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ABSTRACT 

Understanding the nature of chemical bonds constitutes a major theme of this 

thesis. This thesis investigates the gas phase rotational spectra, electronic charge 

distributions and molecular'stractures of organometallic and organic molecules, using 

high-resolution pulsed beam Fourier transform microwave spectroscopy (PBFTMS) and 

computational methods. High-resolution rotational spectra and structural parameters 

were obtained for the following organometallic molecules in the singlet electronic state, 

including three symmetric and five asymmetric top complexes: C5H,5Nb(CO)4, 

CH3Mn(CO)5, MnRe(CO),o, C5H5Mo(CO)3H, C^VhW'iCOhH C5H5NiC3H,s, 

C5H4(CH3)FeC5H5 and (C5H4(CH3))2Fe. High-resolution rotational spectra and structural 

parameters were obtained for three organic molecules in the singlet electronic state: 

ortho-benzyne (C6H4) and the keto-enol tautomers, 2-hydroxypyridine and 2-pyridone 

(C5H5NO). In addition to the tautomeric forms, pure rotational spectra of the H-bonded 

dimer, 2-hydroxypyridine:2-pyridinone, were also obtained. These detailed spectral 

investigations yielded novel and useful information about the molecular properties of 

these molecules. Primarily, these results provided information regarding chemical 

bonding, vibrational ground state structures, structural isomers, conformational behavior, 

metal-hydrogen bonding and electronic charge distributions. Density functional theory 

(DFT) and ab-initio calculations were carried out in conjunction with the experiments, 

providing additional insights into further understanding the equilibrium structures, 

structural isomers and the electric field gradient distributions for these molecules. 
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CHAPTER 1 

INTRODUCTION 

Organometallic chemistry is a rich and colorful subject. For decades, 

organometallic molecules have attracted much attention from the chemical research 

community because of their importance and numerous applications in chemistry, biology 

and materials science. Organometallic molecules have been known, for example, to 

function as selective catalysts, DNA binding agents and optical-magnetic materials. 

Fundamentally, the central focus of research in this area has been directed toward 

understanding of the dynamics of mctal-ligand interactions, structures and reactivity. 

Gas phase molecular spectroscopy experiments have been particularly instrumental in 

providing information about the structures and electronic properties of organometallic 

molecules of a wide degree of complexity. The gas phase spectroscopic study of simple 

organometallic precursors, in particular, has provided key information about metal-ligand 

bonding properties and reactivity. Such direct insights into the properties of metal-ligand 

bonds have made possible the development of useftil compounds with extraordinary 

functionality. 

In this thesis, the gas phase molecular structures and electronic charge 

distributions of several classes of organometallic molecules are investigated using a high-

resolution pulsed beam Fourier transform microwave spectroscopy (FBFTMS) 

experiment and computational methods. Five different classes of organometallic 

complexes included in the present study are transition metal cyclopentadienyl carbonyl, 

metal allyl, metal hydrides, dinuclear and ferrocenyl complexes. These organometallic 

complexes commonly serve as important building blocks for the synthesis of fimctional 

complexes and as model complexes for assisting theoretical studies in modeling complex 

reactions. Many of the complexes presented in the current study are chemically 

important and have, as a result, received considerable prominence in research from the 

time they were first discovered. Although these complexes have been studied extensively 

with an array of experimental techniques, these organometallic molecules have not been 
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studied previously using PBFTMS experiments. High-resolution microwave 

spectroscopic study of such common organometallic molecule systems can reveal 

remarkable information about the bonding properties and chemical reactivity of metal-

metal and metal-ligands bonds. Surprisingly, the gas phase molecular structure, 

conformational behavior, steric hindrance and electronic charge distributions of these 

molecular systems remain very poorly understood. In order to leam more about the 

fundamental properties of these systems, the following classes of organometallic 

molecules, three symmetric and five asymmetric top complexes, were studied in detail: 

C5H5Nb(CO)4, CH3Mn(CO)5, MnRe(CO)io, C5HsMo(CO)3H and C5H5W(CO)3H, 

C5H4(CH3)FeC5H5, (C5H4(CH3))2Fe and CsHjNiCjHs. 

PBFTMS is a highly sensitive experimental technique widely used for studying 

rotational spectra of polar molecules in the gas phase. The rotation spectrum of a 

molecule can convey useftil information about a molecule chemical and physical 

property. One of the most useful pieces of in formation that can be obtained directly from 

studying the rotation spectrum is obviously the molecular structure. This is because the 

molecule moments of inertia depend on the geometry of a molecule. In addition to 

structural characterization, PBFTMS is also a very powerful tool for probing a wide 

variety of intermolecular processes associated with rotational motion. Some of the 

intennolecular processes that can be readily studied include processes such as Van der 

Waal's interactions, conformational dynamics, internal rotation, rovibronic interactions, 

rotational energy redistribution, hydrogen bonding and quadrapole interactions. 

