 below.  
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Figure 1.2. Schematic diagram of the MAPELS instrument used in this dissertation17 

 

Figure 1.2 describes the passage of ions through a series of five differentially 

pumped vacuum chambers that begins at the flowing afterglow ion-molecule reactor 

(flow tube).17 The flow tube has a 2” diameter and is segmented to be adjustable in length 

and temperature. The temperature of the flow tube is generally around 300 K, but it can 

also be heated to 600 K or cooled by liquid nitrogen.  

At the entrance of the flow tube, carrier gases He and Ar are introduced into the 

ion-molecule reactor where they are exposed to a water-cooled metal cathode discharge 

source. A DC negative voltage is applied to the metal cathode at about 2-3 kV, and a 

plasma is created. The Ar+ ions in the plasma are accelerated toward the metal cathode, 

causing the ejection of metal atoms and the formation of metal ions and clusters. Ions will 
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generally be relaxed by 104 – 105 collisions with the buffer gas atoms in the flow tube. 

Additional reagents can be added to the flow tube reactor at a sufficient distance 

downstream from the discharge source to prevent any direct excitation. Most of the 

species in the flow tube are pumped away by a Roots pump, but a small fraction passes 

through a 2 mm diameter molybdenum nosecone aperture leading into chamber 1.  

 Chamber 1 is a diffusion-pumped vacuum system kept at about 10-5 Torr, in 

which the electrostatic ion optics, including deflectors and aperture lenses, help focus and 

steer the anion beam. Additional cylindrical and quadrupole doublet lenses help 

accelerate the anion beam to 1120 V through chambers 2 and 3 and focus it through the 

entrance slit to the 90º magnetic sector mass analyzer. In this analyzer, an ion with charge 

q, moving with speed v, perpendicular to a uniform magnetic field B, experiences a 

magnetic force F, as shown in Equation 1.1.  

  Equation 1.1 

 

This force is directed toward the center point of the sector magnet, at right angles to both 

the ion’s motion and to the direction of the magnetic field, causing the ion to move in a 

circular motion. This force can also be described as the centripetal force F, where m is the 

mass of the ion, v is its speed, and r is the circular radius.  

 

 
Equation 1.2 

 

To rearrange these equations in terms of the mass-to-charge ratio of the selected ion, the 

magnetic force of Equation 1.1 can be set to equal the centripetal force of Equation 1.2, 

yielding Equation 1.3. 
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Equation 1.3 

  

 Since the velocity, v, of the anion is controlled by the voltage to which it is 

accelerated (V), it would be more convenient to find a way to describe Equation 1.3 in 

terms of this voltage rather than the speed of an ion. This can be done by expressing the 

kinetic energy of the ion in terms of its potential energy: 

  Equation 1.4 

 

Here, Equation 1.4 can be rearranged to solve for speed and substituted back into 

Equation 1.3, which will give rise to Equation 1.5. 

 

 
Equation 1.5 

Converting Equation 1.5 to convenient units gives the well-known Equation 1.6:  

 

 
Equation 1.6 

 

where m/e is the mass in amu for a singly-charged ion, r is in cm, B is in Gauss, and V is 

in Volts. Since the radius of the magnet (r) is 20.0 cm, Equation 1.6 can be simplified to 

give Equation 1.7. 

 

 
Equation 1.7 

 

 Thus, if the instrument is set to select an ion of a given mass, ions with that mass 

will have the correct trajectory (i.e. will undergo a 90º horizontal deflection) to pass 

through the exit slit while ions of a different mass will not, as is demonstrated in Figure 
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1.3. For the typical acceleration voltage of 1120 V in this instrument, and for the 

maximum magnetic field of the magnet (7500 G), the maximum mass that can be 

selected can be calculated as follows: 

 

 
Equation 1.8 

 

Higher masses can be observed at lower ion acceleration voltages. 

 

Figure 1.3. Diagram of the 90º magnetic sector mass analyzer 

 

 The maximum resolving power that has been demonstrated for the magnetic 

sector is m/∆m = 400, where ∆m is the FWHM of a given peak for mass m. Equation 1.9 

gives the resolving power of the analyzer (zero valley definition), where R is the highest 
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mass for which two peaks 1 amu apart can be completely separated, r is the magnet 

radius (20.0 cm), S is the width of the entrance or exit slits (assuming they are equal), α is 

the half-angle of divergence in the horizontal plane (in radians), β is the half-angle of 

divergence in the vertical plane (in radians), δV is the voltage spread in the ion beam, and 

V is the ion accelerating voltage.  

   Equation 1.9 

 

In theory, infinitely narrowing the entrance and exit slits will give the best mass 

resolution (and the poorest mass-selected ion current). Entrance and exit slits as narrow 

as 0.1 mm can be used with this instrument to maximize the mass resolution, but the most 

frequently used slits are about 1 mm or 2 mm wide. For 1 mm slits, the first term in the 

resolution equation is expected to dominate. In this case, the approximate mass resolving 

power expected is 

   Equation 1.10 

 

 In order to determine the masses of all of the ions formed during the experiment, a 

mass spectrum can be taken by varying the current through the magnet coils, thus varying 

the magnetic field of the mass analyzer. Once the mass of an anion of interest is 

identified, the instrument can be set to keep the magnetic field constant, to only allow the 

desired anion to pass through the exit slit to Chambers 4 and 5, where the ion optics 

decelerate the anion beam to 20 V before it crosses the laser beam. The decelerated anion 

beam intersects a perpendicular continuous wave (cw) intracavity argon ion laser beam in 
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chamber 5, which is maintained at about 10-8 Torr. The laser beam is focused to 0.2 mm 

in diameter and has about 100 W of power. The wavelengths at which the laser is 

typically used are 488 or 514 nm, and electrons are detached in a single photon process. 

The deceleration of the ion beam allows a longer interaction time with the laser beam and 

maximizes the number of electrons that can be detected. 

In chamber 5, detached electrons go through a molybdenum sampling aperture 

with a 3º half-angle of acceptance, and are focused by two 3-element cylinder lenses into 

the electrostatic hemispherical energy analyzer, which is placed about 8” below the 

intersecting ion and laser beams. Figure 1.4 gives the schematic diagram of the electron 

energy analyzer used in this dissertation.19  The key section of the analyzer is the 

hemispherical electrostatic sector, which is the outlined portion in Figure 1.4. This 

component angularly refocuses electrons towards its exit plane and disperses the 

electrons across the exit plane based on their kinetic energies upon photodetachment. The 

6” diameter hemispherical analyzer is operated at a transmission energy of 1.5 eV. The 

electrons exiting the hemispherical analyzer are imaged onto a 1” diameter multichannel 

plate detector (mounted above the cylindrical output lens element labeled OL5) that 

detects the electrons as a function of electron kinetic energy, which is indicated by the 

electrons’ positions on the detector. 

 Equation 1.11 gives the energy resolution of the hemispherical analyzer, where T0 

is the central transmission kinetic energy, ω is the diameter of the electron beam at the 

hemisphere entrance plane, r0 is the radius at the center of the hemispherical gap (e.g. r0 = 

3.00 inches = 76.20 mm in this apparatus), ∆r is the exit slit width, α is the angular 
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divergence of the electron beam at the hemisphere input plane, and ∆T is the resolution of 

the hemispherical analyzer. 

 
  Equation 1.11 

 

 

The MAPELS instrument does not have an exit slit, making the second term 

insignificant. The first term is expected to dominate for low values of the angular 

divergence. The electron beam spot size, ω, is a product of the diameter of the focused 

laser beam (estimated to be about 0.2 mm) and the linear magnification of the input lens 

stack (designed to be about 1.65). Thus, the electron kinetic energy resolution can be 

roughly estimated as follows: 

 Equation 1.12 
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Figure 1.4. Schematic diagram of the electrostatic hemispherical energy analyzer19 

 

The output of the position-sensitive detector is digitized and collected by a lab 

computer, which signal averages multiple scans. The photoelectron energy resolution is 

typically around 6 meV (50 cm-1) at FWHM, in reasonable agreement with the rough 

estimate above. The absolute energy scale is calibrated using an atomic ion, such as Cr¯, 

since the EA of Cr has been measured by other techniques precisely (e.g., 0.67584(12) 

eV).20 The data for molecular anions provide measurements of the vibrational frequencies 

of ground and/or excited electronic states of the anions and the corresponding neutral 

molecules, the EA of the neutral molecule, electron detachment energies of different 

anion states, and energies of observed neutral molecule excited electronic states.  
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1.3.B Selection Rules and Franck-Condon Analysis 

 Selection rules dictate whether or not a given transition can be detected by a 

particular spectroscopic method. Molecular symmetry is a key factor that establishes the 

selection rules for electric dipole transitions, which dominate in electronic, IR, and 

microwave spectroscopy. These selection rules can be determined by the transition 

moment integral given in Equation 1.13.  

  Equation 1.13 

 

In Equation 1.13, Ψ1 and Ψ2 are the wavefunctions that describe the first and second 

energy levels, respectively; M21 is the transition dipole moment for the transition from 

energy level 1 to energy level 2; μ is the electric dipole moment operator; and dτ includes 

the spatial and spin coordinates. A transition is considered forbidden when the transition 

moment integral equals zero.13  

 The Born-Oppenheimer approximation (i.e., the separation of electronic and 

nuclear degrees of freedom) enables the wavefunction to be factored into three 

components: electronic, vibrational, and rotational, each with its own selection rules. 

Electronic and vibrational selection rules will be discussed further below; however, 

rotational selection rules will not be covered in this thesis. Equation 1.14 shows an 

expanded version of Equation 1.13, where the first integral dictates the electronic 

selection rules while the second integral dictates the vibrational selection rules.13 

  Equation 1.14 
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 In Equation 1.14, r and R are all electronic and nuclear coordinates, respectively, 

Re are the equilibrium nuclear coordinates, μe is the electronic part of the dipole moment 

operator, Ψeʹ and Ψeʺ are the electronic wavefunctions in the upper and lower electronic 

states, respectively, and Ψvʹ and Ψvʺ are the vibrational wavefunctions in those electronic 

states.  

 For photoelectron spectroscopy of a linear molecule whose term symbol is 2S + 

1ɅΩ, the electronic selection rules are governed by |∆ Ʌ| ≤ l, |∆ Ω| ≤ l + ½, and ∆ S = ± ½, 

where Ʌ is the quantum number for the projection of the orbital angular momentum onto 

the internuclear axis, Ω is the quantum number for the total (spin + orbital) angular 

momentum, S is the quantum number for the total spin angular momentum, and l is the 

quantum number for the angular momentum of the orbital from which that electron is 

detached.  

 The second integral in Equation 1.14 is referred to as the vibrational overlap 

integral. The probability (intensity) of a vibrational transition accompanying an electronic 

transition can be determined by squaring this overlap integral as shown in Equation 

1.15.13 

  Equation 1.15 

 

The quantity in Equation 1.15 is referred to as the Franck-Condon factor (FCF). 

In an electronic transition, a transition between different vibrational levels of the two 

electronic states may be observed if this integral is non-zero. For example, assuming the 

harmonic approximation,21 one can deduce the Franck-Condon factors for the electronic 
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transitions from photoelectron spectra such as that of NbCr¯. In Figure 1.5, the square 

root of the relative intensity of the fundamental band (vʹneutral = 1 ← vʺanion = 0) to that of 

the origin band (vʹneutral = 0 ← vʺanion = 0) is used to find the dimensionless displacement, 

D.21,22 

 
Figure 1.5. Estimating Franck-Condon factors from the NbCr¯ photoelectron spectrum 

 

 
 Equation 1.16 

 

Once the dimensionless displacement is obtained, this value can be used to 

calculate the normal mode displacement, ∆Q (amu½ Å), which can be related to the 

equilibrium geometry difference between the final electronic state (in this case, the 

neutral) and the initial electronic state (anion).21,22 Equation 1.17 can be used to find the 

normal mode displacement, where 0.17222 is a conversion factor in units of cm½/(amu½ 

Å), vʺ is the harmonic vibrational frequency of the anion, and vʹ is that of the neutral 
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molecule. The peak spacing in the photoelectron spectrum provides measurements of 

these vibrational frequencies as 532 ± 10 cm-1 and 588 ± 10 cm-1, respectively. 

 

 

Equation 1.17 

 

Now that the normal mode displacement (∆Q = 0.262 amu½ Å) is known, Equation 1.18 

(which is used for diatomic molecules) can be used to obtain the bond length of the initial 

(anion) electronic state, rʺinitial. By plugging in all the known values, where μ is the 

reduced mass of NbCr (33.338 amu) and rʹfinal is the bond length of the final (neutral) 

electronic state (1.8940 ± 0.0003 Å),23 Equation 1.18 can be rearranged to solve for rʺinitial 

(assuming that the bond in the anion is longer in view of its lower vibrational frequency): 

  

 

 

Equation 1.18 

 

 Note that the normal mode displacement depends on the magnitude of the bond 

length difference between the two states, but not on its sign (Equation 1.16). Therefore, in 

the harmonic approximation, it is not possible to deduce, based on the observed 

intensities alone, which state has the longer bond length. If the bond length difference 

between the anion and the neutral molecule is large, then a long vibrational progression 

will be observed in the anion photoelectron spectrum. If the bond length difference 

between the anion and the neutral molecule is small or zero, then the respective 

vibrational progression will be short or only ∆v = 0 transitions may be observed.13 
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Depending on the instrumental resolution, vibrational sequence bands (from vʺ > 0 levels 

of the anion to the same vʹ in the neutral molecule) may then be indistinguishable from 

the origin band (vʹ = 0 ← vʺ = 0), limiting the ability to measure vibrational frequencies 

from the spectra.  

 Although the simpler harmonic approximation is illustrated here, in practice the 

Franck-Condon factors are fit assuming Morse potentials, for diatomic molecules. This 

more realistic model employs the method of numerical integration of Laguerre 

wavefunctions, as implemented by the Franck-Condon fitting program, PESCAL.24,25 In 

the case of a long vibrational progression showing significant anharmonicities (ωexe), it is 

often possible to determine the direction of the bond length change from Franck-Condon 

fits using Morse potentials. 

 For polyatomic molecules with N atoms, there are 3N – 5 normal modes for linear 

molecules and 3N – 6 normal modes for non-linear molecules. Ignoring coupling terms 

between different vibrational modes, the FCF value is then the product of terms as in 

Equation 1.15 for each mode. This idea can be simplified in terms of the molecular 

symmetry.13 Ground state (v = 0) vibrations and all even-numbered vibrational levels are 

totally symmetric, and the symmetries of odd vibrational levels are determined by the 

molecular point group.13 For APELS, both ∆v = even and odd transitions are allowed if 

the anion and neutral vibrational states are both totally symmetric in the point group of 

the lower-symmetry electronic state, because the direct product of the two vibrational 

states would then also be totally symmetric. The direct product would be non-totally 

symmetric and the transition would not be observed if the anion vibration state is non-



 

23 

 

totally symmetric while the neutral state is totally symmetric, or vice versa.13 For 

example, in the anion photoelectron spectrum of the NbC6H6 complex, in which the anion 

and neutral molecule both have C6v symmetry, vʹneutral = 1 ← vʺanion = 0 transitions are 

observed for the symmetric carbon-hydrogen stretch, but not for an asymmetric carbon-

hydrogen stretch.26  

 

1.3.C Interpreting Photoelectron Spectra 

 To interpret data obtained from APELS, a typical photoelectron spectrum is 

represented as the number of electrons detected as a function of their kinetic energy. The 

kinetic energy of an electron can be determined using Equation 1.20, where eKE is the 

electron kinetic energy, hv is the photon energy for the specific wavelength used to 

detach the electron (e.g., 2.5400 eV at 488 nm), and ∆E is the difference in energy 

between the anion and the neutral molecule states of the system being analyzed.  

 eKE = hv – ΔE Equation 1.20 

 

Figure 1.6 illustrates the anion and neutral molecule electronic state potentials and a 

corresponding anion photoelectron spectrum. Here, the anion ground state is referred to 

as X¯. Photodetachment transitions to the neutral ground state, X, can be found in this 

photoelectron spectrum in the eKE region between 1.0 – 1.3 eV. Transitions to the 

excited neutral molecule state, X*, generally appear at lower eKE regions than those 

from the neutral ground state (for transitions to the same state of the anion). Another 

possibility, also not shown in Figure 1.6, is the observation of transitions from an excited 
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anion electronic state, which would appear at higher eKE regions than those from the 

anion ground state (for transitions to the same state of the neutral molecule). 

 
Figure 1.6. Diagram associating anion photoelectron spectrum with different electronic 

state potentials. X¯ is the ground state of the anion and X is the ground state of the 

neutral molecule. 

 

 Once the electronic states are identified, the EA of the neutral molecule can be 

determined by finding the energy difference between the ground electronic and 

vibrational state of the anion and that of the neutral molecule. To deduce the difference 



 

25 

 

between the equilibrium geometries of the two states, the Franck-Condon peak fitting 

program written by Kent Ervin and co-workers, PESCAL,24 is used to fit the relative 

intensities and positions of vibrational bands in the experimentally obtained 

photoelectron spectrum. As discussed above, the geometry (i.e., bond length for a 

diatomic) of the anion can then be deduced by combining the bond length difference 

obtained in the FCF fit with the value (if known) of the bond length of the ground state of 

the neutral molecule, as measured by other spectroscopic techniques, such as R2PI.  

 

1.4 THEORETICAL METHODS 

 DFT calculations were used to help provide a better analysis and interpretation of 

the experimental results obtained by anion photoelectron spectroscopy. DFT was chosen 

over other computational methods because it reduces computational time and has been 

shown to give reasonable agreement with experimental data on transition metal dimers 

and organometallic complexes. DFT calculations for heterobimetallic dimers investigated 

in this thesis will be used to help assign ground and excited electronic states as well as be 

used to compare calculated excited state energies, bond lengths, and vibrational 

frequencies to the experimental measurements. DFT calculations for organometallic 

complexes examined in this thesis will be used to help determine the isomeric geometry, 

ground and excited state energies, active normal modes, as well as to assign ground and 

electronic states. The Gaussian 09 program (version ES64L-G09RevD.01) was used for 

all DFT calculations presented in this thesis.27 Specific DFT methods, basis sets, and 

procedures can be found in the computational methods section of each chapter. 
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CHAPTER 2 

ANION PHOTOELECTRON SPECTROSCOPY OF NbCr¯ 
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2.1 INTRODUCTION 

 Heterobimetallic complexes with multiple metal-metal bonds provide an 

opportunity to understand fundamental issues in chemical bonding.1 In particular, early 

transition metals have partially occupied d orbitals that are excellent for forming multiple 

metal-metal bonds; however, partially occupied d orbitals in diatomic transition metals 

produce many low-lying excited states and strong first and second-order spin-orbit 

coupling effects, making characterization of spectroscopic properties a challenge.2 Mixed 

group 5/6 heterobimetallic anionic dimers such as NbCr¯ provide an opportunity to study 

extreme examples of multiple metal-metal bonds. The highest possible bond order for 

any homonuclear diatomic molecule is 6,3 and since the NbCr¯ anion has 12 valence 

electrons, this could give rise to six bonds between the metal atoms. 

 Several experimental4–10 and theoretical11–14 studies have been reported for mixed 

bare group 5/6 dimers. The first study focusing on mixed bare group 5/6 dimers used 

Knudsen effusion mass spectrometry, which found the bond dissociation energy of NbMo 

to be D0º = 448 ± 25 kJ mole-1 (~4.64 ± 0.26 eV).4 Rotationally resolved resonant two-

photon ionization (R2PI) spectroscopy has been used to study mixed bare group 5/6 

dimers including VCr, VMo, NbCr, and NbMo.7–9 These studies have measured the bond 

lengths of the VCr, VMo, NbCr, and NbMo ground states (all of which are assigned as 

2∆5/2 states) to be rʺ0 = 1.7260 ± 0.0011, 1.87657 ± 0.00023, 1.8940 ± 0.0003, and 

2.00802 ± 0.00030 Å, respectively.7–9 R2PI studies have also measured the bond 

dissociation energy of NbCr to be D0 = 3.0263 ± 0.0006 eV and found an excited state 

14440 cm-1 above the NbCr ground state.7 Theoretical studies have predicted that the X̃ 



 

30 

 

2∆ state is the lowest in energy for VCr11–14 and VMo.14 Theoretical studies of NbCr have 

not been reported yet. 

 In comparison with bare heterobimetallic diatomics, the neutral and ionic bare 

homonuclear Cr2 and Nb2 dimers have been quite extensively studied. Numerous 

experimental2,15–34 and computational35–45 studies have been performed on neutral and 

ionic Nb2. One of the first studies used Knudsen effusion mass spectrometry, which 

found the bond dissociation energy of Nb2(g) to be D0º = 503 ± 10 kJ mole-1 (~5.21 ± 

0.10 eV).17 Collision induced dissociation (CID) experiments confirmed the bond 

dissociation energy of Nb2 to be Dº = 5.22 ± 0.31 eV.25 Rotationally resolved electronic 

spectra determined the ground state of Nb2 to be the X̃ 3Σg¯ (1πu
41σg

22σg
21δg

2) state, 

which has a short bond length of re = 2.07781(18) Å and a vibrational frequency of ωe = 

424.8917(12) cm-1.27 Complete active space self-consistent field calculations (CASSCF) 

also found the ground state of Nb2 to be 3Σg¯.37,42 Density functional theory (DFT) and 

coupled-cluster theory CCSD(T) calculations using cc-pVaZ-PP (a = D, T, and Q) have 

confirmed that the 3Σg¯ state is lowest in energy.44  

 Currently there is debate as to the nature of the Nb2¯ ground state. CASSCF and 

multireference single+doubles configuration interaction (MRSDCI) calculations found 

2∆g and 4∆u to be the lowest-lying electronic states for Nb2¯.42 At the MRSDCI level, the 

ground state of Nb2¯ was determined to be the 2∆g and the electron affinity (EA) was 

calculated to be 0.11 eV, but this study concluded that the computed EA is likely to be 

significantly lower than its true value.42 DFT calculations using B3LYP, BLYP, BP86, 

and BPW91 functionals as well as CCSD(T) calculations predicted that both the 2∆g and 
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4Σu¯ states are nearly degenerate for Nb2¯.44 Finally, DFT calculations using linear 

combination of Gaussian-type orbitals DFT (LCGTO-DFT) predicted that the EA of Nb2 

is 1.03 eV and that the ground state of Nb2¯ is the 2∆g with a bond length of 2.046 Å and 

a vibrational frequency of 458 cm-1.45 

 Neutral and ionic Cr2 have been thoroughly analyzed by experimental and 

computational work. Laser-induced fluorescence (LIF) studies analyzed the rotationally 

resolved spectrum of Cr2, which was found to have a X̃ 1Σg
+ ground state with a high 

fundamental vibrational frequency (∆G1/2) of 452.34 cm-1 and a very short bond length of 

re = 1.6788 Å.46 Photoionization spectroscopy determined the bond dissociation energy of 

Cr2 to be D0 = 1.53 ± 0.06 eV,47 which was obtained by combining the ionization 

potential (IP) of Cr2 (56449 ± 8 cm-1)47 with the IP of Cr (IP = 54575.6 ± 0.3 cm-1)48 and 

the bond dissociation energy of Cr2
+ (D0 = 1.30 ± 0.06 eV)49. The resulting bond 

dissociation energy of Cr2 (D0 = 1.53 ± 0.06 eV) is considered47 to be a more reliable 

value than the previous results obtained by Knudsen effusion mass spectrometry 

measurements, which found Cr2 to have D0 = 1.443 ± 0.056 eV.50 Anion photoelectron 

spectroscopic studies reported the vibrationally-resolved spectrum of Cr2¯.51 This study 

measured the EA of Cr2 to be 0.505 ± 0.005 eV and found its ground state to have 

vibrational parameters ωe = 480.6 ± 0.5 cm-1 and ωexe = 14.1 ± 0.3 cm-1. The ground state 

of Cr2¯ was assigned as the X̃ 2Σu
+ with ∆G1/2 = 411 ± 10 cm-1, ωe = 440 ± 20 cm-1, ωexe = 

14 ± 6 cm-1, and re = 1.705 ± 0.010 Å.51  

 Based on the theoretical studies done on Cr2, multiconfigurational quantum 

chemistry methods are considered to give the most successful depiction of its multiple 
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metal-metal bond.52–54 Relatively accurate spectroscopic constants were obtained from 

CASSCF/CASPT2 calculations for the ground state of Cr2 (∆G1/2 = 413 cm-1, D0 = 1.65 

eV, and re = 1.66 Å) using an atomic natural orbital type basis set, and scalar relativistic 

effects were incorporated using the Douglas-Kroll Hamiltonian.52,53 In terms of 

supporting the ground electronic state assignments, DFT calculations using several 

different generalized gradient approximation methods have also assigned the ground 

electronic states of Cr2 and Cr2¯ as the X̃ 1Σg
+ and X̃ 2Σu

+ states, respectively.55 The 

effective bond order (EBO), which measures the bond multiplicity using 

multiconfigurational wave functions,3 is 4.45 for Cr2.
53 This result is notable as Cr2 is 

thus considered to have a quintuple bond theoretically rather than a sextuple bond, which 

would be the formal bond order if all six bonding orbitals were filled. 

 In this chapter, the 488 and 514 nm photoelectron spectra of NbCr¯ are reported, 

which display four vibrationally-resolved transitions. The results of this study provide 

measurements of the EA of NbCr, fundamental vibrational frequencies (∆G1/2) of the 

observed states, other vibrational data, low-lying excited state energies, and changes in 

equilibrium bond lengths upon electron detachment. DFT calculations are also reported 

and their predictions are compared to the electronic state properties observed from the 

experimental spectrum.  
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2.2 METHODS 

2.2.A Experimental Methods 

 

Figure 2.1. Anion source flow tube configuration used in the studies of Nb reactions with 

Cr(CO)6. The He and Ar buffer gases were introduced into a 20 cm long segment of the 

flow tube upstream of the Nb cathode discharge source, followed by a 20 cm segment.  

 

 The anion photoelectron spectrometer used in these experiments has been 

described in detail in Chapter 1.56 Ions are prepared in a flow tube that is segmented to be 

adjustable in length and temperature. Buffer gases, He and Ar, are introduced into the 

flow tube where they are exposed to a water-cooled cathode DC discharge source.57,58 

Ions formed near the cathode undergo approximately 104 – 105 collisions with the buffer 

gases. The ions, produced in the flow tube, pass through a nosecone aperture which leads 

into a series of 4 differentially pumped vacuum chambers. Anions are accelerated to 1150 

V and mass-selected with a 90° magnetic sector mass analyzer. After mass selection, the 

anions are decelerated to 20 V in the photoelectron spectroscopy chamber. Anions then 
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intersect a cw intracavity argon ion laser beam (Coherent Innova 200) operating at 488 or 

514 nm. The intersecting ion and laser beam region is where electrons are photodetached. 

Photodetached electrons can go through a sampling aperture that has a 3º solid angle of 

acceptance and enter an electrostatic hemispherical energy analyzer that is operated at a 

pass energy of 1.500 eV. Electrons that exit the analyzer are accelerated and imaged onto 

a 1 inch radius position sensitive array detector. 

 For the experiments described here, photoelectron spectra were obtained using the 

flow tube configuration shown in Figure 2.1. The niobium cathode (2.5 cm long, 1.3 cm 

diameter) was placed about 29 cm upstream of the 2 mm diameter molybdenum nosecone 

aperture. Cr(CO)6, at its room temperature vapor pressure, was added 7 cm downstream 

from the niobium cathode. All experiments were performed at room temperature. The 

cathode voltage was set at -2.5 to -2.6 kV with respect to the grounded stainless steel 

flow tube. The flow rates of the buffer gases were 5 – 6 standard liters per minute 

(SLPM) for He and 0.5 – 0.7 SLPM for Ar. The flow tube pressure was 0.4 – 0.5 Torr. 

 The absolute electron kinetic energy (eKE) of the photoelectron spectra shown 

here was calibrated against the EA of atomic Cr and Mo. Electron binding energy (eBE) 

ranges from 1.94 – 0.64 eV were calibrated against the Cr¯ ground state transition 7S3 ← 

6S5/2 (EA = 0.67584(12) eV)59 and eBE ranges from 2.44 – 1.94 eV were calibrated with 

either the Cr¯ transition from 5S2 ← 6S5/2 (1.6173 eV)59,60 or the Mo¯ transition from 5S2 

← 6S5/2 (2.0823 eV)59,61 in photoelectron spectra recorded at 488 and 514 nm. The energy 

scale compression factor, gamma, was calibrated using the atomic 7S3 and 5S2 splitting of 

Cr for eBE ranges of 1.94 eV and below and the atomic 5D4 and 5S2 splitting of Mo for 
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eBE ranges above 1.94 eV. The full width at half maximum (FWHM) instrumental 

resolution was ~7 – 8 meV (55 – 65 cm-1) for eBE ranges below 1.94 eV and ~9 – 12 

meV (70 – 100 cm-1) for higher eBE ranges. Instrumental sensitivity is decreased at high 

eBE values (at 488 nm > 2.34 eV and at 514 nm > 2.21 eV) because these very slow 

electrons are unlikely to be energy analyzed and detected.  

 

2.2.B Computational Methods  

 Singlet, triplet, quintet, and septet electronic states of NbCr¯ as well as doublet, 

quartet, sextet, and octet states of NbCr were analyzed by DFT using the Gaussian 09 

program (version ES64L-G09RevD.01).62 Several different DFT methods were 

employed, and results for BPW91 and M06 are reported here. BPW91 is a general 

gradient approximation (GGA) method, which uses Becke’s exchange functional63 and 

Perdew and Wang’s 1991 GGA correlation functional.64,65 This method was chosen 

because it has been shown to give reasonable agreement with the experimental data for 

the equilibrium bond length (re), harmonic vibrational frequency (ωe),  and the 

dissociation energy (Do) for heteronuclear transition metal dimers.13 M06 is a global-

hybrid meta-GGA, which includes 27 % of nonlocal Hartree-Fock exchange, and was 

chosen because of its recommended use in inorganometallic chemistry.66 

The Stuttgart-Dresden effective core potential (ECP) basis set, commonly referred 

to as SDD, was used for both DFT methods mentioned above.67 The SDD basis set was 

chosen as it is well suited to investigate heavy transition metal elements. It saves 

computer time and treats major relativistic effects associated with heavier elements. For 
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NbCr, a total of 38 core electrons are frozen and replaced with approximate 

pseudopotentials so that only the valence electrons are treated in the calculation. Ten core 

electrons are frozen for the Cr atom (up to [Ne]) and 28 core electrons are frozen from 

the Nb atom (up to [Ar]3d10). 

  All DFT calculations used tight geometry optimization (Opt=Tight) which uses 

higher cutoff values (forces and step size) to determine geometric convergence. 

Additionally, all DFT calculations employed used an integration grid denoted as 

“ultrafine” in Gaussian 09. This option requests a pruned grid with 99 radial shells and 

590 angular points per shell. All calculations, except those for the 2Σ+ excited state of 

NbCr, used the keyword SCF=XQC to force convergence for the self-consistent-field 

(SCF) optimization.  

 Calculations at both the BPW91/SDD and M06/SDD levels were analyzed for 

stability. Single point stability calculations on the singlet, doublet, triplet, quartet, quintet, 

sextet, septet, and octet states used the keyword Stable=Opt which allows the 

wavefunction to be unrestricted (breaking orbital symmetry) and optimizes the orbitals 

until the calculation converges to a stable wavefunction. Initial geometrical guesses in 

these calculations for the singlet, triplet, quintet, and septet states of NbCr¯ used the 

experimental bond length for the ground state of the anion (~ 1.815 Å) and those for the 

doublet, quartet, sextet, and octet states used the experimental bond length for the ground 

state of the neutral molecule (~ 1.894 Å).7 Once a stable solution was obtained, geometry 

optimizations and frequency calculations were performed on all spin states mentioned 

above. To ensure the wavefunctions were still stable solutions after the frequency 



 

37 

 

calculation, a stability calculation for all spin states mentioned above was done using the 

keyword, Stable. Furthermore, to confirm that a local geometrical minimum was found, 

single point calculations were performed 0.01 Å above and below the optimized bond 

length determined by the geometry optimization calculation. If the local minimum was 

not found, single point calculations were done at increments of 0.01 Å until a local 

minimum was located. Then using the single point calculation that contained the local 

minimum, a frequency calculation was done followed by a stability calculation. Once a 

stable local minimum was determined, natural electronic configurations were examined 

using the keyword Pop=NBO (Natural Bond Order analysis).68 

 Calculations at both the BPW91/SDD and M06/SDD level were performed in 

which the stabilities of the wavefunctions were not enforced. Procedures are the same as 

mentioned above except the initial procedure was removed. This procedure was a single 

point stability calculation for each spin state using the Stable=Opt keyword. All 

calculations started with a geometry optimization first using the experimental bond length 

as the initial guess.  

 Since this experiment observed a doublet excited state of the neutral molecule, a 

doublet excited state calculation was also performed using the keyword Guess=Alter, 

which allows the user to change which orbital the electron occupies by switching an 

occupied orbital with a virtual orbital to obtain a desired electronic excited state. In 

addition, this doublet excited state used the keyword SCF=QC to maintain the orbital 

symmetry from one iteration to the next in order to prevent the final wavefunction from 

having a different orbital symmetry. A geometry optimization was done using the initial 
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guesses of both 1.765 and 1.932 Å (experimental bond lengths from both excited states 

observed). To ensure that the local minimum was found, single point calculations were 

performed 0.01 Å above and below the optimized bond length. Once the local minimum 

of the 2Σ+ excited state was confirmed, a frequency calculation and a Natural Bond Order 

analysis were done. 

 Finally, the calculated EA, using zero point energy (ZPE) corrected values, was 

determined. To see the energetic ordering of anion and neutral states, the relative energies 

(Erel), which are ZPE corrected, were determined between doublet, quartet, sextet, and 

octet states of the neutral as well as the singlet, triplet, quintet, and septet states of the 

anion. 
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2.3 RESULTS 

2.3.A Experimental Results 

 

Figure 2.2. Mass spectrum of anions prepared in the flow tube by reactions of Nb with 

Cr(CO)6 vapor. The left and right vertical axes indicate different anion current scales for 

the low and high mass regions, respectively. 

 

The mass spectrum of anions formed in the flow tube is shown in Figure 2.2. The 

x-axis indicates the mass (amu) and the y-axis indicates the anion current (picoamperes) 

measured by the faraday cup in the photoelectron spectroscopy chamber. All species 

were mass selected for isotopomers that include the most naturally abundant isotopes of 

Nb and Cr: 93Nb and 52Cr. The most abundant species include Cr(CO)5¯ (~ 1400 pA), 

Cr(CO)4¯ (~ 600 pA), and Cr(CO)3¯ (~ 40 pA). Additional species include NbCr(CO)¯ 

(~ 40 pA), NbCr(CO)2¯ (~ 100 pA), NbCr(CO)3¯ (~ 200 pA), Nb(CO)3¯ (~ 20 pA), and 
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Nb(CO)4¯ (~ 100 pA). NbCr¯ has an anion current of about 10 pA and the NbCr¯ 

photoelectron spectra were obtained by tuning the 90° magnetic sector mass analyzer to 

145 amu.  

 

Figure 2.3. NbCr + e¯ ← NbCr¯ photoelectron spectrum at 488 nm (2.5400 eV) 

 

 The NbCr¯ photoelectron spectrum taken at 488 nm is displayed in Figure 2.3. 

The top x-axis is given in eKE and the bottom x-axis is given in eBE. The eBE value is 

determined by subtracting the eKE from the photon energy, which in this spectrum is 488 

nm or 2.5400 eV. The y-axis indicates the number of photoelectron counts after signal 

averaging. The photoelectron spectrum in Figure 2.3 shows four photodetachment 

transitions, labeled A-D. The three most intense transitions (A, C, and D) are all observed 

to have the same vibrational intervals in the negative ion to within ± 10 cm-1, which is 

consistent with these transitions being due to the same electronic state of NbCr¯. The 

weakest transition (B), which in Figure 2.3 is magnified by a factor of 10, is assigned as 

arising from an excited state of NbCr¯ and will be discussed in more detail below. 



 

41 

 

Transition B is also observed to have the same vibrational interval for the neutral 

molecule as Transition A to within ± 15 cm-1. This demonstrates that both Transitions A 

and B access the same electronic state of NbCr. Each of the four vibrationally-resolved 

transitions will be discussed in further detail below. 

 
Figure 2.4. NbCr + e¯ ← NbCr¯ photoelectron spectrum at 488 nm (2.5400 eV) and 514 

nm (2.409 eV) 

 

 Figure 2.4 compares the relative intensity of the 488 nm (top panel) photoelectron 

spectrum to the 514 nm (bottom panel) spectrum. Only minor differences are observed 

for relative intensities in Transitions A-D between the 488 and 514 nm spectra. A more 

extensive analysis comparing the relative intensities of the 488 and 514 nm photoelectron 

spectra will be presented below. Tables 2.1 (488 nm spectrum) and 2.2 (514 nm 

spectrum) list the observed peak position (in eBE), height, width, and spacing from the 

origin. All measurements reported in Tables 2.1 and 1.2 were obtained by performing 

least-squares fits of Gaussian line shapes to each individual peak shown in Figure 2.4 for 

both the 488 and 514 nm spectra.  
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Table 2.1. Peak positions in the NbCr + e¯ ← NbCr¯ photoelectron spectrum obtained at 488 nm (2.5400 eV) 

Transition Assignment v′neutral ← v″ion 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width  

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 

Calculated Spacing 

from Origin (cm-1)a 

Obs. – Cal. 

