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ABSTRACT 

 Electronic spectroscopy is employed to study the electronic structure and bonding 

of gas phase metal-ligand and carbon cluster ions. These ions are mass-selected and investigated 

using photodissociation spectroscopy. Metal ions such as Ag+, Mg+, Fe+, and U+ complexed with 

organic ligands like benzene are relevant as model systems for organometallic molecules, 

catalysts, charge transfer, and actinide chemistry. The bond dissociation energies of these 

complexes are determined by the onset wavelength of the photodissociation products.  Carbon 

cluster cations are suspected to be in the interstellar medium, but their spectroscopy is difficult to 

measure. A new spectrum for C6
+ was measured, consisting of a strong origin band, two vibronic 

bands, and four hot bands corresponding to a linear isomer. The deep UV spectroscopy of carbon 

clusters Cn
+, n = 6 – 20, is measured due to astrochemical relevance. These studies are 

accompanied by theoretical calculations to assign measured spectra and calculate bond 

dissociation energies.  
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CHAPTER 1 

INTRODUCTION AND REVIEW 

 Electronic spectroscopy provides a look into the fundamental properties of the electronic 

structure and the bonding of chemicals vital to physical phenomena throughout every field of 

science. The spectroscopy of ions is significant for gaining insight into a multitude of processes, 

such as the charge transfer of solar cells, single-atom catalysts, and the role of dopants in 

semiconductor efficiency. Spectroscopy of isolated ions in the gas phase provides information on 

their intrinsic properties without perturbations from solvation effects.  This dissertation presents 

electronic spectroscopy of carbon cations as well as spectroscopy as a tool to investigate the 

bonding of metal ion complexes. 

 Bulk material has a myriad of physical properties that are strongly dependent on the 

chemical bonding and electronic structure of the composite particles. However, the properties of 

the bulk material can differ from those of the molecules. As such, investigating the 

characteristics of groupings of these particles, or clusters, can give insight into the chemical 

origin of these properties.1-4 Clusters can be made up of anywhere from a few atoms or 

molecules to several hundred and lie in the nanometer size range. Metallic and semiconductor 

clusters in particular can have very different chemistry and electronic structures compared to 

their bulk material; as such, the structure, reactivity, and optical and electrical properties of a 

material depend (sometimes strongly) on the size of the cluster. Observing these attributes as the 

cluster size increases shows the progression toward bulk properties.3 The effects of cluster size 

on a material’s characteristics have implications for applied fields such as catalysis and 
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nanoelectronics. It is of great scientific interest to study the reactivity and bonding present in 

small clusters and their impact on the properties of bulk material.  

 Early scientific work on clusters used high-temperature Knudsen ovens to create clusters 

for mass spectrometer studies. Chupka,5,6 Inghram,5-7 and Drowart7 made clusters of pure carbon 

with such ovens, though they only detected clusters up to C5 whereas later experiments were able 

to observe much larger carbon clusters.3 It is now understood that cluster growth occurs through 

collisions of vaporized atoms or molecules.4 However, early studies had limited cluster 

concentrations due to the oven vaporization source. Additionally, the clusters created by an oven 

require extreme temperatures and are therefore very hot. Modern cluster sources include a gas to 

collisionally cool the resulting vapor. The lower internal temperature of molecules in the vapor 

also prevents fragmentation.1,3 Other vaporization sources soon followed, including ion 

sputtering, discharge, and laser vaporization sources.8-11 A distinct difference with these later 

sources is that, while they still mostly produce neutrals, they also produce ions, which can be 

studied with mass spectrometry to learn the vapor composition. Ion sputtering involves the 

bombardment of an inert gas on the surface of the sample material.8-11 However, while larger 

cluster sizes can be created with this technique, this technique does not produce cold clusters, 

which limits the study of a wide distribution of ions to species that have high relative stability. 

 The laser vaporization source (also called the “Smalley source”) was developed in 1981 

simultaneously by the Smalley group at Rice University12-17 and by Dr. Vladimir Bondybey at 

AT&T Laboratories.18 While lasers were used previous to the development of this technique,19-23 

these were the first labs to employ a collisional gas to cool the resulting metal vapor. Smalley’s 

experimental design allowed the collisional gas to be pulsed over the vaporization site for 

cooling, allowing for studies of cold ions in a molecular beam. The first applications utilizing 
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this ion source were fundamental studies of metal atom clusters composed of transition 

metals13-15 and main group metals12,24,25. Afterward, laser vaporization has shown its versatility 

for sourcing ions of carbon,26-30 silicon,30,31 and germanium clusters.31,32 The laser vaporization 

target can be made of an alloy to observe mixed clusters.32-35 Furthermore, solvents can be added 

to the gas flow in order to form clusters and complexes with the metal material.36 Similarly, the 

same can be achieved by coating the metal target with a film, where the laser will penetrate the 

film.37-39 The laser vaporization source can create a multitude of metal and mixed clusters, 

neutral and ionic.  

 Much scientific work has been done on mixed metal clusters in the gas phase. Clusters of 

metal carbides were created using a laser vaporization source with a hydrocarbon collisional gas; 

the plasma of the laser vaporization eliminates the hydrogen from the hydrocarbon molecule 

which will bind to the metal vapor.40-46 The efficiency of metal carbide production heavily relies 

on the metal used, where less-reactive metals will not readily eliminate the hydrogen and instead 

form metal-hydrocarbon complexes (though these also have scientific relevance).47 Instead, it 

may be more efficient to coat a carbon rod with vaporized metal,37,38 which has been done to 

study copper and gold carbides.48,49 Similar mixed clusters have been made with silane and O2 as 

the collision gas, giving rise to metal silicon48-52 and metal oxide clusters.53-63  

 The laser vaporization source can create many different assemblies of metal cluster ions. 

Additionally, the vaporization site can be altered to further control the types of clusters made. As 

Ref. 44 details, when the vaporization occurs in an enclosed space and the collisional gas carries 

the resulting plasma through a channel, the ions created are given time to condense further. In 

this way, the solvation of metal with inert gases,64-74 water,75-81 and organic ligands82-89 (to name 

a few) can be observed and investigated. More still can be studied when the metal ion produced 
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is doubly charged.77,78,80,81,90,91 Laser vaporization can be used in conjunction with other ion 

sources to create mixed ions in the gas phase.92-98  

Many different experiments have investigated clusters produced by a laser vaporization 

source,12-15,24-98 the earliest of which would of course be the identification of ions produced using 

mass spectrometry.12,15,24-36,40,44,53,55,58 A time-of-flight mass spectrometer provides the 

exceptional capability to isolate an ion size for further study. For instance, ion mobility 

measurements were used to categorize the different 3D structures that an ion size can 

exhibit.99,100 These experiments were used to characterize the chain, ring, and cage structures of 

carbon clusters in various sizes.101 Further structural information can be provided by infrared 

spectroscopy. Many of the ion clusters discussed are loosely held together with van der Waals 

forces more so than covalent bonds, which are only stable at sub-100 K temperatures. When 

enough energy is inserted into the complex, it is a statistical eventuality that enough of the 

energy will distribute into the vibration displacing the molecule from the ion, which will result in 

the complex dissociating; this process is called intramolecular vibrational energy redistribut ion 

(IVR).102,103 The density of these ions is too low to detect their absorbance; however, measuring 

the photodissociation of these ion complexes following IVR allows one to observe their 

absorption spectra. 

Photodissociation spectroscopy has been used to investigate many clustered ions in the 

gas phase.28,44,54-56,61-64,66-86,89,103 This process requires the photon energy to be greater than the 

binding energy of the complex, so the studies of many species are limited to their electronic 

spectroscopy. However, some complexes are produced with loosely bound inert gases such as 

N2, H2, or rare gases; in such cases, an infrared photon may have enough energy to overcome the 

binding energy; in this way, the vibrational spectra of metal complexes can be 
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measured.67,71,75,79,80,81,89,104-106 Specifically, significant work has been done on 

metallocarbohedrenes (called “Met-Cars”),44-46,53 metal ion-carbonyl,74 and metal ion-benzene 

complexes,89 measuring their binding and structure. A related experiment is collision-induced 

dissociation, where mass-selected ion complexes are passed through a collision cell at a known 

kinetic energy in order to measure their bond dissociation energy.107-112 This will be discussed 

more in Chapter 3. Photodissociation spectroscopy is an excellent tool for investigating the 

chemistry and structure of ions without the perturbation of solvation effects and for 

benchmarking the accuracy of theoretical approach development.  

The primary motivation behind the research presented herein is to better understand the 

electronic structure of complexes and clusters, namely metal ion-ligand complexes and carbon 

cluster cations. These species prove challenging for theoretical chemistry to accurately describe, 

and there is a lack of experimental data necessary for a complete picture of them. The electronic 

spectroscopy of a species in the gas phase would provide insight into the chemistry of these 

species without perturbations from solvation effects that convolute their interactions. Chapter 2 

presents the apparatus with which photodissociation spectroscopy of mass-selected ions is 

measured. Chapters 3 and 4 present the findings on the electronic spectroscopy of metal ion-

ligand complexes and carbon cluster cations, respectively.  
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CHAPTER 2 

EXPERIMENTAL AND THEORETICAL METHODS 

EXPERIMENTAL APPARATUS 

Laser vaporization has been well-studied and has been described in Chapter 1 and 

elsewhere.1,2 Most metals will break down and ablate under sufficient laser fluence, ejecting 

neutral and ionized atoms and electrons as plasma. The density of the plasma is such that 

condensation and recombination can occur, even in a vacuum. Recombination can proceed  such 

that a cluster can grow in the plasma, especially when a collision gas is introduced. Additionally, 

the metal neutrals and ions can form complexes with the collision gas. In this way, metal ion 

complexes are created via laser vaporization of a metal rod in the presence of a collision gas. The 

metal rod is rotated and translated to keep a fresh metal surface at the vaporization site. The 

second or third harmonics of a focused, pulsed Nd:YAG laser (532 and 355 nm, respectively) are 

used as the vaporization laser. The vaporization occurs in a vacuum chamber, where the resulting 

plasma is cooled by the supersonic expansion of a gas. The gas is pulsed into the chamber using 

a Series 9 General Valve by Parker Hannifin Corp. The vaporization of metal creates a hot 

plasma where reactions with the expansion gas may occur. As the cooling efficiency of the 

expansion depends on the makeup of the gas, a mix of gases may be used for the expansion to 

efficiently cool while still having reactions (e.g. 1% acetylene in argon for metal ion-acetylene 

complexation). Furthermore, liquid can be added to the gas lines to have an expansion gas 

seeded with a potential ligand, such as benzene or toluene. The extent of this reaction can be 

controlled by changing the expansion gas (argon, helium, carbon dioxide, etc.), the vaporization 
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laser wavelength, and the source block that holds the metal rod (different block configurations 

are shown in Figure 2.1 and discussed elsewhere3). Varying the channel length and diameter 

after the site of laser vaporization changes the degree of clustering, mostly due to the change in 

interaction time and temperature. The cutaway source block has the vaporization site at the start 

of the supersonic expansion cone, resulting in fewer reactions and the coldest expansion. The 

offset source is the coldest source, allowing both the metal vapor and the gas to expand before 

mixing. The molecules move with uniform velocity through the skimmer to form a molecular 

beam and pass into a differentially-pumped mass spectrometer. The volume of gas that the 

pumps handle requires a large pumping speed. The pumps used for the cluster source chamber 

and the mass spectrometer vacuum chambers are VHS-10 (6600 L/s of He) and VHS-6 (3000 

L/s) diffusion pumps, respectively.  
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Figure 2.1. Commonly used source blocks in laser vaporization experiments. The standard block 

can have various channel diameters and lengths to promote cluster growth.  
 