Microwave spectroscopic study of organometallic molecules, however, is a relatively 

new and seemingly unexplored area of research. It is only within the last decade, long 

after the development of PBFTMS techniques by Flygare and Balle''^, that microwave 

spectroscopy has been used fiuitfully to probe the molecular structures and electronic 

properties of organometallic molecules. These earlier studies have provided thorough 

information about the gas phase molecular geometry, eiectronic charge distributions, 

metal-iigand bonding interactions and conformation behaviors in a wide variety of 

organometallic molecules. Some of the organometallic molecules previously studied 
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using microwave spectroscopy were stable complexes of d-block transition metal 

elements, including, for example, metal carbonyl, metal hydrides and ferrocenyl types of 

complexes^. Microwave spectroscopic studies of unsaturated organometallic fragments 

have also been reported, and this is one area of microwave spectroscopy research that is 

advancing rapidly'^'^'^. These studies, however, represent investigation of only a small 

number of organometallic molecules using microwave spectroscopy. To date, the gas 

phase molecular structures, electronic charge distributions, conformational behavior and 

electric dipole moment of many organometallic molecules remains largely unknown. 

In recent years, there has been a steady increase the study of the molecular 

properties of organometallic molecules using gas phase high-resolution infrared and 

microwave spectroscopic techniques. Laser spectroscopy and photoelectron 

spectroscopy experiments have historically provided much information about the 

electronic and sometimes structural properties of organometallic molecules and their 

unsaturated fragments^'*'. Within the last decade. PBFTMS has emerged as an important 

spectroscopic technique for probing the exact three-dimensional molecular structures of 

both saturated and unsaturated organometallic complexes. The dihydride and 

monohydride complexes, dinuclear complexes, tluxional complexes and complexes that 

exhibit structural isomerism are particularly attractive organometallic molecule systems 

for study using PBFTMS. Although tluxional complexes are more challenging to study 

due to their spectral complexity, rotational spectra of several tluxional organometallic 

complexes have been analyzed successfally using PBFTMS. 

This thesis focuses on several important classes of saturated organometallic 

complexes in attempt to learn as much as possible about the structures and electronic 

charge distributions of these complexes. The spectral and structural data obtained in this 

work have shown, for instance, that the CsHsNiCsHj, C5H4(CH3)FeC5H5 and 

(C5H4(CH3))2Fe complexes behave somewhat like fluxional complexes. The measured 

rotational spectrum of CjHsNiCsHs, for example, shows strong evidence of fluxionality, 

due largely to torsional motion of the allyl ligand with respect to the cyclopentadienyl 

ring. The (C5H4(CH3))2Fe complex, especially the E72 isomer, exhibits some evidence 
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of torsional splitting in the rotational spectrum, due largely to low torsional barriers 

associated with the two C5H4(CH3) and CH3 ligands. In contrast, the structures of 

C5H5Nb(CO)4, CHjMnCCO)?, MnRe(CO),o, CsHsMoCCOjsH, C.sHsWlCO),,^! and the EO 

isomer of (C5H4(CH3))2Fe appear nearly rigid. The structural rigidity associated with 

many of these large organometallic complexes can be advantageous, certainly when the 

primary emphasis is on the determination of the electronic ground state molecular 

structure of the complex. Because of the near-rigidity in the chemical bonds associated 

with many of these complexes, the centrifugal distortion force deri ving from rotational 

motion would only slightly distort the chemical bonds. Thus, the rigidity of chemical 

bonds can, in effect, produce a rigid-like spectrum with less spectral congestion. Such a 

highly resolved and less congested spectrum can be accurately analyzed and fit to obtain 

accurate molecular constants. The structure of organometallic molecules can, in this 

way, be studied using PBFTMS experiments. This work demonstrates for the first time 

that the rotational spectrum of a relatively large organometallic complex, MnRe(CO)io, 

can be measured using PBFTMS experiments. Although x-ray and electron diffraction 

techniques have been frequently used to study the crystal structure of large 

organometallic molecules, many smaller organometallic molecules like ones mentioned 

in the current work cannot be studied using x-ray diffraction techniques. Such smaller 

complexes are not easily crystallized. In addition, a marked increase in the number of 

electrons in these organometallic systems makes diffraction techniques less effective in 

the measurement of metal-hydrogen bonds. The PBFTMS experiments therefore provide 

an alternative method for probing the gas phase molecular structures and metal-hydrogen 

bond distances in these non-crystallized organometallic systems. 