(cm-1) 

B 2∆5/2 ← 3∆2 0 ← 0 0.6320 43 15 0 (-1300) 0 0 

1 ← 0 0.6916 11 17 481 467 14 

B 2∆5/2 ← 3∆3 0 ← 0 0.6437 56 11 0 (-1200) 0 0 

1 ← 0 0.7006 13 13 459 467 -8 

A 2∆5/2 ← 1Σ+ 0 ← 1 0.7265 36 10 -533 -532 -1 

0 ← 0 0.7926 310 10 0 (0) 0 0 

1 ← 0 0.8513 540 11 473 467 6 

2 ← 0 0.9079 470 11 930 925 5 

3 ← 0 0.9630 290 11 1374 1374 0 

4 ← 0 1.0174 140 13 1813 1814 -1 

5 ← 0 1.0709 60 13 2245 2245 0 

6 ← 0 1.1233 26 15 2667 2667 0 

7 ← 0 1.1752 17 17 3086 3080 6 

C 2Σ+
(1) ← 1Σ+ 0 ← 1 1.2395 100 9 -532 -532 0 

0 ← 0 1.3055 4200 10 0 (4140) 0 0 

1 ← 0 1.3774 2300 9 580 588 -8 

2 ← 0 1.4489 450 10 1157 1163 -6 

3 ← 0 1.5187 78 12 1720 1725 -5 

4 ← 0 1.5873 56 12 2273 2274 -1 

5 ← 0 1.6535 27 17 2806 2810 -4 

6 ← 0 1.7198 19 23 3341 3333 8 

D 2Σ+
(2) ← 1Σ+ 0 ← 2 2.0018 30 17 -1041 -1064 23 

0 ← 1 2.0661 99 13 -523 -532 9 

0 ← 0 2.1309 330 14 0 (10900) 0 0 

1 ← 0 2.1927 710 15 498 492 6 

2 ← 0 2.2527 1200 14 982 980 2 

3 ← 0 2.3128 910 17 1467 1463 4 

Values in ( ) are the spacing from the origin of ground state Transition A. (a) The calculated vibrational spacing is obtained by using the equation ∆G0(v) = (v)ωe 

– v(v + 1)ωexe with the following fitted vibrational constants (ωe, ωexe, in cm-1). Transition A and B (476, 4.5); C (601, 6.5); D (497, 2.3) for the neutral and 

Transition A, C, and D (532, 0) for the anion. 
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Table 2.2. Peak positions in the NbCr + e¯ ← NbCr¯ photoelectron spectrum obtained at 514 nm (2.409 eV) 

Transition Assignment v′neutral ← v″ion 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width 

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 

Calculated Spacing 

from Origin (cm-1)a 

Obs. – Cal. 

(cm-1) 

B 2∆5/2 ← 3∆2 0 ← 0 0.6308 22 10 0 (-1310) 0 0 

B 2∆5/2 ← 3∆3 0 ← 0 0.6446 22 10 0 (-1199) 0 0 

 1 ← 0 0.6984 5 4 434 467 33 

A 2∆5/2 ← 1Σ+ 0 ← 1 0.7265 20 11 -538 -532 -6 

 0 ← 0 0.7932 173 11 0 (0) 0 0 

 1 ← 0 0.8517 361 10 472 467 5 

 2 ← 0 0.9077 269 11 924 925 -1 

 3 ← 0 0.9632 112 13 1371 1374 -3 

 4 ← 0 1.0183 35 17 1816 1814 2 

 5 ← 0 1.0708 17 11 2239 2245 -6 

 6 ← 0 1.1232 9 21 2662 2667 -5 

 7 ← 0 1.1729 9 19 3062 3080 -18 

C 2Σ+
(1) ← 1Σ+ 0 ← 1 1.2383 19 20 -542 -532 -10 

 0 ← 0 1.3055 895 10 0 (4132) 0 0 

 1 ← 0 1.3782 673 10 586 588 -2 

 2 ← 0 1.4509 188 10 1173 1163 10 

 3 ← 0 1.5204 46 12 1733 1725 8 

 4 ← 0 1.5877 14 21 2276 2274 2 

 5 ← 0 1.6531 10 25 2804 2810 -6 

 6 ← 0 1.7199 9 26 3342 3333 9 

 7 ← 0 1.7821 10 21 3844 3843 1 

D 2Σ+
(2) ← 1Σ+ 0 ← 1 2.0776 19 28 -507 -532 25 

 0 ← 0 2.1404 97 17 0 (10865) 0 0 

 1 ← 0 2.2025 121 20 501 492 9 

Values in ( ) are the spacing from the origin of ground state Transition A. (a)The calculated vibrational spacing is obtained by using the equation ∆G0(v) = (v)ωe 

– v(v + 1)ωexe with the following fitted vibrational constants (ωe, ωexe, in cm-1). Transition A and B (476, 4.5); C (601, 6.5); D (497, 2.3) for the neutral and 

Transition A, C, and D (532, 0) for the anion. 
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2.3.A.i  Transition A  

 
Figure 2.5. NbCr¯ photoelectron spectrum of Transition A, assigned as X̃ 2∆ ← X̃ 1Σ+. 

The solid line shows the fitted Franck-Condon simulation. Dots show the experimental 

spectrum. The vibrational assignments are given as vʹneutral ← vʺion. 

 

 One of the more intense transitions observed at the low eBE region, Transition A, 

can be identified as the transition from the ground state of NbCr¯ to the ground state of 

NbCr (X̃ 2∆). An expansion of Transition A is shown in Figure 2.5 at a laser wavelength 

of 488 nm. The x-axis in Figure 2.5 is in wavenumbers (1 eV = 8065.54 cm-1) above the 

origin band (0 ← 0). Figure 2.5 displays a comparison between the experimental 

spectrum (shown as dots) and the fitted Franck-Condon simulation (shown in solid lines). 

In order to obtain the fit for the Franck-Condon simulation, Franck-Condon factors were 

calculated assuming Morse oscillators using numerical integration of Laguerre 

wavefunctions which was implemented by the program PESCAL.69,70 Parameters used to 

obtain the Franck-Condon simulation include: (1) the anion temperature, (2) the peak 
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position and intensity of the 0 ← 0 origin band, (3) the vibrational constants (ωe and ωexe) 

for both the neutral and anionic states, (4) the equilibrium bond length difference between 

the neutral and anionic states (∆r), and (5) the instrumental line shape and peak width. 

Each parameter will be discussed in more detail below: 

 (1) The anion temperature was estimated to be 275 K and was obtained by 

comparing the ratio of the peak intensity of the 0 ← 1 hot band to that of the 0 ← 0 origin 

band in the experimental spectrum to the same ratio in the fitted Franck-Condon 

simulation for various assumed temperatures.  

 (2) The origin band position can be determined by the differences in the interval 

spacing between the 1 ← 0 fundamental band and the 0 ← 0 origin band as well as the 0 

← 0 origin band and the 0 ← 1 hot band. The eBE position of the origin band, labeled as 

A in Figure 2.3, is 0.793 ± 0.005 eV, which is also the value of the adiabatic EA.  

 (3) Transitions from 0 ← 0 up to 7 ← 0 can be fit as a Franck-Condon 

progression using the vibrational constants ωe = 476 ± 8 cm-1 and ωexe = 4.5 ± 1.1 cm-1
 as 

shown in Figure 2.5. The fundamental vibrational frequency (∆G1/2) value is found to be 

467 ± 10 cm-1 for the ground state of NbCr and is determined by Equation 2.1 below, 

where v = 1 for the fundamental band: 

 ∆G1/2 = ωe – 2(ωexe) Equation 2.1 

 

As noted in Table 2.1, the measured interval between the 0 ← 0 origin and the 1 ← 0 

band is 473 ± 15 cm-1, providing another consistent measurement of this quantity. The 

weak transition observed to the right of the origin band is identified as the 0 ← 1 hot 

band. The 0 ← 2 overtone is too weak to be detected. The ∆G1/2 value for the ground 
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state of NbCr¯ is 532 ± 10 cm-1, which is directly found by measuring the spacing 

between the 0 ← 0 origin and the 0 ← 1 hot band. 

 (4) The Franck-Condon simulation, for both the 488 and 514 nm spectra, yielded 

a ∆r value of 0.079 ± 0.011 Å. Since the Franck-Condon simulation used Morse 

potentials, it is possible to determine the direction of the bond length change. For 

Transition A at 488 nm, the uncertainty in the bond length measurement is determined by 

matching the vibrational band intensity profile of the experimental spectrum to the fitted 

Franck-Condon simulation from the 1 ← 0 up to the 3 ← 0 band so that the peak 

intensities agree within ± 20 % and the vibrational constants for both the anion and 

neutral state had to fit within the error bars as stated above. Based on the data from 

Figure 2.5, when the bond length is assumed to increase (+ 0.079 ± 0.003 Å) going from 

the ground state of NbCr¯ to the ground state of NbCr, the percent difference between the 

experimental and the fitted Franck-Condon simulation for the 3 ← 0 band is about 10 % 

too high, which is within the ± 20 % uncertainty value stated above. However, when the 

bond length is assumed to decrease (– 0.083 Å) going from the ground state of NbCr¯ to 

the ground state of NbCr, the percent difference between the experimental and fitted 

Franck-Condon simulation for the 3 ← 0 band is about 100 % too low, which is far off 

from the ± 20 % uncertainty value stated above. Therefore, it can be concluded that the 

bond length is shorter by 0.079 ± 0.003 Å in the NbCr¯ ground state. Since the bond 

length is known to be 1.8940 ± 0.0003 Å in the NbCr ground state,7 this difference gives 

a bond length of 1.815 ± 0.003 Å for the NbCr¯ ground state. 
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 Based on Figure 2.4, the vibrational band intensity profile of the 514 nm spectrum 

does not lend itself to a fitted Franck-Condon simulation that matches the experimental 

spectrum from the 1 ← 0 up to the 3 ← 0 band with the peak intensities agreeing within 

± 20 %. Differences between the vibrational band intensity profiles in the 488 and 514 

nm spectra could be due to detaching a metastable state of the anion (NbCr + e¯ ← 

(NbCr¯)* ← NbCr¯ + hν) where different vibrational levels of (NbCr¯)* are populated at 

different wavelengths. This phenomenon has been seen before in other photoelectron 

spectra and the vibrational intensities from the Franck-Condon overlaps for an indirect 

photodetachment process could be quite different than for the direct photodetachment 

process.71 This may apply to NbCr, where the indirect photodetachment Franck-Condon 

overlaps of NbCr¯ with (NbCr¯)* and of (NbCr¯)* with NbCr could lead to different 

vibrational intensities in the 488 versus the 514 nm spectra. Thus, the error bar in the 

bond length is reported to be larger due to the 514 nm results, ± 0.011 Å. This range was 

obtained by matching the vibrational band intensity profile of the experimental spectrum 

to the fitted Franck-Condon simulation from either the 2 ← 0 or the 3 ← 0 band so that 

the peak intensities agreed within ± 20 %.  

 (5) For Transition A, the instrumental line shape was fit using Gaussian peak 

shapes and the peak width is 11 meV (89 cm-1).  

 The vibrational frequency decreases going from the NbCr¯ ground state (532 ± 10 

cm-1) to the NbCr ground state (467 ± 10 cm-1), while the bond length increases going 

from NbCr¯ (1.815 ± 0.011 Å) to NbCr (1.8940 ± 0.0003 Å)7. This trend is consistent 

with the electron being detached from a bonding type orbital. Therefore, if a single 
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configurational model is assumed and the ground state of NbCr is X̃ 2∆ (dσ2dπ4dδ3sσ2),7 

then the most likely assignment of the NbCr¯ ground state is the X̃ 1Σ+ (dσ2dπ4dδ4sσ2). 

Another possible state, the 3∆ (dσ2dπ4dδ3sσ2sσ*1), would have the electron being 

detached from an antibonding type orbital. 

 To provide further support that the assignment for the ground state of NbCr¯ is 

the X̃ 1Σ+, a comparison between Transitions A and C can be made in both the 488 and 

514 nm spectra, shown in Figure 2.4. In the 488 nm spectrum, the ratio (A/C) is 0.29, 

which is determined by summing the photoelectron counts of Transition A over the 0.710 

– 1.224 eV eBE region relative to the sum of the photoelectron counts of Transition C 

over 1.225 – 1.980 eV eBE. In the 514 nm spectrum, the ratio (A/C) is 0.55. Since the 

ratio (A/C) is only 0.29 at 488 nm (0.55 at 514 nm), the weaker intensity of Transition A 

relative to C suggests that Transition A is due to an electron being detached from a d 

orbital. This conclusion is based on other transition metal atomic and molecular anion 

photoelectron spectra recorded at laser wavelengths of 488 nm, where transitions from s 

orbitals have an increased intensity relative to those from d orbitals.72 Thus, the 

integrated intensity results between Transition A and C also suggest that Transition C is 

due to an electron being detached from an s orbital. 

 Based on the assignment given for Transition A, (X̃ 2∆ ← X̃ 1Σ+), photoelectron 

selection rules for diatomic molecules can determine the possible values of spin-orbit 

substates (Ω) for the X̃ 1Σ+ state of NbCr¯ and X̃ 2∆ state of NbCr, which are Ω = Λ + S 

through Ω = Λ – S. For the X̃ 1Σ+ state of NbCr¯, there is only one spin-orbit state (X̃ 1Σ0
+) 

while the X̃ 2∆ state of NbCr has two spin-orbit substates (2∆5/2 and 2∆3/2). To determine 
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which substate is the ground state term, consideration of the wavefunctions for the 

substates 2∆5/2 and 2∆3/2 indicates that the spin-orbit coupling constant (A) is negative, so 

the spin-orbit levels are inverted; i.e., the 2∆5/2 substate is lower in energy.73 Since 

Transition A has an electron detached from a dδ orbital, its spin-orbit transitions can have 

|∆Ω| ≤ 5/2. This allows the X̃ 1Σ+ state of NbCr¯ to access both spin-orbit transitions of 

the X̃ 2∆ state (X̃ 2∆5/2 and 2∆3/2) of NbCr.  

 However, Transition A does not show any evidence of spin-orbit structure. It is 

assumed that the lack of spin-orbit structure is due to both the instrumental resolution (11 

meV = 89 cm-1) and the overlap of the vibrational progression of the transition to the 2∆3/2 

state with the vibrational progression associated with the X̃ 2∆5/2 state. These assumptions 

are supported by measurements using anion photoelectron spectroscopy of another group 

5/6 congener, VMo.10 The ground state transition (also presumed to be the X̃ 2∆ ← X̃ 1Σ+) 

for VMo displays spin-orbit structure with vibrationally-resolved transitions to the X̃ 2∆5/2 

and 2∆3/2 states.8,10 The spin-orbit splitting (X̃ 2∆5/2 – 2∆3/2) of VMo is measured to be 645 

± 10 cm-1 and its ∆G1/2 values are measured to be 503 ± 10 cm-1 (X̃ 2∆5/2) and 497 ± 10 

cm-1 (2∆3/2).
10 Thus, the spin-orbit splitting in VMo is similar to its vibrational frequency, 

making the (v – 1) ← 0 transitions to the 2∆3/2 state and the v ← 0 transitions to the 2∆5/2 

state appear to be very close and nearly overlapping one another.10  

 In order to determine if the spin-orbit splitting and vibrational frequency are 

similar for NbCr, theoretical estimates of the spin-orbit splitting were predicted for both 

VMo and NbCr. For the X̃ 2∆ ground state, the spacing between the X̃ 2∆5/2 and 2∆3/2 states 

should be twice the average value of the atomic spin-orbit constants (V = 177 cm-1, Cr = 
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243 cm-1, Nb = 524 cm-1, and Mo = 677 cm-1).6,73As a result, the theoretical estimation of 

the spin-orbit splitting (X̃ 2∆5/2 – 2∆3/2) for VMo and NbCr are 854 cm-1 and 767 cm-1, 

respectively. The observed spin-orbit splitting value of VMo (645 ± 10 cm-1) is 75.5 % of 

the theoretical value (854 cm-1). If the observed spin-orbit splitting value of NbCr is also 

75.5 % of the theoretical value (767 cm-1), then the expected splitting is ~580 cm-1 and it 

could be even lower. This rough estimate is close to the vibrational frequency of the X̃ 2∆ 

ground state (467 ± 10 cm-1). So, it is reasonable to assume that the 2∆3/2 (v – 1) ← 0 

transitions overlap the X̃ 2∆5/2 v ← 0 transitions closely enough that the two progressions 

cannot be separately resolved at the instrumental resolution. Therefore, it is concluded 

that the absence of resolved spin-orbit splitting does not invalidate the assignment given 

for Transition A (X̃ 2∆ ← X̃ 1Σ+).  
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2.3.A.ii Transition B 

 
Figure 2.6. NbCr¯ photoelectron spectrum of Transition B, assigned as X̃ 2∆ ← 3∆. The 

solid line shows the fitted Franck-Condon simulation. Dots show the 488 nm 

experimental spectrum. The vibrational assignments are given as vʹneutral ← vʺion.  

 

 The weakest transition, which is observed at the lowest eBE region as shown in 

Figure 2.3, is Transition B. The expansion of Transition B shown in Figure 2.6 displays a 

comparison between the 488 nm experimental spectrum and the fitted Franck-Condon 

simulation. Parameters used to obtain the Franck-Condon simulation (again for Morse 

potentials) include:  

 (1) The anion temperature was assumed to be the same as for Transition A (275 

K) because the 0 ← 1 hot band could not be identified within the limit of detection in 

Transition B.  

 (2) The eBE peak position of the 0 ← 0 origin band of the transition from the 

lower-energy spin-orbit component of the anion state, labeled as B in Figure 2.3, is 
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determined to be about 0.644 ± 0.003 eV. The justification of this assignment will be 

explained in more detail below.  

 (3) As noted in Table 2.1, Transition B displays the same vibrational interval for 

the neutral molecule (459 ± 10 cm-1) as does Transition A (473 ± 10 cm-1) to within the 

experimental uncertainty. This agreement demonstrates that both Transitions A and B 

access the same X̃ 2∆5/2 ground state of NbCr. The 0 ← 1 hot band, which should be to the 

right of the 0 ← 0 origin band, cannot be identified within the limit of detection, as 

mentioned earlier. Therefore, no information on the vibrational constants can be given for 

the anion state.  

 (4) The fitted Franck-Condon simulation yielded a ∆r value, relative to the X̃ 2∆ 

NbCr ground state (1.8940 ± 0.0003 Å)7, of 0.027 Å ± 0.007 Å, which was determined by 

fitting the vibrational band intensities for the 0 ← 0 and 1 ← 0 bands. Within this error 

bar, the peak intensities agree to within ± 25 % for both the 488 and 514 nm spectra. The 

vibrational constants for the neutral state also had to fit within the error bars as stated 

above. Since vibrational overtones were not observed due to the overlap with Transition 

A, the direction of the bond length change could not be determined for Transition B.  

 (5) Transition B Franck-Condon fits assumed Gaussian peak shapes for the 

instrumental line shape with peak widths of 12 ± 2 meV (97 ± 16 cm-1).  

  The relative intensity of Transition B is significantly weaker than Transition A. 

The ratio of Transition (A/B) is 16.5 as determined by summing the photoelectron counts 

of Transition A over the 0.710 – 1.224 eV eBE region relative to Transition B over the 

0.610 – 0.709 eV eBE region. The intensity of Transition B appeared to be even weaker 
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at 514 nm, where the ratio (A/B) is 20.5. This weak transition is probably due to an 

excited electronic state of the anion. Since the ground state of NbCr¯ is assigned as the X̃ 

1Σ+, and assuming the single configurational model, the most likely assignment for the 

excited state of NbCr¯ is as the 3∆ state (dσ2dπ4dδ3sσ2sσ*1). Thus, to access the NbCr 

ground state, the electron would be detached from an antibonding σ* orbital, which is 

expected to have hybrid sp character.51 

 In support of this assignment (X̃ 2∆5/2 ← 3∆), photoelectron selection rules would 

allow electron detachments from this sσ* orbital in the 3∆ state of the anion (whose 

substates are 3∆3, 
3∆2, and 3∆1) to access one or both of the spin-orbit components of the 

2∆ state of the neutral (whose substates are X̃ 2∆5/2 and 2∆3/2). The four possible transitions 

include X̃ 2∆5/2 ← 3∆3, X̃
 2∆5/2 ← 3∆2, 

2∆3/2 ← 3∆2, and 2∆3/2 ← 3∆1. Consideration of the 

wavefunctions for the substates 3∆3, 
3∆2, and 3∆1 indicates that the spin-orbit coupling 

constant (A) is negative, so the spin-orbit levels are inverted; i.e., the 3∆3 substate is 

lowest in energy.73 As noted earlier, this is also true for the NbCr ground state (2∆5/2 < 

2∆3/2).  

 Figure 2.6 shows two spin-orbit transitions that are presumed to arise from the 3∆3 

and 3∆2 levels of NbCr¯and to access the X̃ 2∆5/2 ground state of NbCr. The most intense 

transition (X̃ 2∆5/2 ← 3∆3) is between the spin orbit states that have the highest Ω values 

and are lowest in energy, and as expected, the origin band of this transition appears at 

higher eBE in Figure 2.6. To its right (at lower eBE) is a less intense transition, which is 

assigned as the origin band of the X̃ 2∆5/2 ← 3∆2 transition. From the spacing between 

these bands, the spin-orbit splitting value of the NbCr¯ excited state (3∆2 – 3∆3) is 
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measured to be 100 ± 25 cm-1. The 3∆3 excited state energy (T0) of NbCr¯, which is 

determined by measuring the interval between the origin bands of Transitions A (eBE = 

0.793 ± 0.005 eV) and B (eBE = 0.644 ± 0.003 eV), is 1200 ± 50 cm-1 (0.149 ± 0.006 

eV). 

 

2.3.A.iii Transition C 

 
Figure 2.7. NbCr¯ photoelectron spectrum of Transition C, assigned as 2Σ+

(1) ← X̃ 1Σ+. 

The solid line shows the fitted Franck-Condon simulation. Dots show the experimental 

spectrum. The vibrational assignments are given as vʹneutral ← vʺion. 

 

 One of the strongest transitions (C) is near the middle eBE region, as shown in 

Figure 2.3. An expansion of Transition C is shown in Figure 2.7, obtained at a laser 

wavelength of 488 nm. Figure 2.7 also displays a comparison between the experimental 

spectrum and the fitted Franck-Condon simulation. Parameters used to obtain the Franck-

Condon simulation include:  
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 (1) The anion temperature was assumed to be 275 K, the same values as for 

Transitions A and B. 

 (2) The 0 ← 0 origin band, labeled as C in Figure 2.3, is observed at 1.306 ± 

0.002 eV eBE. Methods to determine the 0 ← 0 origin band follow the same procedure as 

was previously mentioned in Sec. 2.3.A.i.  

 (3) Using the same method as mentioned in Sec. 2.3.A.i, the spacing between the 

1 ← 0 fundamental band and the 0 ← 0 origin band gives a ∆G1/2 value of 588 ± 10 cm-1 

for the low-lying excited state of NbCr accessed in this transition. Transitions from 0 ← 0 

to 3 ← 0 can be fit to a Franck-Condon progression using the vibrational constants ωe = 

601 ± 10 cm-1 and ωexe = 6.5 ± 1.3 cm-1. The 0 ← 1 hot band, which is to the right of the 

0 ← 0 origin band, is measured to have the same vibrational interval for the anion (532 ± 

10 cm-1) as in Transition A (533 ± 10 cm-1), as mentioned earlier in Sec. 2.3.A. 

Therefore, Transition C is assigned to the same X̃ 1Σ+ (ground) state of NbCr¯. The 0 ← 2 

overtone is too weak to be detected in Transition C and no information on the other 

vibrational constants of the anion could be obtained.  

 (4) The Franck-Condon fit yielded a ∆r value, relative to the X̃ 1Σ+ ground state of 

NbCr¯, of 0.050 ± 0.017 Å. The uncertainty is determined by matching the observed 

vibrational band intensity profiles, for both the 488 and 514 nm spectra, to the fitted 

Franck-Condon simulation from the 0 ← 0 to the 2 ← 0 bands so that the relative peak 

intensities agree within ± 25 % and the vibrational constants for the neutral state also fit 

within its error bars. Based on data from Figure 2.7, if the bond length is assumed to 

decrease (– 0.046 ± 0.002 Å) going from the ground state of NbCr¯ to the excited state of 
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NbCr, the percent difference between the experimental and the fitted Franck-Condon 

simulation for the 2 ← 0 band is about 10 % too low. When the bond length is assumed 

to increase (+0.045 Å) going from the ground state of NbCr¯ to the excited state of NbCr, 

the percent difference between the experimental and the fitted Franck-Condon simulation 

for the 2 ← 0 band is about 80 % too high. Therefore, the bond length is presumed to be 

shorter by 0.050 ± 0.006 Å in the first observed low-lying excited state of NbCr (1.765 ± 

0.017 Å).  

 (5) The Franck-Condon fit to Transition C uses Gaussian peak shapes with widths 

of 10 meV (81 cm-1). 

 The integrated intensity results, mentioned earlier in Sec. 2.3.A.i, show that 

Transition C is 2 or 3 times stronger than Transition A in the spectra in Figure 2.4. These 

results suggest that Transition C is due to the detachment of an electron from an orbital 

with greater atomic s-electron parentage, that is, from the primarily sσ bonding orbital. 

Since Transition C starts from the X̃ 1Σ+ ground state of NbCr¯ and the electron is 

detached from this orbital yielding a dσ2dπ4dδ4sσ1 electron configuration, this low-lying 

excited state of NbCr is assigned as a 2Σ+
 state. However, the vibrational frequency in 

Transition C increases going from the NbCr¯ ground state (532 ± 10 cm-1) to the NbCr 

first excited state (588 ± 10 cm-1) while the bond length decreases by 0.050 ± 0.017 Å 

going from NbCr¯ (1.815 ± 0.011 Å) to NbCr (1.765 ± 0.017 Å). This trend is quite 

notable because detaching a bonding electron leads to the vibrational frequency 

increasing, which is unexpected. In contrast, for Transition A, detaching an electron from 



 

57 

 

a dδ bonding orbital causes the vibrational frequency to decrease. A further discussion of 

these observations will be given in Sec. 2.4.A.  

 The 2Σ+ excited state energy of NbCr was measured from the spacing between the 

origin band of Transitions A (0.793 ± 0.005 eV eBE) and C (1.306 ± 0.002 eV eBE) to 

give a T0 value of 4130 ± 40 cm-1 (0.512 ± 0.005 eV). Transition C does not appear to 

have any spin-orbit structure, as shown in Figure 2.7. This observation is consistent with 

its assignment (2Σ+
(1) ← X̃ 1Σ+) as a transition between two Σ states. 

 

2.3.A.iv Transition D 

 
Figure 2.8. NbCr¯ photoelectron spectrum of Transition D, assigned as 2Σ+

(2) ← X̃ 1Σ+. 

The solid line shows the fitted Franck-Condon simulation. Dots show the experimental 

spectrum. The vibrational assignments are given as vʹneutral ← vʺion. 

 

 Another strong transition (D) is in the high eBE region shown in Figure 2.3. An 

expansion of Transition D is shown in Figure 2.8, obtained at a laser wavelength of 488 
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nm. Figure 2.8 also displays a comparison between the experimental spectrum and the 

Franck-Condon fit. The parameters used to obtain the Franck-Condon simulation are 

described below.  

 (1) The anion temperature was assumed to be 275 K, the same value as for 

Transitions A – C.  

 (2) The origin band position is 2.140 ± 0.003 eV eBE, labeled as D in Figure 2.3. 

This value was determined by following the same procedure as previously mentioned in 

Sec. 2.3.A.i.  

 (3) Transitions from 0 ← 0 up to 2 ← 0 can be fit as a Franck-Condon 

progression using the vibrational constants ωe = 497 ± 12 cm-1 and ωexe = 2.3 ± 2.3 cm-1
 

as shown in Figure 2.8. The ∆G1/2 value is found to be 492 ± 10 cm-1 for the second low-

lying excited state of NbCr. The measured interval, as noted in Table 2.1, between the 0 

← 0 origin and the 1 ← 0 band is 498 ± 15 cm-1, providing another consistent 

measurement of this quantity. As is indicated in Table 2.1 for Transition D, the spacing 

between the 0 ← 0 origin band and the 0 ← 1 hot band gives the same vibrational 

fundamental frequency for the anion (523 ± 15 cm-1) as is measured from Transition A 

(533 ± 10 cm-1) and Transition C (532 ± 10 cm-1) within the experimental uncertainty. 

Therefore, Transition D is assigned to the X̃ 1Σ+ ground state of NbCr¯. A very weak 0 ← 

2 overtone was detected at about 1040 ± 25 cm-1, consistent with a positive value of the 

anharmonicity constant (ωexe) of the anion, but this peak intensity is too low to measure 

an accurate value for ωexe from Transition D. 
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 (4) The ∆r value, relative to the X̃ 1Σ+ ground state of NbCr¯, was determined to 

be 0.117 ± 0.018 Å from the Franck-Condon fit. The uncertainty is determined by fitting 

the observed vibrational band intensities of 0 ← 0, 1 ← 0, and 2 ← 0 bands so that the 

relative peak intensities in the Franck-Condon simulation agreed with experiment within 

± 25 % and the vibrational constants also fit within their error bars. The 514 nm spectrum 

in Figure 2.4 was not included in estimated this uncertainty value because both the 2 ← 0 

and 1 ← 0 bands are cut off as a result of decreasing instrumental sensitivity at low eKE 

values (corresponding to eBE values above 2.2 eV). In the 488 nm spectrum, when the 

bond length is assumed to increase (+ 0.117 ± 0.007 Å) going from the X̃ 1Σ+ NbCr¯ 

ground state to the second excited state of NbCr and the ∆r value is fit to match the 1 ← 0 

to 0 ← 0 intensity ratio, the percent difference between the experimental spectrum and 

the fitted Franck-Condon simulation for the 2 ← 0 band is about 5 % too high. However, 

when the bond length is assumed to decrease (– 0.095 Å) going from the NbCr¯ ground 

state to the second excited state of NbCr and the ∆r value is fit to match the 1 ← 0 to 0 ← 

0 intensity ratio, the 2 ← 0 band is predicted to be about 40 % too low. Therefore, the 

bond length is presumed to be longer by 0.117 ± 0.007 Å in the second low-lying excited 

state of NbCr than in the anion (1.815 ± 0.011 Å), giving a bond length of 1.932 ± 0.018 

Å in this excited state. 

 (5) The Franck-Condon fit to Transition D used Gaussian line shapes with widths 

of 16 meV (129 cm-1). 

 The vibrational frequency decreases upon going from the X̃ 1Σ+ ground state of 

NbCr¯ (532 ± 10 cm-1) to the second excited state of NbCr (492 ± 10 cm-1) while the 
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bond length increases from 1.815 ± 0.011 Å to 1.932 ± 0.018 Å. These observations 

suggest that the electron is detached from a bonding orbital. As noted earlier, Transition 

A is assigned to the X̃ 2∆ ground state of NbCr (dσ2dπ4dδ3sσ2), where the electron is 

detached from a dδ bonding orbital of the closed-shell, 1Σ+ anion. Transition C was 

assigned to a 2Σ+
 excited state of NbCr accessed by an electron detachment from the 

primarily sσ bonding orbital. By the process of elimination, the most likely assignment 

for the second low-lying excited state of NbCr is to another 2Σ+
 state, where the electron 

is detached from the primarily dσ bonding orbital.  

 The 2Σ+
(2) excited state energy (T0) of NbCr, which was measured from the 

spacing between the origin bands of Transitions A (0.793 ± 0.005 eV eBE) and D (2.140 

± 0.003 eV eBE), is 10880 ± 50 cm-1 (1.349 ± 0.006 eV). Transition D also appears to 

have a lack of spin-orbit structure, shown in Figure 2.8, which is consistent with its 

presumed assignment (2Σ+
(2) ← X̃ 1Σ+). 

 The relative intensities of Transitions C and D, which access two 2Σ+
 states of 

NbCr, were also compared. In the 488 nm spectrum, the ratio (D/C) is only 0.68. This is 

determined from the sum of the photoelectron counts of Transition D over the observed 

1.980 – 2.440 eV eBE region relative to those of Transition C over the 1.225 – 1.980 eV 

eBE region. This method clearly underestimates the relative intensity of Transition D 

because its vibrational intensity profile is cut off due to the decreasing instrumental 

sensitivity at high eBE (low eKE) values. To correct for this artifact, the sum of 

photoelectron counts for Transition D over the 1.980 – 2.440 eV eBE region, shown as 

dots in Figure 2.8, is compared to the sum of photoelectron counts of the entire 
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vibrational progression from the fitted Franck-Condon simulation (1.980 – 3.040 eV 

eBE). The ratio (D/Franck-Condon fit of D) is 0.44 and the ratio (Franck-Condon fit of 

D/C) is 1.54. Thus, Transition D is inherently about 50 % stronger than Transition C. As 

noted in Sec 2.3.A.iii, Transition C is assigned to the detachment of an electron from the 

primarily sσ bonding orbital. The relative intensities of Transitions C and D further 

complicate the simple descriptions of their primary electronic configurations as 

dσ2dπ4dδ4sσ1 or dσ1dπ4dδ4sσ2 (or as involving sdσ hybrid orbitals), as will be further 

discussed in Sec. 2.4.A. 

 

2.3.B Computational Results 

 Table 2.3 provides the total ZPE (zero point vibrational energy) corrected 

energies, the relative energies, and S2 values of NbCr¯ (singlet, triplet, quintet, septet spin 

states) and NbCr (doublet, quartet, sextet, octet spin states) at the BPW91 and M06 levels 

of theory. Spectroscopic constants were compared between the DFT calculations, using 

the methods described in Sec. 2.2.B, and the experimentally obtained values for the 1Σ+, 

2∆, 2Σ+, and 3∆ states, as shown in Tables 2.4 and 2.5. Appendix A, using the results 

given in Table 2.4 and Table 2.5, also shows the molecular orbital energies and shapes 

for the 1Σ+, 2∆, 2Σ+, 3∆, and 4∆ states at both the BPW91/SDD and M06/SDD levels of 

theory. 

 When wavefunction stability is enforced for the quintet spin state of the anion, its 

predicted energy is calculated to be at least 4000 cm-1 above the calculated ground state 

at either level of theory. When stability is not enforced for the quintet state, its predicted 
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energy is at 2517 cm-1 (BPW91/SDD) and 3982 cm-1 (M06/SDD) above the calculated 

ground state, as shown in Table 2.3. It is interesting to point out that at least at the 

M06/SDD level of theory, when stability is not enforced, the quintet state is lower in 

energy than the singlet state despite experimental results indicating that the singlet state 

(1Σ+) is indeed the ground state of the anion. At both levels of theory, sextet, septet, and 

octet spin states are predicted to be significantly higher in energy by at least 10000 cm-1 

above the calculated ground state when stability is enforced and at least 7000 cm-1 above 

the calculated ground state when stability is not enforced (as seen in Table 2.3). Since 

these states are much higher, they will not be discussed in any further detail. 

 Both levels of theory predict that the 2∆ state is the ground state of NbCr when 

wavefunction stability is enforced (see Table 2.4), which is in agreement with previous 

work using R2PI spectroscopy.7 However, when wavefunction stability is not enforced 

(see Table 2.5), BPW91 predicts a 2∆ ground state and M06 predicts that the 2∆ state is 

the first low-lying excited state, lying 3767 cm-1 above the predicted quartet ground state. 

In Table 2.4, when wavefunction stability is enforced, the S2 values for the calculated 

ground state of NbCr (2∆) at both BPW91 and M06 levels of theory are 2.25 and 2.43, 

respectively. The expected value for the total spin operator S2, S(S + 1), for a doublet 

state should be 0.75.  Considering that the calculated S2 value significantly deviates from 

the expected value, it can be said that the wavefunction has a high amount of spin 

contamination and that this state is not well-described by a single Slater determinant. 

Another indication that these results appear to be unreliable is that the bond lengths at 

both levels of theory for the 2∆ states are significantly higher than the experimental 
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values by at least 0.13 Å and the vibrational frequencies are significantly lower by at least 

180 cm-1 (Table 2.4). 

 As can be seen in Table 2.5, when wavefunction stability is not enforced, the S2 

values for the 2∆ state at both BPW91 and M06 levels of theory are 0.80 and 1.00, 

respectively. Here the S2 values are relatively close to the expected value (0.75) and not 

much can be concluded about the amount of spin contamination in this state. However, 

when these results are checked for wavefunction stability as described in Sec. 2.2.B, the 

results from Table 2.5 for the 2∆ state at both levels of theory have an internal instability, 

indicating that the analytic frequency calculations (ωe) are invalid for interpretation. It is 

also interesting to note that when wavefunction stability is not enforced and one uses the 

keyword SCF=XQC, as seen for a 2∆ state in Table 2.5, the wavefunction has an internal 

instability. If one uses the keyword SCF=QC instead and uses the same method, the 

wavefunction is stable after geometry optimization and the results are the same as those 

shown in Table 2.4. No other state calculated here gave the same results when 

wavefunction stability was not enforced and the keyword SCF=QC was used. 

As shown in Table 2.4, when wavefunction stability is enforced, both levels of 

theory predict that the 4∆ state is a low-lying excited state of NbCr, lying 4017 (M06) or 

6515 cm-1 (BPW91) above the 2∆ ground state. S2 values for the 4∆ excited state in Table 

2.4 at the BPW91 and M06 levels of theory are 3.92 and 4.59, respectively. The expected 

value for a quartet state should be 3.75, indicating that at the M06 level of theory there is 

a considerable amount of spin contamination. This comparison suggests that the 4∆ 

excited state is not well-described at the M06 level of theory. At the BPW91 level of 
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theory, where the S2 value is relatively close to the expected value, the energy splitting 

between the 2∆ and 4∆ states is 6515 cm-1 which suggests that the 4∆ state would be low 

enough in energy for this state to be observed in this experimental spectrum if this 

transition were spin-allowed from the anion ground state. However, based on the 

experimental results, the anion ground state is assigned as a singlet (1Σ+), so transitions to 

a quintet state would not be allowed. So, the present experimental results cannot provide 

a test of the 4Δ state energy. It was also noted that after the geometry optimization 

calculation (when wavefunction stability was enforced) at the BPW91 level of theory, the 

wavefunction was found to have an internal instability, which demonstrates the 

importance of checking wavefunction stability after optimizing the geometry. A stable 

wavefunction was found by doing single point stability calculations starting at the 

geometry-optimized bond length (2.009 Å) and testing the bond length ± 0.01 Å from the 

optimized bond length until a local minimum was found. The local minimum and stable 

wavefunction still had geometry-optimized bond length of 2.009 Å, but did show minor 

changes in the total energy and vibrational frequency values compared to the internally 

unstable 4∆ state at 2.009 Å.  

 In the 4∆ state, when wavefunction stability is not enforced, the wavefunction has 

an internal instability at the BPW91 level of theory (regardless of whether one uses the 

keyword SCF=XQC or SCF=QC), while at the M06 level of theory, the wavefunction is 

stable and the results are the same as if wavefunction stability were enforced. S2 values 

for the 4∆ state in Table 2.5 at the BPW91 and M06 levels of theory are 3.91 and 4.59, 

respectively (almost the same as in Table 2.4). The large S2 value at the M06 level of 
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theory again shows that the 4∆ state is not well-described using this method. The BPW91 

level of theory predicts that the 4∆ state is the first low-lying excited state of NbCr, while 

the 2Σ+ state is the second low-lying excited state. The M06 level of theory predicts that 

the 4∆ state is the ground state, the 2Σ+ state is the first low-lying excited state, and 2∆ is 

the second low-lying excited state. Therefore, when wavefunction stability is not 

enforced, the M06 level of theory contradicts the experimental results that demonstrate a 

2∆ ground state for NbCr.7 

 For the 2Σ+ excited state calculations for NbCr, where the keyword Guess=Alter 

was used to obtain the desired electronic state, wavefunction stability could not be 

enforced, in order to prevent the final wavefunction from having a different orbital 

symmetry. The results for the 2Σ+ excited state can be found in Table 2.5. Furthermore, 

only one 2Σ+ excited state could be calculated from both levels of theory, because both 

2Σ+ excited states have the same orbital symmetry. Therefore, the calculation cannot 

distinguish differences between the two assigned 2Σ+ excited states that were observed 

experimentally. As mentioned earlier, the 2Σ+ states at both levels of theory have large S2 

values, as well as internal instabilities in the wavefunction. 