A Wiley-McLaren time-of-flight mass spectrometer is used for mass analysis, ion 

separation, and photodissociation spectroscopy.4 A diagram of this instrument is shown in Figure 

2.2. The molecular beam is sent through a skimmer into a second vacuum chamber, where 

Wiley-McLaren electrodes (a repeller plate and a draw-out grid) are pulsed to extract ions into 

the orthogonal flight tube. Deflection plates are used to adjust the horizontal trajectory of the 

ions into the flight tube. Biased electric rings are used as an ion lens to focus the ion beam to 
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counteract space-charge effects before the beam enters a field-free region of the flight tube. Ions 

extracted into the flight tube are given the same kinetic energy by the electric fields, so the ions 

are separated by flight velocity depending on mass, as described in Equation 2.1.  

 

     Kinetic Energy = ½ mv2    Eq. 2.1 

 

The ions then enter the reflectron, where they are slowed and then reaccelerated towards 

the detector. This serves to resolve ions of the same mass moving at different speeds and 

therefore improves resolution of the arrival time. Ions are detected with an electron multiplier 

tube detector (Hamamatsu Photonics R-595). Plotting the arrival time versus signal intensity and 

calibrating with known ion masses gives a mass spectrum. Ions can be deflected in the flight tube 

to select a mass size to be detected. The region of the flight tube after the reflectron is electrically 

isolated from the rest of the instrument and can be pulsed to accelerate ions further as they exit  (a 

so-called post-accelerator), which increases the ion signal. The collected signal is amplified with 

a pre-amp and displayed on an oscilloscope. A typical mass spectrum of carbon clusters is shown 

in Figure 2.3, using a glassy carbon rod and helium backing gas. 
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Figure 2.2. Illustration of the differentially-pumped reflectron time-of-flight mass spectrometer. 
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Figure 2.3. An example mass spectrum of carbon clusters collected using the described 

instrument. 
 

As mentioned, a specified ion size can be isolated by deflecting other ions off the flight 

path before the reflectron. The turning point of the reflectron is an ideal region to induce 

photodissociation: ions are easier to illuminate with the pulsed photodissociation laser when they 

are slowed, and the dissociation products are reaccelerated in the reflectron field so as to arrive at 

the detector at different times. If an ion size is selected using the mass gate, the only signals 

detected are the selected ion and photodissociation products. The photodissociation process only 

occurs when the laser light is absorbed by the ion in question and when the photon energy is 

sufficient to overcome the binding energy of the ionic complex. The binding energy of the 

complex may limit what wavelength of light can be used for photodissociation, but the binding 

energy of aromatic ligands to transition metal ions usually falls in the visible light region. The 
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tunable photodissociation laser used is the Amplitude Laser Inc. Horizon II Optical Parametric 

Oscillator (OPO) system, which produces 192 – 2750 nm light (UV – near IR) with a 7 cm-1 

linewidth. To prevent multiphoton absorption, the power is attenuated to 1 mJ/pulse, and the 

beam is unfocused. The intensity of the photodissociation product is plotted versus wavelength to 

create an action spectrum.  

 

DATA ACQUISITION SOFTWARE 

The photodissociation product yield is plotted against the OPO output wavelength to 

make an action spectrum, so data acquisition software was written to communicate with both the 

OPO control computer and the oscilloscope capturing the detector signal. Travis Jones created a 

LabVIEW program to scan a dye laser and acquire data from a scope (see his thesis5), which 

serves as the basis to communicate with the Horizon II OPO. Several changes were necessary: 

the code had to instead communicate with a separate computer controlling the OPO, and the 

scanning function needed to be modified to take discreet steps rather than sampling at time 

intervals and assuming the laser wavelength based on the scanning speed , but much of the 

framework remains the same. More information on this code can be found in the Appendix. 

 

COMPUTATIONAL METHODS 

To complement the photodissociation spectra collected, the electronic spectrum of each 

complex is predicted. Ideally, CCSD(T)/aug-cc-pVTZ would be used, as it is considered the 

golden standard level of theory. However, this level requires a considerable computational cost, 

and even though there are at times only 5 atoms involved, the number of electrons to consider for 

transition metals quickly makes this unfeasible for the complexes studied. These computations 
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are carried out using the Gaussian 16 package6 using density functional theory (DFT). From 

previous work in the lab, B3LYP is a hybrid functional that has been shown to provide accurate 

vibrational and electronic data at a reasonable computational cost for the metal ion-ligand 

complexes of interest. In Chapter 3, B3LYP calculations of transition metals are tested against 

MN15L and M06L, which are functionals designed to better handle transition metals. The 

calculations shown in Chapters 3 and 4 are all made using a Def2-TZVP basis set. All 

calculations were carried out using an “ultrafine” integration grid, and the optimization threshold 

for energy and structure optimizations was set to “tight.” The “stable=opt” keyword was used on 

all structures to check for electronic wavefunction stability. All electronic energies are corrected 

for zero-point vibrational energy. Depending on the system, the first 100 or 150 electronic 

transitions were calculated using TD-DFT. 
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CHAPTER 3 

METAL ION-LIGAND COMPLEX ELECTRONIC SPECTROSCOPY AND BOND 

DISSOCIATION THRESHOLDS 

Covalent and non-covalent processes involving metals are found throughout chemistry, 

biology, and industry, including the Haber-Bosch process, the Fischer-Tropsch synthesis, and 

many biomolecules having a metal binding site, such as hemoglobin.1-7 The coordination, 

bonding, and reactivity of transition metals hinges on their spin state. However, the relative 

energy of transition metal spin states can be difficult for theory to correctly predict, and for 

some, the number of electrons makes high-level theory too expensive to use. There has been 

much research into the interactions of transition metals and ligands in the gas phase to avoid 

solvent effects: mass spectrometry and computational chemistry provide information on the 

reactivity and thermochemistry of these metal ions with small hydrocarbons.8-33 In some systems, 

the spectroscopy of metal ion-ligand complexes has been measured.34-38 More recently, 

spectroscopy of transition metal ions coordinated to small hydrocarbons has been measured,37-50 

where the catalysis of benzene cyclization has been observed.48-50 Metal ion-ligand complexes 

have been well-studied, but they still prove challenging for theory to correctly describe. Metal 

ions complexed with acetylene and benzene in the gas phase provide model systems against 

which to benchmark new theoretical models. 

The bonding of transition metals to acetylene and benzene is known to form intriguing 

structures and provide some of the most basic organometallic systems.51-58 It was observed early 

on that metal salts added to liquid benzene would react to change the color of the solution, 

leading to the discovery of covalent metal-benzene complexes.59-64 The continued synthesis of 
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compounds such as ferrocene65,66 and di-benzene chromium67 would be the starting point for 

modern organometallic chemistry. Many traditional spectroscopy techniques were employed to 

understand the stability of these compounds.68-77 In more recent years, mass spectrometry has 

been used to explore these same concepts in the gas phase. This is especially true for metal-

benzene complexes but also includes ionic complexes and complexes with other ligands. Some 

of the most remarkable findings are the metal “multiple decker sandwich” clusters that metal-

benzene complexes form, a structure of benzene-metal-benzene-metal… chain of varying length, 

keeping a stoichiometry of [Mn(benzene)n+1
+].78-83 These sandwiches are most apparent for early 

transition metals, but they are also seen for several other metals. The bonding and electronic 

structure of these sandwiches have been well studied, and these complexes are now known to be 

very stable.84-95  

Spectroscopy would fully describe the structural and electronic structure of these metal 

ion-ligand complexes, but because their density is so low, measurements have been limited to 

mass-selected photoelectron and photodissociation spectroscopy in the gas phase.45 Anion 

photoelectron spectroscopy was used to determine the electron affinities and ionization potentials 

of these complexes,96-99 with pulsed-field ionization-zero electron kinetic energy photoelectron 

spectroscopy later providing high enough resolution to observe vibronic transitions.100-103 Further 

information about the structure of these organometallic complexes was probed using infrared 

photodissociation spectroscopy of the complex with a rare gas tag45,104-106 and infrared 

resonance-enhanced multiphoton photodissociation.45,107,108 These complexes represent model 

systems for larger, more complicated metal-arenes that can be unwieldy for computational 

chemistry to calculate. For this reason, high-level calculations (such as the “gold standard” 



 

30 

CCSD(T)) on these systems can take months. Transition metals in particular are challenging for 

theory, thus more gas phase measurements are needed for benchmarking.   

Perhaps the most fundamental properties that can give insight into this organometallic 

bonding are the dissociation energies of these complexes. Collision-induced dissociation can be 

used to determine the bond dissociation energy of each complex. To do so, the complex is 

produced in a molecular beam, size-selected, and injected into a collision cell with an adjusted, 

known kinetic energy. Armentrout and colleagues have measured the bond dissociation energies 

of many organometallic complexes in this manner.31,109-113 These experiments have been 

demonstrated to accurately determine an upper limit for the binding energy. However, this 

determination assumes that the ions only have one collision in the cell. Furthermore, the 

collisions occurring for large molecules with kinetic energy just slightly above the dissociation 

energy have a lower yield due to energy being randomly distributed over all internal vibrations, 

creating what is known as a kinetic shift. More information on this can be found in reference 

113. These caveats are corrected for in each calculation, but these values should be tested against 

other methods. Another determination of an upper limit of the bond dissociation energy of a 

complex is the photodissociation threshold, the lowest photon energy at which photodissociation 

of a complex is detected. The photodissociation threshold serves as an upper limit to the binding 

energy, and it will only give a good determination for the bond dissociation energy when the 

species studied is cold, the complex absorbs continuously near that energy, and the dissociation 

process is single-photon. For many transition metal ion-benzene complexes, for example, the 

bond dissociation energy falls between 25 and 60 kcal/mol;45 the threshold for these complexes 

would therefore lie in the visible or near-UV. Transition metals with low-lying excited spin 

states such as iron and chromium will absorb light throughout this region. This can be clearly 
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seen in Reference 114, where Brucat et al. measured the photodissociation of Fe2
+. 