It is generally accepted that chemical reactions involving organometallic 

molecules are complex processes driven by various factors. These factors include the 

metal-ligand properties, metal-metal bond strengths, steric hindrance and various subtle 

intramolecular processes such as ligand migration. The crystal field and molecular 

orbital theories are two central theories, which have been applied successfully to explain 

metal-ligand bonding properties and interactions. According to both theories, the 
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chemistry of organometallic and transition metai complexes can be explained by 

considering how ligands interact with the metal d-electrons (orbitals). Various types of 

ligands, providing the matching orbital energy and symmetry, are able to interact with 

metals to produce stable saturated coordination complexes. The classic example used to 

demonstrate the metal-ligand bonding interaction is the octahedral ML6 complex (see 

FIGURES 1.1 and 1.2). The ML6 is a structurally and electronically stable complex for 

some metals. This stability is achieved by minimizing metal-ligand steric interactions 

and eiectron-electron interactions. The focal concept of raising and lowering the energy 

of d-electrons (Cg and tig orbitals in the case of ML6) in order to minimize electron-

electron repulsions is the central concept of both the ligand field and molecular orbital 

theories. 

It has been well documented that n-acceptor ligands will lower the total energy of 

the complex by lowering the energy of molecular d-orbital. On the contrary, the rc-donor 

ligand types tend to increase the total energy by raising the energy of molecular d-orbital. 

For example, the common TC-ligand found in most organometallic molecules is the 

carbonyl, CO. The carbonyl ligand can serve either as Tt-donor or 7i-acceptor. The 

carbonyl ligand has the electronic configuration 

(1 a")-(2cTl*13a^)-{40^)»\l ri)-'(5a')-( I n)*i6a )*. The filled (in/ can donate 

electrons, whereas the unfilled (in)* can accept electrons into the t2g metal orbitals (see 

FIGURE 1.3). It is clear that all chemical reactions associated with organometallic 

molecules depend very much on the nature of the molecular and electronic structures of 

the reactants. Understanding molecular structures, the shape and size of molecules, is 

therefore of fundamental importance in order to understand the chemistry and reactivity 

of organometallic molecules. 



FIGURE 1.1: Molecular orbital diagram showing the metal-ligand sigma (a) bonding 

interaction for an octahedral coordination complex. Plus and minus signs are given for 

clarity. 
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FIGURE 1.2: Molecular orbital diagram for an octahedral complex showing metal 

HOMO and LUMO orbitals. 
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FIGURE 1.3: Molecular orbital energy diagram for ML6 showing effect of Pi-bonding on 

the sigma frontier orbitals. 
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The chemistry of organic molecules has a long and fascinating history. Long 

before the discovery of the first organometailic molecule, organic molecules have played 

a vital role in the advancement of chemical knowledge. The simplicity and beauty of 

carbon molecules has long attracted scientists to explore the nature of chemical bonds, to 

study reaction dynamics and to synthesize useful molecules. 

Two chapters in this thesis describe the measurement of the rotational spectra, 

structures and quadrupole coupling strengths of ortho-benzyne (o-benzyne), pyridone and 

hydroxypyridine. For decades, these organic molecules have received substantial 

attention from both the experimental and theoretical communities. Ortho-benzyne. o-

C6H4, is an important and well-studied molecular intermediate of benzene that plays a 

crucial role in eletrophilic aromatic substitution reactions. Pyridone and hydroxypyridine 

are two organic tautomers that have provided an experimental model for studying 

hydrogen-bonding interactions, similar to those found in the DNA base pairs. 

Numerous spectroscopic techniques, including microwave spectroscopy, have 

been used to study the molecular structure, electronic structure and dynamics of o-

benzyne, pyridone and hydroxypyridine. Therefore, much detailed spectroscopic data on 

these molecules already exists. However, only limited data on the deuterium and nitrogen 

quadrupole coupling constants is available for these molecules. The focus of this study is 

therefore to provide a complete understanding of the structure and the and '"''N 

quadrupole coupling constants in these molecular systems. Chapter 9 of this thesis 

presented the first detailed investigation of the three-dimensional structure and deuterium 

quadpjpole coupling strengths of o-benzyne using PBFTMS, coupled with the discharge-

nozzle technique. For a period of over fifty years, o-benzyne has been known to play 

significant role in organic reactions, and its existence as a transient molecular 

intermediate has been confiraied by various experiments. However, a complete three-

dimensional structure of o-benzyne had never been determined. Although theoretical 

calculations have previously provided substantial insights into the structure of o-benzyne, 