 Table 2.4 shows that the 1Σ+ state is predicted to be the ground state of NbCr¯ at 

the BPW91 level of theory when wavefunction stability is enforced, which is consistent 

with the experimental results. The 1Σ+ state is predicted to be the first low-lying excited 

state at the M06 level of theory. The energy splittings between the 1Σ+ and the 3∆ states, 

at both levels of theory, are only ~ 500 cm-1 (0.06 eV), suggesting that these states are too 

close in energy to one another for their ordering to be reliably predicted. The S2 values 
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for the calculated 1Σ+ state of NbCr¯ at the BPW91 and M06 levels of theory are 2.18 and 

2.41, respectively. The expected value for a singlet state should be 0.00. Again, a high 

amount of spin contamination is observed in the 1Σ+ state when wavefunction stability is 

enforced, suggesting that both methods are unreliable in predicting the properties of the 

singlet state. When wavefunction stability is enforced at the M06 level of theory for the 

1Σ+ state, the geometry optimized state was found to have an internal instability. A stable 

wavefunction was found by doing single point stability calculations starting with the 

geometry optimized bond length (1.961 Å) and testing the bond length ± 0.01 Å from the 

optimized bond length until a local minimum was found. The stable wavefunction for the 

1Σ+ state was at 2.004 Å (see Table 2.4). 

 Table 2.5 shows that at both levels of theory (when wavefunction stability is not 

enforced), the 1Σ+ state is predicted to be the first low-lying excited state of NbCr¯, which 

is inconsistent with the experimental results. S2 values for both levels of theory are 0.00, 

but both levels of theory also have an RHF → UHF instability (regardless of whether one 

uses the keyword SCF=XQC or SCF=QC), thus indicating that the analytic frequency 

calculations (ωe) are invalid for interpretation.  

 The 3∆ state is predicted to be the first low-lying excited state of NbCr¯ at the 

BPW91 level of theory while the 3∆ state is predicted to be the ground state at the M06 

level of theory when wavefunction stability is enforced (see Table 2.4). For the BPW91 

and M06 levels of theory, the S2 values for the calculated 3∆ state of NbCr¯ are 3.17 and 

4.17, respectively. Since the expected value for a triplet state is 2.00, again there are high 

amounts of spin contamination when wavefunction stability is enforced for the 3∆ state. 
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Additionally, the 3∆ state had similar problems to those of the 1Σ+ state; when 

wavefunction stability is enforced at the M06 level of theory, the 3∆ state had an internal 

instability. Following the same procedures as noted above for the 1Σ+ state, but starting 

with the optimized bond length for the 3∆ state of 2.146 Å, a local minimum as well as a 

stable wavefunction were found at 2.167 Å (see Table 2.4). 

 When wavefunction stability is not enforced, the 3∆ state is predicted to be the 

ground state of NbCr¯ at both levels of theory (see Table 2.5). The S2 values at BPW91 

and M06 levels of theory are 2.04 and 4.04, respectively, as compared to the 2.00 

expected value. The M06 level of theory again demonstrates high spin contamination and 

the wavefunction has an internal instability. At the BPW91 level of theory, the 

wavefunction was found to be stable (regardless of whether the keyword SCF=XQC or 

SCF=QC was used), but the bond length, 1.915 Å, reported in Table 2.5 is different than 

the bond length, 2.031 Å, reported in Table 2.4 (where stability is enforced), 

demonstrating some strange inconsistencies in the computational data. The bond lengths 

in Table 2.5 for the 3∆ and 2∆ states suggest the direction of the bond length change for 

Transition B in the photoelectron spectrum. Based on the predictions in Table 2.5, the 

bond length decreases upon going from the 3∆ state of the anion to the 2∆ state of the 

neutral molecule, and the vibrational frequency increases, consistent with the detachment 

of an electron from an anti-bonding orbital.  

 The Natural Population Analysis, in Table 2.4, for both DFT methods reveals that 

the natural electron configuration of Nb for the 1Σ+ state of the anion is [Kr]5s(1.01)4d(4.25) 

while for the 2∆ state it is [Kr]5s(1.01)4d(3.81), showing that the 4d orbital decreased in 
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occupation number. This is consistent with the experimental results for Transition A, 

indicating that the electron is detached from a d orbital. For the Cr atom, both the 4s and 

3d occupations decrease upon electron detachment in the ground state transition (2∆ ← 

1Σ+). For the 2∆ ← 3∆ transition, the 4s (Cr) and 5s (Nb) orbitals, as well as the 4p and 5p 

orbitals, are predicted to decrease in occupation upon electron detachment, while the 3d 

(Cr) and 4d (Nb) orbital occupations remain essentially unchanged at the BPW91 level of 

theory. These results are also consistent with the experimental assignments for Transition 

B, and confirm that the electron is detached from an sp hybrid orbital. These trends in 

Table 2.4 are similar to those observed in Table 2.5, except that in the calculations in 

which wavefunction stability was not enforced, the 4s orbital (Cr) occupation remains 

unchanged upon electron detachment in the ground state transition (2∆ ← 1Σ+). 

  In summary, all states calculated in Table 2.4, except the 4∆ state at the BPW91 

level of theory, have high S2 values, signifying large amounts of spin contamination, and 

suggesting that both DFT methods employed here do not provide a reasonable treatment 

for the NbCr and NbCr¯ dimers. The 4∆ state at the BPW91 level of theory, as mentioned 

earlier, cannot be compared to the experimental measurements as this state was not 

observed. In Table 2.5, when wavefunction stability is not enforced, only the 3∆ state at 

the BPW91 level of theory, and the 4∆ state at the M06 level of theory, were found to 

have stable wavefunctions. This provides greater confidence in the analytic frequency 

calculations (ωe), but the vibrational frequencies of these states are not available for 

comparison. The NbCr and NbCr¯ dimers could provide useful tests of the validity of 

new DFT methods.   
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Table 2.3. Total zero point corrected energies, relative energies, and S2 values of all spin states tested for both the anion and neutral 

spin states of NbCr at BPW91 and M06 levels of theory 

  Stability Enforced  Stability Not Enforced 

Level of 

Theorya Molecule 
Spin 

State 

Energy 

(Hartree)b Erel (eV) Erel (cm-1) S2 True S2  
Energy 

(Hartree)b 
Erel (eV) Erel (cm-1) S2 True S2 

BPW91 

NbCr¯ 

1 -143.9811 0.0000 0 2.18 0.00  -143.9675 0.0171 138 0.00 0.00 

3 -143.9785 0.0707 570 3.17 2.00  -143.9681 0.0000 0 2.04 2.00 

5 -143.9567 0.6639 5355 6.16 6.00  -143.9567 0.3120 2517 6.16 6.00 

7 -143.9336 1.2922 10422 12.36 12.00  -143.9336 0.9403 7584 12.36 12.00 

NbCr 

2 -143.9585 0.0000 0 2.25 0.75  -143.9445 0.0000 0 0.80 0.75 

4 -143.9288 0.8077 6515 3.92 3.75  -143.9288 0.4295 3464 3.91 3.75 

6 -143.9087 1.3568 10944 9.45 8.75  -143.9087 0.9764 7875 9.45 8.75 

8 -143.8993 1.6116 12999 16.37 15.75  -143.8969 1.2969 10460 16.45 15.75 

M06 

NbCr¯ 

1 -143.7734 0.0671 541 2.41 0.00  -143.7474 0.7687 6200 0.00 0.00 

3 -143.7758 0.0000 0 4.17 2.00  -143.7757 0.0000 0 4.04 2.00 

5 -143.7575 0.4984 4020 7.19 6.00  -143.7575 0.4938 3982 7.19 6.00 

7 -143.7378 1.0348 8346 13.21 12.00  -143.7367 1.0593 8544 13.13 12.00 

NbCr 

2 -143.7474 0.0000 0 2.43 0.75  -143.7119 0.4670 3767 1.00 0.75 

4 -143.7291 0.4980 4017 4.59 3.75  -143.7291 0.0000 0 4.59 3.75 

6 -143.7013 1.2532 10107 9.74 8.75  -143.6725 1.5382 12407 9.08 8.75 

8 -143.7010 1.2607 10168 16.44 15.75  -143.6956 0.9111 7349 16.51 15.75 

(a) indicates that the SDD basis set was used for all levels of theory tested. (b) Energy values are all ZPE corrected. 
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Table 2.4. Calculated spectroscopic constants that enforce wavefunction stability compared to experimental measurementsa 

Molecule 
Spin 

State 

Level of 

Theoryb Assignment 
Nb Natural Electron 

Configuration 

Cr Natural Electron 

Configuration 
r (Å) 

ωe 

(cm-1) 

T0  

(cm-1)c 
EA (eV)d S2 

True 

S2  

NbCr¯ 

1 

Experiment 1Σ+ - - 1.815  532  - - - - 

BPW91 1Σ+ [Kr]5s(1.01)4d(4.25) [Ar]4s(1.24)3d(5.31) 1.998 260 - - 2.18 0.00 

M06 1Σ+ [Kr]5s(1.11)4d(4.31) [Ar]4s(1.15)3d(5.35) 2.004 202 - - 2.41 0.00 

3 

Experiment 3∆ - - 1.894  - 1200  - - - 

BPW91 3∆ [Kr]5s(1.47)4d(3.77)5p(0.19) [Ar]4s(1.17)3d(5.19)4p(0.21) 2.031 278 570 - 3.17 2.00 

M06 3∆ [Kr]5s(1.46)4d(3.91)5p(0.11) [Ar]4s(1.29)3d(5.08)4p(0.15) 2.167 146 -541 - 4.17 2.00 

NbCr 

2 

Experiment 2∆ - - 1.8940e 476  - 0.793 - - 

BPW91 2∆ [Kr]5s(1.01)4d(3.81) [Ar]4s(0.97)3d(5.17) 2.021 287 - 0.613 2.25 0.75 

M06 2∆ [Kr]5s(1.08)4d(3.79) [Ar]4s(0.92)3d(5.17) 2.036 251 - 0.708 2.43 0.75 

4 

Experiment - - - - - - - - - 

BPW91 4∆ [Kr]5s(1.01)4d(3.80) [Ar]4s(0.98)3d(5.15) 2.009 392 6515 - 3.92 3.75 

M06 4∆ [Kr]5s(1.04)4d(3.84) [Ar]4s(0.96)3d(5.12) 2.081 229 4017 - 4.59 3.75 

(a) All calculated states reported above are stable wavefunctions. (b) SDD basis set was used for all calculated states reported above. (c) T0 values for the triplet 

state are determined by comparing the energy value of the calculated 3∆ state from one level of theory relative to the corresponding energy value of the calculated 
1Σ+ state. T0 values for the quartet state are determined by comparing the energy values of the calculated 4∆ state from one level of theory relative to the 

corresponding energy value of the calculated 2∆ state. (d) The reported EA values shown here may not be the calculated EA; they are the energy difference 

between the 1Σ+ and 2∆ states in order to compare with the experimental value (e) is ref 7. 
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Table 2.5. Calculated spectroscopic constants that do not enforce wavefunction stability compared to experimental measurementsa 

Molecule 
Spin 

State 

Level of 

Theoryb Assignment 
Nb Natural Electron 

Configuration 

Cr Natural Electron 

Configuration 
r (Å) 

ωe 

(cm-1) 

T0  

(cm-1)c 

EA 

(eV)d S2 
True 

S2  

NbCr¯ 

1 

Experiment 1Σ+ - - 1.815 532 - - - - 

BPW91 1Σ+ [Kr]5s(0.99)4d(4.24) [Ar]4s(1.00)3d(5.70) 1.836 595 - - 0.00 0.00 

M06 1Σ+ [Kr]5s(1.02)4d(4.17) [Ar]4s(0.98)3d(5.76) 1.799 652 - - 0.00 0.00 

3 

Experiment 3∆ - - 1.894 - 1200 - - - 

BPW91 3∆ [Kr]5s(1.35)4d(3.69)5p(0.21) [Ar]4s(1.30)3d(5.28)4p(0.18) 1.915 521 -138 - 2.04 2.00 

M06 3∆ [Kr]5s(1.46)4d(3.88)5p(0.12) [Ar]4s(1.28)3d(5.09)4p(0.16) 2.146 156 -6200 - 4.04 2.00 

NbCr 

2 

Experiment 2∆ - - 1.8940e 476 - 0.793 - - 

BPW91 2∆ [Kr]5s(1.02)4d(3.68) [Ar]4s(0.97)3d(5.30) 1.894 560 - 0.625 0.80 0.75 

M06 2∆ [Kr]5s(1.06)4d(3.65) [Ar]4s(0.94)3d(5.34) 1.864 704 - 0.967 1.00 0.75 

2 

Experiment 2Σ+
(1) - - 1.765 601 4130 - - - 

Experiment 2Σ+
(2) - - 1.932 492 10880 - - - 

BPW91 2Σ+ [Kr]5s(0.68)4d(4.10) [Ar]4s(0.91)3d(5.33) 1.903 285 4227 - 2.41 0.75 

M06 2Σ+ [Kr]5s(0.69)4d(4.13) [Ar]4s(0.79)3d(5.42) 1.893 387 -1934 - 2.58 0.75 

4 

Experiment - - - - - - - - - 

BPW91 4∆ [Kr]5s(1.01)4d(3.80) [Ar]4s(0.98)3d(5.15) 2.009 428 3464 - 3.91 3.75 

M06 4∆ [Kr]5s(1.04)4d(3.84) [Ar]4s(0.96)3d(5.12) 2.081 229 -3767 - 4.59 3.75 

(a) Only the BPW91/SDD 3∆ state and the M06/SDD 4∆ state have stable wavefunctions. (b) SDD basis set was used for all calculated states reported above. (c) 

T0 values for the triplet state are determined by comparing the energy value of the calculated 3∆ state from one level of theory relative to the corresponding 

energy value of the calculated 1Σ+ state. T0 values for the excited doublet state are determined by comparing the energy values of the calculated 2Σ+ state from one 

level of theory relative to the corresponding energy value of the calculated 2∆ state. T0 values for the quartet state are determined by comparing the energy values 

of the calculated 4∆ state from one level of theory relative to the corresponding energy value of the calculated 2∆ state. (d) The reported EA values shown here 

may not be the calculated EA; they are the energy difference between the 1Σ+ and 2∆ states in order to compare with the experimental value (e) is ref 7. 



 

72 

 

2.4 DISCUSSION  

 Anion photoelectron spectroscopy has been used to study the 488 and 514 nm 

spectra of NbCr¯. All results obtained for the four vibrationally-resolved transitions (A-

D) of NbCr and NbCr¯ have been summarized in Table 2.6. These include state 

assignments, likely electron configurations, the EA, low-lying excited state energies, 

fundamental vibrational frequencies and other vibrational constants, as well as 

corresponding vibrational force constants, and changes in equilibrium bond lengths upon 

electron detachment. 
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Table 2.6. Summary of experimental results for NbCr 

Molecule 
State 

Assignment 

Electron 

Configuration 
T0 , EA, D0  

∆G1/2 , ωe ,  
ωexe (cm-1) 

Force Constant 

(mdyn/Å) 

Bond Length 

(Å)a 

Bond Length 

Error Bar (Å) 

NbCr 

 

2Σ+ 
(2) dσ1dπ4dδ4sσ2 T0  10880 ± 50 cm-1 ∆G1/2  492 ± 10 4.75 ± 0.20 x2 + 0.117 ± 0.018 

 1.349 ± 0.006 eV ωe    497 ± 12 1.932 

  ωexe  2.3 ± 2.3   

2Σ+ 
(1) dσ2dπ4dδ4sσ1 T0  4130 ± 40 cm-1 ∆G1/2   588 ± 10 7.10 ± 0.25 x2 – 0.050 ± 0.017 

 0.512 ± 0.005 eV ωe     601 ± 10 1.765 

  ωexe   6.5 ± 1.3  

X̃ 2∆5/2 dσ2dπ4dδ3sσ2 EA  0.793 ± 0.005 eV ∆G1/2    467 ± 10 4.45 ± 0.15 x1 ± 0.0003b 

D0 3.0263 ± 0.0006 eVb ωe   476 ± 8 1.8940b 

  ωexe    4.5 ± 1.1  

NbCr¯ 3∆ dσ2dπ4dδ3sσ2sσ*1 T0 (3∆3)    1200 ± 50 cm-1   x1 ± 0.027 ± 0.007 

 0.149 ± 0.006 eV  

3∆2 – 3∆3 100 ± 25 cm-1  

X̃ 1Σ+ dσ2dπ4dδ4sσ2 D0 2.901 ± 0.011 eV ∆G1/2  532 ± 10 5.56 ± 0.20 x1 – 0.079 = 

x2 

± 0.011 

  1.815 

(a) Some of the equilibrium bond length changes are given with respect to x1 (X̃ 2∆5/2).7 The other four bond lengths listed were obtained by combining x1 and 

bond length differences between the anion and neutral molecule states, as measured from Franck-Condon fits, assuming Morse oscillators using numerical 

integration of Laguerre wavefunctions, to the vibrational intensity profile in the experimental spectrum. For simplicity, x2 is given with respect to the X̃ 1Σ+ 

ground state of the anion. (b) is ref 7  
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2.4.A Distinguishing the 2Σ+
(1) and 2Σ+

(2) Excited States of NbCr 

 Transitions C (2Σ+
(1) ← X̃ 1Σ+) and D (2Σ+

(2) ← X̃ 1Σ+) arise from the X̃ 1Σ+ ground 

state of the anion and access two low-lying excited states of the neutral, which are both 

assigned here as 2Σ+ states. However, identifying the primary electronic configurations of 

these transitions as dσ2dπ4dδ4sσ1 or dσ1dπ4dδ4sσ2 is likely to be an oversimplification. As 

mentioned earlier in Sec. 2.3.B, the DFT calculations reported here do not distinguish the 

different 2Σ+
 states accessed in Transitions C vs. D. As expected by symmetry, the σ 

bonding and antibonding molecular orbitals are likely to have some contributions from 

both s and atomic orbitals, as well as from pz orbitals, and are probably better 

described as sdσ and sdσ* (or spσ*) hybridized molecular orbitals.  

 In Transition D, the vibrational frequency decreases going from the X̃ 1Σ+ NbCr¯ 

ground state (532 ± 10 cm-1) to the 2Σ+
(2) NbCr excited state (492 ± 10 cm-1) and the bond 

length increases by 0.117 ± 0.018 Å from NbCr¯ (1.815 ± 0.011 Å) to NbCr (1.932 ± 

0.018 Å). This is the expected trend upon detaching a bonding electron, as was also 

observed in Transition A, where the vibrational frequency decreases from the X̃ 1Σ+ 

NbCr¯ ground state to the X̃ 2∆ NbCr ground state (467 ± 10 cm-1) and the bond length 

increases from NbCr¯ (1.815 ± 0.011 Å) to NbCr (1.8940 ± 0.0003 Å)7. As stated earlier 

in Sec. 2.3.A.i, Transition A has the “extra” electron detached from a dδ bonding orbital. 

These trends for both Transitions A and D contrast with the results for Transition C. In 

Transition C, a notable observation is that detaching a σ bonding electron causes the 

vibrational frequency to increase and the bond length to decrease going from the 1Σ+
 state 

of the anion to the 2Σ+
(1) state of the neutral, as mentioned in Sec. 2.3.A.iii. A similar 
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phenomenon has been observed before from anion photoelectron spectroscopy studies of 

Cr2.
51 For the 3Σu

+ (Cr2) ← X̃ 2Σu
+ (Cr2¯) excited state transition, the “extra” electron in 

the anion occupies the σu* anti-bonding orbital of primarily 4s atomic parentage and the 

two σg bonding orbitals in Cr2 are filled. It was found that removing a 4sσg electron 

increases the vibrational frequency going from the ground state of the anion to the 3Σu
+ 

excited state of Cr2.
51  

 To rationalize this surprising result, it was suggested that since the spatial extent 

of the valence s atomic orbitals are much larger than that of the d orbitals, and the 

equilibrium bond lengths for molecules with high formal bond orders such as Cr2 are 

favorable for d-d bonding but are too short for optimal s-s bonding, at these short bond 

lengths the s orbitals appear to be repulsive. Therefore, when an electron is detached from 

the primarily 4sσg orbital it reduces these repulsive interactions and results in an increase 

in the vibrational frequency as well as a decrease in the bond length.51 This observation 

for Cr2 suggests that for NbCr, the 2Σ+
(1) state accessed in Transition C (∆G1/2 = 588 ± 10 

cm-1 versus 532 ± 10 cm-1 in NbCr¯) has a dσ2dπ4dδ4sσ1 electron configuration and that 

of the higher energy 2Σ+
(2) state (∆G1/2 = 492 ± 10 cm-1) has a primarily dσ1dπ4dδ4sσ2 

configuration, although both σ orbitals are expected to have both s and d contributions. 

 

2.4.B Vibrational Force Constants and Bond Dissociation Energies of NbCr¯ and 

NbCr 

 

Force constants for all observed states reported in Table 2.6 are calculated using 

Equation 2.2 below, 
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Equation 2.2 

 

where k is the force constant (mdyn/Å), 1.6605 x 10-27 kg/amu is used to convert units of 

amu to units of kg, μ is the reduced mass (amu), ωe is the vibrational frequency of the 

corresponding electronic state (cm-1), 2.9979 x 1010 cm/s is the speed of light, and 100 is 

used to convert N/m to mdyn/Å. The reduced mass, μ, was calculated by Equation 2.3 

below, 

 
Equation 2.3 

 

where the mass of the Nb atom (92.9064 amu) is multiplied by the mass of the Cr atom 

(51.9405 amu) and divided by the mass of Nb plus the mass of Cr. The reduced mass of 

NbCr is about 33.3152 amu. Below is an example calculation which shows how the 

vibrational force constant is calculated for the 2Δ ground state of NbCr (ωe = 476 cm-1). 
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 The bond dissociation energy of NbCr¯ was calculated using the following 

thermochemical cycle: 

 

Figure 2.9. Thermochemical cycle to determine the NbCr¯ bond dissociation energy 

 

where the x-axis represents the bond dissociation coordinate (not to scale) and the y-axis 

is given in energy (eV). Using Figure 2.9 above, Equation 2.4 was derived to calculate 

ΔHdissociation (NbCr¯ → Nb¯ + Cr) as the bond dissociation energy of NbCr¯ 

ΔHdissociation (NbCr¯ → Nb¯ + Cr) =  

ΔHdissociation (NbCr → Nb + Cr) + EA(NbCr) – EA(Nb) 
Equation 2.4 

 

where ΔHdissociation (NbCr → Nb + Cr) is the bond dissociation energy of NbCr (3.0263 ± 

0.0006 eV),7 EA(NbCr) is the EA of NbCr (0.793 ± 0.005 eV), and EA(Nb) is the EA of 



 

78 

 

Nb (0.918 ± 0.005 eV).74 In Equation 2.4, the EA of Nb is used because it exceeds that of 

Cr (0.67584 ± 0.00012 eV)59, so the Nb¯ + Cr ionic asymptote lies below Nb + Cr¯.  

 
ΔHdissociation (NbCr¯ → Nb¯ + Cr) = 3.0263 ± 0.0006 eV + 0.793 ± 0.005 eV – 0.918 ± 0.005 eV 

ΔHdissociation (NbCr¯ → Nb¯ + Cr) = 3.0263 ± 0.0006 eV + (– 0.125 ± 0.010 eV) 

ΔHdissociation (NbCr¯ → Nb¯ + Cr) = 2.901 ± 0.011 eV 

 

Thus the bond dissociation energy value of NbCr¯ is calculated to be 0.125 ± 0.010 eV 

lower than that of NbCr, giving ΔHdissociation (NbCr¯ → Nb¯ + Cr) = 2.901 ± 0.011 eV. 

 

2.5 CONCLUSIONS 

 Gas phase anion photoelectron spectroscopy has been used to study the 488 and 

514 nm spectra of NbCr¯. Four vibrational transitions (A-D) have been identified as (X̃ 2∆ 

← X̃ 1Σ+, X̃ 2∆ ← 3∆, 2Σ+
(1) ← X̃ 1Σ+, and 2Σ+

(2) ← X̃ 1Σ+), respectively. The ground state of 

NbCr¯ is assigned as the 1Σ+ state and the bond dissociation energy of NbCr¯ is 

determined to be 2.901 ± 0.011 eV. Additional results for NbCr and NbCr¯ have been 

summarized in Table 2.6.  
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3.1 INTRODUCTION 

As mentioned in the previous chapter, heterobimetallic complexes provide the 

opportunity to understand chemical bonding properties of extreme examples of multiple 

metal-metal bonds. Specific interest here is placed on mixed group 5/6 heterobimetallic 

anionic dimers because anionic dimers, like NbMo¯, have 12 valence electrons, which 

depending on the electronic configuration, could have a sextuple bond which is the 

highest reported formal bond order observed.1  

 A more extensive review of mixed group 5/6 dimers was already presented in the 

previous chapter. For convenience, a basic summary of experimental results on NbMo 

will be discussed here as well. Knudsen effusion mass spectrometry determined that the 

bond dissociation energy of NbMo is D0
° = 448 ± 25 kJ mole-1 (~ 4.64 ± 0.26 eV).2 

Resonant two-photon ionization (R2PI) studies found that the ground state assignment of 

NbMo is a 2Δ5/2 state where the valence electron configuration is dσ2dπ4dδ3sσ2. The bond 

length for this state is also reported to be 2.00802(30) Å.3  

Bare homonuclear diatomic complexes including Nb2 and Mo2 have been more 

extensively studied versus their heteronuclear diatomic complex, NbMo. An overview of 

Nb2 literature can be found in Chapter 2. There have been several experimental4–15 and 

computational1,16–35 studies done on Mo2 and Mo2¯. Initial studies found that the bond 

dissociation energy of Mo2 is D0
° = 404 ± 20 kJ mole-1 (~ 4.19 ± 0.21 eV) by Knudsen 

effusion mass spectrometry.6 Later studies using photoionization spectroscopy provided a 

more precise value for the bond dissociation energy, D0
° = 36100 ± 80 cm-1 (4.476 ± 

0.010 eV).12 Absorption and emission spectra obtained in flash photolysis studies have 
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assigned the ground electronic state of Mo2 as the 1Σg
+ state, where the valence electron 

configuration is dσg
2dπu

4dδg
4sσg

2, the vibrational frequency is ωe = 477.1 cm-1, the 

anharmonicity is ωexe = 1.51 cm-1 and the bond length is re = 1.929 Å .
5  R2PI studies 

obtained a more accurate bond length of re = 1.938 ±  0.009 Å .
9  

Initial studies on the Mo2¯ anion used complete active space multi-configuration 

self-consistent field (CASSCF) followed by multi-reference single + doubles 

configuration interaction (MRSDCI) and calculated the ground state of Mo2¯ to be a 2Σu
+

 

state.24 The electron affinity (EA) in this study was calculated to be 0.5 eV (at the 

MRSDCI + Q level of theory).24 Anion photoelectron spectroscopy studies have assigned 

the ground electronic state of Mo2¯ as the 2Σu
+

 state, which is consistent with the previous 

computational studies,24 where the valence electron configuration is 

dσg
2dπu

4dδg
4sσg

2sσu
1.15 In addition, these studies have determined that the vibrational 

frequency of the 2Σu
+

 ground state of the anion is ωe = 466.1 ± 5.0 cm-1, the 

anharmonicity is ωexe = 2.19 ± 1.00 cm-1
, the bond length is 1.96 ± 0.02 Å, and the bond 

dissociation energy is D0 = 4.460 ± 0.015 eV. The experimental EA is measured to be 

0.733 ± 0.005 eV.15  

This chapter reports the 488 nm room temperature, 488 nm cold temperature, and 

514 nm room temperature photoelectron spectra of NbMo¯. Three vibrationally-resolved 

transitions were observed, regardless of any changes in wavelength or temperature. The 

experimental spectra provided measurements of the EA of NbMo, electronic ground and 

excited state assignments of the anion and neutral molecule, vibrational frequencies, and 

changes in the equilibrium bond length upon electron detachment. In addition to the 
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experimental measurements obtained, Density Functional Theory (DFT) calculations are 

also reported here to help assign electronic states observed in the experiments. Finally, a 

discussion of the measurements made in this study examines the electronic structure and 

chemical bonding behavior of NbMo and other group 5/6 congeners such as NbCr (from 

Chapter 2), VCr, and VMo. 

 

3.2 METHODS 

3.2.A Experimental Methods 

 

Figure 3.1. Anion source flow tube configuration used in the studies of Nb reactions with 

Mo(CO)6. The He and Ar buffer gases were introduced into a 20 cm long segment of the 

flow tube upstream of the Nb cathode discharge source, followed by a 50 cm segment 

that can be cooled with liquid nitrogen.  

 

Details of the anion photoelectron spectrometer can be found in Chapter 1, 

Section 1.3.A of this thesis. The flow tube configuration is slightly different than the flow 

tube configuration described for the NbCr experiment in Chapter 2, Figure 2.1. The Nb 
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cathode (2.54 cm long, 1.30 cm diameter) in this experiment is approximately 7 cm 

upstream from the Mo(CO)6 vapor sample and 52 cm upstream of the 2 mm diameter 

molybdenum nosecone aperture. A detailed diagram is shown in Figure 3.1. Experiments 

were performed with the flow tube at room temperature (RT) conditions as well as with 

the 51 cm segment immersed in liquid nitrogen (LN2 cooled) for cold temperature 

experiments. The buffer gas flow rates were set at 5.2 – 5.3 standard liters per minute 

(SLPM) for He and 0.58 – 0.60 SLPM for Ar. The discharge voltage was set at -2.4 to -

2.6 kV. Flow tube pressures were around 0.39 – 0.45 Torr. 

The photoelectron spectra shown below for the 488 and 514 nm room temperature 

experiments were calibrated against the EA of atomic Mo. Lower electron binding energy 

(eBE) ranges (approximately 2.0 – 0.5 eV eBE) were calibrated against the Mo¯ ground 

state transition 7S3 ← 6S5/2 (EA = 0.7472(2) eV)36-37. Higher eBE ranges (approximately 

2.4 – 1.8 eV eBE) were calibrated against Mo¯ excited state transition 5S2 ← 6S5/2 (eBE = 

2.0823 eV)36.  The energy scale compression factor, also referred to as gamma, was 

calibrated using the atomic 7S3 and 5S2 splitting of Mo (for eBE ranges of approximately 

2.0 – 0.5 eV) and the atomic 5S2 and 5D4 splitting of Mo (for eBE ranges of 

approximately 2.4 – 1.8 eV). Photoelectron spectra under 488 nm cold temperature 

conditions were calibrated against the EA of the Mo(CO)3¯ ground state transition (EA = 

1.337 ± 0.006 eV)38. The instrumental resolution was ~ 5.9 – 8.3 meV (47 – 67 cm-1) for 

all eBE ranges observed in these experimental spectra. Gaussian line shapes were used to 

peak fit all transitions.  
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3.2.B Computational Methods 

NbMo was analyzed by DFT using the Gaussian 09 program (version ES64L-

G09RevD.01).39 Several different spin states were tested, including singlet, triplet, 

quintet, and septet electronic states of NbMo¯ as well as doublet, quartet, sextet, and 

octet states of NbMo. The density functionals tested for this dimer were BPW91, M06, 

and M06-L. BPW9140–42 and M0643 functionals were described in more detail in Chapter 

2.2.B, the computational methods section. An additional functional not described earlier 

is M06-L,44 a meta-GGA, which was chosen in view of its overall performance in 

transition metal chemistry as well as its ability to accurately predict geometries and 

vibrational frequencies.  

The SDD effective core potential basis set was used for all three DFT functionals 

mentioned above and was also described in more detail in Chapter 2.2.B.45 Twenty-eight 

core electrons were frozen for both the Mo and Nb atoms (up to [Ar]3d10). All DFT 

calculations used an ultrafine integration grid as well as the keyword SCF=XQC to force 

convergence for the SCF optimization. Only the stability enforced octet state from the 

M06 functional and the non-stability enforced doublet excited state from the BPW91, 

M06, and M06-L functionals used the keyword SCF=QC, which was used to help SCF 

convergence for these more difficult cases. Geometry optimization calculations all used 

the tight option (Opt=Tight) to help determine geometric convergence.  

 BPW91/SDD, M06/SDD, and M06-L/SDD calculations were performed in which 

the stability of the wavefunction was enforced for all spin states as well as with the 

stability of the wavefunction not enforced for all spin states. For the stability enforced 
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cases, the procedure starts with a single point stability calculation on each spin state 

(singlet – octet states) using the keyword Stable=Opt. Initial geometrical guesses for the 

singlet, triplet, quintet, and septet states of NbMo¯ used the experimental bond length for 

the ground state of the anion (~ 1.94 Å, a tentative measurement at the moment). The 

doublet, quartet, sextet, and octet state calculations used the experimental bond length for 

the ground state of NbMo (2.008 Å),3 based on measurement made by R2PI studies, as 

the initial geometric guess. Once a stable solution was obtained, geometry optimizations 

and frequency calculations were performed on all spin states mentioned above. Then, to 

ensure the wavefunctions were still stable solutions after a frequency calculation, a 

second stability calculation was done using the keyword Stable. If the calculation resulted 

in an unstable wavefunction (i.e. RHF → UHF instability or internal instability), then a 

new single point calculation was done using the keyword Stable=Opt on the geometry 

optimized spin state. This was followed by a new geometry optimization and frequency 

calculation. Again after a frequency calculation, a stability calculation (using Stable) was 

done to ensure wavefunction stability. This process can be repeated numerous times until 

each spin state has a stable wavefunction. 

 Procedures for the cases in which the stability of the wavefunction is not enforced 

are the same as the procedures mentioned above except that the initial step was removed. 

This initial step was the single point stability calculation, which was performed using the 

Stable=Opt keyword. All calculations started with a geometry optimization first using the 

experimental bond length as the initial guess. Once the frequency calculations were 

performed, the stability of the wavefunction was checked (using the keyword Stable), 
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however no further calculations were performed even if the wavefunctions were unstable 

solutions. 

 Since a doublet excited state of the neutral molecule was observed in this 

experiment, excited state calculations were also performed on a different doublet using 

the keyword Guess=Alter. In addition, these doublet excited state calculations used the 

keyword SCF=QC to maintain the orbital symmetry from one iteration to the next. A 

geometry optimization was done using the initial guess of 2.008 Å (the experimental 

bond length for the ground state)3 followed by a frequency calculation and a stability 

calculation. Again, no further calculations were performed even if the wavefunctions had 

internal instabilities. 

 The calculated EA, using the ZPE corrected values, was also determined for each 

functional tested. To see the energetic ordering of both the anion and neutral states, the 

relative energies (Erel), which are also ZPE corrected, were determined between doublet, 

quartet, sextet, and octet states of NbMo as well as the singlet, triplet, quintet, and septet 

states of NbMo¯. The electron affinities and energetic ordering of all tested spin states 

were determined for each functional tested, using ZPE corrected values. 
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3.3 RESULTS 

3.3.A Experimental Results 

 
Figure 3.2. Mass spectrum of anions prepared in the flow tube by reactions of Nb with 

Mo(CO)6 vapor. The vertical axis is the anion current in pA and the horizontal axis is the 

ion mass in amu. 

 

 Figure 3.2 shows the mass spectrum of 85 – 225 amu anions formed in the flow 

tube reactor.  The Nb atom has only one naturally occurring isotope: 93Nb. The Mo atom 

has seven naturally occurring isotopes: 92Mo, 94Mo, 95Mo, 96Mo, 97Mo, 98Mo, and 100Mo. 

The most abundant species, in this mass region, observed in this experiment include 

Mo(CO)4¯ (~ 15 pA) and Mo(CO)2¯ (~ 10 pA). Other species observed include NbMo¯ 

(~ 7 pA), NbMo(CO)¯ (~ 5 pA), and Mo¯ (~ 2 pA). The species of interest, NbMo¯, 

could be mass selected at 185, 187, 188, 189, 190, 191, and 193 amu. Most of the data 
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collected for this experiment used either the Nb92Mo¯ (185 amu) or the Nb98Mo¯ (191 

amu) dimer. The 92Mo isotope was chosen because it is separated by 2 amu from the 

94Mo isotope, which makes the molecule easier to mass select with a small probability of 

contamination from the Nb94Mo¯ dimer. In addition, Nb92Mo (185 amu) does not 

coincide with any of the Mo2 “impurity” isotopes, of which the lightest are 184 and 186 

amu. The 98Mo isotope was chosen because 98Mo is the most abundant isotope out of the 

seven naturally occurring isotopes, thus making Nb98Mo the most intense dimer isotope 

observed in this mass spectrum.  

 
 

Figure 3.3. Nb98Mo + e¯ ← Nb98Mo¯ photoelectron spectrum at 488 nm (2.5400 eV) 

and room temperature flow tube conditions. 

 

Figure 3.3 displays the Nb98Mo¯ photoelectron spectrum obtained with the flow 

tube at room temperature. The top x-axis gives the electron kinetic energy (eKE) in eV 

while the bottom x-axis gives the eBE in eV. The eBE scale, as mentioned in Chapter 2, 



 

94 

 

is determined by subtracting the measured eKE from the photon energy. The photon 

energy in Figure 3.3 is 2.5400 eV (488 nm). The y-axis shows the photoelectron counts 

after signal averaging. Three photodetachment transitions, labeled A – C, are shown in 

Figure 3.3. Transitions A and C display the same vibrational frequency in the negative 

ion to within ± 15 cm-1, consistent with both transitions arising from the same electronic 

state of NbMo¯.  Transitions A and B show spin-orbit splitting, display the same 

vibrational interval in the neutral molecule to within ± 15 cm-1, and change in relative 

intensity with flow tube temperature. These observations are consistent with both 

transitions accessing the same electronic state of NbMo from different electronic states of 

NbMo¯. A more detailed discussion of each vibrationally-resolved transition is presented 

below. 