Photodissociation thresholds have been studied for some metal ion complexes, but without lasers 

whose wavelength can be tuned over a wide range, uncertainties were at around 5 nm.115 There is 

scientific merit to remeasuring these values with less uncertainty. 

These metal ion-ligand complexes are model systems for more complicated 

organometallics. Gas phase spectroscopy of these complexes provides information on their 

bonding, structure, and chemical interactions that are unperturbed by solvation effects. 

Computational methods have been developed to accurately describe the characteristics of these 

systems, but these methods may still underperform unspecialized functionals that are more 

commonly used, which will be explored in the experiments below. Therefore, more 

benchmarking is necessary for computational method development. 

 

RESULTS AND DISCUSSION 

Ag+(toluene) and Ag+(benzene) 

 Chapter 1 discusses the laser vaporization source and how it can be used to produce 

transition metal ion-ligand complexes in the gas phase, which was used for all complexes 

discussed in this chapter. Figure 3.1 shows a mass spectrum of Ag+(toluene)n complexes 

produced by laser vaporization of a silver rod in an expansion of argon; liquid toluene was added 

to the gas lines, where the vapor pressure of toluene is sufficient for complexation with the 

silver. 



 

32 

 

Figure 3.1. The mass spectrum of a silver rod in a toluene-seeded expansion of argon.  
 

 The photodissociation apparatus is discussed in more detail in Chapter 2. An ion size can 

be isolated by deflecting the other ions in the flight tube, ensuring that only one peak in the mass 

spectrum remains. The mass-selected ions are then illuminated with the photodissociation laser, 

and any photodissociation products are detected at a different arrival time. Figure 3.2 shows the 

photodissociation mass spectrum of Ag+(toluene) at 355 nm. The photodissociation product 

observed is the toluene cation. Silver cation is expected to be the photodissociation product, as 

silver has an ionization energy of 7.58 eV while toluene has an ionization energy of 8.83 eV. 

This kind of photodissociation is therefore a charge-transfer process, which has been seen 

previously.45 The silver cation photodissociation product was not observed in any spectral region 

in this experiment. 



 

33 

 

Figure 3.2. Photodissociation mass spectrum of the mass-selected Ag+(toluene) ion at 355 nm, 

which produces the toluene cation as the only photofragment. Peaks containing silver are 
doubled from the two naturally occurring isotopes (m/z = 107/109). 
 

 The photodissociation product yield varies with the wavelength of the laser, thereby 

creating a photodissociation spectrum. Figure 3.3 presents the charge transfer photodissociation 

spectrum of Ag+(toluene). The bottom two traces are spectra predicted by TD-DFT without a 

scaling factor. Two isomers were predicted; the silver is over a C – C bond in both structures, but 

the positions of the metal ion differ with respect to the methyl group. Although most transition 

metal ions complex with aromatic rings in the sixfold symmetric position, silver is known from 

previous work to form this kind of asymmetric structure.116,117 Isomer 1 was predicted to be more 

stable than isomer 2 by 0.83 kcal/mol, though it is not clear that this difference is significant. The 

spectrum of Ag+(toluene) has a broad band near 30,800 cm-1 with a reproducible dip near the 

middle, with smaller, broad bands deeper in the UV at 38,000 and 44,400 cm-1.  

 

 



 

34 

 

Figure 3.3. Photodissociation spectrum measured for Ag+(toluene) → Ag + toluene+. 

 

 Figure 3.4 shows a potential energy diagram for Ag+(toluene). The ground state of the 

complex has the charge on the silver due to its lower ionization energy. This is confirmed in a 

collision-induced dissociation experiment producing silver cation, where the dissociation 

happens on the ground electronic state potential energy surface.118 The silver cation has a 4d10 

(1S) electron configuration. The first excited state of the silver cation occurs at 39,168 cm-1 and is 

shown as transition (a). The first excited state of toluene occurs at 37,580 and is labeled 

transition (b). There are two excitations considered for the charge transfer excited state 
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whereupon dissociation occurs. The first is the first excited state of neutral silver, occurring at 

29,552 cm-1 for the 2S → 2P transition and labeled (c). Finally, there is the first excited state of 

the toluene cation occurring at 17,700 cm-1 and labeled (d).119 

 
 

Figure 3.4. Potential energy diagram for Ag+(toluene).  
 

 Figure 3.5 presents the mass spectrum for Ag+(benzene), which was detected in much the 

same way described for Ag+(toluene).  
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Figure 3.5. Mass spectrum of Ag+(benzene) clusters. 
 

Figure 3.6 shows the photodissociation spectrum for the Ag+(benzene) complex. The 

spectrum has a broad peak at 31,000 cm-1 and two smaller bands at 38,700 and 45,300 cm-1, 

which are all at frequencies similar to those in the Ag+(toluene) spectrum.  

Ag
+

 

Ag
+

(benzene) 

Ag
+

(benzene)
2
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Figure 3.6. Photodissociation spectrum of Ag+(benzene) → Ag + benzene+ (top) and the 
spectrum predicted by TD-DFT (bottom). 
 

 It is known that TD-DFT is not reliably quantitative for frequencies of predicted 

excitations, so usually a scaling factor is used to better match experimental spectra.120 However, 

the predicted spectra here match the experiment reasonably well without scaling. The calculated 

spectra in Figures 3.3 and 3.5 predict the observed photodissociation spectra reasonably well, 

especially for the lowest energy transition measured. It should  be noted that TD-DFT does not 

predict vibrational structure for electronic transitions nor Franck–Condon factors. The intense 

bands predicted for both isomers of Ag+(toluene) near 26,000 cm-1 and Ag+(benzene) near 
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28,000 cm-1 both correspond to charge transfer transitions, from Ag+ to the ligand. The higher-

energy transitions differ in nature between the isomers. The transition at 44,966 cm-1 predicted 

for isomer 1 involves a π(toluene) → π(toluene) transition with little interaction from the electron 

orbitals of the silver. In contrast, the three transitions predicted between 40,000 and 41,000 cm-1 

for isomer 2 involve d (Ag+) → s (Ag+) excitations. Similarly, the three transitions predicted for 

Ag+(benzene) near 43,000 cm-1 are also d (Ag+) → s (Ag+) excitations, though these excited 

states have increased electron density on the benzene. These transitions are shown in Figure 3.7. 
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Figure 3.7. Molecular orbitals involved with each excited state transition for Ag+(benzene) (top) 
and  Ag+(toluene) isomers 1 (middle) and 2 (bottom), calculated using TD-DFT (B3LYP/def2-

TZVP). 
 

The expansion used to create the ions in this study also produced ions of the complex 

with weakly-bound argon (e.g., Ag+(toluene)Ar). Figure 3.8 shows the effect of an argon tag on 

the photodissociation spectrum of Ag+(toluene) and predicted spectra for isomers 1 and 2 when 
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they are tagged with argon. The signal of the tagged complex is worse than that without the tag 

due to the lower ion signal in the mass spectrum. Theory for this complex and that of 

Ag+(benzene)Ar predict that the argon attaches to the silver opposite to the ligand. The argon tag 

has a large effect on the spectrum for Ag+(toluene). Firstly, the lowest-energy peak is shifted up 

in energy by about 6,000 cm-1, to possibly overlap with the peak already present. Theory 

correctly predicts this shift. This would be consistent with a stronger solvation effect on the 

ground state, where the charge is localized on the silver, than the excited state, where the charge 

is delocalized on the toluene.  
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Figure 3.8. Photodissociation spectra of bare Ag+(toluene) compared to Ag+(toluene)Ar (top) and 

the TD-DFT predicted spectra of isomers 1 and 2 when tagged with argon (bottom). The 
photodissociation spectrum of the tagged complex measures the appearance of the Ag+(toluene) 

ion. 
 

 Figure 3.9 shows the same argon tagging comparison with Ag+(benzene)Ar. Similar to 

the results for Ag+(toluene)Ar, theory predicts a shift of the main peak to higher energy, but the 

observed peak is instead shifted lower by about 7,000 cm-1. The band observed is also narrower. 

Furthermore, neither higher-energy bands (in the untagged or predicted spectrum) are observed. 
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Interestingly, the photodissociation channel measured is the appearance of Ag+, fully dissociated 

from the benzene and the argon tag. The tagging of these complexes with argon significantly 

affects their dissociation process. It is not clear how this solvation differs between the toluene 

and benzene ligands from the spectra alone. It is clear that the argon “tag” is not inert.  
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Figure 3.9. The photodissociation spectra of Ag+(benzene) and Ag+(benzene)Ar (top). The 
absorption spectrum for Ag+(benzene)Ar was predicted using TD-DFT. 

 

 

Mg+(benzene) 

Mg+(benzene) was investigated to further understand the charger transfer in a metal ion-

ligand system. Figure 3.10 shows the mass spectrum collected for Mg+(benzene), and Figure 

3.11 shows the difference mass spectrum for Mg+(benzene) photodissociation.  
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Figure 3.10 Mass spectrum of laser ablation of a magnesium rod in an expansion of benzene-
seeded argon. Peaks for argon-tagged Mg+ and benzene+ are also present. 
 

 

 
 

Figure 3.11. Photodissociation difference mass spectrum of Mg+(benzene), where the mass 
spectrum with the photodissociation laser off is subtracted from the mass spectrum with the 
photodissociation laser on. 

 

The photodissociation spectra of Mg+(benzene) on both the Mg+ mass channel and the 

benzene+ channel are shown in Figure 3.12. Intriguingly, the spectra are very similar, with two 

large peaks at 330 and 240 nm. The predicted transitions are labeled on the figure and agree well 

with detected photodissociation peaks. The laser power is inconsistent through 310 – 292 nm 
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where the photodissociation laser changes which frequencies of the YAG are mixed. 

Unfortunately, while it looks as if a band is detected here, its entire profile was not measured. 