the experimental structure was still needed in order to test the wcnmcy of the different 

theoretical models. 
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Chapter 10 of this thesis presents another microwave study of two organic 

molecular tautomers, 2-pyridone and (Z)-2-hydroxypyridine. In comparison to o-

benzyne, these two organic tautomers are stable molecules, and in recent years have 

emerged as important complexes for modeling the dynamics of DNA base pairs in the gas 

phase. This chapter discusses the microwave spectroscopic measurements of hyperfme 

spectra and provides Density Functional Theory calculations of '"^N electric field 

gradients for 2-pyridonc, (Z)-2-hydroxypyridine. pyridine and pyrrole. The high-

resolution rotational spectra obtained for 2-pyridone and (Z)-2-hydroxypyridine have 

allowed a detailed analysis of the and '"'N quadrupole coupling constants, charge 

distributions and nitrogen p-orbital populations. 

Theoretical calculations have played a significant role in assisting in the 

interpretation of experimental data throughout the current study. Both the Density 

Functional Theory (DPT) and ab-initio computational methods are invaluable tools, 

complementing the PBFTMS experiments. These calculation methods, available from a 

commercial package such as Gaussian, have been used throughout this work for 

predicting molecular geometry, quadrupole-coupling strengths and the rotational 

constants of molecules. Chapter 11 of this thesis is devoted to computational studies of 

the cyclopentadienyl thallium (C5H5-TI), cyclopentadienyi thallium benzene (C5H5-TI-

C(,H6) and cyclopentadienyl thallium acetylene (C5H5-TI-C2H2) complexes. At present, 

there are very few theoretical and experimental studies available for the above weakly 

bound complex systems. The interaction between C5H5-TI and ligands is the Van der 

Waal type of interaction. Because of the weak bonding interaction, these CsHsTl-ligand 

complexes may display interesting chemical and physical properties. For instance, it is 

known that many weakly bound complexes exhibit large amplitude internal motion and 

vibrational predissociation, which are not commonly found in stable metal-ligand 

complexes. Ab-initio studies using the MP2 method strongly suggest that the formation 

of such complexes may be possible. Therefore, these complexes are likely to exist as 

weakly bound complexes, and their formation would be favorable under supersonic jet 

expansion. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

1. INTRODUCTION 

Broadly speaking, experimental molecular spectroscopy is the study of how 

molecules interact with electromagnetic radiation. According to the laws of quantum 

mechanics, a polar molecule can be stimulated with electromagnetic radiation, causing it 

to undergo transitions from a relaxed state to an excited state, and subsequently, emit 

back energetic photon. There are three major types of molecular transitions; electronic, 

vibration and rotation transitions. Electronic transitions require electromagnetic energy 

in the ultraviolet region of the spectrum, while vibrational and rotational transitions 

require electromagnetic energy in the infrared and microwave regions of the spectrum 

respectively. In this experiment using PBFTMS techniques, microwave radiation is used 

to stimulate molecules and the resulting high-resolution rotational spectra of molecules 

are studied. It is important to note that for most cases microwave radiation can only 

excite rotation transitions and does not have enough energy (different time scale) to 

excite vibration or electronic transitions. 

Throughout this experiment, all molecules studied are under reduced pressure, in 

a nearly collision-free environment of supersonic jet expansion. This condition is 

accomplished by using a pulsed nozzle, which allows the production of a high 

concentration of vibrationally and rotationally cooled molecules. In this environment, 

molecules favorably populate low energy states, due to translational, vibrational and 

rotational cooling. Alt molecules investigated in this thesis are therefore in the ground 

electronic and zero-point vibration energy states. Throughout this thesis, energy (in the 

unit of MHz or GHz) refers exclusively to the rotational frequency of molecules. The 

rotation transitions are governed by quantum mechanical laws and in the case of pure 

rotational transitions, the AJ = +1 (R-branch transition) selection rale applies in the 

majority of cases. Consideration of selection rules and thermal distributions of rotational 

energy states for different types of molecular rotors are discussed in Chapter 3. The 
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dynamics of adiabatic supersonic jet expansion through a pin-hole nozzle will aiso be 

discussed in Chapter 3. The current chapter focuses primarily on several important 

aspects of instrumentation, spectrometer operation and experimental design. 