 
Figure 3.4. Nb98Mo + e¯ ← Nb98Mo¯ photoelectron spectra obtained at 488 nm under 

room temperature flow tube conditions (middle panel), 488 nm and cooled flow tube 

conditions (bottom panel), and 514 nm and room temperature flow tube conditions (top 

panel).  
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 Figure 3.4 compares the relative intensity of the Nb98Mo¯ photoelectron spectra at 

488 nm with the flow tube at room temperature (middle panel), at 488 nm with the 50 cm 

flow tube segment immersed in liquid nitrogen (bottom panel), and at 514 nm with the 

flow tube at room temperature (top panel). Small changes in the relative intensities of 

transitions A – C are observed among the three spectra. At 514 nm and room temperature 

conditions, the intensity ratio (A/C) is 0.72. This value is determined by summing the 

photoelectron counts of Transition A over the 1.956 – 0.876 eV eBE region, using the 

simulated Franck-Condon fit for the top panel in Figure 3.4 because Transition A 

overlaps Transition C, and dividing by the sum of photoelectron counts of Transition C 

over 2.022 – 1.474, 1.445 – 1.419 (0 ← 1), and 1.386 – 1.364 (0 ← 2) eV eBE regions, 

using the photoelectron spectrum from the top panel in Figure 3.4. At 488 nm and room 

temperature conditions, the ratio (A/C) decreases to 0.54. This value is determined over 

the same eBE ranges by summing the photoelectron counts of Transition A, using the 

simulated Franck-Condon fit for the middle panel in Figure 3.4, divided by the sum of 

photoelectron counts of Transition C, using the photoelectron spectrum from the middle 

panel in Figure 3.4. The ratio (A/C) is 0.59 for the 488 nm and cooled flow tube, which 

does not significantly change between the 488 nm room temperature spectrum (A/C = 

0.54) and 488 nm cold temperature spectrum (A/C = 0.59). This value is determined as 

described above, for the data shown in the bottom panel in Figure 3.4. 

Since there is no significant change in the relative intensity between Transitions A 

and C when the temperature decreases at 488 nm, it can be concluded that there is no 

temperature dependence. However, the relative intensity between Transitions A and C 
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changes when the wavelength changes from 488 (0.54) and 514 nm (0.72) and can 

indicate a wavelength dependence. This wavelength dependence could be due to 

detaching a metastable state of the anion (NbMo + e¯ ← (NbMo¯)* ← NbMo¯ + hv). 

The Franck-Condon progression changes because different vibrational levels of 

(NbMo¯)* are populated at different wavelengths, as has been observed before in other 

anion photoelectron spectra.46  

Another more notable change in peak intensities are those of Transition B relative 

to Transition A.  This value is determined by summing the photoelectron counts of 

Transition B over the 0.843 – 0.678 eV eBE region, using the photoelectron spectrum 

from the top, middle, or bottom panel of Figure 3.4, divided by the sum of photoelectron 

counts of Transition A over 1.956 – 0.876 eV eBE region, using the simulated Franck-

Condon fit from the same panel in Figure 3.4. At 514 nm and room temperature 

conditions (top panel), the ratio (B/A) is 0.17. At 488 nm and room temperature 

conditions (middle panel), the ratio (B/A) is 0.11. At 488 nm and cooled flow tube 

(bottom panel), the ratio (B/A) increases to 0.28.  

At 488 nm, the relative intensity between Transitions A and B increase from 0.11 

to 0.28 when the flow tube temperature decreases. Due to this temperature dependence 

and the overall weak intensity of Transition B, it is suspected that this transition is due to 

a higher energy state of the anion. However, this trend is opposite to the expectation that 

the excited state of the anion should be less populated when the temperature decreases, 

thus the relative intensity of Transition B would be weaker when the flow tube is cooled. 

This same trend, in which the excited state of the anion becomes more populated when 
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the temperature decreases, has been observed before in previous anion photoelectron 

spectrum experiments on Al3¯.47 It appears that there is a reduction in collisional 

relaxation for the excited state of the NbMo¯ anion when the flow tube is cooled.  

Tables 3.1 – 3.3 list the observed peak positions for Transitions A – C, 

respectively. These tables provide the peak positions (in eBE), heights and widths 

(FWHM), the measured vibrational spacings from the assigned origin band (cm-1), the 

calculated vibrational spacings from the assigned origin band (cm-1), and the differences 

between the observed and calculated vibrational spacings (obs – calc, cm-1). The 

calculated vibrational spacings are determined by using Equation 3.1 below, 

 ∆G0(v) = (v)ωe – v(v + 1)ωexe Equation 3.1 

 

where v is the vibrational quantum number and ωe and ωexe are fitted vibrational 

constants (which are listed for each transition in Table 3.7). All peaks reported in Tables 

3.1 – 3.3 were measured by performing least-squares fits using Gaussian line shapes.
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Table 3.1. Transition A: Peak positions in the Nb98Mo + e¯ ← Nb98Mo¯ photoelectron spectrum obtained at 488 nm (2.5400 eV) and 

room temperature flow tube conditions (Figure 3.5) 

Transition Assignment v′neutral ← v″ion 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width  

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 

Calculated Spacing 

from Origin (cm-1)a 

Obs. – Calc. 

(cm-1) 

A 2∆5/2 ← 1Σ+ 0 ← 2 1.0071 40 14.6 -982 -970 -12 

0 ← 1 1.0688 265 9.5 -485 -485 0 

0 ← 0 1.1289 795 8.2 0 0 0 

1 ← 0 1.1889 925 7.8 484 476 8 

2 ← 0 1.2415 850 13.5 908 937 -28 

[3 ← 0] 1.2978 950 10.4 1362 1383 -21 

[4 ← 0] 1.3520 745 10.8 1799 1815 -16 

[5 ← 0] 1.4060 490 12.7 2235 2233 2 

[6 ← 0] 1.4600 330 15.2 2671 2636 35 

         

A 2∆3/2 ← 1Σ+ 0 ← 1 1.1784 325 12.9 -492 -485 -7 

0 ← 0 1.2394 730 12.8 0 (890) 0 0 

Values in [ ] are overlapping transitions from both the 2Δ5/2 ← 1Σ+ and 2Δ3/2 ← 1Σ+ transitions. The value in ( ) is the spacing from the origin of the 2Δ5/2 ← 1Σ+ 

transition. (a) The calculated vibrational spacing is obtained by using the Equation 3.1 (∆G0 = (v)ωe – v(v + 1)ωexe) with fitted vibrational constants (ωe, ωexe, in 

cm-1) for the 2Δ5/2 (ωe = 490 and ωexe = 7.3), 2Δ3/2 (ωe = 490 and ωexe = 7.8),  and 1Σ+ (ωe = 485 and ωexe = 0) states. 
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Table 3.2. Transition B: Peak positions in the Nb92Mo + e¯ ← Nb92Mo¯ photoelectron spectrum obtained at 514 nm (2.4090 eV) and 

room temperature flow tube conditions (Figure 3.6). 

Transition Assignment v′neutral ← v″ion 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width  

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 

Calculated Spacing 

from Origin (cm-1)a 

Obs. – Calc. 

(cm-1) 

B 2∆5/2 ← 3∆2 0 ← 1 0.6427 30 14.8 -411 -425 14 

0 ← 0 0.6936 155 12.0 0 (4180) 0 0 

        

B 2∆3/2 ← 3∆1 0 ← 1 0.6696 25 18.8 -421 -430 9 

0 ← 0 0.7218 145 15.5 0 (3490) 0 0 

1 ← 0 0.7803 27 17.1 472 474 -2 

        

B 2∆5/2 ← 3∆3 0 ← 0 0.7499 335 12.8 0 (3035) 0 0 

1 ← 0 0.8091 145 12.4 477 476 1 

Values in ( ) are the spacing from the origin of ground state Transition A. (a) The calculated vibrational spacing is obtained by using the Equation 3.1 (∆G0 = 

(v)ωe – v(v + 1)ωexe) with fitted vibrational constants (ωe, ωexe, in cm-1) for the 2Δ5/2 (ωe = 483 and ωexe = 6), 2Δ3/2 (ωe = 490 and ωexe = 7.8), 3Δ2 (ωe = 425), and 
3Δ1 (ωe = 430) states. 
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Table 3.3. Transition C: Peak positions in the Nb98Mo + e¯ ← Nb98Mo¯ photoelectron spectrum obtained at 488 nm (2.5400 eV) and 

cold temperature flow tube conditions (Figure 3.8) 

Transition Assignment v′neutral ← v″ion 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width  

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 

Calculated Spacing 

from Origin (cm-1)a 

Obs. – Calc. 

(cm-1) 

C 2Σ+ ← 1Σ+ 0 ← 1 1.4292 100 10.6 -483 -485 2 

0 ← 0 1.4891 550 10.2 0 (2905) 0 0 

1 ← 0 1.5572 450 13.9 550 542 8 

2 ← 0 1.6248 375 16.2 1094 1078 16 

3 ← 0 1.6906 230 18.5 1625 1608 17 

4 ← 0 1.7553 120 19.4 2147 2132 15 

5 ← 0 1.8200 65 18.1 2669 2650 19 

6 ← 0 1.8810 60 16.5 3161 3162 -1 

7 ← 0 1.9444 55 46.6 3672 3668 4 

Values in ( ) are the spacing from the origin of ground state Transition A. (a) The calculated vibrational spacing is obtained by using the Equation 3.1 (∆G0 = 

(v)ωe – v(v + 1)ωexe) with fitted vibrational constants (ωe, ωexe, in cm-1) for the 2Σ+ (ωe = 548 and ωexe = 3.0) and 1Σ+ (ωe = 485 and ωexe = 0) states. 
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3.3.A.i  Transition A 

 
Figure 3.5. Nb98Mo¯ photoelectron spectra of Transition A (488 nm and room 

temperature flow tube conditions) assigned as X̃ 2Δ ← X̃ 1Σ+. The solid line shows the 

fitted Franck-Condon simulation and the dotted line shows the experimental spectrum. 

Vibrational assignments are given as v'neutral ← v"ion.  

 

 Transition A is identified as the transition from the ground state of NbMo¯, 

assigned as the X̃ 1Σ+ state, to the ground state of NbMo, assigned as the X̃ 2∆ state based 

on previous studies.3 Figure 3.5 shows the experimental photoelectron spectrum of 

Transition A, at 488 nm and room temperature flow tube conditions, compared to the 

fitted Franck-Condon simulation. The top x-axis is given in eBE (eV), the bottom x-axis 

is given in wavenumbers (cm-1) above the assigned origin band, and the y-axis is given in 

photoelectron counts. The solid blue and red lines as well as the dotted green line 

correspond to the fitted Franck-Condon simulation. The Franck-Condon factors were 

calculated for Morse oscillators by numerical integration of Laguerre wavefunctions 
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using the program called PESCAL.48,49 Several parameters were used to obtain a Franck-

Condon fit that agreed fairly well with the experimental spectrum, as shown in Figure 

3.5. These parameters, which are the same as those described in Chapter 2, include: (1) 

anion vibrational temperature, (2) peak position and intensity of the assigned 0 ← 0 

(origin) band, (3) vibrational constants (ωe and ωexe) for the neutral and anion states, (4) 

equilibrium bond length for the neutral and anion states, (5) instrumental line shape and 

peak width at FWHM. 

 (1) To determine the anion vibrational temperature, it is important to identify the 

0 ← 1 hot band in Transition A. This was done by comparing the ratios of the peak 

intensities for the assigned 0 ← 0 and 0 ← 1 peaks in the 488 nm room temperature 

experiment, using the X̃ 2Δ5/2 ← X̃ 1Σ+ transition as shown in Figure 3.5, to those in the 

488 nm cold temperature experiment, using the spectrum shown in the bottom panel of 

Figure 3.4. The assigned 0 ← 1 peak intensity in the 488 nm room temperature spectrum 

is approximately 35 % of the assigned 0 ← 0 peak intensity. When the temperature 

decreases, the 0 ← 1 peak intensity in the 488 nm cold temperature experiment is 

approximately 15 % of the 0 ← 0 peak intensity. This observation, that the assigned 0 ← 

1 peak relative intensity decreases with decreasing temperature, supports the assignment 

of this peak as a hot band, since decreasing the anion temperature decreases the relative 

population of its excited vibrational state.  

Another 0 ← 1 hot band was observed in Transition A. Looking at the 488 nm 

room temperature spectrum in Figure 3.4 (middle panel), the assigned fundamental band 

peak, at 1.189 eV eBE, for the X̃ 2Δ5/2 ← X̃ 1Σ+ transition has another peak shouldering to 
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the right of this fundamental band, at 1.178 eV eBE. However, this shoulder disappears 

when comparing the 488 nm room temperature spectrum (middle panel) to the 488 nm 

cooled spectrum (bottom panel), supporting the assignment of the 1.178 eV eBE peak as 

a hot band because the intensity decreases with decreasing temperature. Once the 0 ← 1 

hot bands were assigned, the anion temperature for the 488 nm room temperature 

spectrum shown in Figure 3.5 was determined to be 450 K, by fitting this temperature to 

the ratio of the peak intensity of the 0 ← 0 origin band and the 0 ← 1 hot band in the 

experimental spectrum. 

(2) Based on the discussion in the previous paragraph, which determined the 

origin band and hot band assignments in Transition A, the 0 ← 0 origin band peak 

position was measured to be 1.129 ± 0.004 eV (eBE). This value is also the adiabatic EA.  

 (3) Peaks labeled 1 ← 0 and 2 ← 0 in red for the X̃ 2Δ5/2 ← X̃ 1Σ+ transition in 

Figure 3.5 show evidence of peak splitting. This indicates that there is an additional 

transition overlapping Transition A. Based on this assignment of Transition A, X̃ 2Δ5/2 ← 

X̃ 1Σ+, it is reasonable to suspect that the overlapping transition is 2Δ3/2 ← X̃ 1Σ+, where 

2Δ5/2 and 2Δ3/2 are the spin-orbit substates of the 2Δ state. It is also known that in view of 

its electron configuration, the 2Δ5/2 state is lower in energy than the 2Δ3/2.
50 Therefore, the 

origin peak position for the X̃ 2Δ5/2 ← X̃ 1Σ+ transition would have a lower eBE than that 

of the 2Δ3/2 ← X̃ 1Σ+ transition.  

Two electronic transitions were used to model the Franck-Condon simulation 

shown in Figure 3.5. Vibrational constants used to fit the X̃ 2Δ5/2 ← X̃ 1Σ+ transition, from 

the 0 ← 0 up to the 6 ← 0 bands, are ωe = 490 cm-1 and ωexe = 7.3 cm-1. The vibrational 
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constants used to fit the 2Δ3/2 ← X̃ 1Σ+ transition, from the 0 ← 0 up to the 4 ← 0 bands, 

are ωe = 490 cm-1 and ωexe = 7.8 cm-1. The X̃ 2Δ5/2 ← X̃ 1Σ+ transition has a fundamental 

vibrational frequency value, ΔG1/2, for the 2Δ5/2 state of NbMo of 485 ± 10 cm-1. This 

value is consistent with the measured interval spacing, 484 cm-1, between the 0 ← 0 

origin band and the 1 ← 0 fundamental band shown in Table 3.1. The 2Δ3/2 ← X̃ 1Σ+ 

transition has a ΔG1/2 value for the 2Δ3/2 state of NbMo of 480 ± 15 cm-1. The error bar in 

this measurement is greater because the 1 ← 0 fundamental band in the 2Δ3/2 ← X̃ 1Σ+ 

transition overlaps the 3 ← 0 overtone in the X̃ 2Δ5/2 ← X̃ 1Σ+ transition. This overlap 

makes it difficult to confidently measure the spacing between the 0 ← 0 origin band and 

the 1 ← 0 fundamental band for the 2Δ3/2 ← X̃ 1Σ+ transition. 

Anion vibrational constants used to fit the 0 ← 2 and 0 ← 1 hot bands in the X̃ 

2Δ5/2 ← X̃ 1Σ+ transition and the 0 ← 1 hot band for the 2Δ3/2 ← X̃ 1Σ+ transition are ωe = 

485 cm-1 and ωexe = 0.0 cm-1. The ΔG1/2 value for the ground state of NbMo¯ is 481 ± 15 

cm-1. This value was determined by measuring the interval between the 0 ← 0 origin and 

0 ← 1 hot band in the X̃ 2Δ5/2 ← X̃ 1Σ+ transition. Furthermore, the ΔG1/2 value for the 

ground state of NbMo¯ is consistent with this measurement when comparing the interval 

between the 0 ← 0 origin and 0 ← 1 hot band in the 2Δ3/2 ← X̃ 1Σ+ transition. 

(4) The bond length in the 2Δ5/2 state of NbMo is known to be 2.00802(30) Å, 

based on R2PI studies mentioned earlier.3 Since the Franck-Condon simulation for 

Transition A used Morse potentials, it is possible to determine the direction of the bond 

length change. The bond length of the 2Δ3/2 substate of NbMo does not deviate 

significantly, 2.008 ± 0.002, from that of the 2Δ5/2 ground state of NbMo, as the 
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vibrational intensity profile of the Franck-Condon simulation agreed fairly well with the 

experimental spectrum when the same bond length was assumed for both substates. The 

Franck-Condon simulation gives the best agreement with the experimental spectrum with 

a bond length change of ± 0.065 ± 0.013 Å upon electron detachment. If the bond length 

is assumed to decrease in the 1Σ+
 state (0.065 ± 0.013 Å shorter than the bond length in 

the 2Δ5/2 state), the peak intensity for the 4 ← 0 overtone in the fitted Franck-Condon 

progression is about 25 % higher than in the experimental spectrum. When the bond 

length is assumed to increase in 1Σ+
 state (0.065 ± 0.013 Å longer than the bond length in 

the 2Δ5/2 state), the peak intensity for this overtone (X̃ 2Δ5/2 ← X̃ 1Σ+) in the fitted Franck-

Condon progression is about 70 % lower than in the experimental spectrum.  The bond 

length of the 1Σ+
 ground state of NbMo¯ is therefore determined to be 1.943 ± 0.013 Å, 

because the vibrational band intensity profile in the fitted Franck-Condon simulation had 

better agreement with the experimental spectrum when the bond length change (from the 

anion to the neutral) was assumed to be positive. 

(5) Gaussian peak shapes were used to fit both electronic transitions observed in 

Figure 3.5. The peak width (FWHM) used for both transitions was 7.25 meV (58 cm-1). 

The spin-orbit splitting between the X̃ 2Δ5/2 and 2Δ3/2 states was measured to be 

900 ± 25 cm-1 (0.112 ± 0.003 eV). In the absence of d – d bonding, the spin-orbit splitting 

can be estimated to be twice the average value of the atomic spin-orbit constants (Nb = 

524 cm-1 and Mo = 677 cm-1).50,51 The resulting value of 1201 cm-1 is 25 % greater than 

the observed spin-orbit splitting of 900 ± 25 cm-1. A similar deviation was observed for 
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the VMo dimer, for which the estimated value (854 cm-1) is 24.5 % greater than the 

observed spin-orbit splitting (645 ± 10 cm-1).15 

To justify the assignment of Transition A (X̃ 2Δ5/2 ← X̃ 1Σ+ and 2Δ3/2 ← X̃ 1Σ+), the 

vibrational frequency measurements and bond length differences between the anion and 

neutral molecule states were compared. The vibrational frequency (ωe) does not change 

significantly between the 1Σ+ ground state of the anion (485 ± 15 cm-1) and the 2Δ5/2 and 

2Δ3/2 states of the neutral molecule (490 ± 15 cm-1). Based on the assignment for 

Transition A, the electron configuration for the 1Σ+ anion ground state is dσ2dπ4dδ4sσ2 

and that of the 2∆ state is dσ2dπ4dδ3sσ2. Although the electron is detached from the dδ 

bonding orbital, no significant change in the vibration frequency is observed. This 

observation could be due to the large formal bond order in both the 1Σ+ (formal bond 

order of 6) and 2Δ (formal bond order of 5.5) states, so that the detachment of a dδ 

bonding electron may produce little change in the vibrational frequency. However, the 

bond length does increase upon going from the 1Σ+ ground state of the anion (1.943 ± 

0.013 Å) to the 2Δ5/2 and 2Δ3/2 states of the neutral molecule (2.008 Å). This increase in 

bond length is consistent with the detachment of an electron from a bonding orbital.  

It is well known that for anion photoelectron spectra obtained at visible 

wavelengths, transitions from s type orbitals have increased relative intensities as 

compared with transitions from d type orbitals.52 To provide further support for the 

ground state assignment of NbMo¯ as the 1Σ+ state, the relative intensity of Transition A 

was compared to that of Transition C in the 488 nm spectrum, shown in Figure 3.3. The 

ratio (A/C) is 0.54, as described in Section 3.3.A. The weaker intensity of Transition A 
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than C is consistent with the assignment of Transition A as due to an electron detachment 

from a d type orbital.  

 

3.3.A.ii Transition B 

 
Figure 3.6. Nb92Mo¯ photoelectron spectra of Transition B (514 nm and room 

temperature flow tube conditions) assigned as X̃ 2Δ ← 3Δ. The solid line shows the fitted 

Franck-Condon simulation, and the dotted line shows the experimental spectrum. 

Vibration assignments are given as v'neutral ← v"ion.  

 

 Transition B is determined to be a transition from the excited state of NbMo¯, 

assigned as the 3Δ state, to the X̃ 2Δ ground state of NbMo. Figure 3.6 compares the 

Franck-Condon simulation to the experimental spectrum of Transition B at 514 nm and 

room temperature flow tube conditions. Parameters used to obtain this Franck-Condon 

simulation includes the following. 
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 (1) Upon initial inspection, it appears that there is no consistent Franck-Condon 

vibrational intensity profile, making it more challenging to assign the hot band(s) for 

Transition B. This indicates the presence of spin-orbit transitions. The 2∆ state has two 

substates, 2∆5/2 and 2∆3/2 states, while the 3∆ state has three substates, 3∆3, 
3∆2, and 3∆1 

states. Based upon spin-orbit analysis,51 the higher Ω state values, for the 2∆ and 3∆ 

states, are the lowest in energy.50 Additionally, photoelectron selection rules for spin-

orbit allowed transitions upon detachment of an electron from a σ orbital are ΔΩ = ± ½. 

Therefore, there is a possibility of four allowed spin-orbit transitions for Transition B (X̃ 

2∆5/2 ← 3∆3, X̃
 2∆5/2 ← 3∆2, 

2∆3/2 ← 3∆2, and 2∆3/2 ← 3∆1). Thus, the most intense peak at 

0.749 eV eBE was assigned as the lowest energy transition, X̃ 2∆5/2 ← 3∆3, since the 3Δ3 

state would be most populated.  In Figure 3.6, the two peaks closely spaced to the right of 

the assigned X̃ 2∆5/2 ← 3∆3 transition, at 0.721 eV and 0.693 eV eBE, are too intense to be 

hot bands. Therefore, these two peaks must be the origin bands of two of the remaining 

three spin-orbit transitions (X̃ 2∆5/2 ← 3∆2, 
2∆3/2 ← 3∆2, and 2∆3/2 ← 3∆1) from the higher 

energy 3∆2 and 3∆1 components, since these peak intensities are expected to be weaker 

than the lowest energy transition, X̃ 2∆5/2 ← 3∆3. 

By the process of elimination, it was determined that only one of the two possible 

spin-orbit transitions from the 3∆2 state, X̃ 2∆5/2 ← 3∆2 and 2∆3/2 ← 3∆2, was observed. The 

spin-orbit splitting between the X̃ 2Δ5/2 – 2Δ3/2 states was already determined in Transition 

A (900 ± 25 cm-1). However, no peak spaced approximately 900 ± 25 cm-1
 to the left or 

right of the peaks at 0.721 or 0.693 eV eBE was found within the experimental error. 

Assuming no d-d bonding, the estimated spin-orbit splitting for the 3Δ excited state of the 
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anion should be the average value of the atomic spin-orbit constants (shown in Section 

3.3.A.i). This value is 600.5 cm-1.50 Based on this calculation, the peak at 0.693 eV eBE 

(approximately spaced 445 cm-1 from the X̃ 2∆5/2 ← 3∆3 transition at 0.749 eV eBE) is 

assigned as the X̃ 2∆5/2 ← 3∆2 transition. Therefore, the origin band at 0.721 eV eBE is 

assigned as the 2∆3/2 ← 3∆1 transition. 

The anion temperature used to create the Franck-Condon fit for all three 

transitions shown in Figure 3.6 is approximately 450 K, consistent with the anion 

temperature used to fit Transition A in Figure 3.5 at 488 nm and room temperature flow 

tube conditions. 

 (2) With the origin band assignments justified based on the discussion above, the 

eBE origin band position for the X̃ 2∆5/2 ← 3∆3 transition is measured to be 0.749 ± 0.006 

eV, the X̃ 2∆5/2 ← 3∆2 origin is at 0.693 ± 0.006 eV, and the 2∆3/2 ← 3∆1 origin is at 0.721 

± 0.008 eV.  

 (3) For all three electronic transitions in Figure 3.6, the 1 ← 0 fundamental band 

and 0 ← 0 origin were measured to have the same vibrational interval, within the 

experimental error, as the neutral molecule in Transition A (ωe = 483 ± 10 cm-1 and ωexe 

= 6 cm-1). The 0 ← 1 hot band was observed for the X̃ 2∆5/2 ← 3∆2 transition. The 

vibrational frequency used for the Franck-Condon simulation is measured to be ωe = 425 

cm-1. The 0 ← 2 overtone peak is too weak in intensity to be detected for this transition 

and therefore information on the ωexe value could not be obtained. The hot band was also 

observed for the 2∆3/2 ← 3∆1 transition and its vibrational frequency was ωe = 430 cm-1 

for the fitted Franck-Condon simulation. Again, the 0 ← 2 overtone is too weak to be 
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detected. The hot band was not observed for the most intense transition, X̃ 2∆5/2 ← 3∆3, 

because this peak overlaps with the origin band for the X̃ 2∆5/2 ← 3∆2 transition. Both the 

3∆2 and 3∆1 substates gave very similar measurements for the anion vibrational frequency 

(3∆2 = 425 cm-1 and 3∆1 = 430 cm-1). This observation provides additional support for this 

assignment of the 3∆ excited state of the anion, as only minor deviations are expected in 

the vibrational frequency between the different 3∆ substates. 

 (4) Since the bond lengths of the 2∆ substates of the neutral molecule were already 

determined to be 2.008 ± 0.002 Å, the ∆r value of ± 0.038 ± 0.002 Å for the 3∆ states of 

NbCr¯ in the fitted Franck-Condon simulation shown in Figure 3.6 provides a value of 

2.008 ± 0.040 Å for the bond length in the 3Δ states. This ∆r value was determined by 

fitting the intensities of the 0 ← 0 and 1 ← 0 bands for each electronic transition 

observed in Transition B. Since the resolved vibrational progressions are short, the 

direction of the bond length change could not be determined. 

 (5) Franck-Condon fits to Transition B used Gaussian peak shapes with a FWHM 

of approximately 13 meV (105 cm-1). 

The relative intensity of Transitions B to A was already discussed earlier, in 

Section 3.3.A., where the observed temperature dependence indicated that Transition B is 

due to a higher energy state of the anion. With the ground state of the anion assigned as 

the X̃ 1Σ+
, the most likely electron configuration for the 3Δ excited state of the anion is 

dσ2dπ4dδ3sσ2sσ*1. Thus, the electron is detached from the sσ* antibonding orbital to 

access the 2Δ ground state of the neutral molecule.  
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The 3Δ3 – 3Δ2 spin-orbit splitting is measured to be 445 ± 30 cm-1 and the 
3Δ2 – 3Δ1 

splitting is 650 ± 50 cm-1. As mentioned earlier, in the absence of d-d bonding, the 

estimated spin-orbit splitting is 600.5 cm-1. The energy splitting between 3Δ3 – 3Δ2 (445 ± 

30 cm-1) is about 25 % smaller than the theoretical estimation while the energy splitting 

between 3Δ2 – 3Δ1 (650 ± 50 cm-1) is about 10 % larger. The reduced splitting for 3Δ3 – 

3Δ2 may be due to perturbations from another low-lying excited state of the anion. The 

1Δ2 state has the same electronic configuration as the 3Δ2, dσ2dπ4dδ3sσ2sσ*1, with the two 

unpaired electrons in the dδ and sσ* orbitals having opposite spins. The 1Δ2 could be low 

enough in energy to “repel” the 3Δ2 and perturb the energy spacing between the 3Δ 

substates. Although it is tempting to suggest that the weak unassigned peak at 0.585 eV 

eBE in Figure 3.6 may actually be the origin band of the 2∆ ← 1Δ2 transition, there is no 

convincing evidence to support this peak assignment. 

 
Figure 3.7. Photoelectron spectra of Transition B, in which the Nb92Mo¯ spectrum is 

overlapped with the Nb98Mo¯ spectrum, both obtained at 514 nm and room temperature 

flow tube conditions. Transition B is assigned as X̃ 2Δ ← 3Δ. The extra features in the 

latter spectrum are due to 191 amu Mo2¯ isotopes. 
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It should be noted that additional peaks were observed in Transition B, depending 

on the isotope studied in this experiment. Figure 3.7 compares Nb92Mo¯ and Nb98Mo¯ 

spectra at 514 nm and room temperature flow tube conditions. The additional peak at 

0.733 eV eBE in the 93Nb98Mo¯ spectrum, shown in Figure 3.7, is determined to be 

Mo2¯. Both 94Mo and 97Mo as well as 95Mo and 96Mo have the same mass, 191 amu, as 

Nb98Mo. Previous anion photoelectron spectra of Mo2¯ confirm that the peak at 0.733 eV 

eBE is the assigned origin band for the transition from the ground state of the anion, the 

2Σu
+ state, to the ground state of the neutral molecule, the 1Σg

+ state.15 Therefore, all 

experimental spectra that were taken using the Nb98Mo¯ isotope in this spectral region 

were corrected to remove the Mo2¯ contamination. This was accomplished by using the 

previous anion photoelectron spectrum of Mo2¯. The relative peak intensities at 0.733 eV 

eBE were adjusted so that the Mo2¯ spectrum matched the Nb98Mo¯ spectrum. Then the 

Mo2¯ features were subtracted out of the Nb98Mo¯ spectrum in order to properly analyze 

the NbMo¯ spectrum. 
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3.3.A.iii Transition C 

 
Figure 3.8. Nb98Mo¯ photoelectron spectra of Transition C (488 nm and liquid N2 flow 

tube conditions) assigned as 2Σ+ ← X̃  1Σ+. The solid line shows the fitted Franck-Condon 

simulation, and the dotted line shows the experimental spectrum. Vibrational assignments 

are given as v'neutral ← v"ion.  

 

 The most intense transition, Transition C, is identified as a transition from the X̃ 

1Σ+ ground state of NbMo¯ to the excited state of NbMo, assigned as the 2Σ+ state. Figure 

3.8 compares the fitted Franck-Condon simulation to the experimental photoelectron 

spectrum of Transition C at 488 nm for anions prepared in the cooled flow tube. 

Parameters used to obtain the Franck-Condon simulation are described below: 

 (1) To identify the 0 ← 1 hot band in Transition C, the ratios of the peak 

intensities were compared for the assigned 0 ← 0 and 0 ← 1 peaks in the 488 nm room 

temperature experiment (middle panel of Figure 3.4) and those of the 488 nm cold 

temperature experiment (bottom panel of Figure 3.4). It was found that the assigned 0 ← 

1 peak intensity in the 488 nm room temperature spectrum is approximately 30 % of the 
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assigned 0 ← 0 peak intensity.  When the temperature decreases, the 0 ← 1 peak 

intensity in the 488 nm cold temperature spectrum is approximately 15 % of the 0 ← 0 

peak intensity. This decrease in the 0 ← 1 peak intensity with decreasing temperature 

shows approximately the same ratio that was observed for the assigned 0 ← 0 and 0 ← 1 

peaks in Transition A, providing further support for the assignment of the 0 ← 1 hot band 

in Transition C. Once this hot band was assigned, an anion temperature of 330 K was fit 

to the spectrum of the cooled anions in Figure 3.8. As expected, this temperature is lower 

than the 450 K value used in the fits to the spectra of Transitions A and B shown in 

Figures 3.5 and 3.6, respectively, which were obtained with the flow tube at room 

temperature. 

 (2) With the origin band assignment discussed in the previous paragraph, the 0 ← 

0 origin band position is measured to be 1.490 ± 0.006 eV eBE. 

 (3) Vibrational constants used to fit the transition to the 2Σ+ state of NbMo, from 

the 0 ← 0 up to the 7 ← 0 bands, are ωe = 548 cm-1 and ωexe = 3.0 cm-1. The ΔG1/2 value 

is 545 ± 15 cm-1 for the 2Σ+ excited state of NbMo. Anion vibrational constants used to fit 

the 0 ← 1 hot band in Figure 3.8, ωe = 495 cm-1 and ωexe = 4.0 cm-1, are similar to those 

used to fit the hot band in Transition A, ωe = 485 cm-1 and ωexe = 0.0 cm-1, which agree to 

within the experimental error. This measurement provides further support for the X̃ 1Σ+ 

ground state assignment for NbMo¯ in Transition C, since both Transitions A and C have 

a similar vibrational interval for the anion.  

 (4) The Franck-Condon simulation gives the best agreement with the 

experimental spectrum when the bond length in the 2Σ+ excited state of NbMo is assumed 
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to be 0.059 Å longer than in the X̃ 1Σ+ ground state of NbMo¯ (1.943 ± 0.013 Å). If the 

bond length in the 2Σ+ excited state is assumed to be shorter than in the X̃ 1Σ+ ground state 

of NbMo¯ by approximately 0.045 Å (so that the fitted Franck-Condon simulation 

matches the peak intensity of both the 0 ← 0 and 1 ← 0 peaks in Figure 3.8), then the 2 

← 0 overtone in the fitted Franck-Condon progression is about 55% lower than in the 

experimental spectrum. If the bond length in the 2Σ+ excited state is assumed to be longer 

than in the X̃ 1Σ+ ground state of NbMo¯ by approximately 0.059 Å, then the 2 ← 0 

overtone in the fitted Franck-Condon progression matches the experimental spectrum, 

and the intensities of the higher overtones are also well-modeled, as shown in Figure 3.8. 

However, the different vibrational band intensity profiles observed for Transition C in the 

488 nm and 514 nm spectra obtained at room temperature suggest that the direction and 

magnitude of the bond length change are uncertain. On this basis, the bond length of the 

2Σ+ excited state maybe deduced to be 2.002 ± 0.020 Å. 

 (5) Gaussian peak shapes were used to fit both electronic transitions observed in 

Figure 3.8. The FWHM for Transition C is 10 meV (81 cm-1). 

 Based on the assignment for Transition C, 2Σ+ ← X̃ 1Σ+, the assumed electron 

configurations for the 2Σ+ NbMo excited state (dσ2dπ4dδ4sσ1) and for the 1Σ+ anion 

ground state (dσ2dπ4dδ4sσ2) indicate that the electron is detached from the primarily sσ 

bonding orbital. It should be noted that there is likely sdσ hybridization which will be 

discussed later in Sec. 3.4. It is observed that the vibrational frequency in Transition C 

increases going from the X̃ 1Σ+ ground state of NbMo¯ (485 ± 15 cm-1) to the 2Σ+ excited 

state of NbMo (548 ± 25 cm-1) while the bond length also appears to increase from 1.943 
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± 0.013 Å to 2.002 ± 0.020 Å, respectively. This trend is notable because the electron is 

detached from a bonding orbital and contrasts with the measurements for Transition A, in 

which the vibrational frequency remains the same and the bond length increases when the 

electron is detached from the dδ bonding orbital. This unexpected observation will also 

be discussed later in Sec. 3.4. 

 The 2Σ+ excited state energy of NbMo (T0) is 2915 ± 15 cm-1 (0.361 ± 0.002 eV) 

relative to the X̃ 2Δ ground state of NbMo. This measurement was determined by 

comparing the spacing between the assigned origin bands in Transition A (1.129 ± 0.004 

eV eBE) and Transition C (1.490 ± 0.006 eV eBE). Transition C shows no evidence of 

spin-orbit splitting which is also consistent with its assignment (2Σ+ ← X̃ 1Σ+) as both 

sigma states have no spin-orbit substates. 

 

3.3.B Computational Results 

Table 3.4 gives the total ZPE energies (in Hartrees), the calculated ZPE corrected 

relative energies of both NbMo¯ and NbMo, and S2 values for both stability enforced and 

non-stability enforced calculations. All three functionals have determined that the ground 

state of NbMo¯ is a 1Σ+ state, whether the wavefunction was stable or had any internal 

instabilities. In addition, all functionals consistently predicted a low-lying 3∆ state, 

whether or not wavefunction stability was enforced. However, not all functionals were in 

agreement regarding the energy difference between the predicted 1Σ+ ground state and the 

3∆ excited state. For stability enforced wavefunctions, BPW91 and M06 functionals 

determined that the 3∆ state is approximately 1750 – 1790 cm-1 above the 1Σ+ ground 
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state while M06-L predicted that the 3∆ state is approximately 550 cm-1 above the ground 

state. It is quite evident that the quintet and septet spin states from all functionals tested 

are significantly higher in energy: the quintet state is calculated to be more than 5000 cm-

1 above the 1Σ+ ground state and the septet state at least 14000 cm-1 above the 1Σ+ ground 

state. M06-L calculations on the septet state did not converge; therefore, no information 

could be obtained for this spin state. Since the quintet and septet states are significantly 

higher in energy, they will not be discussed in any more detail. 

 In Table 3.4, all three functionals predict 2∆ as the ground state of NbMo 

regardless of wavefunction stability. The lowest lying excited quartet state is predicted to 

be a 4∆ state. All three functionals predict that the 4∆ spin state is 4800 – 6800 cm-1 above 

the 2∆ ground state. It is also observed that sextet and octet spin states are high lying 

excited states; the sextet state is at least 10000 cm-1 above the 2∆ ground state and the 

octet state is at least 17000 cm-1 above the 2∆ ground state. Considering that both the 

sextet and octet states for all functionals are significantly higher in energy than the 

ground state, they too will not be discussed in any more detail. 

 Table 3.5 provides the calculated spectroscopic constants (bond lengths, 

vibrational frequencies, excited state energies, electron affinities, and S2 values) for 

stability enforced wavefunctions of singlet and triplet states of NbMo¯ as well as doublet 

and quartet states of NbMo. These spectroscopic constants are compared to the 

experimental measurements. As mentioned earlier, all functionals predict the 1Σ+ state to 

be the ground state of NbMo which is in agreement with this experiment. All functionals 

tested predicted a longer bond length by 0.04 – 0.10 Å than was obtained from 
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experiment, depending on the functional used. BPW91 underestimates the vibrational 

frequency by approximately 110 cm-1 while M06 and M06-L slightly overestimate the 

vibrational frequency. The BPW91 functional does show an S2 value (0.72) that deviates 

from the true S2 value; for a singlet state the total spin operator, S2, S(S + 1) should be 

0.00. This deviation in the S2 value shows that the singlet state is also mixing with the 

triplet state for NbMo¯ (the S2 value for the triplet state should be 2.00) and indicates that 

the wavefunction has some spin contamination. Therefore, this state at the BPW91 level 

of theory is not well-described by a singlet Slater determinant. There is no evidence of 

spin contamination based on the S2 values for the singlet state in M06 and M06-L 

functionals. 