The ionization energy of a magnesium atom (7.65 eV) is lower than that of a benzene molecule 

(9.24 eV), so the charge is expected to be located on the magnesium. The transition predicted 

around 280 nm corresponds to a charge transfer electronic excitation. Interestingly, the benzene 

cation photodissociation product is still detected below this energy. The energy imparted by the 

photon is less than the energy necessary for the charge-transfer excitation. The atomic transitions 

of Mg+ are well studied and known to be very intense, more so than the sodium D line.121 Studies 

of the spectroscopy of Mg+X (X = Ne, Ar, Kr, Xe, N2, CO2, H2O, D2O, C2H2) complexes also 

observe very strong electronic transitions that are located on Mg+.122-127 It is likely that the 

complex is absorbing a second photon and then undergoing excited state curve crossing in order 

to transfer the charge to the benzene and then dissociate. The strength of the Mg+ atomic 

transitions would also explain the larger intensities of the transitions that are assigned to 

excitations located on Mg+. 
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Figure 3.12. Photodissociation spectra of Mg+(benzene) on the Mg+ and benzene+ mass channels 
(top) compared to the electronic spectrum predicted by TD-DFT/B3LYP/Def2-QZVP. 
 

 

Fe+(benzene) and Fe+(benzene)2 

Figure 3.13 presents the mass spectrum collected for Fe+(benzene)n using an iron rod and 

benzene-seeded argon. Complexes up to n = 5 are detected. Figure 3.14 shows the 

photodissociation mass spectrum of Fe+(benzene) at 266 nm, where both the Fe+ and the 

benzene+ photodissociation products are seen, though the Fe+ cation appears with more intensity. 
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Figure 3.15 shows the photodissociation mass spectrum for Fe+(benzene)2 at 260 nm, where 

Fe+(benzene) and a small amount of Fe+ are observed. 

 

 
Figure 3.13. A mass spectrum of laser vaporization of an iron rod with a benzene-seeded 

expansion of argon. 
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Figure 3.14. Difference mass spectrum of the photodissociation of Fe+(benzene) at 266 nm, 
which produces both the Fe+ and benzene+ photofragments. 
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Figure 3.15. Photodissociation mass spectrum of Fe+(benzene)2 which produces primarily the 

Fe+(benzene) photofragment. The photodissociation laser used 2 mJ/pulse at 260 nm. 
 

Transition metals with partially filled d orbitals have multiple spin states and electronic 

states. These transition metals have a large density of electronic excitations that occur close in 

energy. An apt example is Fe+.121 This generally makes for uninformative electronic spectra. An 

example of this is shown in Figure 3.16, the photodissociation spectrum of Fe+(benzene), along 

with spectra predicted using TD-DFT for spin states with multiplicities m = 2,4,6. The large dips 

in photodissociation signal at 400, 292, and 234 nm come from the instability of the 

photodissociation laser output. As there is no discernable structure to the spectrum, no 

assignment can be made by comparing to theory. However, this continuum can be exploited in 

photodissociation spectroscopy: the photon adding energy to the complex needs to overcome the 
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bond dissociation energy; ergo, the threshold at which the complex begins to photodissociate is 

an upper limit to the bond dissociation energy. Figure 3.17 provides a closer look at the visible 

region of the photodissociation spectra of both Fe+(benzene) and Fe+(benzene)2 complexes.  

 

 

Figure 3.16. Measured photodissociation spectrum of Fe+(benzene) → Fe+ + benzene. The lower 
traces show the spectra predicted by TD-DFT for spin states of m = 2,4,6. While there is a 
difference in photodissociation intensity throughout the spectrum, when the photon energy 

overcomes the BDE threshold, the photodissociation signal becomes continuous. 
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Figure 3.17. Photodissociation spectra in the visible wavelength region of Fe+(benzene) (top 
trace) and Fe+(benzene)2 (bottom), measured in the Fe+ and Fe+(benzene) fragment ion channels, 

respectively. The photodissociation laser was scanned in 1 nm steps. 
 

 Figure 3.18 presents the same spectra of Fe+(benzene) and Fe+(benzene)2 with a smaller 

photodissociation laser step size. The peak seen near 532 is where the laser has difficulty 

separating the fundamental harmonic frequency of the Nd:YAG laser from the output of the 

OPO, and the nearby dips are where the separation prism of the OPO overcompensates. A closer 

look allows the threshold to be determined to within 2 nm. The threshold wavelengths 

correspond to the upper limits of the dissociation energies for Fe+(benzene) and Fe+(benzene)2 of 

53.7 + 0.2 and 48.4 + 0.2 kcal/mol, respectively. The error limits are determined by the noise 

level in the spectrum near the threshold.  
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Figure 3.18. Photodissociation spectra of Fe+(benzene) (top trace) and Fe+(benzene)2 (bottom) in 

the respective threshold regions. The photodissociation laser was scanned with a 0.1 nm step 
size. 

 

Importantly, the ground state of Fe+(benzene) was predicted to be 4A1; an optical 

transition for the ground state of this complex must therefore excite into a quartet state. A 

schematic of the energy levels for this system is shown in Figure 3.19. The dissociation of the 

Fe+(benzene) complex occurs after the excitation into a quartet state, so the upper limit for the 

binding energy determined by the photodissociation threshold is for the dissociation of a 

metastable Fe+ in the 4F state, not the 6D ground state. To obtain the adiabatic dissociation 

energy, the energy difference of the 6D and 4F atomic electronic states (1873 cm-1) must be 

accounted for.121 After this correction, the upper limit of the dissociation energy of Fe+(benzene) 

is 48.4 + 0.2 kcal/mol. The ground state, excited state, and dissociative state for the 
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Fe+(benzene)2 complex are all quartets, so no correction needs to be considered , and the upper 

limit of the bond dissociation energy remains 48.4 + 0.2 kcal/mol.  

 

 

 
 
Figure 3.19. Energy level diagram for the Fe+(benzene) complex as related to the excitations of 

atomic Fe. The green arrow represents the dissociation threshold measured with the tunable 
laser. 
 

The bond dissociation energies determined via photodissociation threshold agree quite 

well with previous determinations by collision-induced dissociation, falling inside the error 

bars.109 Table 3.1 provides the thermochemistry of the ions and complexes involved in this study, 

calculated with multiple TD-DFT methods at the Def2-TZVP level. Theory predicts the m = 4 

spin state to be the most stable for Fe+, Fe+(benzene), and Fe+(benzene)2. The bond dissociation 

energy of Fe+(benzene) calculated by B3LYP agrees with the experimental value determined 

above. However, the value calculated for the dibenzene complex by all methods is significantly 

different than those determined by photodissociation threshold and collision-induced 

dissociation.109 
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Table 3.1. Zero-point corrected relative energies (in Hartrees/particle) for Fe+, Fe+ (benzene), 
and Fe+(benzene)2, as well as dissociation energies (in kcal/mol) for Fe+(benzene) → Fe+ + 

benzene and Fe+(benzene)2 → Fe+(benzene) + benzene. The functional B3LYP is commonly 
used in the Duncan lab. M06-L and MN15-L are functionals that are specially designed for use 

on transition metal systems. m = 2s + 1 denotes multiplicity. The experimentally determined 
upper limit for the dissociation energy of both the monobenzene and dibenzene complexes were 
found to be the same value. 

Relative energies     B3LYP      M06-L     MN15-L 

Benzene – 232.237193 –232.193605 –232.022192 

Fe+ (m = 2) –1263.369688 –1263.283754 –1263.228030 

Fe+ (m = 4) –1263.411346 –1263.323876 –1263.304679 

Fe+ (m = 6) –1263.404095 –1263.310728 –1263.311894 

Fe+(benzene) (m = 2) –1495.702108 –1495.604750 –1495.394283 

Fe+(benzene) (m = 4) –1495.735843 –1495.628604 –1495.443364 

Fe+(benzene) (m = 6) –1495.703477 –1495.587757 –1495.422972 

Fe+(benzene)2 (m = 2) –1728.010477 –1727.898373 –1727.534614 

Fe+(benzene)2 (m = 4) –1728.023016 –1727.894086 –1727.550259 

Fe+(benzene)2 (m = 6) –1727.956849 –1727.820005 –1727.477227 

Dissociation energies B3LYP M06-L MN15-L 

Fe+(benzene) (m = 2)  59.75 79.94 90.40 

Fe+(benzene) (m = 4)  54.78 69.73 73.10 

Fe+(benzene) (m = 6)  39.02 52.35 55.78 

Fe+(benzene)2 (m = 2)  44.66 62.76 74.13 

Fe+(benzene)2 (m = 4)  31.36 45.10 53.15 

Fe+(benzene)2 (m = 6)  10.15 24.35 20.12 

Experimental dissociation energies 

Fe+(benzene)  48.4 + 0.2  

Fe+(benzene)2  48.4 + 0.2  

 

 

 The charge transfer photodissociation spectrum of the Fe+(benzene) complex, obtained 

by recording the wavelength dependence of the benzene cation, was also investigated and is 

shown in Figure 3.20. A noisy, broad band is observed at 260 nm. This band does not match any 

predicted transitions for this complex (see Figure 3.16). Instead, this band is where benzene is 

known to have an electronic transition for the HOMO → LUMO gap.129 The signal is not 

resolved enough to fully investigate. This charge transfer process was investigated in more detail 

using photofragment imaging by other members of the Duncan lab.117 Using the difference in the 
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ionization energies of the Fe and the benzene, the known energy of the photodissociation laser, 

and the kinetic energy released by the complex upon dissociation, the bond dissociation energy 

of Fe+(benzene) was found to be 49.3 + 3.2 kcal/mol, which agrees well with the value 

determined here by the photodissociation threshold and that determined previously by collision 

induced dissociation.109 

 

 

Figure 3.20. Measured photodissociation spectrum of the charge transfer process of 

Fe+(benzene) → Fe + benzene+. The signal-to-noise ratio suffers due to small amount of parent 
ion signal. 

 

Fe+(acetylene) 

 The bond dissociation energy of a metal ion-ligand complex can be determined by its 

photodissociation threshold as long as the absorption in that region of light is continuous. The 
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chromophore in the Fe+(benzene) complex comes from the atomic transitions of the Fe+ cation, 

so complexes of Fe+ with similar ligands are also ideal targets for this technique. A similar 

cation-π bond is seen in the Fe+(acetylene) complex. Figure 3.21 presents the mass spectrum of 

Fe+(acetylene)n, and Figure 3.22 shows the photodissociation difference mass spectrum of the n 

= 1 complex. These complexes are created using a mixture of gas (1% acetylene in argon). 

 

 
Figure 3.21. Mass spectrum of an iron rod vaporized in an expansion of a mix of 1% acetylene in 
argon. 
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Figure 3.22. Photodissociation mass spectrum of Fe+(acetylene) → Fe+ + acetylene, obtained at 
532 nm. 