II. FOUMER. TRANSFORM MICROWAVE SPECTROMETER 

1. Microwave spectrometer 

The Fourier transfomi pulsed-beam microwave spectrometer used throughout this 

experiment was constructed in the Kukolich laboratory in 1982-1983. The origin of the 

instramentation and operation of this spectrometer are well documented in the thesis of 

Roger Eugene Bumgarner. The specific details of microwave systems will not be given 

here. Instead, a general view of the operation of the spectrometer will be discussed, in 

order to provide a clear picture of how the spectrometer works. A simple diagram of the 

current spectrometer is shown in FIGURE 2.1. The design of this instrument followed 

the original design of the Flagare-Balle spectrometer. The following components are 

important for understanding how the spectrometer works; Fabry-Perot cavity, vacuum 

system, pulsed nozzle, microwave system and computer system for signal processing. 

These components are discussed in more detail in the following sections. 
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FIGURE 2.1: Schematic sketch of the spectrometer showing vaciniiii chamber and 
pumping systems. 
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2. Fabry-Perot cavity and resonance modes 

The Fabry-Perot cavity is housed inside a vacuum chamber of dimensions 24"x 

16". Two spherical mirrors 12" in diameter with 24" radii of curvature make up the 

cavity. Two mirrors are mounted on three support rods arranged in triangular fashion. 

The mirrors are set apart at a separation distance in the order of 30 cm. One mirror is 

fixed and another is movable. The fixed miiror has a microwave antenna bored through a 

small hole at the center. The antenna is extended into the cavity and bent at an angle of 

90 degrees. The antenna cable is connected to a bellow valve with an adjustable knob 

located on the outside of the vacuum chamber. The coupling of microwave radiation 

input into the cavity can be adjusted by turning this knob clockwise or counterclockwise. 

The movable mirror is moved by means of an electric motor, which is mounted outside 

the vacuum chamber. An expanded view of FIGURE 2. i showing the Fabry-Perot cavity 

is shown in FIGURE 2.2. 
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By moving the mirror to a specified positioB, provided that the mirror separation 

distance is equal to integral nnmber of half wavelengths (d=nl/2), a standing wave or 

mode of specified frequencies can be obtained. The separation of successive frequency 

fundamental cavity modes at this cavity configuration is about c/2d < 500 MHz. As the 

microwave stimulating pulse (not yet tuned to cavity mode), v, is brought into the cavity 

via antenna through coaxial cable, the tuning of the cavity for a resonance mode is 

monitored by detecting a long reflected microwave pulse through a directional coupler. 

The microwave pulse travels along the antenna axis, the axis perpendicular to the gas 

pulse axis, and travels back and forth between the two mirrors. The long reflected 

microwave pulse could be amplified and monitored as a square wave pulse and displayed 

on the oscilloscope screcn. When the mirror separation distance happens to be tuned to a 

resonance mode, the reflected pulse power drops to minimal, and a near straight line is 

displayed on the oscilloscope screen. For the above cavity arrangement, the Fabry-Perot 

cavity relaxation time, = 1/e, with a load factor Q = Vc/Avc « Iff*for a cavity mode at 

10 GHz, is estimated to be about Xc = 0.2 ps. This Xc is smaller than Ti, the decay time of 

the sample polarization, a condition required for this type of spectrometer configuration. 

The cavity bandwidth, Avc = 1/(2tiXc), is estimated to be about 1 MHz. 
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FIGURE 2.2; A sketch of Fabry-Perot cavity houses inside a vacuum chamber. 

3. Vacuum system 

The vacuum system consists of an oil diffusion pump and a fore pump. The 

combination of the two produces pressure in the order of 10"^-10"' ton. This low pressure 

is achieved and maintained by simultaneously ranning the mechanical and diffusion 

pumps. The vacuum chamber rests on top of a baffle, which is cooled to about -20 °C 

using a Freon refrigerator system. The cooled baffle keeps the chamber clean by trapping 

oil and other chemicals, so preventing them from reaching the cavity. The diffusion 

pump is cooled with cooling water circulation via a circulation pump (Cool Flow System 

II). In the event of power outage, the diffusion pump is set to shut itself off when the 

cooling water system fails or stops running due to power outage. The diffusion pump is 

also set to shut itself off when pressure in the fore line exceeds 40 mtorr. The pressure 
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inside the chamber is measured using a vacuum gauge controller (Panthervac GPC 450) 

and a homemade penning ionization gauge. When both pumps are turned off, pressure 

inside the chamber can be brought to an atmospheric pressure by bringing air into a 

pipeline running to the diffusion pump and fore pump. The diffusion pump can be turned 

back on only after the fore pump is turned on and pressure inside the fore line is below 40 

mtorr. 