 All functionals predict a low-lying excited state of the anion, assigned as a 3∆ 

state, shown in Table 3.5. This is also consistent with the experimental results, but, as 

stated earlier, the energy differences (T0 values) between the 1Σ+ ground state and the 3∆ 

excited state are inconsistent with the experimental measurements. All functionals predict 

a longer bond length (0.04 – 0.09 Å) than the experimental measurement. Consistent with 

the experimental measurement (where the 3∆ excited state bond is 0.11 Å longer than in 

the 1Σ+ ground state), all functionals predict the bond length of the 3∆ excited state to be 

longer by 0.06 – 0.14 Å than that of the 1Σ+ ground state of NbMo¯. Since an 

experimental measurement of the vibrational frequency for the 3∆ excited state could not 

be obtained, this value could not be compared to the DFT calculations. Vibrational 

frequencies calculated appear to be consistently around 330 – 380 cm-1. All functionals 
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tested had minor deviations in the S2 value indicating that there is some spin 

contamination for the 3∆ excited state. 

 The ground state of the neutral molecule is predicted to be the 2∆ state for all 

functionals tested, which is consistent with both this experiment and the R2PI 

experimental results.3 Again it is found that all functionals predict the bond length to be 

longer than the experimental measurement when wavefunction stability is enforced. All 

functionals tested underestimate both the vibrational frequency (by at least 80 cm-1) and 

the EA. The S2 values for all functionals tested again show minor deviations, similar to 

the 3∆ state, indicating some spin contamination for the 2∆ state of NbMo. 

 In Table 3.5, all functionals predict a higher lying excited state, assigned as a 4∆, 

which has a dσ2dπ4dδ2sσ2dδ1* valence electron configuration. The 4∆ state is not 

observed in this experimental photoelectron spectrum and cannot be compared to the 

calculated spectroscopic constants. The S2 values for the 4∆ excited state for both BPW91 

and M06 have basically no evidence of spin contamination while M06-L has minor 

amounts of spin contamination. 

 Table 3.6 provides the calculated spectroscopic constants (bond lengths, 

vibrational frequencies, excited state energies, electron affinities, and S2 values) for non-

stability enforced wavefunctions of singlet and triplet states of NbMo¯ as well as two 

different doublet and quartet states of NbMo. The spectroscopic constants obtained, when 

wavefunction stability is not enforced, essentially do not vary from the stability enforced 

DFT results shown in Table 3.5, where wavefunction stability is enforced. The only new 

information provided was that a different doublet state could also be calculated, for 
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comparison with the 2Σ+ excited state observed in this experiment. All functionals predict 

that this excited doublet state, assigned as a 2Σ+ state, is low-lying, qualitatively 

consistent with the experimental results. The energy differences between the 2∆ ground 

state and the 2Σ+ and 4∆ excited states of NbMo appear to show some inconsistency 

depending on the functional used. Both BPW91 and M06 functionals suggest that the 2Σ+ 

state of NbMo is lower in energy than the 4∆ state by 300 and 1470 cm-1 respectively, 

whereas M06-L predicts that the 4∆ state is lower in energy than the 2Σ+ state by 60 cm-1. 

Furthermore, all functionals overestimate the relative energy between the 2∆ ground state 

and the 2Σ+ state by at least 1600 cm-1 compared to the experimental measurement. The 

bond length for the 2Σ+ state is predicted to be longer than the experimental measurement 

by at least 0.025 Å for all functionals considered. However, all functionals consistently 

predict that the 2Σ+ state has a smaller bond length than the 2∆ state, consistent with the 

experimental measurements. The vibrational frequency predicted by the BPW91 level of 

theory is lower than the experimental value by approximately 80 cm-1, while both M06 

and M06-L have calculated vibrational frequencies that agree with the experimental 

measurement within the experimental error. All functionals tested have S2 values close to 

the true value (0.75) indicating no evidence of spin contamination. 
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Table 3.4. Total zero point corrected energies, relative energies, and S2 values of all spin states tested for both the anion and neutral 

spin states of NbMo using the BPW91, M06, and M06-L functionals 

  Stability Enforced  Stability Not Enforced 

Level of 

Theorya Molecule 
Spin 

State 

Energy 

(Hartree)b Erel (eV)c Erel (cm-1) S2 True S2 
 Energy 

(Hartree)b 
Erel (eV)c Erel (cm-1) S2 True S2 

BPW91 

NbMo¯ 

1 -125.2090 0.0000 0 0.72 0.00  -125.2077 0.0000 0 0.00 0.00 

3 -125.2010 0.2163 1745 2.31 2.00  -125.2010 0.1801 1453 2.31 2.00 

5 -125.1767 0.8791 7091 6.02 6.00  -125.1767 0.8429 6799 6.02 6.00 

7 -125.1422 1.8185 14668 12.01 12.00  -125.1422 1.7823 14375 12.01 12.00 

NbMo 

2 -125.1740 0.0000 0 1.38 0.75  -125.1740 0.0000 0 1.38 0.75 

4 -125.1437 0.8255 6658 3.82 3.75  -125.1429 0.8475 6836 3.79 3.75 

6 -125.1170 1.5524 12521 8.76 8.75  -125.1170 1.5524 12521 8.76 8.75 

8 -125.0862 2.3912 19286 15.76 15.75  -125.0862 2.3912 19286 15.76 15.75 

M06 

 

NbMo¯ 

1 -124.9678 0.0000 0 0.00 0.00  -124.9678 0.0000 0 0.00 0.00 

3 -124.9597 0.2216 1788 2.46 2.00  -124.9597 0.2216 1788 2.46 2.00 

5 -124.9389 0.7873 6350 6.03 6.00  -124.9389 0.7873 6350 6.03 6.00 

7 -124.8986 1.8842 15197 12.04 12.00  -124.8986 1.8836 15192 12.03 12.00 

NbMo 

2 -124.9286 0.0000 0 1.22 0.75  -124.9286 0.0000 0 1.22 0.75 

4 -124.9067 0.5948 4797 3.80 3.75  -124.9067 0.5948 4797 3.80 3.75 

6 -124.8519 2.0876 16837 8.77 8.75  -124.8502 2.1329 17203 8.77 8.75 

8 -124.8319 2.6306 21217 15.78 15.75  -124.7981 3.5516 28645 15.76 15.75 

M06-L 

NbMo¯ 

1 -125.0712 0.0000 0 0.00 0.00  -125.0712 0.0000 0 0.00 0.00 

3 -125.0686 0.0687 554 2.71 2.00  -125.0686 0.0687 554 2.71 2.00 

5 -125.0463 0.6759 5452 6.05 6.00  -125.0463 0.6759 5452 6.05 6.00 

7 - - - - 12.00  - - - - 12.00 

NbMo 

2 -125.0459 0.0000 0 1.82 0.75  -125.0459 0.0000 0 1.82 0.75 

4 -125.0181 0.7544 6085 4.11 3.75  -125.0178 0.7651 6171 3.99 3.75 

6 -124.9961 1.3546 10926 8.82 8.75  -124.9961 1.3546 10926 8.82 8.75 

8 -124.9649 2.2038 17775 15.80 15.75  -124.9649 2.2039 17775 15.80 15.75 

(a) SDD basis set was used for all functionals tested. (b) Energy values are all ZPE corrected. (c) Erel
 values are the calculated energy relative to the ground state 

in which the ground state is denoted as 0.0000 eV. All Erel values were calculated using the ZPE corrected energies. 
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Table 3.5. Spectroscopic constants from stability enforced calculations compared to experimental measurements (a) 

Molecule Spin State Level of Theoryb Assignment r (Å) ωe (cm-1) T0 (cm-1)c  EA (eV)d S2 True S2 

NbMo¯ 

1 

Experiment 1Σ+ 1.943 ± 0.013 481 ± 15f - - - - 

BPW91 1Σ+ 2.042 369 - - 0.72 0.00 

M06 1Σ+ 1.986 522 - - 0.00 0.00 

M06-L 1Σ+ 2.001 504 - - 0.00 0.00 

3 

Experiment 3∆ 2.008 ± 0.040 - 3050 ± 15 - - - 

BPW91 3∆ 2.105 373 1745 - 2.31 2.00 

M06 3∆ 2.088 380 1788 - 2.46 2.00 

M06-L 3∆ 2.136 328 554 - 2.71 2.00 

NbMo 

2 

Experiment 2∆ 2.00802e 485 ± 10f - 1.129 ± 0.004 - - 

BPW91 2∆ 2.096 376 - 0.951 1.38 0.75 

M06 2∆ 2.065 407 - 1.068 1.22 0.75 

M06-L 2∆ 2.127 339 - 0.688 1.82 0.75 

4 

Experiment - - - - - - - 

BPW91 4∆ 2.157 410 6658 - 3.82 3.75 

M06 4∆ 2.134 421 4797 - 3.80 3.75 

M06-L 4∆ 2.179 341 6085 - 4.11 3.75 

(a) All calculated states reported above are stable wavefunctions. (b) SDD basis set was used for all calculated states reported above. (c) T0 values for the triplet 

state are determined by comparing the energies of the 3∆ and 1Σ+ states calculated at the same level of theory. T0 values for the quartet state are determined by 

comparing the energies of the 4∆ and 2∆ states calculated at the same level of theory. (d) The reported EA values shown here may not be the calculated EA; they 

are the energy difference between the 1Σ+ and 2∆ state in order to compare with the experimental value. (e) Ref.3 (f) ΔG1/2 value. 
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Table 3.6. Spectroscopic constants from non-stability enforced calculations compared to experimental measurementsa 

Molecule Spin State Level of Theoryb Assignment r (Å) ωe (cm-1) T0 (cm-1)c EA (eV)d S2 True S2  

NbMo¯ 

1 

Experiment 1Σ+ 1.943 ± 0.013 481 ± 15f - - - - 

BPW91 1Σ+ 2.016 494 - - 0.00 0.00 

M06 1Σ+ 1.986 522 - - 0.00 0.00 

M06-L 1Σ+ 2.001 504 - - 0.00 0.00 

3 

Experiment 3∆ 2.008 ± 0.040 - 3050 ± 15 - - - 

BPW91 3∆ 2.105 373 1453 - 2.31 2.00 

M06 3∆ 2.088 380 1788 - 2.46 2.00 

M06-L 3∆ 2.136 328 554 - 2.71 2.00 

NbMo 

2 

Experiment 2∆ 2.00802e 485 ± 10f - 1.129 ± 0.004 - - 

BPW91 2∆ 2.096 376 - 0.915 1.38 0.75 

M06 2∆ 2.065 407 - 1.068 1.22 0.75 

M06-L 2∆ 2.127 339 - 0.688 1.82 0.75 

2 

Experiment 2Σ+ 2.002 ± 0.020 545 ± 15f 2915 ± 15 - - - 

BPW91 2Σ+ 1.977 463 5367 - 0.86 0.75 

M06 2Σ+ 1.957 553 4496 - 0.75 0.75 

M06-L 2Σ+ 1.963 548 6231 - 0.75 0.75 

4 

Experiment - - - - - - - 

BPW91 4∆ 2.155 421 6836 - 3.79 3.75 

M06 4∆ 2.134 421 4797 - 3.80 3.75 

M06-L 4∆ 2.168 388 6171 - 3.99 3.75 

(a) Only the BPW91/SDD 3∆ state and the M06/SDD 4∆ state have stable wavefunctions. (b) SDD basis set was used for all calculated states reported above. (c) 

T0 values for the triplet state are determined by comparing the energies of the 3∆ and 1Σ+ states calculated at the same level of theory. T0 values for the quartet 

state are determined by comparing the energies of the 4∆ and 2∆ states calculated at the same level of theory. (d) The reported EA values shown here may not be 

the calculated EA; they are the energy difference between the 1Σ+ and 2∆ state in order to compare with the experimental value. (e) Ref.3 (f) ΔG1/2 value.
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3.4 DISCUSSION  

 The 488 nm room temperature, 488 nm cold temperature, and 514 nm room 

temperature photoelectron spectra of NbMo¯ were studied by anion photoelectron 

spectroscopy. A summary of results for the three vibrationally-resolved transitions (A – 

C) of NbMo and NbMo¯ is reported in Table 3.7. This table includes information such as 

the electronic state assignment, the proposed electron configuration, the EA or excited 

state energy, fundamental vibrational frequencies and other vibrational constants (ωe and 

ωexe), force constants, and changes in equilibrium bond length upon electron detachment. 

Error bars in Table 3.7 were determined by comparing the optimized peak fit or Franck-

Condon fitted results for all experimental conditions obtained in this experiment (488 nm 

room temperature, 488 nm cold temperature, and 514 nm room temperature 

photoelectron spectra). 
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Table 3.7. Summary of experimental results for NbMo  

Molecule 
State 

Assignment 

Electron 

Configuration 
T0, EA, D0  

∆G1/2 , ωe ,  
ωexe (cm-1) 

Force Constant 

(mdyn/Å) 

Bond Length 

(Å)a 

Bond Length 

Error Bar (Å) 

NbMo 

 

2Σ+ dσ2dπ4dδ4sσ1 T0 2915 ± 15 cm-1 ∆G1/2 545 ± 15 8.45 ± 0.75 x2 + 0.059 ± 0.020 

0.361 ± 0.002 eV ωe 548 ± 25 2.002 

  ωexe 3.0 ± 2.0  

2∆3/2 dσ2dπ4dδ3sσ2 T0 

 

900 ± 25 cm-1 ∆G1/2 480 ± 15 6.75 ± 0.40  x1 ± 0.002 

0.112 ± 0.003 eV ωe 490 ± 15  

  ωexe 7.8 ± 1.8  

X̃ 2∆5/2 dσ2dπ4dδ3sσ2 EA 1.129 ± 0.004 eV ∆G1/2 485 ± 10 6.75 ± 0.40 x1 = ± 0.00030c 

D0 4.64 ± 0.26 eVb ωe 490 ± 15 2.00802c  

  ωexe 7.3 ± 4.0  

NbMo¯ 3∆1
 dσ2dπ4dδ3sσ2sσ*1 T0  4145 ± 35 cm-1 ∆G1/2  430 ± 25 5.20 ± 0.60 x1 ± 0.038 ± 0.002 

  0.514 ± 0.004 eV   

3∆2
 dσ2dπ4dδ3sσ2sσ*1 T0  3495 ± 15 cm-1 ∆G1/2  425 ± 20 5.05 ± 0.50 x1 ± 0.038 ± 0.002 

  0.433 ± 0.002 eV   

3∆3 dσ2dπ4dδ3sσ2sσ*1 T0  3050 ± 15 cm-1 ∆G1/2  435 ± 50 5.30 ± 1.20 x1 ± 0.038 ± 0.002 

   0.378 ± 0.002 eV      

X̃ 1Σ+ dσ2dπ4dδ4sσ2 D0 4.85 ± 0.27 eV ∆G1/2 481 ± 15 6.60 ± 0.40 x1 – 0.065 = x2 ± 0.013 

ωe 485 ± 15 1.943 

ωexe 0.0 + 5.0  

(a) Some of the equilibrium bond length changes are given with respect to x1 (X̃ 2∆5/2). The other four bond lengths listed were obtained by combining x1 and 

bond length differences between the anion and neutral molecule states, as measured from Franck-Condon fits, assuming Morse oscillators using numerical 

integration of Laguerre wavefunctions, to the vibrational intensity profile in the experimental spectrum. The X̃ 1Σ+ ground state of the anion is labelled x2. (b) 

Ref.2 (c) Ref.3 
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3.4.A Vibrational Force Constants and Bond Dissociation Energies of NbMo¯ and  

NbMo 

  

Force constants for all electronic states observed and reported in Table 3.7 are 

calculated using Equation 2.2 described in Chapter 2.4.B. In Equation 2.2, k is the force 

constant (mdyn/Å), 1.66054 x 10-27 kg/amu is used to convert units of amu to units of kg, 

μ is the reduced mass (amu), ωe is the vibrational frequency of the corresponding 

electronic state (cm-1), 2.9979 x 1010 cm/s is the speed of light, and 100 is used to convert 

a N/m to mdyn/Å. The reduced mass, μ, is calculated by multiplying the mass of Nb 

(92.9064 amu) by the mass of Mo (97.9054 amu) and dividing by the mass of Nb plus the 

mass of Mo; an example calculation can be found in Chapter 2.4.B. The 98Mo isotope 

was used in this reduced mass calculation because a majority of the data was collected 

using this isotope. The reduced mass of Nb98Mo is about 47.6702 amu. 

 When the vibrational force constant measured in Transition A (X̃ 2Δ ← X̃ 1Σ+) is 

compared to that of Transition C (2Σ+ ← X̃  1Σ+), the vibrational force constant is found to 

stay relatively constant when going from the 1Σ+ ground state of NbMo¯ (6.60 ± 0.40 

mdyn/Å) to the 2Δ5/2 ground state of NbMo (6.75 ± 0.40 mdyn/Å). The electron in this 

transition is detached from a dδ bonding orbital. The vibrational force constant 

significantly increases in Transition C when going from the same 1Σ+ ground state of 

NbMo¯ (6.60 ± 0.40 mdyn/Å) to the 2Σ+ excited state of NbMo (8.45 ± 0.75 mdyn/Å). 

The electron in Transition C is also detached from a bonding orbital, in this case sσ*. 

This trend observed in Transition C is very inconsistent with the general expectation that 



 

127 

 

the vibrational force constant should decrease (and the bond weaken) going from the 

anion to the neutral when the electron is detached from a bonding orbital. 

To rationalize this very unexpected trend, the radial expectation values of the 

valence orbitals for the Nb and Mo atoms were examined. The valence 5s orbitals for Nb 

(4.050871 rBohr ≈ 2.14 Å) and Mo (3.914930 rBohr ≈ 2.07 Å) are significantly larger than 

the valence 4d orbitals for Nb (2.142426 rBohr ≈ 1.13 Å) and Mo (1.943428 rBohr ≈ 1.03 

Å). The 5s orbital radii are also large relative to the NbMo bond length (2.00802 ± 

0.00030 Å).3,53 It is suspected that this large 5s orbital overlap at the short equilibrium 

bond length causes additional electron-electron repulsion. By detaching an electron from 

the 5sσ bonding orbital, as in Transition C (2Σ+ ← X̃  1Σ+) of NbMo, the electron-electron 

repulsion is reduced, resulting in a higher vibrational force constant in the 2Σ+ excited 

state despite the reduction in bond order. This phenomenon demonstrates that the 

occupation of dδ bonding orbitals, as in the 2Σ+ excited state of NbMo (dσ2dπ4dδ4sσ1), 

can be more favorable for bonding than the occupation of sσ bonding orbitals, as in the 

2Δ ground state (dσ2dπ4dδ3sσ2). 

 Another notable characteristic of both the NbMo¯ and NbMo dimers is that the 

vibrational force constants for the 1Σ+ ground state of NbMo¯ (6.60 ± 0.40 mdyn/Å) and 

the 2Δ5/2 ground state of NbMo (6.75 ± 0.40 mdyn/Å) are considerably weaker than the 

vibrational force constant for a more familiar molecule incorporating multiple bonding, 

such as acetylene (C2H2 = 15.7 mdyn/Å).54 This is the case despite the fact that both 

NbMo¯ and NbMo have high formal bond orders of 6 and 5.5, respectively, compared to 

the triple C≡C bond in acetylene, which only has a formal bond order of 3. This trend 
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goes against the general expectation that increasing bond orders result in increasing force 

constants. In addition to the repulsive effects of sσ orbital occupation discussed above, 

the weaker intrinsic bond strengths of metal-metal than carbon-carbon bonds precludes a 

consistent correlation of bond orders to vibrational force constant values.   

The NbMo¯ bond dissociation energy was calculated using the thermochemical 

cycle shown in the diagram below: 

 

Figure 3.9. Thermochemical cycle to determine the NbMo¯ bond dissociation energy 

 

 

where the y-axis is given in energy (eV) and the x-axis represents the bond dissociation 

coordinate. Equation 3.2 is derived from the Figure 3.9 above: 
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ΔHdissociation (NbMo¯ → Nb¯ + Mo) = 

ΔHdissociation (NbMo → Nb + Mo) + EA(NbMo) – EA(Nb) 
Equation 3.2 

 

where ΔHdissociation (NbMo¯ → Nb¯ + Mo) is the bond dissociation energy of NbMo¯, 

ΔHdissociation (NbMo → Nb + Mo) is the bond dissociation energy of NbMo (4.64 ± 0.26 

eV),2 EA(NbMo) is the EA of NbMo (1.129 ± 0.004 eV), and EA(Nb) is the EA of Nb 

(0.918 ± 0.005 eV).55 In this equation, the EA of Mo (0.7472 ± 0.0002 eV)37 is not used 

because the Nb + Mo¯ ionic asymptote is higher in energy than the Nb¯ + Mo ionic 

asymptote. Following the same process shown in Chapter 2.4.B to calculate the bond 

dissociation energy of NbCr¯, the calculated bond dissociation energy of NbMo¯ is 4.85 

± 0.27 eV.  
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3.4.B Summary of Group 5/6 Heterobimetallic Dimer Studied by Anion  

Photoelectron Spectroscopy 

 

 

Figure 3.10. Summary of anion photoelectron spectra of group 5/6 congeners studied. 

The spectrum of VCr is from Ref.50 and the spectrum of VMo is from Ref.15 

 

Figure 3.10 provides a summary of all the anion photoelectron spectra for the 

group 5/6 heterobimetallic dimers studied thus far in this research group (VCr¯,50 

V92Mo¯,15 NbCr¯, and Nb98Mo¯). Table 3.8 provides a detailed summary of the 

spectroscopic constant values for the anion and neutral molecule ground states and first 

observed low-lying excited electronic states of these dimers. R2PI studies have assigned 

the neutral molecule ground states of all four molecules as a 2∆ state,3,56,57 corresponding 

to a dσ2dπ4dδ3sσ2 valence electron configuration with a formal bond order of 5.5. In these 

anion photoelectron spectroscopy experiments, the first low-lying excited state is 
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assigned as the 2Σ+ for all four neutral dimers corresponding to either dσ1dπ4dδ4sσ2 or 

dσ2dπ4dδ4sσ1 as the valence electron configuration with a formal bond order is 5.5. The 

2Σ+ excited states have much higher force constants than do the 2∆ ground states of the 

corresponding molecules. This observation suggests that occupation of the dδ orbitals is 

more favorable for bonding than that of the sσ orbitals.  

 Anion photoelectron spectroscopy experiments have assigned the anion ground 

states of VMo¯, NbMo¯, and NbCr¯ as 1Σ+ states with dσ2dπ4dδ4sσ2 configurations and a 

formal bond order of six. It is observed that these dimers increase in vibrational 

frequency when an electron is detached from the sσ molecular orbital of the 1Σ+ ground 

state of the anion to access the 2Σ+ excited state of the neutral, despite the reduction in the 

formal bond order from six to five-and-a-half. When an electron is detached from the dδ 

bonding orbital, to access the 2∆ ground state of the neutral molecule, corresponding to a 

decrease in the bond order from 6 to 5½, the vibrational frequency decreases (or, for 

NbMo, does not change significantly). This trend illustrates how s-s and d-d bonds can 

have quite different bonding properties in multiply bonded systems such as the group 5/6 

congeners studied here. The first transition series dimer, VCr¯, has a different anion 

ground state, 3∆, in which the “extra” electron in the anion occupies the sσ* orbital, rather 

than the dδ orbital as in VMo¯, NbMo¯, and NbCr¯. This difference may reflect stronger 

bonding contributions from dδ bonds in dimers incorporating second series transition 

metals such as Nb and Mo.  

The EA increases (VCr¯ = 0.521 ± 0.005 eV, VMo¯ = 0.932 ± 0.005 eV, NbCr¯ 

= 0.793 ± 0.005 eV, and NbMo¯ = 1.129 ± 0.004 eV) with increasing incorporation of 



 

132 

 

second series transition metal atoms. VMo and NbCr each incorporate one second row 

metal (Nb or Mo) and have EA values greater than that of VCr and less than that of 

NbMo. Another notable trend, which was discussed earlier in section 3.4.A, is that 

despite the high formal bond order in the ground state of the anion (VCr¯ = 5, VMo¯ = 6, 

NbCr¯ = 6, and NbMo¯ = 6) the force constant values (VCr¯ = 2.50 ± 0.10 mdyn/Å, 

V92Mo¯ = 6.65 ± 0.25 mdyn/Å, NbCr¯ = 5.56 ± 0.20 mdyn/Å, and Nb98Mo¯ = 6.60 ± 

0.40 mdyn/Å) are relatively weak compared to more familiar, organic molecules that 

have a formal carbon-carbon bond order of 3 (acetylene, C2H2 = 15.7 mdyn/Å).54 

Similarly, the carbon-carbon bond strength of acetylene (9.92 ± 0.03 eV)58 is much 

higher than those of the sextuply bonded anions examined here (e.g., 4.85 ± 0.27 eV for 

NbMo¯). Thus, not only do our usual intuitions concerning correlations of bonding 

properties with bond order not extrapolate from main group molecules to transition 

metals, but even among the group 5/6 heterobimetallic dimers, their predictions are often 

contradicted by experiment. 
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Table 3.8. Summary of the electronic structure and spectroscopic constants of group 5/6 congeners 

Neutral molecule VCra V92Mob NbCr Nb98Mo 

First excited state 

Assignment  2Σ+ (dσ1dπ4dδ4sσ2) 2Σ+ (dσ2dπ4dδ4sσ1) 2Σ+
(1) (dσ2dπ4dδ4sσ1) 2Σ+ (dσ2dπ4dδ4sσ1) 

Formal bond order 5.5 5.5 5.5 5.5 

ωe (cm-1) 715 ± 11 652.2 ± 3.0 601 ± 10 548 ± 25 

k (mdyn/Å) 7.75 ± 0.25 8.480 ± 0.080 7.10 ± 0.25 8.45 ± 0.75  

Bond length (Å) 1.706 ± 0.020 1.766 ± 0.020 1.765 ± 0.017 2.002 ± 0.020 

T0 (cm-1) 4485 ± 15 3330 ± 15 4130 ± 40 2915 ± 15 

      

Ground state 

Assignment  2∆ (dσ2dπ4dδ3sσ2) 2∆ (dσ2dπ4dδ3sσ2) 2∆ (dσ2dπ4dδ3sσ2) 2∆ (dσ2dπ4dδ3sσ2) 

Formal bond order 5.5 5.5 5.5 5.5 

EA (eV) 0.521 ± 0.005 0.932 ± 0.005 0.793 ± 0.005 1.129 ± 0.004 

ωe (cm-1) 520 ± 8 507.3 ± 5.0 476 ± 8 490 ± 15 

k (mdyn/Å) 4.10 ± 0.15 5.080 ± 0.100 4.45 ± 0.15 6.75 ± 0.40 

Bond length (Å) 1.7260 ± 0.0011c 1.87657 ± 0.00023d 1.8940 ± 0.0003c 2.00802 ± 0.00030e 

Anion VCr¯ a V92Mo¯ b NbCr¯ Nb98Mo¯ 

First excited state Assignment   3∆3 (dσ2dπ4dδ3sσ2sσ*1) 3∆3 (dσ2dπ4dδ3sσ2sσ*1) 3∆3 (dσ2dπ4dδ3sσ2sσ*1) 

Formal bond order  5 5 5 

ωe (cm-1)  472 ± 15 (∆G1/2)  435 ± 50 (∆G1/2) 

k (mdyn/Å)  4.40 ± 0.30  5.30 ± 1.20 

Bond length (Å)  1.912 ± 0.010 1.894 ± 0.034 2.008 ± 0.040 

T0 (cm-1)  2294 ± 15 1200 ± 50 3050 ± 15 

     

Ground state Assignment  3∆ (dσ2dπ4dδ3sσ2sσ*1) 1Σ+ (dσ2dπ4dδ4sσ2) 1Σ+ (dσ2dπ4dδ4sσ2) 1Σ+ (dσ2dπ4dδ4sσ2) 

Formal bond order 5 6 6 6 

ωe (cm-1) 406 ± 10 (∆G1/2) 581 ± 10 532 ± 10 (∆G1/2) 485 ± 15 

k (mdyn/Å) 2.50 ± 0.10 6.65 ± 0.25 5.56 ± 0.20 6.60 ± 0.40 

Bond length (Å) 1.756 ± 0.010 1.818 ± 0.010 1.815 ± 0.011 1.943 ± 0.013 

(a) is ref 50, (b) is ref 15, (c) is ref 57, (d) is ref 56, and (e) is ref 3
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3.5 CONCLUSIONS 

Gas phase anion photoelectron spectroscopy was used to study 488 nm room 

temperature, 488 nm cold temperature, and 514 nm room temperature spectra of NbMo¯. 

Three vibrational transitions (A-C) were observed and the electronic states of each 

transition were assigned (X̃ 2∆ ← X̃ 1Σ+, X̃ 2∆ ← 3∆, 2Σ+ ← X̃ 1Σ+), respectively. Results 

for NbMo and NbMo¯ can be found in Table 3.7. An extensive summary of 

heterobimetallic dimers studied in our group (VCr¯,50 VMo¯,15 NbCr¯, and NbMo¯) can 

be found in Table 3.8. The isovalent dimer anions that incorporate second series 

transition metals (VMo¯, NbCr¯, and NbMo¯) have 1Σ+ ground states. In a simple, 

single-configurational description, this singlet state has a dσ2dπ4dδ4sσ2 configuration, 

(with sd-hybridized σ orbitals), corresponding to a formal bond order of six. These anions 

also each display transitions from a low-lying triplet 3Δ excited state with nominally a 

dσ2dπ4dδ3sσ2sσ*1 configuration, corresponding to a formal bond order of five. The singlet 

– triplet splitting (1Σ+ – 3Δ) is 3050 ± 15 cm-1 for NbMo¯, which incorporates two second 

row transition metal atoms. This splitting is reduced for VMo¯ (2294 ± 15 cm-1) and 

NbCr¯ (1200 ± 50 cm-1), which each incorporate one first series and one second series 

metal. For the first transition series anion VCr¯, the state ordering is reversed, and the 3Δ 

state becomes the ground state. These results, and those summarized in Table 3.8, may 

provide useful tests for emerging computational techniques capable of accurately 

predicting the properties of different spin states of neutral and ionic systems 

incorporating high order multiple metal-metal bonding. 
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CHAPTER 4 

ANION PHOTOELECTRON SPECTROSCOPY OF NbC6H6¯ 

and NbC4H4¯ PREPARED BY FLOW TUBE REACTIONS 

WITH BUTADIENE 
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4.1 INTRODUCTION  

Several studies have been done on the reactions of niobium (Nb) and Nb clusters 

with simple hydrocarbons.1–20 The advantage of studying these reactions in the gas phase 

is that these systems are not complicated by solvent effects,21 thus providing a better 

understanding of elementary processes occuring in real catalytic reactions such as 

dehydrogenation, carbon-carbon bond activation, carbon-carbon bond formation, carbon-

hydrogen bond activiation, and intracluster cyclization.  Additionally, spectroscopic data 

obtained by anion photoelectron spectroscopy can provide benchmark values for 

computational methods to aid and improve computational models. This chapter will 

mainly emphasize NbC6H6 and NbC4H4 products formed by reactions of Nb with simple 

hydrocarbons. 

Previous studies have been done on flow tube reactions of Nb with ethylene 

(C2H4) using anion photoelectron spectroscopy.20,22–24 For example, the mass 

spectroscopic results from the studies described in Ref. 20 included small amounts of 

NbC6H6¯ (45 pA) and also yielded a significant amount of NbC4H4¯ (120 pA) product 

anions in addition to the major product anion, NbC2H2¯ (290 pA). The NbC6H6¯ 

photoelectron spectrum was vibrationally-resolved and the isomeric structure of NbC6H6 

was determined to be an η6 Nb-benzene π complex for both the anion and neutral 

molecule, based on comparing the experimental results to the Franck-Condon simulation 

based upon DFT calculations.20 Two vibrationally-resolved transitions were observed 

and, through an extensive DFT analysis, were assigned as X̃ 2A1 ← X̃ 3A1 and 2A1 ← X̃ 

3A1. The electron affinity (EA) was measured to be 0.893 ± 0.006 eV. Frequencies of the 



 

143 

 

active vibrational modes for the X̃ 2A1 ground state of the neutral molecule were 382 ± 10 

cm-1, 740 ± 15 cm-1, and 3060 ± 25 cm-1 while those of the X̃ 3A1 ground state of the 

anion were 375 ± 15 cm-1 and 730 ± 20 cm-1. The active mode measured at 375 cm-1 in 

the anion and at 382 cm-1 in the neutral molecule was determined to be a symmetric 

metal-ligand stretch based on the DFT calculations. It was also determined, based on 

DFT calculations, that the active mode measured at 730 cm-1 in the anion and 740 cm-1 in 

the neutral molecule is the symmetric out-of-plane hydrogen bend while the active mode 

measured at 3060 cm-1 in the neutral molecule was determined to be the symmetric 

carbon-hydrogen stretch.20 The excited state of the neutral molecule was also observed, 

assigned as a different 2A1 state, and was measured to be 0.713 ± 0.004 eV (5750 ± 30 

cm-1) above the X̃ 2A1 ground state of the neutral molecule. Three active vibrational 

modes were measured at 750 ± 20 cm-1, 955 ± 20 cm-1, and 3090 ± 30 cm-1 for the 

excited state of the neutral molecule and were assigned as the out-of-plane hydrogen 

bend, carbon-carbon ring breathing stretch, and carbon-hydrogen stretch.20 

The NbC4H4¯ photoelectron spectrum was also obtained from anion 

photoelectron spectroscopy experiments for Nb reacting with C2H4.
23 At least one 

transition was vibrationally-resolved. The measured EA was 0.997 ± 0.006 eV.23 DFT 

calculations on the NbC4H4¯ photoelectron spectrum determined that this vibrationally-

resolved transition is X̃ 2Aʹ ← X̃ 3Aʹ, where the isomeric structure is a five-membered 

ring in which the Nb atom lies outside the C4 plane.24 Two active vibrational modes were 

measured for the X̃ 2Aʹ ground state of the neutral molecule at 385 ± 15 cm-1 and 660 ± 

20 cm-1.23  Two additional broad and intense transitions were also observed in this 
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photoelectron spectrum; however, no useful information could be obtained from these 

transitions. It is suspected that these transitions are due to one or more low symmetry 

isomeric structures of NbC4H4 in which there are large changes in the geometry between 

the anion and neutral molecule, which could result in broad peaks in a photoelectron 

spectrum due to overlapping, unresolved vibrational progressions. 

In this chaper, 488 nm room temperature (RT) photoelectron spectra of NbC6H6¯ 

and NbC4H4¯, produced by flow tube reactions of Nb with butadiene (C4H6), are 

reported. Additionally, 488 nm cold temperature photoelectron spectra of NbC4H4¯ are 

reported. The experimental spectra of each product anion provide measurements of the 

EA and vibrational frequencies of each active mode observed. The NbC4H4¯ and 

NbC6H6¯ photoelectron spectra obtained in this study are also compared to those of the 

same product anions observed in the previous anion photoelectron spectroscopy 

experiments for flow tube reactions of Nb with C2H4.
20,23,24 
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4.2 METHODS 

4.2.A Experimental Methods 

 
Figure 4.1. Anion source flow tube configuration used in the studies of Nb reactions with 

butadiene. The He and Ar buffer gases were introduced to a Nb cathode discharge source, 

followed by a 37.5 cm long segment (pink colored section) cooled with liquid nitrogen. 

This cooled segment was then followed by a 50 cm long segment (yellow colored 

section) which was cooled with liquid nitrogen in some experiments, and not cooled in 

others. 

  
The technical details describing the anion photoelectron spectrometer can be 

found in Chapter 1, Section 1.3.A of this thesis. The flow tube configuration used to do 

reactivity studies of Nb with butadiene, shown in Figure 4.1, is very different from the 

configuration described in Chapters 2 and 3. In the present experiment, the C4H6 gas (1 % 

1,3-butadiene in argon) was introduced approximately 51 cm downstream from the Nb 

cathode (2.54 cm long, 1.30 cm diameter) and approximately 46 cm upstream from the 2 

mm diameter molybdenum nosecone aperture. In these experiments, the 37.5 cm long 

segment (pink colored section in Figure 4.1) was always immersed in liquid nitrogen 
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(LN2) to help produce Nb clusters and to cool them and the plasma prior to reaction. The 

50 cm segment (yellow colored section in Figure 4.1) was tested both at room (RT) and 

cold temperature (LN2 cooled) conditions in order to determine hot band and origin peak 

assignments in the photoelectron spectra. The same flow tube configuration was used in 

the previous C2H4 experiments.20,22,23 The buffer gas flow rates were 6.5 standard liters 

per minute (SLPM) for He, 0.7 SLPM for Ar, and 0.5 – 1.9 standard cubic centimeters 

per minute (SCCM) for the C4H6/Ar gas mixture (the average value was set to 

approximately 1.6 SCCM). The flow tube pressure was approixmately 0.5 Torr and the 

cathode voltage was set to -2.5 kV relative to the grounded flow tube.  

 Photoelectron spectra presented below were calibrated against the EA of NbC4H4 

using the EA measurements obtained from anion photoelectron spectrosocopy 

experiments of flow tube reactions of Nb with C2H4 (EA = 0.997 ± 0.006 eV).23 In the 

experiments reported here, the energy scale compression factor, referred to as gamma, 

was assumed to be exactly one. The instrumental resolution values for these experiments 

were approximately 9 – 16 meV (70 – 130 cm-1) for all eBE ranges observed and 

Gaussian line shapes were used to fit the peaks of all transitions analyzed. 

 

4.2.B Computational Methods 

 The NbC6H6 and NbC4H4 anion and neutral molecules were analyzed by DFT 

using the Gaussian 09 program (version ES64L-G09RevD.01).25 Based upon the 

previous calculations done on both molecules,24 the proposed isomeric geometries chosen 

for DFT calculations were assumed to be those shown in Figure 4.2 below for NbC6H6 
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and NbC4H4 (proposed geometries were the same for both the anion and neutral of each 

molecule).  