 

  Figure 3.23 shows the photodissociation spectrum of the Fe+(acetylene) complex, 

observing the appearance of Fe+ cation. Again, there are different electronic and spin states that 

need to be considered: m = 2,4,6. Though the scale is significantly different, there is 

photodissociation measured throughout the visible up to about 680 nm. Theory optimizes the 

complex into a C2v symmetry for all spin states, where the Fe+ is above the C-C bond and the 

hydrogens are pushed out of line from the C-C bond. There are no transitions predicted in the 

visible region for m = 2, and those predicted for m = 6 lie below 450 nm, so only the m = 4 spin 

state is consistent with the spectrum measured. This spin state is also calculated to be the most 

stable by TD-DFT using B3LYP, MN15-L, and M06-L as shown in Table 3.2. 
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Figure 3.23. Photodissociation spectrum and electronic spectra of spin states m = 2,4,6 predicted 

by TD-DFT for the Fe+(acetylene) complex. There are no low-lying electronic transitions 
predicted for the m = 2 state. 
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Table 3.2. Computed energetics for Fe+(C2H2) complexes employing different DFT functionals. 
Energies are in Hartrees/particle, except for dissociation energies (D0) which are in kcal/mol. 

The dissociation energies are for the potential energy surface corresponding to the same spin 
state and are zero-point corrected. 

  B3LYP M06-L MN15-L 

acetylene –77.338432 –77.320401 –77.260029 

Fe+ (m = 2) –1263.369688 –1263.283754 –1263.28030 

Fe+ (m = 4) –1263.411346 –1263.323876 –1263.304679 

Fe+ (m = 6) –1263.404095 –1263.310728 –1263.311894 

Fe+(C2H2) (m = 2) –1340.785482 –1340.691221 –1340.586590 

Fe+(C2H2) (m = 4) –1340.823713 –1340.738484 –1340.656796 

Fe+(C2H2) (m = 6) –1340.777256 –1340.678001 –1340.616880 

Fe+–(C2H2) (m = 2) D0      48.5      54.6      61.8 

Fe+–(C2H2) (m = 4) D0      46.4      59.1      57.8 

Fe+–(C2H2) (m = 6) D0      21.8      29.4      28.2 

 
 

 The spectrum is shown again in Figure 3.24 with assignments for the predicted transitions 

for the m = 4 complex. In order of lowest-to-highest energy, there are predictions for transitions 

from the ground state (4B1) into a 4B2, then a 4B1, then another 4B2 state. These predicted 

transitions do not take into consideration any vibronic structure, so the density of states that are 

predicted is sparse compared to the continuous spectrum measured.  
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Figure 3.24.  Measured photodissociation spectrum of Fe+(acetylene) → Fe+ + acetylene. The 

lower trace is the spectrum predicted by TD-DFT for a spin state of m = 4. While there is a 
difference in photodissociation intensity throughout the spectrum, when the photon energy 

overcomes the BDE threshold, the photodissociation signal becomes continuous. 
 

 The same bond dissociation energy determination made previously for Fe+(benzene) can 

be made using the photodissociation threshold in the spectrum of Fe+(acetylene). Figure 3.25 

shows an expanded view of the photodissociation threshold. The onset of dissociation is 679 + 3 

nm or 42.1 + 0.2 kcal/mol. The same consideration of the ground spin state of the Fe+ must be 

taken into consideration, which is a difference of 1873 cm-1 (or 5.4 kcal/mol).121 After this 

correction, the adiabatic dissociation energy for Fe+(acetylene) is 36.8 + 0.2 kcal/mol. This value 

compares well with the bond energy determined by collision-induced dissociation, 38.0 + 2.6 

kcal/mol.130 The photofragment image of dissociative charge transfer was also investigated by 

other members of the Duncan lab.131 Again, this determination uses the difference in ionization 

energy of Fe and acetylene, the known energy per photon of the photodissociation laser, and the 
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kinetic energy released upon photodissociation. The bond energy for the Fe+(acetylene) complex 

measured with photofragment imaging was determined to be 34.6 + 3.2 kcal/mol, which agrees 

well with those found by the photodissociation threshold here and by the collision induced 

dissociation measured previously. 

 

 

Figure 3.25. The photodissociation threshold of Fe+(acetylene) → Fe+ + acetylene. 

 

 Another interesting feature of the photodissociation spectrum of Fe+(acetylene) is the 

change in the level of signal near 480 nm. This increase does not correspond to any transition 

predicted by TD-DFT. However, this energy is approximately as far above the dissociation 

energy (679 nm) as the energy difference between the atomic Fe+ 6D and 4D states (7955 cm-1). 

The increase in signal level is gradual and difficult to pinpoint. However, this increase in 
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photodissociation product has been seen previously for other systems,132,133 occurring above the 

photodissociation threshold with the same spacing as the energy of the atomic transitions of the 

metal ion. In fact, this second threshold can be used to derive dissociation energies. 

Table 3.3 shows the comparison of bond dissociation energies calculated using B3LYP, 

M06-L, and MN15-L. Again, it is observed that the value found by B3LYP is more accurate than 

those determined by the Minnesota functionals that are designed to better describe the electronic 

structure of transition metals. 

Table 3.3. Comparison of Fe+(acetylene) bond dissociation energy calculated with different 
methods for three spin states, m = 2, 4, and 6.  With all methods, m = 4 was found to be the most 
stable.  The experimentally measured dissociation threshold for Fe+(acetylene) is 36.8 + 0.2 

kcal/mol (after correcting for the spin state difference). 

Fe+(acetylene) B3LYP M06-L MN15-L 

m = 2 48.5 54.6 61.8 

m = 4 46.4 59.1 57.8 

m = 6 21.8 29.4 28.2 

 

U+(benzene), UO+(benzene), and UO+(CO2) 

 As there is much interest in the chemistry of actinides, our lab has recently been 

investigating the complexation of a uranium ion with molecules such as O2,134 N2,135 and CO2. 

Again, the photodissociation threshold can be used to determine the upper limit for the bond 

energy of any complex that absorbs continuously. Early actinides and lanthanides have a large 

density of spin and electronic states, similar to Fe+. The bonding of uranium and its ions is of 

particular interest due to the concerns of nuclear waste. To gain further insight into the bonding 

and solvation of uranium, the photodissociation thresholds of uranium complexes were 

measured. A mass spectrum showing the production of U+(benzene) and (UO)+(benzene) 

complexes is shown in Figure 3.26. The rod of uranium readily oxidizes if left in open air, so 
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uranium oxide cations and complexes containing it are found in most mass spectra. Uranium 

oxides are also present in solutions of uranium, so their chemistry is also of interest.  

 
 
Figure 3.26. Mass spectrum of laser ablation of uranium in a benzene-seeded expansion of argon. 
Early mass peaks correspond to benzene clusters and other contaminates. UO2

+(benzene) was 

observed, but not with enough signal to photodissociate. 

 

The photodissociation threshold scans of these uranium complexes are shown in Figure 

3.26. The bond dissociation energy of U+(benzene) was found to be 42.5 + 0.1 kcal/mol., while 

the bond dissociation energy of UO+(benzene) was determined to be 41.0 + 0.1 kcal/mol. The 

ionization energy of uranium is about 6.2 eV, and the ionization energy of UO+ is about 5.6 eV, 

so the charge will be located on the U or UO. Benzene likely binds to the uranium opposite to the 

oxygen due to its size, and theory confirms this structure. The addition of oxygen weakens the 
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bond between the U+ and benzene. The bond dissociation energy of U+(CO2) was found to be 

19.8 + 0.1 kcal/mol. Theory on uranium atoms requires much more care than that on iron. 

Firstly, the number of electrons involved is much larger. Secondly, uranium is a heavy metal and 

thus requires a relativistic treatment of the electrons. TD-DFT calculations were carried out to 

find the most stable spin state and calculated bond dissociation energies. A Stuttgart/Cologne 

fully relativistic, 60-electron effective-core potential with the corresponding cc-pVTZ-PP basis 

set was used for the uranium atom in the complexes with benzene. The UO+(CO2) complex was 

calculated as a part of a study on the solvation of UO+(CO2)n, where the basis set used was cc-

pVDZ (and its corresponding fully relativistic, 60-electron effective-core potential) to allow the 

study of further solvation, though this study is not yet published. Furthermore, the most stable 

structure of UO+(CO2) found by theory has the shared oxygen atom more towards the uranium 

cation (i.e. UO2
+(CO)); this is shown in Figure 3.28, where Isomer 1 is predicted to be more 

stable by 51.7 kcal/mol. The experimental and computed bond dissociation energies for all 

uranium ion complexes are shown in Table 3.4. The bond dissociation energy calculated for 

Isomer 1 of 65.0 kcal/mol is much higher than what is measured. Furthermore, the 

photodissociation product detected is UO+, while Isomer 1 would likely dissociate into UO2
+ and 

CO. The bond dissociation energy determined by experiment more closely agrees with the 

calculated binding energy of Isomer 2. There are no binding energies determined by collision-

induced dissociation or photofragment imaging at this time. The calculated values agree well 

with the measured photodissociation threshold. More complexes must be studied, but the 

effective-core potentials used for these calculations show promise for accurate thermochemistry 

involving actinides. 

 



 

65 

 

 
 

Figure 3.27. Photodissociation threshold scans of U+(benzene), UO+(benzene), and U+(CO2). 
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Figure 3.28. Two computed structures for UO+(CO2). Isomer 1 is calculated to be more stable by 

51.7 kcal/mol, but the bond dissociation energy measured is closer to that of Isomer 2. 
 

 
Table 3.4. Bond dissociation energies determined by photodissociation threshold compared to 
calculated values, both given in kcal/mol. Two isomers are considered for the UO+(CO2) 

complex. 