4. Pulsed nozzle 
Supersonic jet expansion of molecular beam is a widely used technique in gas 

phase molecular spectroscopy experiments. Comprehensive reviews of the subject are 

readily availble'"*' and consequently, only few important practical aspects of pulsed 

supersonic jet expansion will be described here. The Fourier transform microwave 

spectrometer combined with a pulsed nozzle is an effective spectroscopy technique for 

studying high-resolution rotation spectra of molecules and weakly bound complexes. In 

a pulsed beam microwave experiment, the expansion of molecules seeded in carrier gas 

through a nozzle results in a sudden reduction in the internal energy and collision 

frequency of the molecules. As molecules are expanded through the nozzle, the 

translation, vibration and rotation energies of molecules are exchanged with a carrier gas, 

resulting in cooling of internal energy states. The vibration temperature of the sample in 

the jet expansion is estimated to be less than 15 Kelvin. The rotational temperature is in 

the order of only a few Kelvin. Because of the cooling of internal energy states, the 

Boltzman population distribution populates low energy levels. 

Pulsed supersonic jet valves are commercially available and can be obtained from 

General Valve Inc. The pulsed nozzle used in this experiment is a General Valve series 9 

model. In this experiment, the pulsed molecular beam is aligned perpendicular to the 

microwave radiation direction. This arrangement helps to increase the resolution of the 

spectrometer by reducing Doppler broadening. The pulsed nozzle is mounted inside the 

sample chamber and a glass sample cell is attached directly to the back of the pulsed 

valve gas inlet. This arrangement allows for better efficiency in heating and cooling of 

the pulsed nozzle and sample. For this chamber arrangement, a heat coil or ice bath can 
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be placed directly inside the sample chamber. A sketch of the pulsed nozzle is shown 

below in FIGURE 2.3. 
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FIGURE 2.3: Schematic sketch of a pulsed nozzle with a sample cell attached. The 
microwave radiation axis is aligned perpendicularly to the gas pulse axis. 
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5. Microwave system and freuuencv source 

The microwave spectrometer used in this experiment operates between 4-18 GHz. 

Three sets of microwave band are used to cover the above frequency range. The C-band 

covers the lower frequency end (4-8 GHz), using YIG tuned transistor oscillators from 

Avantek. The X-band covers the middle range (8-12 GHz), using YlG-tuned Gunn diode 

oscillators from Watkins-Johson. The high end of the frequency range, (12-18 GHz), is 

covered in KU-band using YIG-tuned Gunn diode oscillators from Watkins-Johnson. 

Most of the microwave data obtained for this experiment were measured using the C-

band and X-band. so covering the frequency range of 4-12 GHz. 

The system employs a superheterodyne detection system and signal averaging to 

increase S/N ratio. Three required sources of microwave radiation are used in the current 

configuration. These include a stimulating microwave pulse, Vg MHz, a local oscillator. 

Vl = Vs -20 MHz, and an internal frequency reference, Vr =20 MHz. In a routine 

operation of the spectrometer for any of the three bands, a stimulating frequency pulse 

must be locked to the harmonic of a frequency standard. This is done in the following 

way. First, the stimulating frequency is generated using harmonic of a Marconi 2022 

frequency synthesizer operating between 750-850 MHz. The fiindamental output of the 

Marconi synthesizer is then multiplied in a super harmonic mixer (Hewlett-Packard, 

934A for C- and X-band. P932A for KU band). The resulting stimulating frequency 

output from a super harmonic mixer is phase-locked using a synchronizer (Hewlett-

Packard, 8709A). The local oscillator is then phase-locked to the stimulating oscillator at 

a 20 MHz (vl = Vj -20 MHz) offset using a synchronizer (Hewlett-Packard, 8709A). 

The pulse of stimulating microwave frequency is sent through attenuators, a 

Miteq amplifier, pin diode switch, a circulator and co-axial cable before reaching the 

Fabry-Perot cavity. If the resonance mode is tuned to the stimulating frequency, the 

microwave stimulating pulse is transmitted into the cavity. The stimulating pulse in the 

cavity carries approximately Av « 1 MHz centered at v. When molecules are present 

with rotational transitions in resonance with the stimulating pulse, molecules are 

coherently excited to superposition states. After the microwave pulse dissipates, the 
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emission of molecular signal, Vm, is detected after it passes through the same co-axial 

cable, a circulator, pin diode switch and a Miteq mixer, where it mixes with local 

oscillator. This signal then passes through a liquid Na cooled Mitek low noise 

preamplifier. The resulting molecular signal is mixed with the local signal, producing an 

intermediate frequency of [(Vs- Vm) + 20 MHz]. The amplified fi-equency output is 

filtered through a gated 20 MHz tuned amplifier, passed into a mixer and beat down 20 

MHz. The resulting signal is the absolute frequency, I v^- Vm i, and is subsequently 

amplitied before being sent to a transient wave recorder for conversion of analog to 

digital signals. 