 

Figure 4.2. NbC6H6 and NbC4H4 proposed geometries used in DFT calculations  

Since the NbC6H6¯ photoelectron spectrum in this experiment is the same as the 

NbC6H6¯ photoelectron spectrum obtained following flow tube reactions of Nb with 

C2H4 as well as Nb with C6H6,
22,23 only the triplet spin state of the C6v symmetry 

structure in Figure 4.2 was tested for NbC6H6¯ and the doublet spin state was tested for 

NbC6H6. The NbC4H4¯ photoelectron spectrum in this experiment also had similarities to 

the NbC4H4¯ photoelectron spectrum produced by flow tube reactions of Nb with C2H4.
23 

Therefore, in view of the extensive DFT analysis performed on NbC4H4 previously,24 

only the triplet spin state was tested for NbC4H4. The DFT method used for both 

molecules was B3LYP.26 B3LYP is a global-hybrid generalized gradient approximation 

(GGA) method with 20% Hartree-Fock exchange. This particular method was chosen 

because of its recommended performance in organometallic chemistry as well as its 
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recommendation from an extensive DFT analysis that tested different methods and basis 

sets for NbCnHn/NbCnHn¯ complexes (Appendix II of Steve Miller’s thesis).24 

The SDD effective core potential basis set,27 already described in detail in 

Chapter 2.2.B, was used for the Nb atom in both molecules tested (NbC6H6 and NbC4H4). 

The Gaussian 09 keyword used to implement the SDD basis set for the Nb atom is 

MWB28. Twenty-eight core electrons were frozen for Nb (up to [Ar]3d10). An all 

electron basis set, 6-311++G(df,pd), was used for all C and H atoms.28–30  

All DFT calculations (geometry optimizations or frequency jobs) used the 

keyword SCF=Tight to help with wavefunction convergence. Additionally, all 

calculations used the SCF=XQC or SCF=QC keyword. If the calculation could not 

converge using the SCF=XQC keyword, then the SCF=QC keyword was used instead. 

All geometry optimization calculations used the keyword Opt=Tight, to help the 

molecule optimize to the desired geometry, as well as Pseudo=Read, which reads the 

pseudopotential data. Once the geometry optimization calculation converged to a 

reasonable molecular geometry, frequency calculations were performed using the 

keyword Freq=HPModes and an ultrafine integration grid was used. The keyword option 

Freq=HPModes gives five figures after the decimal place for the vibrational frequency 

eigenvectors. This format is necessary for the FCFGAUS program,31 which is needed to 

help simulate the calculated photoelectron spectrum and will be described in more detail 

below, to properly read the Gaussian 09 output files. The previous keyword IOp(7/33=1) 

only works with Gaussian 03. 
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Time-dependent B3LYP (TDB3LYP)32–38 calculations were used to determine 

low-lying excited state energies of NbC4H4, if the neutral state could not be calculated 

using B3LYP because the MO wavefunction was identical to that of the lowest state 

calculated. After the geometry optimization calculation, a new calculation using the 

keyword TD was used to do the TDB3LYP calculations. 

Once the frequency calculation is complete, the frequency output files from 

Gaussian 09 are then read into the FCFGAUS program,31 which uses the vibrational 

frequencies, normal mode vectors, and displacements from the output files of the anion 

and neutral state calculations to create mode mixing (J) and displacement (K) matrices. 

Once these matrices are created, they can be read by the PESCAL program,39,40 which 

simulates the Franck-Condon intensity profiles in the harmonic approximation, allowing 

the calculated results to be compared to the experimental photoelectron spectra of 

NbC6H6¯ and NbC4H4¯. A detailed step-by-step guide on how to simulate photoelectron 

spectra using Gaussian calculations can be found in Appendix I of Steve Miller’s thesis.24 

The only modification is that in Gaussian 09 frequency calculations, the keyword 

Freq=HPModes is used instead of IOp(7/33=1). 

All calculated electronic states from the B3LYP calculations were also zero-point 

energy (ZPE) corrected in order to compare the relative energy values calculated to the 

experimental measurements. 
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4.3 RESULTS AND DISCUSSION 

 
Figure 4.3. Mass spectrum of anions prepared in the flow tube by reaction of Nb with C-

4H6. The table on the right displays each molecule assigned along with its designated 

peak number shown in the figure. 

  

Anion products formed in the flow tube by the reaction of Nb with C4H6 gas 

yielded a mass spectrum which is shown in Figure 4.3. The x-axis is the anion mass 

(amu) and the y-axis is the anion current (pA). H, C, and Nb have only one isotope with 

high natural abundance: 1H, 12C, and 93Nb. The most abundant product anion observed is 

NbC4H4¯ (~ 150 pA, # 4) at 145 amu, indicating a loss of H2 from C4H6 upon reaction 

with Nb. Other abundant species include NbC8H10¯ (~ 20 pA, # 12) and Nb2C4¯ (~ 25 

pA, # 16). Relatively small amounts of the product anions NbC6H4¯ (~ 3 pA, # 7) and 
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NbC6H6¯ (~ 4 pA, # 8) were observed, indicating the occurrence of carbon-carbon bond 

activation in addition to dehydrogenation. 

 Vibrationally-resolved photoelectron spectra were recorded for mass-selected 

peaks, including NbC4H4¯ and NbC6H6¯ (Chapter 4) and NbC6H4¯ (Chapter 5). No Nb¯ 

atomic anions were observed in this experiment at 93 amu. However, upon the 

introduction of C4H6, there is a large abundance of NbCxHy¯ (x = 2 – 12, y = 0 – 14) 

product anions from 120 – 250 amu. Based on the lack of Nb¯ anions before the addition 

of C4H6 and the large abundance of NbCxHy¯ anions after its addition, one might suspect 

that the reaction begins with a neutral Nb atom.  
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4.3.A NbC6H6¯ 

4.3.A.i  Experimental Results 

 

Figure 4.4. NbC6H6 + e¯ ← NbC6H6¯ photoelectron spectrum at 488 nm (2.5400 eV), 

with the 50 cm flow tube segment was at RT conditions.  

  

Figure 4.4 displays the 488 nm NbC6H6¯ photoelectron spectrum, obtained with 

the 37.5 cm flow tube segment cooled with liquid nitrogen and the 50 cm flow tube 

segment not cooled. The top x-axis gives the electron kinetic energy (eKE), in eV, while 

the bottom-axis gives the electron binding energy (eBE), also in eV. These quantities are 

related by Equation 1.20 in Chapter 1 (eBE = hv – eKE), where the photon energy for this 

experiment (hv) is 2.5400 eV (488 nm). The y-axis shows photoelectron counts after 

signal averaging. Two photodetachment transitions, labeled X and Y, are shown in Figure 

4.4. Transition X shows some vibrational progressions which are relatively weak, which 

indicates that there are small changes in the equilibrium geometry between the anion and 
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neutral molecule. Transition Y has an even weaker vibrational progression, which again 

indicates very small differences in the equilibrium geometries of the anion and neutral 

molecule. Furthermore, the relative intensity of Transition Y is weak compared to 

Transition X.  

 

Figure 4.5. NbC6H6 + e¯ ← NbC6H6¯ photoelectron spectrum obtained at 488 nm for 

anions produced by flow tube reactions of Nb with C4H6 (bottom panel) compared to the 

NbC6H6 + e¯ ← NbC6H6¯ photoelectron spectrum obtained at 488 nm of anions 

produced by flow tube reactions of Nb with C2H4 (top panel), Ref.23 

 

 Figure 4.5 compares the 488 nm photoelectron spectrum of NbC6H6¯ produced by 

flow tube reactions of Nb with C4H6 (bottom panel) from this experiment to the 488 nm 

photoelectron spectrum of NbC6H6¯ produced by flow tube reactions of Nb with C2H4 

(top panel).23 It is clearly evident that Transitions X and Y observed in the Nb and C4H6 

experiment are the same as the assigned transitions X̃ 2A1 ← X̃ 3A1 (Transition X) and 2A1 
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← X̃ 3A1 (Transition Y) from the Nb and C2H4 experiment.23 The same spectrum was also 

recorded upon reaction with benzene.20,22 This indicates that the same C6v symmetry η6 

Nb-benzene π complex was formed regardless of the initial reactant (C2H4, C4H6, or 

C6H6) upon reaction with Nb.  

Table 4.1 provides a detailed summary of the observed peak positions for 

Transitions X and Y using Figure 4.4 from this experiment. This table gives the peak 

position (in eBE), height (counts), width (meV), measured spacing from the assigned 

origin band (cm-1), and the peak assignment of each active mode observed. A least-

squares fit using Gaussian line shapes was used when reporting values in Table 4.1.
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Table 4.1 Peak positions in the NbC6H6 + e¯ ← NbC6H6¯ photoelectron spectrum obtained at 488 nm (2.5400 eV) and RT 

flow tube conditions upon reaction with C4H6 (Figure 4.4) 

 

 

 

 

 

 

Transition 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width  

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 
Assignment 

X (X̃ 2A1 ← X̃  3A1) 0.8477 110 22 -353  

0.8915 1330 14 0  

0.9389 690 16 382  

0.9846 360 17 751  

1.0309 110 20 1124  

1.0767 50 23 1494  
      

Y (2A1 ← X̃  3A1) 1.5990 260 23 0  
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Figure 4.6. NbC6H6¯ photoelectron spectrum of Transition X assigned as X̃ 2A1 ← X̃ 3A1. 

This spectrum was obtained upon reaction with butadiene (C4H6), at 488 nm and with the 

50 cm segment at RT conditions. The solid blue and red lines are the fitted Franck-

Condon simulation and the dotted black line is the experimental spectrum. 

 

 Transition X is already determined to be the X̃ 2A1 ← X̃ 3A1 based on the previous 

NbC6H6¯ photoelectron spectrum from the Nb and C2H4 experiment.20 Figure 4.6 

compares the 488 nm photoelectron spectrum, obtained from this experiment with C4H6, 

of Transition X (dotted black line) to the fitted Franck-Condon simulation (solid blue and 

red lines). The top x-axis is given eBE (eV) while the bottom x-axis is given in 

wavenumbers (cm-1) above the assigned origin band of Transition X. In order to get the 

Franck-Condon fit shown in Figure 4.6 to agree reasonably well with the experimental 

spectrum, the Franck-Condon factors were calculated for independent harmonic 

oscillators by a recursion formulae (Hutchisson method) using the program PESCAL.39,40 
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Parameters used to obtain this Franck-Condon fit include: (1) number of active normal 

modes, (2) anion vibrational temperature, (3) peak position of the assigned origin 

band, (4) the vibrational constants (ωe) for the neutral and anion states of each active 

normal mode, (5) the displacement for each active normal mode, and (6) the instrumental 

line shape and peak width. These parameters are slightly different from those used to 

obtain the Franck-Condon fits described in Chapters 2 and 3 on diatomic molecules, 

which of course have only one normal mode, whereas polyatomic molecules can have 

multiple active normal modes observed in the photoelectron spectrum. As a reminder, the 

total number of normal modes in non-linear polyatomic molecules is 3N – 6 (where N is 

the total number of atoms in the molecule). Therefore, since N = 13 atoms in NbC6H6¯, 

the total number of normal modes is 33. In a transition between two states with the same 

molecular symmetry, only the totally symmetric modes are expected to be active in the 

spectrum. 

 (1) A total of two active normal modes were used to create the fit shown in 

Figure 4.6. 

(2) The peak position of the  hot band, measured to be 0.848 eV (eBE), was 

easily identified using the previous assignments made for the NbC6H6¯phototelectron 

spectrum produced by flow tube reactions of Nb with C2H4.
23 The anion vibrational 

temperature was determined to be 300 K in the present experiment with C4H6, by fitting 

the peak intensity ratio of the  origin band to the  hot band in the experimental 

spectrum shown in Figure 4.6. 
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(3) The peak position of the  origin band was already determined in the 

NbC6H6¯phototelectron spectrum produced following flow tube reactions of Nb with 

C2H4 to be 0.893 ± 0.006 eV.20,23 In the present experiment, the assigned  origin band 

position was measured to be 0.892 eV (eBE). This measurement gives the EA and is also 

consistent, within the experimental error, with the NbC6H6¯phototelectron spectrum 

produced by flow tube reactions of Nb with C2H4. 

(4) The vibrational frequencies used for Mode 2 are ωe = 372 cm-1 for the X̃ 3A1 

ground state of the anion and ωe = 377 cm-1 for the X̃ 2A1 ground state of the neutral 

molecule. The vibrational frequency used for Mode 1 is ωe = 740 cm-1 for the X̃ 2A1 

ground state of the neutral molecule. However, the vibrational constant of Mode 1 for the 

X̃ 3A1 ground state of the anion could not be determined because the  hot band was not 

observed in the experimental spectrum. 

(5) The normal mode displacement used for Mode 2 is approximately 0.29 

amu½Å while the displacement used for Mode 1 is approximately 0.11 amu½Å. 

(6) The line shapes used to fit Transition X in Figure 4.6 were 13 meV (FWHM) 

Gaussians.  

Only the  origin band was observed for Transition Y in this experiment; 

therefore, no Franck-Condon fit was done. This peak position, which was measured at 

1.599 eV (eBE), is consistent with the  origin band position measured at 1.606 ± 0.004 

eV for the assigned 2A1 ← X̃ 3A1 transition in the Nb and C2H4 experiment.20,23  
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4.3.A.ii Computational Results 

 

 

Figure 4.7. NbC6H6¯ photoelectron spectrum from Nb and C4H6 experiments (bottom) 

compared to the simulated X̃ 2A1
 ← X̃ 3A1 transition from B3LYP calculations (top). 

  

Figure 4.7 compares the NbC6H6¯ photoelectron spectrum of Transition X, 

obtained from this experiment, to the B3LYP calculated X̃ 2A1 ← X̃ 3A1 transition, 

obtained using the methods described in Section 4.2.B. The bottom and top x-axes are 

given in electron binding energy while the y-axis is given in phototelectron counts. The 

instensity of the DFT calculated spectrum was scaled to match that of the assigned  

origin band, which was measured to be at 0.891 ± 0.008 eV (eBE) from this experiment. 

The calculated spectrum in Figure 4.7 included 2 modes in the PESCAL simulation step. 

The vibrational temperature assumed was 275 K. The simulation included vibrational 

levels up to vʺ = 2 in the anion and up to vʹ = 5 in the neutral molecule, for the 2 modes 
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having significant displacements, and up to vʺ = 0 and vʹ = 0 for modes having essentially 

zero displacement. 

It is clear that the DFT calculated Franck-Condon progression looks very similar 

to the experimental NbC6H6¯ photoelectron spectrum. The ZPE corrected calculated EA, 

0.829 eV, was underestimated by only 0.06 eV. Based on comparing the DFT 

calculations for the ion and neutral complexes, the electron from the a1 molecular orbital, 

which primarily consists of the Nb 5s atomic orbital, is detached from the X̃ 3A1 ground 

state of the anion to access the X̃ 2A1 ground state of the neutral molecule. Since the 

electron is detached from a primarily s orbital, this could explain why Transition X, X̃ 2A1
 

← X̃ 3A1, is the more intense transition compared to Transition Y, 2A1 ← X̃ 3A1. As 

mentioned in Chapter 2, Section 2.3.A.i, it is well-known that for transition metal atomic 

anion photoelectron spectra, recorded at a laser wavelength of 488 nm, transitions from s 

orbitals have an increased intensity relative to those from d orbitals.41  

From Table 4.2, Mode 3, measured to be at 377 ± 20 cm-1 for the X̃ 2A1 ground 

state of the neutral molecule and 372 ± 20 cm-1 for the X̃ 3A1
 ground state of the anion in 

this experiment (labeled v2 in the Franck-Condon fit in Figure 4.6), agrees well with the 

DFT calculated vibrational frequencies at 381 and 369 cm-1 respectively. Mode 3 is 

determined to be the symmetric metal-ligand stretch. Mode 2, measured to be at 740 ± 20 

cm-1 for the X̃ 2A1 ground state of the neutral molecule in this experiment (labeled v1 in 

the Franck-Condon fit in Figure 4.6), as compared to the DFT calculated frequency of 

773 cm-1, is determined to be the symmetric out-of-plane hydrogen bend. Mode 1, 

calculated to be at 3199 cm-1 for the X̃ 2A1 ground state of the neutral, is the symmetric 
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carbon-hydrogen stretch, and was not observed at the lower signal levels in this 

experiment. However, both Modes 2 and 3 observed in this experiment are consistent 

with the previous results.20 

Transition Y, assigned as 2A1 ← X̃ 3A1, was not calculated by the B3LYP method, 

because the 2A1 excited state has the same orbital symmetry as the X̃ 2A1 ground state of 

the neutral molecule. This situation is similar to the limitations encountered for the 2Σ+
(1) 

and 2Σ+
(2) excited state calculations of NbCr mentioned in Chapter 2, Section 2.3.B. The 

DFT calculations for NbC6H6 cannot distinguish the difference between the two 2A1 

states that were observed experimentally, and the calculations will only optimize to the 

lower energy electronic state, the X̃ 2A1 ground state. Due to the weak intensity of 

Transition Y relative to Transition X, it is suspected that the electron in Transition Y is 

detached from a different a1 molecular orbital, which primarily consists of the Nb  

atomic orbital, in the transition from the X̃ 3A1 ground state of the anion to the 2A1
 excited 

state of the neutral molecule.  

A summary of the measured electron binding energies as well as active 

vibrational modes for both transitions observed, X̃ 2A1
 ← X̃ 3A1 and 2A1 ← X̃ 3A1, in the 

Nb and C4H6, Nb and C2H4/C6H6, and B3LYP calculations can be found in Table 4.2 

below. The observed vibrational frequencies for both the anion and neutral states in the X̃ 

2A1
 ← X̃ 3A1 transition, observed in the Nb and C4H6 experiment, are in fairly good 

agreement with both the Nb and C2H4/C6H6 experimental results and the B3LYP 

calculations. This confirms that the same NbC6H6¯ anion, the C6v symmetry η6 Nb-
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benzene π complex, was formed in the Nb and C4H6 experiment as in the Nb and 

C2H4/C6H6 experiments.  
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Table 4.2. A summary of results comparing the assigned X̃ 2A1
 ← X̃ 3A1 and 2A1

 ← X̃ 3A1 transitions of NbC6H6¯ in the Nb and C4H6 

experiment to results of the Nb and C2H4/C6H6 experiment and B3LYP calculations 

 

 

 

 

 

 

 

(a) is ref 20 

 

 

  X̃  2A1 ← X̃ 3A1 2A1 ← X̃ 3A1 

 
 

Nb + C4H6 exp. Nb + C2H4/C6H6 exp.a B3LYP Nb + C4H6 exp. Nb + C2H4/C6H6 exp.a B3LYP 

NbC6H6 

eBE (eV) 0.891 ± 0.008 0.893 ± 0.006 0.829 1.599 ± 0.008 1.606 ± 0.004 – 

Mode 3 (cm-1) 377 ± 20 382 ± 10 381 – 750 ± 20  – 

Mode 2 (cm-1) 740 ± 20 740 ± 15 773 – 955 ± 20 – 

Mode 1 (cm-1)  – 3060 ± 25 3199 – 3090 ± 30 – 

        

  Nb + C4H6 exp. Nb + C2H4/C6H6 exp.a B3LYP Nb + C4H6 exp. Nb + C2H4/C6H6 exp.a B3LYP 

NbC6H6¯ 
Mode 3 (cm-1) 372 ± 20 375 ± 15 369 – – – 

Mode 2 (cm-1) – 730 ± 20 742 – – – 
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4.3.B NbC4H4¯ 

4.3.B.i  Experimental Results 

 

Figure 4.8. NbC4H4 + e¯ ← NbC4H4¯ photoelectron spectrum at 488 nm (2.5400eV) 

obtained following reaction with C4H6. The black line indicates that the 50 cm flow tube 

segment was at RT conditions while the blue line indicates that the 50 cm flow tube 

segment was immersed in LN2 for cold temperature conditions. 

 

Figure 4.8 compares the photoelectron spectrum of NbC4H4¯ when the 50 cm 

flow tube segment is at RT conditions (black line) and when it is immersed in LN2 (blue 

line). The photon energy used in both experiments shown in Figure 4.8 is 2.5400 eV (488 

nm). The relative intensity of the cold temperature experiment is scaled so that the 

assigned  origin band peak in Transition X matches the intensity of that peak in the 

room temperature experiment. The cold temperature experiment was done to help 

identify hot bands and excited states of the anion. At least two vibrationally-resolved 

transitions were observed, labeled X and Y in Figure 4.8.  The vibrational progressions in 
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both Transitions X and Y are fairly weak, thus indicating small changes in the 

equilibrium geometry between the anion and neutral molecule. The relative intensity of 

Transition Y is extremely weak compared to Transition X. The ratio (Y/X) is 0.13 in the 

RT experiment, as determined by summing the photoelectron counts of Transition Y over 

the 1.500 – 1.600 eV eBE region, relative to Transition X over the 0.900 – 1.200 eV eBE 

region. A relatively weak and unresolved transition was observed at around 1.20 – 1.40 

eV eBE in the cold temperature experiment in Figure 4.8, and the broad background 

underlying Transition Y was also elevated. This indicates that at colder temperatures, an 

additional isomer was formed, which probably has low symmetry and large changes in 

the equilibrium geometry between the anion and neutral molecule. Since it is not 

vibrationally-resolved, no useful measurements could be obtained for this broad 

transition(s) from this experiment. 
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Figure 4.9. NbC4H4 + e¯ ← NbC4H4¯ photoelectron spectra obtained at 488 nm for 

anions produced by flow tube reactions of Nb with C4H6 (bottom panel) or with C2H4 (top 

panel). 

 

Figure 4.9 compares the 488 nm photoelectron spectrum of NbC4H4¯ obtained by 

this experiment with C4H6 (bottom panel) to the 488 nm spectrum produced by flow tube 

reactions with C2H4 (top panel).23 It was observed that Transition X from this C6H4 

experiment is the same as the assigned X̃ 2Aʹ ← X̃ 3A' transition in the C2H4 experiment,23 

which has been assigned based on extensive DFT calculations on NbC4H4 and 

NbC4H4¯.24 The NbC4H4¯ spectrum from the Nb and C2H4 experiment also shows two 

relatively intense transitions that could not be vibrationally resolved, which also appear 

more weakly in the cold (blue) spectrum in Figure 4.8. These two unresolved transitions 

are most likely due to a low symmetry isomer, which generally can have many active low 
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frequency vibrational modes, and large changes in the equilibrium geometry between the 

anion and neutral molecule. These characteristics would result in cluttering the 

vibrational progression to produce broad, unresolvable features. Since the origin band 

position and vibrational frequencies of each active mode cannot be measured in these 

broad transitions, no assignments can be made to distinguish the isomer or the electronic 

states of the anion and neutral molecule. Fortunately, the NbC4H4¯ RT spectrum obtained 

in this experiment does not display those two unresolved transitions. Instead, a relatively 

weak but vibrationally-resolved transition was observed, labeled as Transition Y in 

Figure 4.8. Tables 4.3 and 4.4 summarize the observed positions for the peaks observed 

in Figure 4.8 for both the room temperature and cold temperature experiments, 

respectively. These tables provide the peak positions (in eBE), peak height (counts), 

widths (FWHM), the measured vibrational spacing from the origin band (cm-1), and the 

peak assignment of each active mode observed, if known. All peaks reported in Tables 

4.3 and 4.4 were measured by performing least-squares fits using Gaussian line shapes.  
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Table 4.3. Peak positions in the NbC4H4 + e¯ ← NbC4H4¯ photoelectron spectrum obtained at 488 nm (2.5400 eV) with the 50 cm 

flow tube segment at RT conditions (Figure 4.8) 

Transition 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width  

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 
Assignment 

X (X̃ 2Aʹ ← X̃  3Aʹ) 0.9545 470 15 -328  

0.9703 830 15 -201 - 

0.9952 9910 12 0  

1.0121 920 23 136 - 

1.0418 2300 13 376  

1.0783 1610 16 670  

1.0868 1270 21 739  

1.1392 690 18 1161  
      

Y (2Aʹ ← X̃  3Aʹ) 1.5282 370 26 -207  

1.5539 670 21 0  

1.5899 390 24 291  

1.6398 500 32 693  
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Table 4.4. Peak positions in the NbC4H4 + e¯ ← NbC4H4¯ photoelectron spectrum obtained at 488 nm (2.5400 eV) with the 50 cm 

flow tube segment immersed in LN2 for cold temperature conditions (Figure 4.8) 

Transition 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width  

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 
Assignment 

X (X̃ 2Aʹ ← X̃  3Aʹ) 0.9540 200 16 -332  

0.9709 580 10 -196 - 

0.9952 9910 9 0  

1.0148 530 15 158 - 

1.0418 2460 10 376  

1.0775 1850 11 664  

1.0905 1280 11 769  

1.1223 660 16 1025  
 1.1407 730 19 1174  
      

Y (2Aʹ ← X̃  3Aʹ) 1.5550 1030 17 0  

1.6430 838 36 709  
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Figure 4.10. NbC4H4¯ photoelectron spectrum of Transition X assigned as X̃ 2Aʹ ← X̃ 
3A'. This spectrum was obtained at 488 nm and with the 50 cm segment at RT conditions. 

The solid blue and red lines are the fitted Franck-Condon simulation and the black dotted 

line is the experimental spectrum. 

 

 Transition X is assigned as the X̃ 2Aʹ ← X̃ 3A' transition based on the previous 

NbC4H4¯ photoelectron spectrum from Nb and C2H4 experiments and DFT 

calculations.23,24 Figure 4.10 compares the 488 nm photoelectron spectrum of NbC4H4¯, 

from Figure 4.8, of Transition X (black dotted line) to the fitted Franck-Condon 

simulation (solid blue and red lines). The Franck-Condon factors were calculated using 

the same method as described in Section 4.3.A.i. In order to obtain the fit observed in 

Figure 4.10, parameters used for this Franck-Condon simulation include: 

 (1) Four active normal modes were used in the Franck-Condon fit shown in 

Figure 4.10. 
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 (2) The  hot band, measured to be at approximately 0.955 eV (eBE) in the RT 

experiment, was identified by comparing changes in peak intensities between the room 

and cold temperature experiments, shown in Figure 4.8. When the 50 cm flow tube 

segment was cooled with LN2, the  hot band intensity decreased relative to that of the 

assigned  origin band. This assignment is consistent with the results of previous studies 

on NbC4H4¯ which also included cold temperature experiments.23 A value of 300 K was 

used for the anion vibrational temperature, obtained by fitting the peak intensity ratio of 

the  origin band to the  hot band in the RT experimental spectrum (black dotted line). 

 (3) The  origin band was measured at 0.995 eV (eBE); this value is also the EA. 

This measurement was also consistent with the origin band assignment made for the 

previous NbC4H4¯ spectrum, 0.997 ± 0.006 eV, within the experimental error.23 

 (4) The fitted vibrational frequencies used for the X̃ 2Aʹ ground state of the neutral 

molecule were: Mode 4 ωe = 370 cm-1, Mode 3 ωe = 665 cm-1, Mode 2 ωe = 770 cm-1, and 

Mode 1 ωe = 1161 cm-1. The vibrational frequency for Mode 4 used for the 3Aʹ ground 

state of the anion was ωe = 338 cm-1. The , , and  hot bands were not observed in 

the experimental spectrum; therefore, the vibrational frequencies in the X̃ 3Aʹ ground state 

of the anion could not be measured for Modes 1 – 3. In the Franck-Condon fit, these were 

assumed to have the same values as in the neutral molecule.  

 (5) The normal mode displacements used in the fit were: Mode 4 = ± 0.20 

amu½Å, Mode 3 = ± 0.12 amu½Å, Mode 2 = ± 0.08 amu½Å, and Mode 1 = ± 0.06 

amu½Å. Since the harmonic oscillator approximation was used, the directions of the 

normal mode displacements (±) could not be determined. 
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 (6) Gaussian peak shapes were used to fit Transition X, with peak widths of 11 

meV (FWHM). 

Additional weak peaks on either side of the origin band were observed at 0.970 

and 1.012 eV (eBE), based on the measurements obtained for Transition X in the room 

temperature experiment shown in Figure 4.8. These peaks were not included in the 

Franck-Condon simulation in Figure 4.10. Their measured spacings from the assigned 

origin band are -201 and 136 cm-1, respectively. If these peaks are due to another active 

vibrational mode of Transition X, then this is certainly an extremely low frequency mode. 

Both peak intensities decreased relative to the origin band when the 50 cm flow tube 

segment was cooled. This is consistent with the results of the previous studies on the 

NbC4H4¯ photoelectron spectrum, which also observed these peaks at 0.972 and 1.020 

eV (eBE) in the protonated warm temperature experiment.23 Based on the temperature 

dependent studies, it is possible that these peaks may be due to the fundamental and 

origin band, respectively, of a transition from an excited state of the anion to an excited 

state of the neutral molecule. The vibrational spacing between these two peaks is 

approximately 337 cm-1 in the RT experiment and 354 cm-1 in the cold temperature 

experiment, from Figure 4.8. This does not appear to be the same vibrational spacing as 

for Mode 4 in the X̃ 2Aʹ ground state of the neutral molecule, measured to be ωe = 376 

cm-1 in both spectra. More will be discussed concerning these two peaks in the 

Computational Results Section 4.3.B.ii. 
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Figure 4.11. NbC4H4¯ photoelectron spectrum of Transition Y. This spectrum was at 488 

nm and the 50 cm segment is at RT conditions. The solid blue and red lines are the fitted 

Franck-Condon simulation and the black dotted line is the experimental spectrum. 

 

Figure 4.11 compares the experimental photoelectron spectrum of Transition Y 

(black dotted line), from Figure 4.8, to the fitted Franck-Condon simulation (solid blue 

and red lines). Because Transition Y has a weak intensity relative to Transition X, and a 

relatively high level of background counts, it is not surprising that the Franck-Condon fit 

does not agree as well with the experimental spectrum. The same method was used to 

obtain the fitted Franck-Condon simulation as described in Section 4.3.A.i. Parameters 

used to obtain the Franck-Condon simulation shown in Figure 4.11 include:  

(1) The Franck-Condon fit used two active normal modes. 
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(2) The peak position of the  hot band, assigned as such based on its weak 

relative intensity compared to the peak at 1.554 eV (eBE), was measured to be 1.528 eV 

(eBE). Since the anion vibrational temperature used to fit Transition X was 300 K, for 

which the Franck-Condon simulation agreed well with the experimental spectrum, the 

same anion vibrational temperature was used in the Franck-Condon simulation of 

Transition Y. However, the resulting hot band intensity is not in as good agreement with 

the experiment. The poorer fit could partially be due to the large number of background 

counts observed in this region of the experimental spectrum, 1.500 – 1.800 eV (eBE). 

(3) The most intense peak was assigned as the  origin band and was measured 

to be at 1.554 eV eBE.  

(4) The vibrational frequencies used for the neutral state of the molecule, for 

Transition Y, were: Mode 2 ωe = 280 cm-1 and Mode 1 ωe = 693 cm-1. The vibrational 

constant used for Mode 2 in the anion was ωe = 207 cm-1. However, this mode has an 

extremely low vibrational frequency compared to that in the neutral molecule (280 cm-1) 

and it is possible that this  hot band assignment may be incorrect. The  hot band was 

not observed in the experimental spectrum and therefore, the anion vibrational frequency 

cannot be determined for Mode 1. 

(5) Normal mode displacements used in the Franck-Condon simulation shown in 

Figure 4.11 were: Mode 2 = ± 0.41 amu½Å and Mode 1 = ± 0.24 amu½Å. 

(6) The Franck-Condon fit used Gaussian peak shapes with a peak width of 17.5 

meV. 
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Based on the origin band assignment for Transition Y, this peak is measured to be 

approximately 0.559 ± 0.005 eV (4507 ± 40 cm-1) higher in energy than the origin of 

Transition X, which was assigned as the X̃ 2Aʹ ← X̃ 3A' ground state transition. If both 

transitions are due to the same anion state, then this splitting gives the energy of the 

observed NbC4H4 excited state above its ground state. It is interesting to note that the 

spacing in Transition Y between the  origin band and the  hot band, which is 

measured to be 207 cm-1, is similar to the spacing in Transition X between the  origin 

band and the peak to its right at 0.970 eV eBE, which is measured to be 201 cm-1. This 

could suggest that both Transition X and Y are from the same state of the anion, and that 

the correct assignment for the 0.970 eV peak in Transition X is also as a vibrational hot 

band. 
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4.3.B.ii  Computational Results 

 

 

Figure 4.12 NbC4H4¯ photoelectron spectrum from Nb and C4H6 experiments (bottom) 

compared to the simulated X̃ 2Aʹ ← X̃ 3Aʹ transition from B3LYP calculations (top). 

 

 In Figure 4.12, the NbC4H4¯ photoelectron spectrum (bottom), obtained from this 

experiment, is compared to the B3LYP calculations (top), obtained using the methods 

described in Section 4.2.B. The intensity of the calculated spectrum was scaled so that its 

origin band matched the intensity of the  observed origin band, measured to be at 0.995 

± 0.004 eV (eBE). The Franck-Condon calculation in Figure 4.12 included 21 normal 

modes in the PESCAL simulation step. It included vibrational quantum numbers up to vʺ 

= 2 in the ion and up to vʹ = 5 in the neutral molecule for the 5 modes with significant 

displacements, and up to vʺ = 0 in the ion and up to vʹ = 0 in the neutral molecule for 

modes having displacements below ± 0.001 amu½Å. The calculated Franck-Condon 
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progression as well as the predicted EA, 1.006 eV (eBE), are in good agreement with the 

NbC4H4¯ photoelectron spectrum obtained from this experiment. From the DFT 

calculations, it was found that the electron was detached from the aʹ molecular orbital, 

which consists of the primarily Nb 5s atomic orbital, going from the X̃ 3Aʹ ground state of 

the anion to access the X̃ 2Aʹ ground state of the neutral molecule. This electron 

detachment from an s orbital could also explain why Transition X, X̃ 2Aʹ ← X̃ 3Aʹ, is more 

intense than Transition Y.   

 Table 4.5 summarizes all of the vibrational modes for the X̃ 2Aʹ ← X̃ 3Aʹ transition 

calculated by B3LYP as well as the displacement values calculated by FCFGAUS which 

were used in the harmonic Franck-Condon simulation shown in Figure 4.12. The modes 

in Table 4.5 are numbered simply in order of increasing frequency and do not correspond 

to the mode numbering used in Tables 4.3 and 4.4. Five modes from Table 4.5, which are 

indicated with an (*), were calculated to have a significant displacement (greater than 

0.05 amu½Å), including Modes 1, 2, 6, 9, and 15. As expected, these most active modes 

are all totally symmetric modes with aʹ symmetry. Mode 1 (344 cm-1) is a metal-ligand 

bend, Mode 2 (377 cm-1) is a metal-ligand stretch and carbon-hydrogen out-of-plane 

bend, Mode 6 (662 cm-1) is a metal-ligand stretch and carbon-hydrogen in-plane bend, 

Mode 9 (792 cm-1) is a carbon-hydrogen out-of-plane bend, and Mode 15 (1214 cm-1) is a 

carbon-carbon stretch as well as carbon-hydrogen in-plane bend.  

Mode 1 in Table 4.5, calculated at 297 cm-1 for the X̃ 3Aʹ ground state of the anion 

and 344 cm-1 for the X̃ 2Aʹ ground state of the neutral, is very close in frequency to Mode 

2, calculated at 373 and 377 cm-1, respectively. It is possible that there are two active 
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modes that contribute to the assigned  peak in Transition X, measured at 1.042 eV 

(eBE) from Figure 4.8. This peak is slightly broader (13 meV FWHM) than the best 

instrumental resolution observed in this experiment (9 meV). The displacement in Mode 

1, -0.256 amu½Å from Table 4.5, is two times greater than the displacement in Mode 2, -

0.126 amu½Å, while the displacement from the Franck-Condon fit used in Figure 4.10 is 

0.20 amu½Å for the active mode with a measured vibrational frequency of 370 ± 20 cm-1 

in NbMo.  

The other 3 modes active in the spectrum (Figure 4.10) can also be assigned based 

on the DFT results. The observed 665 cm-1 mode (using the optimized frequency from 

the Franck-Condon fit) in Figure 4.10 for the mode (there labeled v3) having a fitted 

displacement of ± 0.12 amu½Å appears to correspond the B3LYP calculated 662 cm-1 

mode having a displacement of -0.098 amu½Å (labeled v6 in Table 4.5). The 770 cm-1 

mode (labeled v2
 in Figure 4.10), which has a fitted normal mode displacement of ± 0.08 

amu½Å, appears to correspond to the B3LYP calculated mode at 792 cm-1 (labeled v9 in 

Table 4.5), which has a displacement of -0.097 amu½Å and is a carbon-hydrogen out-of-

plane bend. The 1161 cm-1 mode in Figure 4.10 (there labeled v1), with a fitted 

displacement of ± 0.06 amu½Å, appears to correspond to the B3LYP calculated mode at 

1214 cm-1 (labeled v15 in Table 4.5) with a displacement of -0.05 amu½Å. As noted 

above, according to their calculated normal mode descriptions, the ~ 662 cm-1 and ~ 1214 

cm-1 modes both involve in-plane carbon-hydrogen bending, together with metal-ligand 

stretching for the lower frequency mode or carbon-carbon stretching for the higher 

frequency mode. 
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The additional weak peaks observed in the photoelectron spectrum at 0.970 and 

1.012 eV eBE, as shown in the bottom of Figure 4.12, are not observed in the B3LYP 

simulation of the X̃ 2Aʹ ← X̃ 3Aʹ transition, as shown in the top of Figure 4.12. If these 

peaks are assumed to be active vibrational modes of Transition X, which from Figure 4.8 

would be measured to be at 201 cm-1 for the anion ground state and 136 cm-1 for the 

neutral ground state, then these values should also be consistent with the DFT results. 

Using Table 4.5, the lowest frequency mode calculated by B3LYP is Mode 1, for which 

the predicted vibrational frequency is 297 cm-1 for the anion ground state and 344 cm-1 

for the neutral ground state. These calculated values are inconsistent with the experiment 

measurements, indicating that these additional peaks are not due to an active vibrational 

mode of Transition X. Therefore, as mentioned earlier in Section 4.3.B.i and also 

suggested previously,23 these additional peaks observed in the photoelectron spectrum 

may be from a different transition, which could be from an excited state of the anion to an 

excited state of the neutral molecule. However, the extensive DFT calculations done 

previously on the NbC4H4¯ anion24 did not show any low-lying excited states with the 

same isomeric geometry as the  X̃ 3Aʹ ground state of the anion. Considering that the 

intensities of these peaks are almost the same and are very weak compared to the closely 

spaced  origin band of Transition X, it is difficult to determine their assignments at this 

time.
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Table 4.5. Summary of all vibrational modes for the calculated X̃ 2Aʹ ← X̃ 3Aʹ transition 

by B3LYP and calculated displacements used to simulate the B3LYP Franck-Condon 

simulation shown in Figure 4.12 

Vibrational 

Mode # 

Mode 

Symmetry 

Displacement 

(amu½Å)a  

Anion Frequency 

(cm-1) 

Neutral Frequency 

(cm-1) 

1* a' -0.256 297 344 

2* a' -0.126 373 377 

3 a" 0.000 428 406 

4 a" 0.000 585 641 

5 a" 0.000 610 610 

6* a' -0.098 642 662 

7 a' -0.002 695 713 

8 a" 0.000 726 743 

9* a' -0.097 789 792 

10 a" 0.000 871 908 

11 a' -0.001 959 953 

12 a' -0.024 1045 1056 

13 a" 0.000 1046 1062 

14 a" 0.000 1135 1167 

15* a' -0.050 1188 1214 

16 a" 0.000 1385 1412 

17 a' -0.020 1402 1386 

18 a" 0.000 2990 3059 

19 a' -0.006 3012 3075 

20 a" 0.000 3100 3152 

21 a' -0.003 3101 3151 

*Indicates that the calculated mode had a displacement greater than 0.05 amu½Å. (a) 0.000 indicates a 

calculated displacement below 10-5 amu½Å. 