Complex Experimental Values Theoretical Values 

U+(benzene) 42.6 + 0.1 47.3 

UO+(benzene) 41.0 + 0.1 41.0 

UO+(CO2) 19.8 + 0.1 65.0, 16.6 

 

CONCLUSIONS 

 Electronic spectroscopy provides an invaluable look at the electronic landscape of the 

complexation of metal ions and organic ligands. The specific complexes investigated in this 

dissertation offer information on the interactions of cation-π bonding. These complexes are 

model systems for larger polycyclic aromatic compounds, where bonding to the π-cloud of the 

arene is common. Fe+(acetylene) complexes show just how sensitive the complex is to the 

atomic transitions of the bare metal cation. Along with collision-induced dissociation and 

photofragment imaging, photodissociation threshold determination is one of the few experiments 

that can find the upper limit of the bond dissociation energy of metal ion-ligand complexes in the 

gas phase. While this threshold does represent an upper limit for the binding energy, the close 

agreement with collision-induced dissociation and photofragment imaging suggests it can be 

used to determine true dissociation energies for some complexes. Photodissociation thresholds 

were employed on Fe+ and U+-containing complexes, but there remain many different ligands 

Isomer 2 Isomer 1 
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and transition metals to investigate. Transition metals with many spin states are ideal targets for 

this experiment, such as chromium and nickel. Complexing these metals with other organic 

ligands will lead to trends in bonding that can be expanded to larger, more complicated systems, 

such as the types of molecules used in chemosensors. Even with methods designed for transition 

metals, theory of these systems struggles to accurately describe the binding energies and the 

electronic structure that were observed in the photodissociation spectra, though on some systems, 

B3LYP is adequate. Metal ion-molecule complexes continue to be challenging systems for 

experiment and theory. 
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CHAPTER 4 

ELECTRONIC SPECTROSCOPY OF CARBON CLUSTER CATIONS 

Carbon clusters and their cations have been the subject of many studies. They are 

involved as intermediates of photolysis, electric discharges, and combustion of hydrocarbons.1,2 

They make up fullerenes and have many nanostructures that are relevant to modern material 

science.3,4 Carbon clusters are known to be present in the interstellar medium and are expected to 

have a prevalent role in astrochemistry.5,6 Carbon molecules are known to have remarkable 

bonding across many allotropes. Their complexity grows with their size, starting with simple 

linear chains that eventually form rings before restructuring into cages;3,4 bulk quantities of 

carbon form the familiar layered sheets or lattices that can have interesting magnetic properties.7 

The buckminsterfullerene C60 provides an example of the noted stability of pure carbon 

molecules, having a spherical shape and the same sp2 hybridized bonding as bulk graphite.8,9 C60 

and its cation C60
+ have been detected in the diffuse interstellar clouds.10 Smaller clusters of 

carbon have also been detected in extraterrestrial environments, including carbon-rich stars, 

comet trails, and interstellar clouds.11-14 Carbon has been identified as the fourth-most abundant 

element in the universe, after hydrogen, helium, and oxygen.5,6,16-19 Pure carbon molecules do 

not have a permanent dipole, so they have no microwave spectra to identify in interstellar 

environments. Instead, amine- and hydrogen-substituted carbon clusters have been identified,21 

substantiating that pure carbon molecules and their cations are present in the interstellar medium 

and play a role in the chemistry therein. To detect the presence of carbon clusters in the 

interstellar medium, observations in the infrared, visible, and ultraviolet need to match laboratory 
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measurements. In 1957, C2 was identified in stars by its band in the near-infrared at 1200 nm.11 

Soon after, many stars were found to be carbon-rich mostly by observing similar C2 transitions. 

C3 and C5 were observed in the circumstellar shell of a carbon star.12,13 Numerous neutral carbon 

molecules have been identified around many carbon-rich stars and comet trails. Furthermore, 

large carbon molecules have been identified in comet tails and around carbon stars, taking forms 

such as diamonds, fullerenes, polyaromatics, and amorphous carbon. In the interstellar medium, 

protonated carbon clusters have been detected, so it is likely that pure carbon cations also exist in 

illuminated by UV radiation; however, they are much more difficult to identify due to the lack of 

laboratory gas phase measurements. There are many absorption bands observed from the 

interstellar medium, but most bands in these regions still have no identified carrier molecules or 

ions due to the spectral congestion; these absorption bands are called the Unassigned Infrared 

bands (UIRs) and the Diffuse Interstellar Bands (DIBs). Observations at and above UV 

frequencies observe an extinction curve caused by scattering, where the wavelength of light 

becomes similar to the size of particles of the medium. However, along this extinction curve is a 

bump at 217.5 nm, which arises from absorption rather than scattering. The molecules or ions 

causing this spectral feature are also unknown, but because cations of pure carbon have a 

multitude of low-lying excited electronic states, it is thought that they may cause or contribute to 

the 217.5 nm bump.21-27 

The number of electronic states also provides a challenge for theory, requiring a 

multireference treatment; because of this, previous theoretical results are often conflicting. The 

spectroscopy of carbon cluster cations in the gas phase is necessary as a benchmark. Laboratory 

spectroscopic measurements of carbon cluster cations in the gas phase are necessary to confirm if 

they contribute to the UIRs, DIBs, and the extinction curve’s absorption feature.  
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Carbon clusters can be created with many different techniques: (a) shock-induced 

decomposition of liquid benzene,28 (b) during photodissociation of acetylene at 193 nm,29 (c) IR 

multiphoton dissociation of ethylene,30 (d) a helium + acetylene diffusion flame,31 and (e) an 

organic halide-alkali metal flame.32 More recently, carbon clusters have been produced by laser-

ablating graphite in a helium expansion, after which ions produced are studied with mass 

spectrometry.33 In this way, fullerenes were discovered.8 Mass spectrometry was used to 

investigate structural information of carbon clusters,33-39 such as the fact that even-numbered 

cluster sizes Cn
+, n = 40 – 70, were observed to be more stable than the odd-numbered sizes. The 

relative abundance of smaller cluster sizes (n = 6 – 30) is dependent on the vaporization laser, 

where multiphoton vaporization (e.g., 3.5 eV) would often cause fragmentation of clusters after 

vaporization, yielding a higher abundance of C4n-1
+ clusters. When a higher photon energy is 

used for vaporization (e.g., 11 eV), even-numbered carbon clusters are more abundant. 

Meanwhile, even-numbered carbon cluster anions are found to be more stable throughout. 

Vapors of graphite at 2000−3000 K were found to be comprised of mostly C3, then C2 and C, 

further supporting the ease of C3 fragmentation.1 These clusters have exothermic growth, where 

the binding of additional carbon has a large barrier that leaves the cluster with excess internal 

energy. Their elevated internal temperature can lead to broad spectra and multiple isomers 

present despite attempts to cool these clusters. Ion mobility studies were able to observe the 

arrival times of size-selected carbon cluster cations and found linear structures for clusters Cn
+, n 

> 11, monocyclic structures between 7 < n < 40, and bicycles and/or 3D for n > 20.40  

Spectroscopy of pure carbon molecules was measured by Herzberg in 194212 and later 

assigned by Douglas in 1951.42 Since then, they have been the subject of much research, making 

C2 and C3 some of the most well-characterized molecules.43 Rare gas matrix isolation infrared 
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and electronic spectroscopy have been measured for small carbon clusters1,2,18,44-47 and for C60
+.9 

Because the matrix affects the absorption spectrum measured, it is desirable to study these 

clusters in the gas phase. However, while the density of neutral carbon molecules allows 

absorption measurements in the gas phase, cold carbon cations and anions have much less 

density and are more difficult to study. Cryogenic ion trapping techniques have been used to 

mass-select and cool carbon cluster ions enough for inert-gas tagging, allowing spectroscopy via 

photodissociation.48 In such an instrument, Campbell and Maier were able to trap C60
+-Hen and 

measure the effect of tagging.10 Photodissociation spectroscopy has been measured for several 

small carbon cation clusters. For example, C5
+ was assigned to have a linear structure.49 The 

electronic spectra for C2n
+, n = 6 – 14, were measured by photofragmentation and elimination of 

a N2 tag in an ion trap.50,51 Photofragmentation is an ideal technique to measure the spectra of 

carbon cluster cations, but high binding energies for most of these small clusters limit the 

technique to the UV, where tunable lasers are less available. Recent work in the Duncan lab has 

focused on small carbon cluster cations, investigated with photodissociation52 and photofragment 

imaging.53 

Carbon clusters have been the subject of much computational chemistry.54-56 Theoretical 

studies of small carbon molecules determined that cluster sizes smaller than C10 have linear 

structures, while C4,6,8 have a stable cyclic conformation. Cluster sizes Cn, n = 10 – 20 were 

calculated to have cyclic structures more stable than linear structures, but experimental work 

finds only linear structures for n = 11, 13, and 15.1 Theory on neutral and anionic carbon clusters 

has recently moved toward larger structures, such as nanotubes,57 but for cations, the open-shell 

electron configuration leads to conflicting results depending on the method of theory used. 
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Further discussion is available in Reference 1, and relevant examples will be provided later in the 

chapter. 

 

 

RESULTS AND DISCUSSION 

 Mass spectra of carbon cluster cations have been made for decades. Figure 2.3 in Chapter 

2 presents the mass spectrum of carbon clusters produced by this lab. The cluster sizes, Cn, 

follow a pattern of 4n+2 and 4n+3 of higher abundance than the 4n and 4n+1 peaks. As 

mentioned previously,1 these magic numbers are only present in mass spectra of cations using 

multiphoton ionization, where fragmentation occurs during the ionization.  

 Figure 4.1 presents the photodissociation difference mass spectra for cluster sizes 

relevant to the study. These clusters eliminate neutral C3 as the most significant fragment, which 

is likely due to its stability and higher ionization energy.1,33 Other fragments include the loss of 

C2 and C5 neutrals, which have previously been reported.1,33-37 Photofragmentation depends 

greatly on the laser power and is only detected when the laser energy is very high (above 15 

mJ/pulse), which signifies multiphoton absorption. The laser power dependence of the 

photofragmentation of C15
+ is shown in Figure 4.2. A non-linear power dependence is observed, 

supporting the multiphoton process. 
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Figure 4.1. Photodissociation difference mass spectra of various carbon cluster sizes. 
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Figure 4.2. The photofragmentation yield of C15

+ at various laser powers at 355 nm. 
 

 Theory was used to calculate the thermochemistry of carbon clusters cations, Cn
+, n = 4 – 

20, using B3LYP at the Def2-TZVP level, which is shown in Table 4.1. The energy of each 

structure is zero-point corrected, and the relative energy of the linear structure compared to the 

cyclic is shown. For Cn
+, n > 7, linear structures were calculated to be more stable, whereas for n 

< 6, the cyclic structure is predicted to be lower in energy. These calculated values are shown 

compared to values determined by collision-induced dissociation,59 which are the only bond 

dissociation energies determined experimentally. There is considerably more energy calculated 

to fragment the cyclic isomers due to the necessity of another bond breaking.  
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Table 4.1. Energetics computed for carbon cluster cations at the DFT/B3LYP/Def2-TZVP level. 
Calculated bond dissociation energies (BDE) are compared to values determined by collision 

induced dissociation from Reference 59 for the loss of C3. The bond dissociation energy was not 
experimentally determined for C20

+, so the calculated BDEs for the loss of C3 and C5 are shown. 