FIGURE 2.4: This figure shows a block diagram of the spectrometer and three sources of 

microwave frequency used in the double superheterodyne detection. 
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6. Timing sequence 

Before describing scanning procedures, it is important to understand how signals 

are processed. It is convenient to start by understanding a timing sequence of microwave 

and gas sample pulses. Timing of the pulse sequence scenario goes as follows. At time t 

= 0, a sample pulse of 750 ps duration is admitted into the cavity at a pulsing rate of 

about 2 Hz (one pulse per 0.5 s). A delay of about t = 75 jj,s-3 ms follows a sample pulse, 

after which a short microwave pulse of about 0.1 -10 ps is admitted into the cavity 

through a pin diode switch. A delay time of 75 ps-3 ms is necessary to allow molecules 

to reach the center of the Fabry-Perot cavity, where microwave-stimulating radiation is 

more highly concentrated around the cavity beam waist. The power and time delay of the 

microwave pulse can be adjusted to allow for maximum sample polarization. This step 

largely depends on several factors, mainly the dipole moments of samples, the cavity 

mode and the range of frequency used to stimulate the samples. If the rotational energy 

of molecules is in resonance with the stimulating pulse, molecules are excited and soon 

emit back coherent photons as molecules relax back to the ground state. After the 

polarizing radiation dissipates, usually about 0.1-15 ps after a stimulating pulse, a free 

induction decay signal (FID) is sent back out through the antenna and a pin diode switch 

is triggered open to receive the FID signal. This signal is then passed into a 

superheterodyne receiver system, described previously. The FID signal is mixed with a 

local oscillator and beat down to 0-1 MHz absolute signal (vs - Vm). 

For signal processing, about 512 points are usually recorded at a digitizing rate of 

0.1 ps per point (p-scan). Thus, for each gas pulse or shot, about 51.2 ps is required to 

collect a 512-point FID. For a very strong FID signal, about 200-300 shots of signal 

averaging is usually required in order to obtain a clean spectrum with very high S./N ratio. 

For a weaker signal, up to 800-1000 shots maybe required. 

The procedure of signal averaging is done by signal subtraction in the following 

way. The first microwave pulse is timed to coincide with the arrival of the first gas pulse, 

where it is quickly polarized and FID signal recorded. Before the arrival of the next gas 

pulse, a second microwave pulse is pulsed into the empty cavity (no gas pulse) and this 



signal (noise) is recorded with a reversal of polarity. This process repeats for some N 

cycles or shots, before they are summed and averaged (dividing by N). The FID signal 

amplified and sent to a transient wave recorder (TWR) where it is digitized. The 

transient wave recorder is interfaced to a personal computer, where the FID signal is 

transformed and frequency signals can be displayed and stored for later analysis. The 

computer displays a spectral window of ±500 kHz on either side of the stimulating 

frequency, and only one rotational transition can be measured at a time. However, for 

hyperfine transitions, more than one component can usually be observed, even in this 

narrow spectral window. The sketch of timing sequence is shown below. 
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FIGURE 2. Timing sequence of the spectrometer showing sample gas pulse, microwave 

stimulating pulse, and free induction decay (FID) signal. 

III. STANDARD EXPERIMENTAL PROCEDURES 

1. Obtaining rotational constants 
The first step of this spectroscopy experiment is to obtain predictions of rotational 

constants and transition frequencies of the molecules of interest. Because the current 

spectrometer configuration used for this experiment does not yet support an automatic 

scanning mode, it is advantageous to obtain accurate predictions of molecular rotational 

constants in order to reduce manual scanning time. Rotational constants of molecules can 

be obtained in either one of two ways. One method to obtain rotational constants of a 

molecule is through the use of a commercially available computational program package. 
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such as Gaussian, for making predictions. Throughout this thesis, density functional 

theory (DFT) and sometimes MP2 methods are used to optimize molecular structures and 

predict rotational constants for the studied organometallic and organic molecules. All 

density fiinctional calculations described in this thesis were performed on TINTIN IBM, 

SUPER and SGI AURA-HPC computer clusters using the GAUSSIAN 98 program and 

recently, GAUSSIAN 03. For typical calculations, the following non-local Becke's three-

parameters, modified Perdew Wang's exchange functional, and Lee, Yang, Parr, Perdew 

and Wang's correlation functions are routinely used: B3LYP and B3PW91. Standard 

basis sets with diffuse and polarization functions routinely used are Pople's 6-311 G(d,p), 

the 6-3 ilG++(d,p) and Aldrich SVF basis sets. The above fiinctional and basis sets 

proved to be very useful and usually capable of predicting rotational constants within 

±2.0% accuracy or less. Another way to obtain rotational constants of organometallic 

complexes is to use structural data previously obtained from x-ray. electron and neutron 

diffraction experiments. If structural data arc available from these diffraction 

experiments, rotational constants can then be calculated directly from the diffraction 

geometry. 