 

As shown in Figure 4.8, Transition Y displays about the same total intensity 

relative to Transition X when the flow tube temperature is changed, consistent with both 

transitions arising from the anion ground state. The broad background underlying 

Transition Y does increase in intensity when the flow tube is cooled, but this component 
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appears to be due to a different isomer, which is much more prominent in the C2H4 

experiment (Figure 4.9, top panel). Since Transition Y in the NbC4H4¯ photoelectron 

spectrum from this experiment looks similar to Transition Y in the NbC6H6¯ 

photoelectron spectrum (Figure 4.4), it is possible that it could be (analogously) a 

transition from the X̃ 3Aʹ ground state of the NbC4H4¯ anion to a different 2Aʹ excited 

state of the neutral. This 2Aʹ excited state also could not be calculated by B3LYP if it has 

the same symmetries for the occupied orbitals as the X̃ 2Aʹ ground state. The DFT 

calculations are not able to distinguish the difference between two such 2Aʹ states, and 

will optimize to the lower energy one, which in this case is the X̃ 2Aʹ ground state. 

Therefore, a TDB3LYP (time-dependent) calculation was done starting with the X̃ 2Aʹ 

ground state of the neutral molecule. An excited 2Aʹ state was calculated to be 0.6444 eV 

higher in energy than the X̃ 2Aʹ ground state. This calculated value is only 0.085 eV 

higher than the observed excited state, measured at 0.559 ± 0.005 eV (4507 ± 40 cm-1) 

above the ground state. The difference between the calculated, 0.6444 eV, and observed, 

0.559 ± 0.005 eV, values is quite small for DFT calculations in terms of accurately 

predicting the energetic ordering of excited state molecules. Transition Y is very weak 

relative to Transition X, consistent with the TDB3LYP calculations which indicate that 

the electron in Transition Y is detached from a different aʹ molecular orbital that 

primarily consists of the Nb  atomic orbital. Therefore, Transition Y is assigned to be 

2Aʹ ← X̃ 3Aʹ.  

Table 4.6 provides a summary of the measured electron binding energies and 

active vibrational modes for the X̃ 2Aʹ ← X̃ 3Aʹ transition, and comparisons of the Nb and 
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C4H6 experiment with the Nb and C2H4 experiment as well as with the B3LYP 

calculations. Additionally, the electron binding energy and active vibrational modes for 

Transition Y in the Nb and C4H6 experiment are summarized. For the X̃ 2Aʹ ← X̃ 3Aʹ 

transition, the active vibrational modes for both the anion and neutral states, observed in 

the Nb and C4H6 experiment, agree well with the Nb and C2H4 results and with the 

B3LYP calculations. This comparison shows that the same NbC4H4¯ anion product, the 

Cs symmetry five-membered ring in which the Nb atom is outside the C4 plane, was 

formed in the flow tube experiments of Nb with C4H6 as well as with C2H4. 
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Table 4.6. A summary of results comparing the assigned X̃ 2Aʹ ← X̃ 3Aʹ Transition X and Transition Y of NbC4H4¯ in the Nb and 

C4H6 experiment to the Nb and C2H4 experiment and B3LYP calculations 

 
  X̃  2Aʹ ← X̃ 3Aʹ (Transition X)   2Aʹ ← X̃ 3Aʹ (Transition Y) 

 
 

Nb + C4H6 exp.a Nb + C2H4 exp.b B3LYPc Nb + C4H6 exp. 

NbC4H4 

eBE (eV) 0.995 ± 0.004 0.997 ± 0.006 1.006 1.554 ± 0.005 

Mode 4 (cm-1) 370 ± 20 385 ± 15 344 280 ± 20 

Mode 3 (cm-1) 665 ± 20 660 ± 20 662 693 ± 20 

Mode 2 (cm-1) 770 ± 20 - 792 - 

Mode 1 (cm-1) 1161 ± 20 - 1214 - 

      

  Nb + C4H6 exp. Nb + C2H4 exp.a B3LYP Nb + C4H6 exp. 

NbC4H4¯ Mode 4 (cm-1) 338 ± 20 338 ± 20 297 207 ± 20 

(a) Measured frequencies for the Nb + C4H6 experiment are from the Franck-Condon fit in Figure 4.10. These differ slightly from the measured frequencies listed 

in Table 4.3 (and Table 4.4) due to shifts in apparent peak positions when overlapping transitions are taken into account in the Franck-Condon fit. (b) is Ref. 23 

(c) In the B3LYP calculations, modes 15, 9, 6, and 1 in Table 4.5 correspond to the modes numbered here as 1 – 4, respectively. 
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4.4 CONCLUSIONS  

Anion photoelectron spectroscopy was used to study the vibrationally-resolved 

NbC6H6¯ and NbC4H4¯ photoelectron spectra, at 488 nm, obtained from flow tube 

reactions of Nb with butadiene (C4H6). Table 4.7 summarizes the results of both spectra 

including electronic state assignments, EA, low-lying excited state energies, active 

vibrational mode frequencies, and normal mode displacements between the anion and 

neutral states for each active vibrational mode observed. 

Figure 4.5, which compares the NbC6H6¯ spectrum obtained from this experiment 

to the NbC6H6¯ spectrum obtained by flow tube reactions of Nb with C2H4,
22,23 shows 

that the same NbC6H6/NbC6H6¯ isomeric product, the C6v symmetry η6 Nb-benzene π 

complex, was formed regardless of the initial reactant used in each experiment. 

Considering the initial reactants for this experiment, Nb and C4H6, the production of the 

η6 Nb-benzene π complex provides evidence of carbon-carbon bond activation, carbon-

carbon bond formation, and dehydrogenation processes having occurred in order to form 

this isomeric species. No evidence of an additional isomer was observed from the flow 

tube reactions of Nb with C4H6, indicating that the η6 Nb-benzene π complex is a very 

stable and favorable product. 

The main anionic product in this experiment was observed to be NbC4H4¯, 

indicating a loss of H2 from C4H6 in order to form this complex. Figure 4.9, which 

compares the NbC4H4¯ spectra obtained from this experiment and from the previous Nb 

with C2H4 experiment,23 shows that at least one isomeric product was the same regardless 

of the initial reactant. This isomer, a Cs symmetry five-membered ring in which the Nb 
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atom is outside the C4 plane, requires only dehydrogenation to occur in the reaction 

mechanism to form the NbC4H4¯ product. Mainly one isomeric product was observed for 

NbC4H4¯ in the room temperature experiments described here, whereas reactions of Nb 

with C2H4 yielded several different NbC4H4¯ isomeric products. Since carbon-carbon 

bond formation and dehydrogenation are necessary processes in the reaction mechanism 

of Nb with C2H4 to form NbC4H4¯, it is reasonable to assume that multiple reaction 

pathways and isomeric products are more likely to occur in that experiment.  
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Table 4.7. Summary of experimental results for NbC6H6 and NbC4H4 

Molecule 
State 

Assignment 
T0 , EA  ωe (cm-1) ΔQ (amu½ Å)a 

NbC6H6 

 

2A1 T0 5705 ± 80 cm-1    

0.708 ± 0.010 eV   

X̃ 2A1 EA 0.891 ± 0.008 eV Mode 1 740 ± 20 0.11 

  Mode 2 377 ± 20 0.29 

NbC6H6¯ X̃ 3A1  Mode 2 372 ± 20 0.29 

      

NbC4H4 
2Aʹ T0 4507 ± 40 cm-1 Mode 1 693 ± 20 0.24 

   0.559 ± 0.005 eV Mode 2 280 ± 20 0.41 

 X̃ 2Aʹ EA 0.995 ± 0.004 eV Mode 1 1161 ± 20 0.06 

   Mode 2 770 ± 20 0.08 

   Mode 3 665 ± 20 0.12 

   Mode 4 370 ± 20 0.20 

NbC4H4¯ X̃ 3Aʹ  Mode 4 338 ± 20 0.20 

(a) Magnitudes of normal mode displacements measured from Franck-Condon spectral fits in the 

independent harmonic oscillator, parallel mode approximation 
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CHAPTER 5 

ANION PHOTOELECTRON SPECTROSCOPY OF NbC6H4¯ 
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5.1 INTRODUCTION 

 A more extensive introduction of niobium (Nb) reactions with simple 

hydrocarbons can be found in Chapter 4, Section 4.1. This chapter will mostly emphasize 

NbC6H4 products formed by Nb reactions with simple hydrocarbons.  Previous gas phase 

studies on the reactions of Nb+ with benzene, using a Fourier transform mass 

spectrometer (FTMS), observed NbC6H4
+ products which were implied to be Nb+–

benzyne.1 Additionally, NbC2nH2n
+ (n = 0 – 5) reactions with ethylene (C2H4) produced 

NbC6H6
+ products which underwent collision-induced dissociation (CID) by the loss of 

H2 to also yield some NbC6H4
+ products.1 Another study on reactions of small gas phase 

Nb clusters with 1,5-hexadiyne (C6H6), using supersonic beam laser ablation to form 

clusters and laser-mass spectrometric techniques to detect complexes, observed NbC6H4 

as a product, which showed evidence of dehydrogenation from the initial 1,5-hexadiyne 

reactant.2 From the same study, a small yield of NbC6H4 products was also observed 

upon reaction of Nb with 1,3,5-hexatriene (C6H8)
2 indicating the loss of two H2 

molecules. Gas phase reactivities of  (n = 1 – 28) clusters with benzene (C6H6) 

experiments,  using a Fourier transform-ion cyclotron resonance (FT-ICR) mass 

spectrometer, observed partial dehydrogenation to form NbC6H4
+.3 At this time, no 

spectroscopic constant measurements or computational data on the anion, neutral, or 

cation has been reported for NbC6H4 products. 

This chapter reports the 488 nm room temperature and cold termperature 

photoelectron spectra of NbC6H4¯ produced by flow tube reaction of Nb with butadiene 

(C4H6). The photoelectron spectra collected for this experiment provided measurements 
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of the electron binding energy and vibrational frequencies of each active mode observed. 

Additionally, density functional theory (DFT) calculations were used in the attempt to 

determine the isomeric geometry as well as the ground and excited electronic state 

assignments for transitions observed in the 488 nm photoelectron spectrum.  

 

5.2 METHODS 

5.2.A Experimental Methods 

Technical details of the anion photoelectron spectrometer are provided in Chapter 

1, Section 1.3.A. of this thesis. The flow tube configuration is exactly the same as the one 

described in Chapter 4, Section 4.2.A, Figure 4.1. All other parameters, including the 

flow rates, flow tube pressure, discharge voltage, calibration, and instrumental resolution 

are the same as described in Chapter 4, Section 4.2.A.  

 

5.2.B Computational Methods 

NbC6H4¯ and NbC6H4 were analyzed by DFT using the Gaussian 09 program 

(version ES64L-G09RevD.01).4 Six different isomers were considered for computational 

studies in order to identify the electronic state assignments and transitions that were 

observed in the NbC6H4¯ photoelectron spectra from this experiment. Figure 5.1 displays 

six possible initial guess geometries, labeled as Structures 1 – 6 for simplicity, that were 

considered for calculating NbC6H4¯ and NbC6H4.  
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Figure 5.1. NbC6H4¯ and NbC6H4 proposed geometries used in DFT calculations 

 Since the DFT results were in reasonable agreement with the experimental 

measurements reported in Chapter 4, the same DFT functional, B3LYP,5 was used for 

calculating the NbC6H4¯ and NbC6H4 complexes. The same basis sets were also used. 

These include the SDD effective core potential basis set for the Nb atom and an all 

electron 6-311++G(df,pd) basis set for the C and H atoms.6–9 All specific keywords used 

for each of the geometry and frequency calculations were the same keywords as 

mentioned in Chapter 4, Section 4.2.B. All calculated electronic states were also zero-

point energy (ZPE) corrected in order to compare the relative energy values calculated to 

the experimental measurements. 
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To identify low-lying electronic states of the anion, geometry optimizations and 

frequency calculations were performed for singlet, triplet, and quintet spin states for each 

of the 6 structures shown in Figure 5.1. Therefore, a total of 18 anion states were initially 

calculated. Low-lying excited states calculated for the anion were considered for further 

testing if the energy was within 1.5 eV of the predicted ground state.  

Additional excited state calculations were also done to find anion states that were 

within 1.5 eV of the predicted ground state. These calculations were done by doing a 

geometry optimization using the keyword, Guess=Alter. This keyword allows the user to 

change which molecular orbital (MO) the electron occupies by switching an occupied 

MO with a virtual MO in order to obtain the desired excited electronic state. Once the 

geometry optimization calculations were completed, the electronic state assignment and 

energy value was compared to the lowest-lying electronic spin states predicted, of the 

corresponding isomer, by B3LYP. If the calculation converged to a different electronic 

state, then a frequency calculation was done. After testing various excited state 

calculations, all electronic states that were within 1.5 eV of the predicted ground state 

were considered for additional testing. 

Once all the low-lying anion states were determined, geometry optimizations and 

frequency calculations were performed on doublet, quartet, and sextet electronic spin 

states of the neutral molecules for all 6 structures shown in Figure 5.1. Low-lying excited 

state calculations of the neutral molecule were considered for further testing if the energy 

was within 1.5 eV of the predicted ground state. Again, excited state calculations were 

performed by first doing a geometry optimization using the keyword, Guess=Alter. If the 
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calculation converged to a different electronic state, then a frequency calculation was 

done. After testing various excited state calculations on the neutral molecule, all 

electronic states that were within 1.5 eV of the predicted ground state were considered for 

additional testing. 

Additionally, time-dependent B3LYP (TDB3LYP)10–16 calculations were used to 

calculate low-lying excited electronic state energies, of the anion and neutral molecule, 

that could not be calculated using B3LYP because the MO wavefunctions were identical 

to those of a lower state calculated by B3LYP. The keyword, TD, was used to in order to 

do TDB3LYP calculations.  

Only spin-allowed (∆S = ± ½, e.g., the triplet state with S = 1 to the doublet state 

with S = ½), one-electron transitions, involving the same isomeric structure of the anion 

and neutral molecule, were tested when trying to use the DFT calculations to simulate the 

Franck-Condon progressions needed to compare to the NbC6H4¯ photoelectron spectrum. 

One-electron transitions only were considered because it is less likely to observe a two-

electron process, in which one electron is detached and another electron rearranges to a 

different molecular orbital, from anion photoelectron spectroscopy experiments.  

The anion and neutral frequency calculation output files that were considered for 

simulating the Franck-Condon progressions were then read into the FCFGAUS 

program.17 This program creates J and K matrices needed for implementation into the 

PESCAL program,18 which simulates Franck-Condon photoelectron spectra so that they 

can be compared to the NbC6H4¯ photoelectron spectrum. Thus, the calculated spectra 

include the effects of mode-mixing (Duschinsky rotation) between the normal mode 
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descriptions of the anion and the neutral molecule. The harmonic approximation (ωexe = 

0) is employed in the calculations. 

 

5.3 RESULTS AND DISCUSSION 

5.3.A Experimental Results 

 Mass spectral results showing the anion products formed by flow tube reactions of 

Nb with C4H6 gas can be found in Chapter 4, Figure 4.3. A relatively small yield of the 

NbC6H4¯ product anions (~ 3 pA) was observed in this experiment. Upon mass selection 

of NbC6H4¯, mass-selected at 169 amu, it was found that the NbC6H4¯ spectrum was 

vibrationally-resolved. A detailed analysis of the photoelectron results will be described 

below. 

 

Figure 5.2. NbC6H4 + e¯ ← NbC6H4¯ photoelectron spectrum at 488 nm (2.5400 eV). 

The black line indicates that the 50 cm flow tube segment was at room temperature and 

the blue line indicates that the 50 cm flow tube segment was immersed in liquid nitrogen. 
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Figure 5.2 compares the 488 nm photoelectron spectrum of NbC6H4¯ obtained 

when the 50 cm flow tube segment is at room temperature (black) or immersed in liquid 

nitrogen (blue). The top x-axis is given in electron kinetic energy (eKE), in eV. The 

bottom-axis is given in electron binding energy (eBE), in eV. These quantities are related 

to one another as described in Equation 1.20 in Chapter 1 (eBE = hv – eKE), where the 

photon energy (hv) is 2.5400 eV (488 nm) for this experiment. The y-axis shows the 

photoelectron counts after signal averaging. The photoelectron spectrum shows at least 

three transitions, labeled X – Z in Figure 5.2.  Both Transitions X and Z show weak 

vibrational progressions, indicating that there are only small changes in the equilibrium 

geometry between the anion and neutral molecule. Additionally, the simplicity of the 

spectra also suggests that both transitions come from an isomer that has a high point 

group symmetry. 

When the entire flow tube is cooled with liquid nitrogen, the relative intensity of 

Transition X becomes much weaker than Transition Z. The ratio (X/Z) is 0.79 when the 

50 cm flow tube segment is at room temperature and 0.45 when it is immersed in liquid 

nitrogen. These ratios were determined by summing the photoelectron counts of 

Transition X over the 1.025 – 1.251 eV eBE region relative to the sum of the 

photoelectron counts of Transition Z over the 1.475 – 1.761 eV eBE region. Since the 

relative intensities of Transitions X and Z were observed to change in this manner in 

several different experiments, it can be concluded that this temperature dependence 

implies that these transitions arise from different anion states. 
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If Transitions X and Z are both assumed to access the same state of the neutral 

molecule, then Transition X (at lower electron binding energy) would be a transition from 

an excited state of the anion while Transition Z would be a transition from the ground 

state of the anion. Then, if the photoelectron detachment probabilities are the same for 

both transitions, and if the two anion states are in thermal equilibrium, then their relative 

intensities would be given by the following equation: 

 

 

 

Equation 5.1 

 

where E is the anion excited state energy (as given by the measured spacing between the 

origin band positions of Transitions X and Z, 0.455 eV), k is Boltzmann’s constant 

(8.6173 x 10-5 eV/K), and T is the thermodynamic temperature (assumed to be 300 K). 

The resulting intensity ratio is then approximately 2 x 10-8. This extremely small ratio 

indicates that Transition X would not be experimentally observable. Therefore, if 

Transition X is a transition from an excited state of the anion to the ground state of the 

neutral molecule while Transition Z is a transition from the ground state of the anion to 

the ground state of the neutral molecule, Transitions X and Z must not be in thermal 

equilibrium. In that case, as observed for NbMo in Chapter 3, these two transitions could 

arise from different spin states of the anion which are initially formed in the flow tube 

and not efficiently equilibrated by collisions with the He and Ar buffer gases. In the case 

of polyatomic NbC6H4¯, these states could also be associated with different isomers. 

 Another possibility is that Transitions X and Z arise from different anion states 

and access different states of the neutral molecule. If these anion states are assumed to be 
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in thermal equilibrium, then the reduced X/Z ratio when the flow tube is cooled indicates 

that the anion state giving rise to Transition X is higher in energy than the state giving 

rise to Transition Z. If it is assumed that both transitions have the same photodetachment 

cross-section, then at the temperature of 275 K determined below for the vibrational 

temperature in the RT spectrum, the X/Z = 0.79 ratio measured in that spectrum would 

give an energy spacing of only about 50 cm-1 (0.006 eV) between these two anion states. 

Tables 5.1 and 5.2 summarize the features of all of the observed peaks in Figure 

5.2 for both the room temperature and cold temperature flow tube conditions, 

respectively. These tables give the peak position (in eBE), height (counts), width (meV), 

measured spacing from the assigned origin band (cm-1), and tentative peak assignment of 

each active vibrational mode observed. All values reported in Tables 5.1 and 5.2 were 

determined by least-squares fits using Gaussian line shapes. 
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Table 5.1. Peak positions in the NbC6H4 + e¯ ← NbC6H4¯ photoelectron spectrum obtained at 488 nm (2.5400 eV) and room 

temperature flow tube conditions (Figure 5.2) 

 

Transition 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width  

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 
Assignment 

 0.8954 20 22 -1736 NbC6H6¯ 

 0.9455 20 26 -1332 NbC6H6¯ 

 0.9740 20 21 -1102 - 

 0.9984 20 18 -905 - 

 1.0286 15 33 -661 - 

X 1.0744 50 28 -292  

1.1106 400 17 0  

1.1554 225 19 361  

1.1969 90 24 696  
      

Y 1.3173 50 17 0 (1667)  
      

Z  1.5221 50 54 -364  

1.5672 620 12 0 (3683)  

1.6121 190 17 362  

1.6562 80 25 718  

1.7023 75 43 1090  
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Table 5.2. Peak positions in the NbC6H4 + e¯ ← NbC6H4¯ photoelectron spectrum obtained at 488 nm (2.5400 eV) and cold 

temperature flow tube conditions (Figure 5.2) 

 

 

 

 

Transition 
Electron Binding 

Energy (eV) 

Height 

(counts) 

Width  

(FWHM, meV) 

Measured Spacing 

from Origin (cm –1) 
Assignment 

 0.9725 20 10 -1113 - 

 0.9961 10 11 -923 - 

X 1.0705 20 25 -323  

1.1105 150 14 0  

1.1545 80 15 355  

1.1984 30 23 709  
      

Y 1.3155 20 18 0 (1653)  
      

Z 1.5229 20 21 -359  
 1.5674 630 10 0 (3685)  

1.6127 150 12 366  

1.6582 45 15 733  
 1.7027 30 29 1092  
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Figure 5.3. NbC6H4¯ photoelectron spectrum of Transition X at 488 nm for anions 

prepared with the 50 cm flow tube segment at room temperature conditions. The solid 

blue and red lines are the fitted Franck-Condon simulation and the dotted black line is the 

experimental spectrum. 

 

Figure 5.3 compares the NbC6H4¯ photoelectron spectrum (black dotted line), 

obtained at 488 nm and with the 50 cm flow tube segment at room temperature 

conditions, to the fitted Franck-Condon simulation (solid blue and red lines) of Transition 

X. The bottom x-axis is given in wavenumbers (cm-1) above the assigned origin band of 

Transition X while the top x-axis is given in eBE (eV). The Franck-Condon fit in Figure 

5.3 agrees fairly well with the experimental spectrum, despite the low signal-to-noise 

ratio observed. The Franck-Condon factors, shown in Figure 5.3, were calculated using 

the independent harmonic oscillator approximation option in the PESCAL program.18,19 

Several important parameters are used to generate this Franck-Condon fit, which include: 
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(1) number of observed active normal modes, (2) the fitted anion vibrational temperature, 

(3) the peak position of the assigned origin band, (4) the anion and neutral vibrational 

frequenices (ωe) of each active mode, (5) the displacement of each active normal mode, 

and (6) the line shape and peak width convoluted with each Franck-Condon transition. 

Details on the specific parameters used in Figure 5.3 are described below. 

(1) One active normal mode was used to obtain the Franck-Condon fit shown in 

Figure 5.3. 

(2) The weak peak to the right of the assigned  origin band, as shown in Figure 

5.3, is determined to be the  hot band, measured at 1.074 eV (eBE). The anion 

vibrational temperature was determined to be 275 K by fitting the ratio of peak intensities 

of the  origin band to the  hot band in the experimental spectrum. 

(3) The most intense peak was determined to be the  origin band and was 

measured to be at 1.109 eV (eBE).  

(4) The vibrational frequencies used for the active mode were ωe = 310 cm-1 for 

the anion and 355 cm-1 for the neutral molecule.  

(5) The normal mode displacement is approximately ± 0.33 amu½Å. 

(6) Each Franck-Condon transition (represented by one of the sticks in Figure 5.3) 

was convoluted with a 17.5 meV (FWHM) Gaussian line shape.  

Several additional very weak peaks were also observed to the right of the  

origin band in Transition X. The relative intensities of the peaks measured at 0.974 and 

0.998 eV eBE, from Figure 5.2 and Table 5.1, did not significantly change relative to 

Transition Z when the flow tube was cooled. In contrast, the intensity of Transition X did 



 

205 

 

significantly change compared to Transition Z when the flow tube temperature changed. 

This observation may suggest that these two weak peaks are associated with a transition 

from the same state of the anion as Transition Z.  

When the 50 cm flow tube segment was at room temperature conditions, two 

more very weak peaks were also observed to the right of the  origin band in Transition 

X. These peaks were measured at 0.895 and 0.946 eV eBE. However, these peaks were 

not observed when the 50 cm flow tube segment was cooled with liquid nitrogen, as can 

be seen in Figure 5.2. The positions of these peaks are consistent, within the experimental 

error, with the peak positions of the  origin band, 0.892 eV eBE, and  fundamental 

band, 0.939 eV eBE, of the X̃ 2A1 ← X̃ 3A1 transition in the NbC6H6¯ photoelectron 

spectrum. Since the masses of NbC6H4¯ and NbC6H6¯ differ by only 2 amu, peaks from 

the NbC6H6¯ photoelectron spectrum could be observed if the mass resolution is not 

optimized.  

The peak measured at 1.317 eV eBE, labeled as Transition Y in Figure 5.2, is 

approximately 1667 cm-1 above the assigned  origin band in Transition X, based on the 

results from the room temperature experiment shown in Figure 5.2. The temperature 

dependent studies, from Figure 5.2, show that its intensity relative to Transition Z 

decreases with decreasing flow tube temperature, similar to the behavior observed for 

Transition X. It is not unreasonable to suggest that this peak could be due to another 

active vibrational mode of Transition X, since 1667 cm-1 is consistent with a typical 

carbon-carbon double bond stretching vibrational frequency. However, based on the DFT 

calculations, which will be discussed in more detail in Section 5.3.B, this peak could also 
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be due to a different electronic transition from the same state of the anion as Transition 

X. 

 

Figure 5.4. NbC6H4¯ photoelectron spectrum of Transition Z at 488 nm (50 cm flow tube 

segment at room temperature conditions). The solid blue and red lines are the fitted 

Franck-Condon simulation and the dotted black line is the experimental spectrum. 

 

The NbC6H4¯ photoelectron spectrum (black dotted line), obtained at 488 nm and 

with the 50 cm flow tube segment at room temperature conditions, is compared to the 

fitted Franck-Condon simulation (solid blue and red lines) of Transition Z, as shown in 

Figure 5.4. The parameters used to obtain the Franck-Condon factors shown in Figure 5.4 

include: 

(1) One active normal mode was used to obtain the Franck-Condon fit shown in 

Figure 5.3. 
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(2) The  hot band was determined based on the temperature dependent studies 

shown in Figure 5.2. When the flow tube was cooled, the peak intensity of the assigned 

 hot band, measured at 1.522 eV eBE, decreased by a factor of about 2.5 relative to the 

intensity of the assigned  origin band at 1.567 eV eBE.  Since 275 K was used as the 

anion vibrational temperature for fitting Transition X, from Figure 5.3 in the room 

temperature experiment, the same anion vibrational temperature was used for fitting 

Transition Z observed under the same flow tube conditions.  

(3) The most intense peak was determined to be the  origin band which was 

measured at 1.567 eV eBE.  

(4) The vibrational frequency used for the neutral molecule for Transition Z was 

362 cm-1, and the value used for the anion state was 360 cm-1.  

(5) The normal mode displacement was ± 0.23 amu½Å. 

(6) The line shape convoluted with each Franck-Condon transition was a 12 meV 

Gaussian. This line shape was chosen because it agrees very well with the experimental 

spectrum for the assigned the  origin band in Transition Z. However, it appears that the 

overtone peaks tend to significantly broaden in the experimental spectrum at higher 

electron binding energies. This could be a result of unresolved progressions involving 

additional active modes, as well as sequence bands associated with both active and 

inactive modes. 

 As mentioned earlier, the assigned  origin band in Transition Z is approximately 

0.455 ± 0.010 eV (3670 ± 80 cm-1) above the assigned  origin band in Transition X. A 

detailed DFT analysis will be presented below, which gives tentative electronic state 
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assignments and isomeric geometries of all transitions potentially observed in the 

NbC6H4¯ photoelectron spectrum. 

 

5.3.B Computational Results 

 Table 5.3 compares the relative energies of the initial 18 NbC6H4¯ anion spin 

states and isomers calculated by B3LYP. Additional information in this table includes 

whether that state had all real frequencies (i.e., no imaginary frequencies were calculated) 

which is indicated with the word yes, while those that had imaginary frequencies are 

indicated with the word no. The expectation value, S2, was included to assess if the 

wavefunction had any spin contamination (i.e., mixing of different spin states). The ideal 

S2 value, S(S+1), is also provided in Table 5.3. Deviations from the ideal S2 value 

indicate that the wavefunction may be better described as multireference in character 

rather than single reference, so may not be accurately described by a single reference 

method such as B3LYP. 
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Table 5.3. Summary of results that compare the B3LYP calculated relative energies of 

various different NbC6H4¯ anion spin states and isomers tested 

State Isomer Structurea Erel (eV) 
All Real 

Frequencies 
S2 S2 (Ideal) 

5B2 1 0.0000 Yes 6.015 6.000 

5Aʺ 2 0.0049 Yes 6.015 6.000 

3B2 1 0.0645 Yes 2.349 2.000 

3Aʺ 2 0.0686 Yes 2.349 2.000 

1Aʹ 5 0.4894 Yes 0.000 0.000 

1A1 1 0.5628 Yes 0.000 0.000 

1Aʹ 2 0.5628 Yes 0.000 0.000 

3Aʹ 5 0.9324 Yes 2.012 2.000 

3B1 4 1.3041 No 2.009 2.000 

3A1 6 1.6111 Yes 2.155 2.000 

1A1 4 1.8377 No 0.000 0.000 

1A1 6 1.8772 Yes 0.000 0.000 

3Aʺ 3 1.8832 Yes 2.026 2.000 

5A1 6 2.2182 No 6.035 6.000 

5Aʹ 3 2.5159 No 6.027 6.000 

1Aʹ 3 2.8621 Yes 0.000 0.000 

5Aʹ 5 3.3229 No 6.016 6.000 

5B2 4 3.3630 No 6.020 6.000 

(a) Refer to Figure 5.1 to see the initial geometries of each isomer considered 

By comparing the relative energies of the initial 18 anion states calculated, the 

ground state was predicted to be the 5B2 state from Structure 1. Eight additional states 

were less than 1.5 eV above the ground state. However, the 3B1 state from Structure 4 did 

not have all real frequencies; therefore, this state was not considered for additional 
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testing. Any electronic states calculated to be more than 1.5 eV above the ground state 

energy were considered to be too high in energy to be observed in this experiment. 

Therefore, no additional analysis was performed on these electronic states. All electronic 

spin states of Structures 3 and 6 were above the 1.5 eV threshold.  

Additional low-lying excited states of the anion were calculated by using the 

Guess=Alter keyword, as described in more detail in Section 5.2.B. Anion excited state 

calculations were done only on Structures 1 and 2, since the 5B2 state from planar 

Structure 1 was predicted to be the ground state and the 5Aʺ state from Structure 2 was 

very close to the predicted ground state, only 0.005 eV higher in energy. Anion excited 

state calculations were not done on Structure 5 because all neutral state calculations for 

this isomer were higher than 1.5 eV relative to the calculated ground state, as shown in 

Table 5.5. Since the lowest energy transitions observed are at ~ 0.9 eV and the spectrum 

extends to 2.2 eV in Figure 5.2, states of the neutral molecule calculated to have energies 

exceeding 1.5 eV are unlikely to be observed. 

A total of 15 anion electronic states were calculated to be within 1.5 eV of the 

predicted anion ground state and these are summarized in Table 5.4. For a given isomer, 

in order to distinguish an electronic state that had the same spin state and term symbol, 

but a different MO wavefunction, a designated number is assigned in parentheses (2, 3, 4, 

etc.) as a subscript next to the term symbol (e.g., 3A2 (2)). For convenience, the total 

number of occupied alpha and beta MOs of each symmetry, based on the molecule’s 

assigned point group, are also shown. Each electronic configuration lists a total of 54 

electrons, including 13 electrons not frozen in the 41Nb SDD basis set (in which the 28 
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core electrons of [Ar]3d10 are frozen), all 40 electrons for the six C and four H atoms, and 

the “extra” electron in the anion. After excited state calculations were completed, it was 

found that the 5B2 state, from Structure 1, shown in Table 5.4, was still predicted to be the 

ground state of the anion. All the electronic states shown in Table 5.4 were considered for 

testing in the FCFGAUS program, for transitions between the anion and neutral molecule 

which were both spin-allowed and one-electron transitions. 

Several sets of states categorized as C2v (planar Structure 1) vs. Cs (nonplanar 

Structure 2) in Tables 5.3 and 5.4 differ only by small out-of-plane displacements. For 

example, for the 5Aʺ state, the Nb atom lies out of the plane by only 0.1°, and the 

maximum out-of-plane carbon atom displacement is 0.001°. The energy of this 

“nonplanar” state is calculated to be only 0.005 eV, essentially degenerate with the 5B2 

ground state obtained when the calculation is constrained to planar geometries. The S2 

values calculated for the two states are also the same. Their electron configurations, as 

listed in Table 5.4, are also consistent (since the a1 and b1 species in C2v correlate with the 

totally symmetric aʹ in Cs, and a2 and b2 correlate with aʺ). Similar redundancies are 

observed for the singlet 1A1 and 1Aʹ states at 0.5628 eV, and the triplet 3B1 (3) and 3Aʹ 

states at 0.6627 eV. For completeness, both states in each pair are nevertheless included 

in Tables 5.3 and 5.4 and in subsequent calculations.   
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Table 5.4. Summary of results that compare the B3LYP calculated relative energies of low-lying excited states of NbC6H4¯ 

State Isomer Structure Point Group Occupied Alpha MOs Occupied Beta MOs Erel (eV) 
All Real 

Frequencies 
S2 S2 (Ideal) 

5B2 1 C2v 14a1 2a2 4b1 9b2  12a1 1a2 3b1 9b2 0.0000 Yes 6.015 6.000 

5Aʺ 2 Cs 18aʹ 11aʺ 15aʹ 10aʺ 0.0049 Yes 6.015 6.000 

3B2 1 C2v 13a1 2a2 4b1 9b2  13a1 1a2 3b1 9b2 0.0645 Yes 2.349 2.000 

3Aʺ 2 Cs 17aʹ 11aʺ 16aʹ 10aʺ 0.0686 Yes 2.349 2.000 

3A2 (2) 1 C2v 14a1 2a2 3b1 9b2  13a1 1a2 3b1 9b2 0.1197 Yes 2.597 2.000 

5A2 1 C2v 15a1 2a2 3b1 9b2  12a1 1a2 3b1 9b2 0.2682 Yes 6.013 6.000 

1Aʹ 5 Cs 18aʹ 9aʺ 18aʹ 9aʺ 0.4894 Yes 0.000 0.000 

1A1 1 C2v 13a1 2a2 3b1 9b2  13a1 2a2 3b1 9b2 0.5628 Yes 0.000 0.000 

1A' 2 Cs 16aʹ 11aʺ 16aʹ 11aʺ 0.5628 Yes 0.000 0.000 

3B1 (3) 1 C2v 13a1 2a2 4b1 9b2  12a1 2a2 3b1 9b2 0.6627 Yes 2.014 2.000 

3Aʹ 2 Cs 17aʹ 11aʺ 15aʹ 11aʺ 0.6627 Yes 2.014 2.000 

3A2 1 C2v 13a1 2a2 4b1 9b2  12a1 1a2 4b1 9b2 0.8756 Yes 2.052 2.000 

3Aʹ 5 Cs 19aʹ 9aʺ 17aʹ 9aʺ 0.9324 Yes 2.012 2.000 

5B1 (2) 1 C2v 14a1 2a2 4b1 9b2  12a1 1a2 3b1 9b2 1.0014 Yes 6.013 6.000 

3B1 (2) 1 C2v 13a1 2a2 3b1 10b2  13a1 1a2 3b1 9b2 1.0622 Yes 2.463 2.000 
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Once all the anion states were calculated, B3LYP calculations were then 

performed on doublet, quartet, and sextet spin states of Structures 1 –  6, shown in Figure 

5.1, for the neutral state of NbC6H4. Table 5.5 compares the relative energy of the initial 

18 NbC6H4 neutral spin states and isomers calculated by B3LYP. This table also indicates 

whether the state had all real frequencies (i.e., no imaginary frequencies were calculated) 

which was specified with the word yes while states that had imaginary frequencies (the 

2B2 state of Structure 1) were specified with the word no. The expectation value, S2, and 

the ideal S2 value, S(S+1), are provided in Table 5.5 as well. By comparing the relative 

energies of the initial 18 neutral states calculated, the ground state was predicted to be the 

4Aʺ state from Structure 2, in which the Nb atom is approximately 6° above the “plane” 

of the C6H4 ring, and the maximum deviations of hydrogen atoms from the plane are 1.8° 

for the two H atoms closest to the Nb metal and 0.1° for the two H atoms furthest from 

the Nb metal. This indicates that Structure 2 is still close to a planar complex like 

Structure 1. The B3LYP calculations predicted that the 4B2 state from Structure 1 was 

only 0.08 eV higher in energy than the 4Aʺ state from Structure 2. Only a total of 4 

neutral states were calculated to be less than 1.5 eV above the predicted 4Aʺ ground state 

of Structure 2. All B3LYP calculations on Structures 3 – 6 were higher in energy relative 

to the predicted ground electronic state; therefore, no additional analysis was performed 

on these isomers. 
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Table 5.5. Summary of results that compare the B3LYP calculated relative energies of 

various different NbC6H4 neutral spin states and isomers tested  

State Isomer Structurea Erel (eV) 
All Real 

Frequencies  
S2 S2 (Ideal) 

4Aʺ 2 0.0000 Yes 3.766 3.750 

4B2 1 0.0758 Yes 3.764 3.750 

2A2 1 0.3484 Yes 1.316 0.750 

2Aʺ 2 0.3500 Yes 1.316 0.750 

6A1 1 1.6557 No 8.753 8.750 

6Aʹ 2 1.6577 No 8.753 8.750 

2Aʹ 5 1.8661 Yes 0.759 0.750 

2A1 6 1.9934 Yes 1.020 0.750 

2Aʹ 3 2.0351 Yes 1.226 0.750 

4Aʹ 3 2.0406 Yes 3.768 3.750 

2A1 4 2.3403 No 0.757 0.750 

4A1 6 2.5044 Yes 3.779 3.750 

6Aʺ 3 2.8307 Yes 8.763 8.750 

6A2 6 3.1968 No 8.763 8.750 

4Aʹ 5 3.2234 Yes 3.767 3.750 

4B1 4 3.7273 No 3.773 3.750 

6Aʺ 5 5.3328 No 8.769 8.750 

6B1 4 5.5366 No 8.769 8.750 

(a) Refer to Figure 5.1 to see the initial geometries of each isomer considered 

Additional low-lying excited states of the neutral molecule were calculated by 

using the Guess=Alter keyword, as shown in Table 5.6. Based on these excited state 

calculations, which were done on Structures 1 and 2, a total of 14 neutral electronic states 

were calculated to be within 1.5 eV of the predicted neutral ground state, which are 
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summarized in Table 5.6. It should be noted that only the 2B2 excited state of Structure 1 

had imaginary frequencies and therefore was not considered for additional testing. To 

distinguish an electronic state that had the same spin state and term symbol, but had a 

different MO wavefunction, these states were designated with a number assigned in 

brackets (2, 3, 4, etc.) appearing next to the term symbol (i.e. 4A2 (2)), similar to Table 5.4. 