 

Sum of Electronic and 

Zero-point Energy Relative energy BDE (eV) 

 (Hartrees) (kcal/mol) Cn
+ → Cn-3

+ + C3 

n Linear Cyclic Linear Cyclic Linear Cyclic Ref. 59 

4 
-151.72587 -151.713434 0 7.8092375 

------ ------  

5 
-189.8627 -189.728818 0 84.010955 

------ ------  

6 
-227.94959 -227.935163 0 9.05859 

6.342 6.084 5.2 

7 
-266.05915 -266.084942 16.180087 0 

6.876 7.577 6.0 

8 
-304.15704 -304.157493 0.2817475 0 

5.816 5.828 5.0 

9 
-342.26063 -342.265822 3.256725 0 

6.270 6.411 6.2 

10 
-380.35601 -380.425507 43.604347 0 

5.885 7.775 6.2 

11 
-418.45567 -418.536549 50.74969 0 

5.933 8.133 7.6 

12 
-456.54973 -456.613423 39.96673 0 

5.673 7.407 6.8 

13 
-494.64722 -494.70885 38.667177 0 

5.731 7.408 5.2 

14 
-532.73995 -532.847388 67.412325 0 

5.542 8.466 5.8 

15 
-570.83609 -570.946265 69.13042 0 

5.599 8.597 6.2 

17 
-647.02296 -647.117293 59.192702 0 

5.508 8.074 5.6 

20 
-761.29874 -761.416201 73.70615 0 

5.311 8.507 Loss of C3 

     5.595 8.791 Loss of C5 

 

 

 Carbon clusters were previously investigated using photofragment imaging, as detailed in 

Reference 53. Photofragment imaging can be used to determine the bond dissociation energy for 

complexes, but it was shown that carbon clusters explode apart with much excess energy. While 

bond dissociation energies were not able to be determined, it was found that the multiphoton 

photofragmentation process for carbon clusters is very efficient.  
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Figure 4.3 presents the photodissociation spectrum of C6
+, measuring the 

photofragmentation product C3. A strong peak is observed at 23,994 cm-1 (416.8 nm), which is 

assigned to be the origin band. Its linewidth is 25 cm-1, which may arise from predissociation 

and/or the rotational contour and is much wider than the linewidth of the laser (7 cm-1). Two 

peaks lie higher in energy at 25,244 and 25,647 cm-1. They may originate from vibronic 

excitations, where the cluster is excited vibrationally as well as electronically. The 

photodissociation laser used is an OPO, where the laser switches which frequencies are mixed 

at 25,000 cm-1. Four bands lie to the red of the origin, at 21,290; 21,952; 22,322; 

and 22,606 cm-1. These bands may represent electronic excitations from excited vibrational 

states, where the expansion does not sufficiently cool the clusters. Unfortunately, variations in 

conditions to better cool the clusters produced were unsuccessful, wherein not enough C6
+ ions 

were produced to study. These four bands may also represent separate electronic transitions, but 

the spacing between them and the origin fit well with vibrational frequencies. As the origin band 

is more intense than these four peaks, the excited state likely has a structure similar to that of the 

ground state. There is also a broad feature underlying the four lower-energy bands, spanning 

from 20,500 to 23,000 cm-1. This may be another electronic transition in the same region; the 

broad structure of the band may come from a repulsive upper state. Another feature of the 

spectrum is the weak band 79 cm-1 above the assigned origin band. This difference is feasible for 

the spin-orbit splitting for a 2Πu → 2Πg transition; if the clusters are cooled sufficiently, only the 

lower 2Π1/2 level would be populated, giving two transitions into the excited 2Π1/2 and 2Π3/2 

states. Should this be the case, the intensity of this satellite band should be comparable to the 

origin band, but the output of the OPO in this region is steeply declining. Furthermore, this same 

splitting would be seen for the hot bands as well, which is not observed. Likely, this satellite 
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peak is a sequence band of the origin. The bands detected may still be excitations into a 2Π state 

with a smaller spin-orbit splitting than the laser can resolve. 

 

 
Figure 4.3. Resonance-enhanced photodissociation spectrum of C6

+ measuring the C3
+ fragment 

ion. 
 

 The lower energy bands of the spectrum are likely vibrational hot bands. To understand 

this better, Figure 4.4 shows the same spectrum in reverse from 24,000 to 21,000 (the center of 

the origin is zero on the x-axis) along with predicted frequencies by DFT for vibrations in a 

linear and cyclic structure. The computed frequencies are unscaled, harmonic values. Symmetric 

vibrations that do not change the symmetry of the wavefunction are usually active in an allowed 

electronic transition, which would be the σg modes for a linear structure and the a1 modes for the 

cyclic structure. These symmetric vibrations are blue or magenta in the figure. There are many 

low-frequency vibrations predicted for each isomer, but no bands are detected in the 
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photodissociation spectrum. However, that is to be expected: collisional energy transfer (i.e. 

cooling) in an expansion is more efficient for lower energy vibrations.60 The highest vibration for 

each structure is 2,186 cm-1 in a linear structure and 1,806 cm-1 for a cyclic isomer, so the 

highest-energy band measured would have to correspond to a combination or overtone band. 

Understandably, the theory does not perfectly predict the vibrations observed in the spectrum. 

However, the number of high-frequency vibrations and their positions in the linear structure 

provide a better fit.  

 
Figure 4.4. The comparison of the assigned hot bands to the vibrational frequencies predicted by 
DFT for linear vs cyclic structures. The σg vibrations for the linear structure and the a1 vibrations 
for the cyclic structure are most likely to be Franck–Condon active in an electronic transition; 

these bands are colored blue in the middle trace and magenta in the bottom trace. 
 

 This spectrum is not the first measurement of the spectroscopy of C6
+: Fulara et al.46 

measured the spectrum of isolated C6
+ in a matrix of neon. They observed two lines at 15,485 

and 17,556 cm-1 (645.8 and 569.6 nm), which they assign to the linear and cyclic structures, 
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respectively. There has been much theoretical work trying to match the bands measured in the 

Fulara study.46,54,56,61-63 Both the linear and cyclic isomers are predicted to form, with the cyclic 

structure calculated to be more stable by about 8 kcal/mol.61 Campbell and Dunk were able to 

cryogenically trap C6
+ and study its spectrum by photodissociation via elimination of a helium 

tag; however, they only observed a very weak band near 646 nm assigned to the linear structure. 

Previous ion mobility measurements by Bowers and coworkers found only the linear structure 

for C6
+ produced via laser vaporization.40 These spectra of C6

+ are trapped in a matrix or tagged 

with helium, which will have an unknown effect on the spectrum measured. A previous student 

of the Duncan lab used two-color laser photodissociation measurements of gas-phase C6
+ and 

was able to observe two very weak bands at 15,430 and 15,800 cm-1 (648 and 633 nm, 

respectively).64 These values lie close to the positions of the matrix bands that Fulara assigned to 

a linear structure, but little else can be gleaned from the spectrum. With a bond dissociation 

energy of 5.2 eV (as measured by collision-induced dissociation), the low-energy photon will 

make photofragmentation inefficient. No other study detected any transitions at higher energy. 

The spectrum shown in Figure 4.3 has only baseline at energies below 20,000 cm-1.  

Besides our calculations, the electronic transitions of C6
+ have been studied with methods 

suited for multi-reference methods: Haubrich et al. using MRD-CI62 and Gillery et al. using 

CASSCF.63 Both studies found the ground state to be the 2Πu state for the linear structure and the 

2A1 state for the cyclic. Their predicted vertical excitation energies are presented in Table 4.2. 

The predicted electronic spectra of these two theoretical studies, Ticknor’s measured two-color 

photodissociation spectrum,64 and the presented photodissociation and predicted spectra are 

shown together in Figure 4.5. Dashed lines indicate the absorption bands seen in the matrix 

isolation study by Fulara et al.46  
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Table 4.2. Predicted vertical excitation energies and intensities of transitions of linear 
C6

+ originating in the 2Πu ground state. 

Theoretical 

Method 

Excited state Vertical excitation 

energy, eV (cm−1) 

Intensity Source 

MRD-CI  2Σg
+ 1.45 (11 695) 0.001a   Haubrich et al.62   

2Σg
−  1.46 (11 776) 0.003a  

2Πg  2.31 (18 631) 0.0001a  
2Πg  2.57 (20 728) 0.01a  
2Πg  2.68 (23 195) 0.0003a  
2Πg  2.94 (23 713) 0.008a  
2Σu

−  3.25 (26 213) 0.003a  

CASSCF 2Σg
−  1.72 (13 873) 0.4779b   Gillery et al.63 

2Πg  2.11 (17 018) 0.6147b  
2Πg  2.58 (20 809) 0.8326b  
2Πg  2.70 (21 777) 1.2918b  
2Σg

−  3.25 (26 213) 0.3533b  

B3LYP/def2-

TZVp  

 

 

2Πg  1.41 (11 372) 0.0001a   This work. 
2Δg  1.60 (12 905) 0.0023a  
2Σg

+  1.86 (15 002) 0.0042a  
2Πg  2.65 (21 374) 0.0092a  
2Σg

−  3.83 (30 891) 0.0034a  

Experiment  2Πg  1.91 (15 430)    Fulara et al.44   

         and Ticknor et al.64   

  2Πg  2.97 (23 994)    This work.  

a Oscillator strength. 
b Transition dipole moment in Debye. 
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Figure 4.5. Comparison of the electronic transition measured for C6

+ near 417 nm and that 
detected near 648 nm to the predictions of different theoretical methods for linear and cyclic 

isomers. 
 

 As seen in Figure 4.5, no theoretical method accurately describes the two measured 

electronic spectra. The work by Haubrich et al. predicted three bands near the blue spectrum at 

20,728; 23,713; and 26,213 cm-1. The predicted transition at 23,713 cm-1 is almost exactly where 

the origin transition at 23,995 cm-1 is, and it predicts a transition near the broad band observed 

from 20,500 to 23,000 cm-1. However, neither their work on the linear nor the cyclic isomers 

predicts anything near the red spectrum measured by Ticknor or in matrix isolation work by 

Fulara et al. The spectrum predicted by Gillery et al. for the linear isomer has two bands near the 

observed doublet near 16,000 cm-1, but there are no transitions predicted near the observed 

matrix isolation absorption for the cyclic isomer near 15,500 cm-1. Finally, the DFT 
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computations carried out by our lab predict a band in the vicinity of the blue band (though it 

differs by 2,500 cm-1), two bands in the red for linear structure, and one band in the red for the 

cyclic isomer. Overall, all three methods predict strong transitions near where they were 

observed experimentally for the linear structure, which provides strong evidence for linear C6
+. 

The observed transition at 23,995 cm-1 can then be assigned the X2Πu → 2Πg transition. While no 

method accurately predicts the spectrum, only TD-DFT correctly predicts transitions in the lower 

energy region, where Ticknor and Fulara et al. observed bands.  

 The photodissociation spectrum measured herein could be improved. For instance, 

because the photon energy of the photodissociation laser is not above the calculated bond 

dissociation energy (see Table 4.1), the photodissociation process relies on multiple photons; this 

may attenuate or amplify some of the bands seen in the spectrum. An attempt was made to 

address this, laser conditions were varied: two-color experiments were conducted using the tuned 

OPO together with 355 or 266 nm from a Nd:YAG laser, but no new bands were detected. 