After the additional excited state calculations were completed, the 4Aʺ state from 

Structure 2 was still determined to be the ground state of the neutral molecule. Again, it 

can be noted in Table 5.6 that some pairs of calculated C2v and Cs states are virtually 

identical. These include the quartet 4Aʺ calculated ground state and the 4A2 (2)
 state only 

0.04 eV higher in energy, whose electron configurations also correspond, and the two 

doublet (2A2, 
2Aʺ) states, both calculated at 0.35 eV. All the neutral electronic states from 

Table 5.6 were considered for testing in the FCFGAUS program.  
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Table 5.6. Summary of results that compare the B3LYP calculated relative energies of low-lying excited states of NbC6H4 

State Isomer Structure Point Group Occupied Alpha MOs Occupied Beta MOs Erel (eV) 
All Real 

Frequencies 
S2 S2 (Ideal) 

4Aʺ 2 Cs 17aʹ 11aʺ 15aʹ 10aʺ 0.0000 Yes 3.766 3.750 

4A2 (2) 1 C2v 14a1 2a2 3b1 9b2  12a1 1a2 3b1 9b2 0.0385 Yes 3.768 3.750 

4B2 1 C2v 13a1 2a2 4b1 9b2  12a1 1a2 3b1 9b2 0.0758 Yes 3.764 3.750 

4B1 (3) 1 C2v 14a1 1a2 4b1 9b2  12a1 1a2 3b1 9b2 0.3049 Yes 3.766 3.750 

2A2 1 C2v 13a1 2a2 3b1 9b2  13a1 1a2 3b1 9b2 0.3484 Yes 1.316 0.750 

2Aʺ 2 Cs 16aʹ 11aʺ 16aʹ 10aʺ 0.3500 Yes 1.316 0.750 

2B2 1 C2v 13a1 2a2 3b1 9b2  12a1 1a2 4b1 9b2 0.5106 No 1.755 0.750 

2Aʹ 2 Cs 16aʹ 11aʺ 15aʹ 11aʺ 0.5967 Yes 0.754 0.750 

2A1 (3) 1 C2v 14a1 1a2 3b1 9b2  13a1 1a2 3b1 9b2 0.5979 Yes 0.792 0.750 

2A1 (2) 1 C2v 13a1 2a2 3b1 9b2  12a1 2a2 3b1 9b2 0.6184 Yes 0.754 0.750 

2B1 (2) 1 C2v 13a1 1a2 4b1 9b2  13a1 1a2 3b1 9b2 0.6803 Yes 1.742 0.750 

2B1 (4) 1 C2v 12a1 2a2 4b1 9b2  12a1 2a2 3b1 9b2 1.1278 Yes 0.756 0.750 

4A1 (3) 1 C2v 15a1 1a2 3b1 9b2  12a1 1a2 3b1 9b2 1.2165 Yes 3.763 3.750 

4B1 (4) 1 C2v 13a1 2a2 3b1 10b2  12a1 1a2 3b1 9b2 1.3195 Yes 3.766 3.750 
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After comparing all of the B3LYP calculated low-lying electronic states and their 

occupied alpha and beta MOs from Tables 5.4 and 5.6, 27 transitions were found to be 

both spin-allowed and one-electron transitions. These transitions were all considered for 

testing in the FCFGAUS program and are summarized in Table 5.7. Once the J and K 

matrices were calculated in the FCFGAUS program, these matrices were implemented 

into the PESCAL program to simulate the B3LYP calculated Franck-Condon progression. 

Figures 5.5 and 5.6 compare all the B3LYP calculated transitions from Table 5.7, for 

Structures 1 and 2 respectively, to the 488 nm RT NbC6H4¯ photoelectron spectrum 

obtained from this experiment.  

The intensities of the B3LYP simulated Franck-Condon transitions shown in 

Figures 5.5 and 5.6 were scaled (each by a constant factor) to closely match the origin 

band intensity of either Transition X or Z from the 488 nm RT NbC6H4¯ photoelectron 

spectrum. This was for comparison purposes only to help show what the simulated 

transition looks like. This does not reflect what the estimated relative intensity should be, 

as this depends on from which orbital the electron is detached in the transition. As 

mentioned in previous chapters, it is well known that in other 488 nm anion 

photoelectron spectra, transitions from metal s orbitals have an increased intensity 

relative to those from d orbitals.20 For convenience, Figures 5.5 and 5.6 also display the 

GaussView21 MO from which the electron was detached for each transition. If the 

electron was detached from an orbital of primarily d atomic parentage, then it is likely 

that the relative intensity of the B3LYP simulated spectrum shown in Figures 5.5 or 5.6 is 

significantly overestimated as compared with Transitions X and Z in the experimental 
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spectrum (shown in the bottom panel of each figure). As noted above, since some of the 

states categorized as C2v and Cs in the calculations are virtually the same (e.g., the 1A1 

and 1Aʹ states of the anion, and the 2A2 and 2Aʺ doublet states of the neutral molecule), 

some sets of transitions depicted in Figures 5.5 and 5.6 are also essentially the same (e.g., 

2A2
 ← 1A1 and 2Aʺ ← 1Aʹ). 
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Table 5.7. Summary of B3LYP calculated spin-allowed, one-electron transitions of NbC6H4 + e¯ ← NbC6H4¯ 

Transition Isomer Structure Anion Energy (Hartree) Anion Erel (eV)a Neutral Energy (Hartree) Neutral Erel (eV)b 
Electron Binding  

Energy (eV) 
4A2 (2) ← 5B2 1 -287.9131 0.0000 -287.8735 0.0385 1.0788 

4B2 ← 5B2 1 -287.9131 0.0000 -287.8721 0.0758 1.1162 
4B1 (3) ← 5B2 1 -287.9131 0.0000 -287.8637 0.3049 1.3453 

4Aʺ ← 5Aʺ 2 -287.9130 0.0049 -287.8749 0.0000 1.0355 
4B2 ← 3B2 1 -287.9108 0.0645 -287.8721 0.0758 1.0518 
2A2 ← 3B2 1 -287.9108 0.0645 -287.8621 0.3484 1.3244 

2B1 (2) ← 3B2 1 -287.9108 0.0645 -287.8499 0.6803 1.6562 
4Aʺ ← 3Aʺ 2 -287.9106 0.0686 -287.8749 0.0000 0.9718 
2Aʺ ← 3Aʺ 2 -287.9106 0.0686 -287.8620 0.3500 1.3217 

4A2 (2) ← 3A2 (2)
 1 -287.9087 0.1197 -287.8735 0.0385 0.9591 

2A2 ← 3A2 (2) 1 -287.9087 0.1197 -287.8621 0.3484 1.2691 
2A1 (3) ← 3A2 (2) 1 -287.9087 0.1197 -287.8522 0.6184 1.5390 

4A2 (2) ← 5A2 1 -287.9033 0.2682 -287.8735 0.0385 0.8107 
4A1 (3) ← 5A2 1 -287.9033 0.2682 -287.8302 1.2165 1.9887 

2A2 ← 1A1
 1 -287.8925 0.5628 -287.8621 0.3484 0.8260 

2Aʺ ← 1Aʹ 2 -287.8925 0.5628 -287.8620 0.3500 0.8275 
2Aʹ ← 1Aʹ 2 -287.8925 0.5628 -287.8530 0.5967 1.0742 

2A2 (2) ← 1A1
 1 -287.8925 0.5628 -287.8529 0.5979 1.0755 

4Aʺ ← 3Aʹ 2 -287.8888 0.6627 -287.8749 0.0000 0.3777 
2Aʹ ← 3Aʹ 2 -287.8888 0.6627 -287.8530 0.5967 0.9756 

4B2 ← 3B1 (3)
 1 -287.8888 0.6627 -287.8721 0.0758 0.4535 

2A1 (2) ← 3B1 (3)
 1 -287.8888 0.6627 -287.8529 0.5979 0.9756 

2B1 (4) ← 3B1 (3)
 1 -287.8888 0.6627 -287.8335 1.1278 1.5054 

4B2 ← 3A2
 1 -287.8810 0.8756 -287.8721 0.0758 0.2406 

4A2 (2) ← 5B1 (2)
 1 -287.8763 1.0014 -287.8735 0.0385 0.0775 

2A2 ← 3B1 (2)
 1 -287.8741 1.0622 -287.8621 0.3484 0.3266 

4B1 (4) ← 3B1 (2)
 1 -287.8741 1.0622 -287.8264 1.3195 1.2977 

(a) Anion state energy relative to the calculated anion ground state, the 5B2 state of Structure 1. (b) Neutral state energy relative to the calculated neutral ground 

state, the 4Aʺ state of Structure 2.
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Figure 5.5. Summary of B3LYP calculated Franck-Condon simulations of Structure 1 compared to 488 nm 

RT NbC6H4¯ photoelectron spectrum (bottom panel). Transitions are presented from lowest predicted anion 

energy (top panel: 4A2 (2) ← 5B2) on this page to highest predicted anion energy (second to bottom panel: 
4B1 (4) ← 3B1 (2)) on next page. 
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Figure 5.5. Summary of B3LYP calculated Franck-Condon simulations of Structure 1 compared to 488 nm 

RT NbC6H4¯ photoelectron spectrum (bottom panel). Transitions are presented from lowest predicted anion 

energy (top panel: 4A2 (2) ← 5B2) on the previous page to highest predicted anion energy (second to bottom 

panel: 4B1 (4) ← 3B1 (2)) on this page. 
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Figure 5.6. Summary of B3LYP calculated Franck-Condon simulations for Structure 2 compared to 488 

nm RT NbC6H4¯ photoelectron spectrum (bottom panel). Transitions are presented from lowest predicted 

anion energy (top panel: 4Aʺ ← 5Aʺ) to highest predicted anion energy (second to bottom panel: 2Aʹ ← 3Aʹ). 

 

 After comparing all 27 B3LYP simulated Franck-Condon transitions in Figure 5.5 

and 5.6 to the experimental spectrum, Transition X was assigned to be the 4B2 ← 3B2 

from Structure 1. This assignment is the most reasonable for several reasons: The B3LYP 

simulated Franck-Condon progression closely matches Transition X. From Table 5.9, the 

largest displacement for the B3LYP calculated 4B2 ← 3B2 transition occurred along the a1 

normal mode whose frequency is 339 cm-1 for the 4B2 state of the neutral molecule and 
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318 cm-1 for the 3B2 state of the anion, whose displacement is -0.331 amu½Å. This agrees 

very well with the experimental measurements in Figure 5.3, in which the neutral 

molecule frequency was 355 cm-1, the anion frequency was 310 cm-1, and the 

displacement was ± 0.33 amu½Å for the main vibrational progression in Transition X 

(shown in Table 5.10). The second largest displacement, 0.040 amu½Å, from the B3LYP 

calculated 4B2 ← 3B2 transition is along the a1 mode whose frequency is 634 cm-1 for the 

4B2 neutral state and 653 cm-1 for the 3B2 anion state. This mode was not resolved in the 

spectrum in Figure 5.3, but it could be obscured by the stronger  overtone of the 355 

cm-1 progression. 

Additionally, Figure 5.5 of the B3LYP calculated 4B2 ← 3B2 transition (4th panel) 

shows that the electron is detached from an a1 orbital of primarily Nb 5s atomic 

parentage. This type of electron detachment is expected to be more intense in the 488 nm 

anion photoelectron spectrum than d detachments, and is consistent with the strong peak 

intensity observed for Transition X in the RT experiment. The calculated binding energy, 

1.052 eV from Table 5.7, is in excellent agreement with the experimental binding energy, 

1.109 eV eBE. Finally, the 3B2 state from Structure 1 was predicted to be a very low-

lying excited state, calculated to be only 0.0645 eV higher in energy than the 5B2 ground 

state from Structure 1.  

Since the 4B2 ← 3B2 transition was observed in this experiment, it is very likely 

that both the 2A2 ← 3B2 and 2B1 (2) ← 3B2 transitions are also observed. Surprisingly, the 

calculated electron binding energies for these transitions were 1.324 and 1.656 eV, 

respectively, values very close to the peaks observed at 1.317 and 1.656 eV eBE, in the 



 

224 

 

room temperature experiments, and 1.316 and 1.658 eV eBE, in the cold temperature 

experiment, shown in Figure 5.2. Both peaks observed in the experiment have a relatively 

weak intensity compared to Transitions X and Z in both the cold and room temperature 

experiments. The observed peak at 1.317 (or 1.316) eV is labeled “Transition Y” in 

Figure 5.2 and Tables 5.1 and 5.2. The predicted transition at 1.656 eV could be obscured 

by the assigned  overtone in Transition Z. The B3LYP calculations indicate that the 

electron is detached from an orbital of primarily Nb 4d atomic parentage for both the 2A2 

← 3B2 and 2B1 (2) ← 3B2 transitions. Therefore, this type of electron detachment is 

expected to be less intense in the 488 nm anion photoelectron spectrum than Transition 

X, assigned to be 4B2 ← 3B2, in which the electron is detached from an orbital with 

primarily Nb 5s atomic parentage.  

Table 5.8 summarizes the B3LYP converged geometric parameters of Structure 1 

for the 3B2 state of the anion and the 4B2, 
2A2, and the 2B1 (2) states of the neutral 

molecule. The most notable bond length is R2 in Table 5.8, which is the carbon–carbon 

bond coordinating to the Nb metal atom. The R2 bond lengths for all anion and neutral 

electronic states in Table 5.8 are consistent with a carbon–carbon double bond, 

demonstrating that the C6H4 ring does not have a characteristic triply-bonded benzyne 

structure. It is reasonable to suspect that the excess electron density in the unique carbon 

– carbon bond of the C6H4 ring bonds to the Nb atom instead, resulting in the NbC6H4 

complex of Structure 1 believed to be observed in this experiment. For simplicity, 

Structure 1 will be referred to as a C2v symmetry η2 Nb–benzyne complex, which is 

similar to the nomenclature used in a previous study observing NbC6H4
+.1 
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Table 5.8. Summary of observed anion and neutral electronic states from B3LYP optimized geometry calculations of Structure 1 

(refer to Figure 5.7 below) 

Electronic State R1 (Å) R2 (Å) R3 (Å) R4 (Å) R5 (Å) R6 (Å) R7 (Å) 
3B2 2.0877 1.3900 1.3936 1.0887 1.4027 1.0867 1.3979 
4B2 2.0452 1.4091 1.3909 1.0847 1.3970 1.084 1.3975 
2A2 2.0341 1.3774 1.4071 1.0848 1.3808 1.0845 1.4196 

2B1 (2) 2.0884 1.3752 1.3912 1.0852 1.3990 1.0844 1.4002 

 

 
Figure 5.7. Geometry with labeled bond lengths for Structure 1 shown in Table 5.8  
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Table 5.9. Summary of B3LYP calculated mode symmetry, vibrational frequencies, and displacements of observed anion and neutral 

electronic states for Structure 1 

Mode 

Symmetry 

3B2 Frequency 

(cm-1) 

4B2 Frequency 

(cm-1) 

4B2 ← 3B2 

Displacement 

(amu½Å) 

2A2 Frequency 

(cm-1) 

2A2 ← 3B2 

Displacement 

(amu½Å) 

2B1 (2) Frequency 

(cm-1) 

2B1 (2) ← 3B2 

Displacement 

(amu½Å) 

a1 318 339 -0.331 354 -0.428 344 -0.077 

a1 653 634 0.040 676 -0.055 672 -0.079 

a1 978 928 0.024 997 -0.009 1014 -0.044 

a1 1026 1031 -0.022 1017 -0.012 1035 0.006 

a1 1165 1180 -0.010 1187 0.046 1178 -0.009 

a1 1343 1334 0.008 1364 0.091 1345 0.005 

a1 1394 1383 -0.023 1430 0.008 1429 0.010 

a1 1564 1572 -0.004 1570 0.008 1591 0.007 

a1 3090 3148 0.004 3149 0.003 3143 0.003 

a1 3139 3178 -0.004 3175 -0.004 3174 -0.004 

a2 439 434 0.000 424 0.000 443 0.000 

a2 680 691 0.000 704 0.000 702 0.000 

a2 845 868 0.000 886 0.000 883 0.000 

a2 916 979 0.000 1006 0.000 984 0.000 

b1 139 270 0.000 122 0.000 143 0.000 

b1 376 405 0.000 384 0.000 383 0.000 

b1 706 851 0.000 747 0.000 747 0.000 

b1 877 1397 0.000 967 0.000 942 0.000 

b2 240 281 0.000 268 0.000 254 0.000 

b2 637 637 0.000 645 0.000 645 0.000 

b2 1000 990 0.000 1001 0.000 993 0.000 

b2 1107 1130 0.000 1152 0.000 1125 0.000 

b2 1256 1273 0.000 1257 0.000 1262 0.000 

b2 1435 1449 0.000 1444 0.000 1449 0.000 

b2 1535 1555 0.000 1588 0.000 1551 0.000 

b2 3086 3144 0.000 3143 0.000 3138 0.000 

b2 3118 3163 0.000 3161 0.000 3158 0.000 
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Finding a reasonable assignment for Transition Z (Figure 5.4) proved to be more 

challenging than initially expected. The B3LYP calculated Franck-Condon simulations 

for the 5B2 state of Structure 1, which is the predicted ground state of the anion, resulted 

in three transitions that were spin-allowed and one-electron: 4A2 (2) ← 5B2, 
4B2 ← 5B2, 

4B1 (3) ← 5B2. Since these transitions arise from the predicted 5B2 ground state of the 

anion, it would be expected that they would most likely be observed in the experimental 

spectrum. However, none of the Franck-Condon simulations of these calculated 

transitions shown in Figure 5.5 closely match the Franck-Condon progression of 

Transition Z in the experimental spectrum. The electron binding energies of these 

transitions, 1.0788, 1.1162, and 1.3453 eV, respectively, are not close to Transition Z at 

1.567 ± 0.010 eV. Additionally, all three transitions have an electron detached from an 

orbital of primarily Nb 4d atomic parentage. Therefore, the relative intensity of these 

transitions should all be weaker than the 4B2 ← 3B2 s-detachment assigned as Transition 

X. However, the relative intensity of Transition Z is stronger than X in both the room and 

cold temperature experiments, as shown in Figure 5.2. This would suggest that the 

electron in Transition Z is also detached from an orbital of primarily Nb 5s atomic 

parentage.  

It is reasonable to suspect that since Transition X was assigned as the 4B2 ← 3B2 

transition, that Transition Z could be assigned as a transition from the 5B2 anion to a 

higher energy 4B2 state. Since the DFT Guess=Alter command cannot be used to examine 

a state in which an electron in a singly-occupied a1 orbital is promoted to a vacant a1 

orbital, TDB3LYP calculations were done on the 4B2 state of the neutral molecule. The 
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goal was to see if these calculations would predict another low lying 4B2 excited state that 

could be accessed by detaching an electron from an a1 orbital of primarily Nb 5s atomic 

parentage, giving a transition whose electron binding energy closely matches that of 

Transition Z at 1.567 ± 0.010 eV. The TDB3LYP calculations did not predict such a 

state.  

The next most likely transition that might be considered would be the 4Aʺ ← 5Aʺ 

transition of Structure 2, shown in Figure 5.6, at 1.0355 eV eBE. This transition accesses 

the predicted 4Aʺ ground state of the neutral molecule. However, the B3LYP calculated 

Franck-Condon simulation also does not look similar to the experimental spectrum. In 

this transition, the electron is detached from an orbital of primarily Nb  atomic 

parentage so the relative intensity of this transition would also be weak. Unlike the three 

transitions from the same 5B2 state of Structure 1, in which electrons are detached from 

orbitals of different symmetries (a1, a2, b1), only one transition from an aʹ orbital of the 

lower symmetry 5Aʺ state was found to be a spin-allowed and one-electron transition.  

TDB3LYP calculations were carried out on the 4Aʺ state to determine if a 

different 4Aʺ state of the neutral, which could be accessed from the 5Aʺ anion by 

detaching an electron from an orbital of primarily Nb 5s parentage, could be predicted. 

Fortunately, these TDB3LYP calculations did find a 4Aʺ state that is 0.457 eV higher in 

energy than the 4Aʺ ground state. Thus, the electron binding energy of the TDB3LYP 

calculated 4Aʺ(2) ← 5Aʺ transition is 1.454 eV, which is only 0.110 eV lower in energy 

than Transition Z at 1.567 ± 0.010 eV. In addition, the small peaks observed at 0.973 and 

0.996 eV in the cold temperature experiment could be due to the calculated 4Aʺ ← 5Aʺ 



 

229 

 

transition at 1.0355 eV shown in Figure 5.6, since the intensity of this transition is 

expected to be relatively weak, as mentioned earlier. Consistent with this assignment, the 

relative peak intensity of these peaks compared to Transition Z remains about the same 

when the flow tube temperature changes. 

Thus, according to these tentative electronic state assignments, Transitions X and 

Z are due to triplet (3B2) and quintet (5Aʺ) states of the anion, respectively. As noted in 

Section 5.3.A, the temperature dependence of their relative intensities indicates that the 

anion state giving rise to Transition X is higher in energy by roughly 0.01 eV than the 

state giving rise to Transition Z. These deductions are consistent with the calculations, 

which predicted that the 5Aʺ and 3B2 states’ energies differ by only ~ 0.06 eV, with the 

3B2 state (to which Transition X is assigned) being higher in energy. The 4Aʺ ← 5Aʺ 

transition, tentatively assigned as giving rise to the weak peaks at ~ 0.974 and 0.998 eV, 

is ~ 0.137 eV lower in energy than the origin band of Transition X. Thus, this transition 

may access a state slightly lower in energy than the 4B2 state to which Transition X is 

assigned. Based on these attempts to fully interpret the room and cold temperature 

experimental results, it is clear that assigning electronic states for the NbC6H4¯ 

photoelectron spectrum is challenging due to the many low lying excited states predicted 

for both the anion and neutral molecule of Structures 1 and 2 in the B3LYP calculations.  
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5.4 CONCLUSION 

 Anion photoelectron spectroscopy was used to study the 488 nm vibrationally-

resolved NbC6H4¯ spectrum, obtained by flow tube reactions of Nb with butadiene 

(C4H6). Table 5.10 summarizes the results of these spectra, including the electronic state 

assignments, electron binding energy of each transition, excited state energies, 

frequencies of active vibrational modes, and normal mode displacements between the 

anion and neutral molecule states. Through an extensive DFT analysis, Transition X, at 

1.109 ± 0.008 eV eBE, was tentatively assigned as a 4B2 ← 3B2 transition of a planar C2v 

symmetry η2 Nb-benzyne complex. Transition Y, at 1.315 ± 0.010 eV, is tentatively 

assigned as a transition from the same 3B2 state of the anion to a 2A2 excited state of the 

neutral molecule. The calculated Nb-bridged carbon–carbon bond lengths in these states 

indicate a double bond rather than a triple bond as in free benzyne (C6H4).  

Transition Z, at 1.564 ± 0.010 eV, is tentatively assigned as a 4Aʺ(2) ← 5Aʺ 

transition of a similar but slightly nonplanar Cs complex arising from a quintet anion state 

only slightly (< 0.1 eV) lower in energy than the triplet state giving rise to Transitions X 

and Y. A very weak fourth transition (0.974 ± 0.010 eV) may also be due to the 5Aʺ anion 

state and access another quartet state (4Aʺ) which may be slightly lower in energy than 

the 4B2 state. According to these assignments and the calculated orbital descriptions, the 

two stronger transitions, X and Z, are due to electron detachments from primarily Nb 5s 

orbitals, while the two weaker transitions observed are associated with detaching an 

electron from an orbital involving Nb d and ligand orbital character. 
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This study demonstrates that the many low-lying excited states and isomers 

predicted for both the anion and neutral molecule provide considerable challenges when 

trying to accurately model coordinatively unsaturated organometallic complexes of 

niobium. Particularly for such systems, it appears essential to perform temperature-

dependent experiments to identify transitions from different anion states. In addition, 

these studies provide evidence of carbon–carbon bond activation, carbon–carbon bond 

formation, and dehydrogenation in the reaction mechanism to form η2 Nb-benzyne anions 

by flow tube reactions of niobium atoms with butadiene.  

Table 5.10. Summary of experimental results for NbC6H4 

Molecule 
State 

Assignment 
eBE (eV) ωe (cm-1) ΔQ (amu½ Å)a 

NbC6H4 

 

4Aʺ(2)
(c) eBE 1.564 ± 0.010  Mode 1 362 ± 20 0.23 

2A2
(b) eBE 1.315 ± 0.010     

4B2
(b)

 eBE 1.109 ± 0.008  Mode 1 355 ± 20 0.33 

 4Aʺ eBE 0.974 ± 0.010    

NbC6H4¯ 3B2
(b)  Mode 1 310 ± 20  

5Aʺ(c)  Mode 1 360 ± 20  

(a) Magnitudes of normal mode displacements measured from Franck-Condon spectral fits in the 

independent harmonic oscillator, parallel mode approximation (b) The 4B2 ← 3B2 and 2A2 ← 3B2 transitions 

provide tentative assignments for Transitions X and Y, respectively, for a planar, C2v η2 Nb-benzyne 

complex (Figure 5.7). (c) The 4Aʺ(2) ← 5Aʺ transition is tentatively assigned as Transition Z, for a slightly 

nonplanar, Cs η2 Nb-benzyne complex (Structure 2). 
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Appendix I: Molecular Orbital Energies and Shapes of NbCr and 

NbCr¯ 
 

For Tables I.1 – I.18 reported below: 

(a) Numbers in bold indicate that the molecular orbital is occupied by an electron. 

Numbers that are not in bold are virtual orbitals. (b) For consistency, all molecular 

orbitals are positioned based on Figure I.1 below. 

 

 
 

Figure I.1. NbCr and NbCr¯ molecular orientation used to provide the shape of the 

molecular orbitals for all single, doublet, triplet, and quartet states calculated from both 

BPW91/SDD and M06/SDD levels of theory. 
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Table I.1. Molecular orbital energies and shapes for the 1Σ+ state of NbCr¯ as predicted 

by BPW91 when stability is enforced (results reported in Table 2.4) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 0.11738 0.11254 

  

19 0.09172 0.08039 

  

18 0.08681 0.07853 

  

17 0.08536 0.07810 

  

16 0.07634 0.06730 

  

15 0.06503 0.05086 

  

14 0.02177 0.04748 

  

13 0.02108 0.04224 

  

12 -0.00196 0.01825 

  

11 -0.00963 0.00592 

  

10 -0.00985 0.00518 

  

9 -0.01055 -0.01243 

  

8 -1.05600 -1.09605 
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Table I.2.  Molecular orbital energies and shapes for the 2∆ state of NbCr as predicted by 

BPW91 when stability is enforced (results reported in Table 2.4) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.02627 -0.02275 

  

19 -0.05628 -0.02342 

  

18 -0.06353 -0.02822 

  

17 -0.06353 -0.05223 

  

16 -0.07453 -0.05223 

  

15 -0.07923 -0.07754 

  

14 -0.15628 -0.11970 

  

13 -0.15814 -0.14053 

  

12 -0.16968 -0.15349 

  

11 -0.18084 -0.16737 

  

10 -0.18699 -0.16849 

  

9 -0.18699 -0.16849 

  

8 -1.24260 -1.27911 
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Table I.3. Molecular orbital energies and shapes for the 3∆ state of NbCr¯ as predicted 

by BPW91 when stability is enforced (results reported in Table 2.4) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 0.07690 0.11609 

  

19 0.07157 0.08910 

  

18 0.07157 0.08202 

  

17 0.07115 0.08202 

  

16 0.06696 0.07933 

  

15 0.03696 0.06162 

  

14 -0.00255 0.03808 

  

13 -0.00470 0.01791 

  

12 -0.02403 0.00480 

  

11 -0.02908 -0.01164 

  

10 -0.03118 -0.01164 

  

9 -0.03118 -0.01675 

  

8 -1.09076 -1.12249 
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Table I.4. Molecular orbital energies and shapes for the 4∆ state of NbCr as predicted by 

BPW91 when stability is enforced (results reported in Table 2.4) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.04597 -0.02956 

  

19 -0.06439 -0.03047 

  

18 -0.06458 -0.03332 

  

17 -0.08809 -0.03961 

  

16 -0.09516 -0.04232 

  

15 -0.10811 -0.07924 

  

14 -0.15490 -0.09111 

  

13 -0.16445 -0.10499 

  

12 -0.17279 -0.14530 

  

11 -0.18377 -0.15680 

  

10 -0.18905 -0.16147 

  

9 -0.18945 -0.16231 

  

8 -1.25721 -1.26213 
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Table I.5 Molecular orbital energies and shapes for the 1Σ+ state of NbCr¯ as predicted 

by M06 when stability is enforced (results reported in Table 2.4) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 0.11407 0.10356 

  

19 0.09099 0.09705 

  

18 0.09041 0.09646 

  

17 0.08273 0.07268 

  

16 0.06888 0.05616 

  

15 0.05977 0.05142 

  

14 -0.02098 0.03073 

  

13 -0.03132 0.02170 

  

12 -0.03151 -0.00405 

  

11 -0.04202 -0.01801 

  

10 -0.04931 -0.01889 

  

9 -0.04974 -0.02072 

  

8 -1.11772 -1.17965 
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Table I.6. Molecular orbital energies and shapes for the 2∆ state of NbCr as predicted by 

M06 when stability is enforced (results reported in Table 2.4) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.03828 -0.01610 

  

19 -0.04241 -0.01610 

  

18 -0.04537 -0.02918 

  

17 -0.04537 -0.04205 

  

16 -0.05343 -0.04205 

  

15 -0.08538 -0.07799 

  

14 -0.19257 -0.08823 

  

13 -0.21796 -0.17550 

  

12 -0.21872 -0.18781 

  

11 -0.22676 -0.19499 

  

10 -0.23503 -0.20476 

  

9 -0.23503 -0.20476 

  

8 -1.32276 -1.37567 
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Table I.7. Molecular orbital energies and shapes for the 3∆ state of NbCr¯ as predicted 

by M06 when stability is enforced (results reported in Table 2.4) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 0.08906 0.12153 

  

19 0.08637 0.09043 

  

18 0.08511 0.08997 

  

17 0.04839 0.07990 
Isovalue out of 

range 
 

16 0.04263 0.07638 

  

15 0.02364 0.06974 

  

14 -0.04359 0.05775 

  

13 -0.05366 -0.01154 

  

12 -0.05414 -0.02352 

  

11 -0.06044 -0.03083 

  

10 -0.06411 -0.03173 

  

9 -0.06495 -0.03523 

  

8 -1.15482 -1.21682 
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Table I.8. Molecular orbital energies and shapes for the 4∆ state of NbCr as predicted by 

M06 when stability is enforced (results reported in Table 2.4) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.03697 -0.01796 

  

19 -0.04661 -0.01796 

  

18 -0.04661 -0.02852 

  

17 -0.05083 -0.04392 

  

16 -0.08227 -0.04392 

  

15 -0.15801 -0.06489 

  

14 -0.19416 -0.07636 

  

13 -0.21849 -0.08099 

  

12 -0.22279 -0.18625 

  

11 -0.22345 -0.18796 

  

10 -0.23091 -0.19140 

  

9 -0.23091 -0.19140 

  

8 -1.32940 -1.36231 
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Table I.9. Molecular orbital energies and shapes for the 1Σ+ state of NbCr¯ as predicted 

by BPW91 when stability is not enforced (results reported in Table 2.5) 

MO Number MO Energy (a) MO Shape (b) 

20 0.12054 

 

19 0.09321 

 

18 0.09321 

 

17 0.08912 

 

16 0.07808 

 

15 0.06207 

 

14 0.06110 

 

13 0.06110 

 

12 0.02454 

 

11 0.00073 

 

10 0.00073 

 

9 -0.00048 

 

8 -1.05436 
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Table I.10. Molecular orbital energies and shapes for the 2∆ state of NbCr as predicted 

by BPW91 when stability is not enforced (results reported in Table 2.5) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.04325 -0.03707 

  

19 -0.05515 -0.04856 

  

18 -0.05515 -0.04856 

  

17 -0.07724 -0.04917 

  

16 -0.08885 -0.07685 

  

15 -0.09297 -0.08370 

  

14 -0.14170 -0.11816 

  

13 -0.16135 -0.14381 

  

12 -0.16379 -0.15762 

  

11 -0.19133 -0.17892 

  

10 -0.20119 -0.19247 

  

9 -0.20119 -0.19247 

  

8 -1.26803 -1.26605 
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Table I.11. Molecular orbital energies and shapes for the 2Σ+ state of NbCr as predicted 

by BPW91 when stability is not enforced (results reported in Table 2.5) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.02015 -0.01677 

  

19 -0.02988 -0.01824 

  

18 -0.02988 -0.01824 

  

17 -0.05357 -0.04475 

  

16 -0.05357 -0.04475 

  

15 -0.08093 -0.06459 

  

14 -0.14784 -0.13599 

  

13 -0.14784 -0.11569 

  

12 -0.16181 -0.11569 

  

11 -0.19785 -0.16639 

  

10 -0.19785 -0.17742 

  

9 -0.20248 -0.17742 

  

8 -1.22223 -1.26923 
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Table I.12. Molecular orbital energies and shapes for the 3∆ state of NbCr¯ as predicted 

by BPW91 when stability is not enforced (results reported in Table 2.5) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 0.07480 0.08974 

  

19 0.07217 0.08512 

  

18 0.07217 0.08512 

  

17 0.06848 0.07940 

  

16 0.05943 0.07830 

  

15 0.03662 0.06152 

  

14 0.01285 0.03840 

  

13 -0.00632 0.01396 

  

12 -0.01741 -0.00239 

  

11 -0.03732 -0.02181 

  

10 -0.04236 -0.03225 

  

9 -0.04236 -0.03225 

  

8 -1.11163 -1.10974 
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Table I.13. Molecular orbital energies and shapes for the 4∆ state of NbCr as predicted 

by BPW91 when stability is not enforced (results reported in Table 2.5) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.04477 -0.02984 

  

19 -0.06421 -0.02984 

  

18 -0.06421 -0.03302 

  

17 -0.08765 -0.04087 

  

16 -0.09506 -0.04087 

  

15 -0.10775 -0.07927 

  

14 -0.15445 -0.09058 

  

13 -0.16416 -0.10454 

  

12 -0.17251 -0.14490 

  

11 -0.18337 -0.15659 

  

10 -0.18887 -0.16150 

  

9 -0.18887 -0.16150 

  

8 -1.25682 -1.26262 
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Table I.14. Molecular orbital energies and shapes for the 1Σ+ state of NbCr¯ as predicted 

by M06 when stability is not enforced (results reported in Table 2.5) 

MO Number MO Energy (a) MO Shape (b) 

20 0.11216 

 

19 0.09601 

 

18 0.09601 

 

17 0.07561 

 

16 0.05947 

 

15 0.05044 
Isovalue out of 

range 

14 0.01804 

 

13 0.01804 

 

12 -0.00246 

 

11 -0.04528 

 

10 -0.05016 

 

9 -0.05016 

 

8 -1.14592 
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Table I.15. Molecular orbital energies and shapes for the 2∆ state of NbCr as predicted 

by M06 when stability is not enforced (results reported in Table 2.5) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.02837 -0.02986 

  

19 -0.04674 -0.02986 

  

18 -0.04674 -0.04478 

  

17 -0.05179 -0.04478 

  

16 -0.06186 -0.04637 

  

15 -0.08071 -0.07758 

  

14 -0.18625 -0.09068 

  

13 -0.19025 -0.18420 

  

12 -0.19381 -0.19516 

  

11 -0.23778 -0.23748 

  

10 -0.24887 -0.25074 

  

9 -0.24887 -0.25074 

  

8 -1.37153 -1.35185 
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Table I.16. Molecular orbital energies and shapes for the 2Σ+ state of NbCr as predicted 

by M06 when stability is not enforced (results reported in Table 2.5) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.02373 -0.00526 

  

19 -0.02373 -0.00526 

  

18 -0.02978 -0.01935 

  

17 -0.03732 -0.03290 

  

16 -0.03732 -0.03290 

  

15 -0.07516 -0.06049 

  

14 -0.17816 -0.10481 

  

13 -0.20562 -0.14891 

  

12 -0.20562 -0.14891 

  

11 -0.23157 -0.19346 

  

10 -0.23925 -0.20422 

  

9 -0.23925 -0.20422 

  

8 -1.28995 -1.34908 
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Table I.17. Molecular orbital energies and shapes for the 3∆ state of NbCr¯ as predicted 

by M06 when stability is not enforced (results reported in Table 2.5) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 0.08835 0.12174 

  

19 0.08528 0.08994 

  

18 0.08528 0.08994 

  

17 0.04810 0.07967 
Isovalue out of 

range 
 

16 0.04223 0.07260 

  

15 0.02393 0.07031 

  

14 -0.04389 0.05809 

  

13 -0.05472 -0.01308 

  

12 -0.05519 -0.02584 

  

11 -0.06139 -0.03363 

  

10 -0.06629 -0.03363 

  

9 -0.06229 -0.03522 

  

8 -1.15632 -1.21657 
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Table I.18. Molecular orbital energies and shapes for the 4∆ state of NbCr as predicted 

by M06 when stability is not enforced (results reported in Table 2.5) 

MO Number 
MO Energy (a) MO Shape (b) 

α β α β 

20 -0.03697 -0.01796 

  

19 -0.04661 -0.01796 

  

18 -0.04661 -0.02852 

  

17 -0.05083 -0.04392 

  

16 -0.08227 -0.04392 

  

15 -0.15801 -0.06489 

  

14 -0.19416 -0.07636 

  

13 -0.21849 -0.08099 

  

12 -0.22279 -0.18625 

  

11 -0.22345 -0.18796 

  

10 -0.23091 -0.19140 

  

9 -0.23091 -0.19140 

  

8 -1.32940 -1.36231 

  
 

 