Conditions were altered in an attempt to tag C6
+ with a rare gas, but the ion signal for the tagged 

clusters was insufficient for photodissociation. Argon was used to create an expansion gas that 

would more efficiently cool the ions produced, but instead, only larger ions (e.g. Cn
+, n = 15 – 

30) were produced.  

 When such experiments failed to further our understanding of the visible electronic 

spectrum of C6
+, our next experiment was chosen to preempt these same complications: 

optimizing conditions for a colder expansion produced more carbon clusters, Cn
+, in the size 

range n = 11 – 20, so the next experiment would be on such ions. Furthermore, by using higher-

energy photons, a single-photon process can be used for photodissociation. Figure 4.6 shows the 
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predicted electronic transitions for Cn
+, n = 10 – 20. As seen, each cluster size should have 

prominent bands in the UV. 

 
Figure 4.6. Predicted vertical transitions for Cn

+, n = 10 – 20 at the DFT/B3LYP/Def2-TZVP 
level. 
 

Unfortunately, while the OPO system used for photodissociation provides tunable light 

throughout the visible and UV regions, the laser system has widely varying power not suited to 

broad scans through the deep UV. Figure 4.7 presents the photodissociation spectra for carbon 

clusters, Cn
+, n = 13 – 20. Each spectrum measures the wavelength dependence of multiple 
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photofragment products (usually the loss of C2 and C3), though there is no difference between the 

photodissociation spectrum of each product for a cluster size. There are broad bands seen around 

350 and 260 nm in most spectra, but these wavelengths are in the middle of the crystal curves 

where the OPO performs especially well. When correcting for power, the bands observed can 

become noisy baseline instead; such is the case for the spectrum measured for C14
+. However, 

there are some spectra that have features despite the inconsistent power.  

 
Figure 4.7. Measured photodissociation spectra for carbon clusters Cn

+, 12 < n < 21. Spectra 
closely resemble the output power of the Horizon OPO in the UV. 

 

Figures 4.8 and 4.9 present the photodissociation spectra of C15
+ and C20

+, respectively, 

after correcting for power. The photodissociation spectrum measured for C15
+ measures the loss 

of C3 and C5. There is a broad peak centered at 270 nm, but the spectrum has been corrected for 

laser power, so this peak is not an artifact of laser power. This is also the case for the 
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photodissociation spectrum of C20
+, where the loss of C, C3, C4, and C5 are measured. For C20

+, a 

gradual rise in photofragmentation yield is observed continuing into the visible region. While 

there is merit to measuring the photodissociation spectra for the rest of the carbon cluster sizes,  

the spectra collected so far are broad and difficult to understand. To improve on this, the 

experiment is being altered in hopes of learning more about carbon clusters. Specifically, the 

reflectron has been modified to include a fluorescence viewport and a photomultiplier detector. 

With this detector, should the mass-selected ion absorb light from the photodissociation laser and 

fluoresce, it would be recorded. Carbon clusters are expected to have efficient fluorescence at red 

wavelengths, but this experiment should be possible for any ion that can be produced efficiently 

and that fluoresces strongly.  

Another possible study is a double resonance photodissociation experiment, where the 

photodissociation of a cluster size could be depleted by the transfer of population out of the 

ground state preceding the photodissociation laser firing. If the population in the excited state 

does not absorb the second photon (or if the absorption cross-sections are significantly different), 

a loss in photodissociation can be measured. This experiment will allow the spectroscopy of 

carbon clusters below the dissociation energy to be measured. For example, with a double 

resonance experiment, it may be possible to measure the photodissociation of C6
+ at red 

wavelengths where absorption was detected previously.46,64  
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Figure 4.8. Power-corrected photodissociation spectra for C15
+ measuring the appearance of C12

+ 

and C10
+. 
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Figure 4.9. Power-corrected photodissociation spectra for C20
+ measuring the appearance of C19

+, 

C17
+, C16

+, and C15
+. 

 

 

CONCLUSIONS 

 Small carbon cluster cations are important targets for laboratory spectroscopy. 

Knowledge of their spectra will lead to further information on the chemistry of the interstellar 

medium and the possible growth of larger carbon allotropes and organic molecules. The 

exothermic growth of these clusters makes them challenging for laboratory measurements of a 

cold spectrum, and the strong multireference characteristic is difficult for theory to describe. The 

resonance-enhanced multiphoton photodissociation spectrum of C6
+ is presented here. The 

transition measured at 23,993 cm-1 was assigned as the origin of the X2Πu → 2Πg excitation of 

the linear isomer. Vibronic bands and vibrational hot bands were also measured which supports 
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the linear assignment. Experimental data was compared to theory to make this assignment. It was 

found that while no theoretical method accurately predicted the spectrum, B3LYP outperformed 

CASSCF and MRD-CI. Other small clusters can be measured in this way, but in order to ensure 

that clusters are more efficiently cooled, carbon cluster Cn
+, 10 < n < 20 are the targets for further 

study. However, the photodissociation of carbon clusters in the UV is very susceptible to 

inconsistencies in the OPO output power. The instrument is, at the time of writing this, being 

modified to allow for the detection of fluorescence of mass-selected ions in the turning region of 

the reflectron. With such alterations, the laser induced fluorescence (LIF) of an ion can be 

measured. Carbon clusters are a prime target for LIF spectroscopy. These clusters remain an 

important focus for laboratory spectroscopy, and every spectrum measured is another step 

toward understanding the chemistry of the interstellar medium. 
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APPENDIX 

MORE ON THE LABVIEW CODE 

LabVIEW is a graphical coding language designed to allow users with little coding 

experience to interface with scientific instruments. The code file, called a Virtual Instrument 

(VI), contains objects that the user connects together visually, so it is not necessary to know a 

coding language. A VI can contain subVIs with input and output terminals. Importantly, 

instrument manufacturers can provide VIs to implement in larger VI manifolds, which is the case 

for communication with the Horizon OPO and LeCroy oscilloscope used for data acquisition in 

the experiments of this dissertation. 

This VI was written based on a project written by Travis Jones of the Douberly group to 

scan a PDL dye laser. As such, much of the code was changed to run with Continuum’s Horizon 

OPO system. Continuum provided a laptop to communicate with the OPO system with 

corresponding LabVIEW and C++ codes to communicate with that laptop. The LabVIEW code 

provided is far from perfect, but with the amount of formatting needed for communication, I am 

hesitant to change it more than cleaning up a few loops. Below is a breakdown of what is done 

by this code. 

This code operates using message queues to communicate between While loops that 

handle different operations, which in this case are UI, Oscilloscope, PDL (originally used for a 

dye laser), Acquisition, and Logging. There’s an additional loop (Event Handling loop) on top 

that handles any ‘button press’ events that do not include the OPO controls. The UI loop handles 

interface operations, such as opening the settings window or disabling the start button after it has 
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been toggled. The Oscilloscope loop (not the Oscilloscope Main.vi) interacts with the 

oscilloscope, such as initializing and updating settings. In the same way, the PDL loop interacts 

with the laser; in the original code (written for use with a dye laser), this loop also handled 

conversion from motor position to wavelength and scanning start wavelength, end wavelength, 

and speed. In this version of the code (written for use with Continuum’s Horizon OPO), this loop 

instead interacts with the laser only when moving to the next wavelength step in a scan. The 

Acquisition loop has been bundled into this PDL loop as well, so Acquiring data from the ‘scope 

happens only when the laser stops at the next step of the scan. Finally, the Logging loop takes the 

data acquired and streams it into a TDMS file. Message queues take multiple lists of words 

(divided into the different operations) and feed them into the corresponding loops. If you want to 

learn more about message queues used in this way, take a look into the Continuous Data 

Acquisition example VI provided by LabView (which looks a lot like the original code). 

 The Event Handling loop is fairly straightforward: an event loop activates its contents 

when the event is tripped. For example, if the settings button is toggled during operation, the 

event loop inserts 5 new messages into the UI sub-message in the message queue. These 

messages tell the UI loop to enable/disable some controls, update the status bar (on the front 

panel), and open the Settings.vi. An event case should exist for all controls except those for the 

OPO.  

 The UI Message loop may look similar to the event handler loop above in some windows 

of the case structure, such as the Start case; messages are enqueued for other loops in the vi. 

There are some subVIs that appear in the case structure as well; one of which is the Oscilloscope 

Main.vi (you can open this subVI from the project or by double clicking it as it appears in the 
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Call By Reference node). The UI Message loop also includes subVIs for settings and the PDL, 

though that shouldn’t be used. 

 The Oscilloscope loop is easy to understand for the most part. The only case of note is the 

“Scan” case. This case was added to handle the step-wise acquisition of data: the laser moves to 

a new wavelength and waits, while the Acquisition.vi averages a number of sweeps before 

sending a notifier to start logging and move to the next wavelength. There are two For loops in 

the Acquisition.vi to account for the number of averages wanted by the user and the number of 

cursors fixed on the Oscilloscope window (which is set on the physical Oscilloscope); the data is 

sorted into an array of clusters keeping track of the wavelength and peak area. As it stands, there 

is some fault causing the first few steps to not be logged, but hopefully, that will be fixed by the 

time you are reading this. If you want to learn more about this VI, check out the Continuous Data 

Acquisition example VI provided by LabView. 

The Logging.vi is essentially a while loop acting in the same capacity as the others 

above, with the notable addition of an error case: if an error is detected, it will not run the While 

loop. This VI streams the data from the Acquisition.vi into a TDMS file, which is automatically 

updated at every data point; if the main VI crashes, the data up to that point will be saved. Again, 

if you want to learn more about this VI, check out the Continuous Data Acquisition example VI 

provided by LabView. 

The Oscilloscope Main.vi operates when the Oscilloscope button on the main front panel 

is toggled. This VI handles the oscilloscope settings, including setting cursors for the integration 

gate channels, calibrating the mass spectrum, and logging said spectrum (different from logging 

data from the scan on the main VI). Its contents operate in a message queue similar to the main 
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VI. Artifacts of the original version appear here as well, for if a mass spec is wanted while the 

laser is set to a specific wavelength.  

 

Above is the main screen pulled up immediately when launching the program. The right 

side of the screen is the GUI created by Travis Jones, but the scanning occurs in discreet steps 

with a pause at each step for a delay that is set by the user. The left side of the screen is the GUI 

that controls the Horizon OPO provided by Amplitude. The setting button pulls up the window 

shown below. 
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 Once the settings are configured, the Oscilloscope window can be accessed, which is 

shown below. The Oscilloscope window shows what is recorded on the physical ‘scope, but 

mass peaks can be calibrated here. 
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