Once rotational constants of molecules of interest are known, transition 

frequencies can be readily predicted using available prediction programs such as JPL 

Pickettt program ( SPCAT) or University of Illinois programs, modified for use in the 

Kukolich laboratory. These prediction programs used by the Kukolich group are known 

as ROTCONST and SPEC programs. The ROTCONST program is routinely used to 

predict the rotational constants of molecules and requires atomic coordinates to be 

specified in the input file. The SPEC program is a frequency prediction program, and 

requires that rotational constants, centrifugal distortion constants (if available) and type 

of dipole transitions be specified in the input file. These two predictions programs are 

very straightforward and easy to use. The program source codes are available from the 

Kukolich laboratory and Bumgamer's thesis. The frequency predictions are normally 

done in the 4-12 GHz range. The SPCAT frequency prediction program requires two 

input files, a var file and an int file. A var file is similar to a par file, which can be 
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obtained from Gaussian-03 calculations by using the key word Oiitput=Pickett when 

doing geometry optimization. Examples of var and int files with some explanation are 

found in appendix A. 

2. Sample Preparation 
Many of the studied complexes were obtained directly from two commercial 

sources, Strem Chemical and Aldrich Chemical. A few complexes were synthesized in 

the laboratory following well-established s)mthetic procedures. These synthetic 

procedures are documented in the respective chapters under the experimental section. 

This section briefly describes sample preparation procedures. 

Many of the organometallic complexes studied are air-sensitive complexes. 

These air-sensitive samples must always be transferred in a dry box atmosphere, in an 

oxygen-free environment. Most of the commercial samples bought must be re-sublimed 

prior to use in experiments. The standard procedure for re-sublimation of samples is as 

follows. A sample obtained from commercial sources is transferred into a clean two-neck 

flask, with an adapter for a vacuum manifold and a cold-fmger for collecting re-sublimed 

crystals (see FIGURE 2.6). The temperature of the cold-finger is chosen either at 0 °C or 

-70 °C (dry ice), and sublimation conditions depend largely on the sample. For less-

volatile complexes, these samples are usually sublimed at 90 °C and 0.1-10.0 torr. After 

re-sublimation, the re-sublimed crystals are transferred to a glass sample cell or collected 

into a small vial and stored under nitrogen for further use. One type of a glass sample 

cell used throughout this experiment and is shown in FIGURE 2.3. 

If a sample is not available from commercial sources, it can be prepared using 

previously reported synthetic procedures. The synthesis of organometallic molecules will 

in most cases be carried out in a nitrogen atmosphere. All reagents and solvents used in 

synthesis are always freshly distilled or a new bottle (sure sealed) purchased from 

Aldrich Chemical. The crude products can usually be purified by sublimation. The 

synthesized samples are then characterized by physical appearances, mass and vibrational 

frequency. 
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FIGURE 2.6. Apparatus used for synthesis and sublimation of organomctallic complexes 
described in this work. 

3. Experimental conditions 

Experimental conditions vary for different moiecules. In these experiments, neon 

is used as carrier gas. For the majority of molecules, the backing pressure of neon is 

typically maintained at 0.6-0.8 atm. The nozzle pulse rate is typically set between 1.0-2.0 

Hz. A typical pulse nozzle used in this experiment is a General Valve Series-9 pulse 

valve, with a 1.0 mm pin-hole opening. The heating conditions depend entirely on the 

vapor pressure and stability of the sample. For less volatile complexes, samples usually 

have to be heated only until sufficient vapor pressure is achieved. The typical heating 

temperature for most of the studied complexes is usually less than 80 °C. On the other 

hand, for extremely volatile complexes, samples must be cooled using ice or 

water/ethanol baths in order to decrease vapor pressure. Prior to scanning, the instrument 
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has to be tuned up and a relatively high Q cavity mode is often selected by searching the 

entire range of the mode cavity (see section 4 below). 

4. Scanning and data collection 

Before scanning can be conducted, the spectrometer (if not already calibrated) is 

calibrated using a known transition frequency of diflurobenzene, usually in the same 

frequency range as the predicted frequency of a sample. This calibration step is critical if 

the spectrometer has not been run for some time or a different pulse nozzle other than the 

one that regularly used is installed on the spectrometer. This calibration process usually 

involves three steps. The first step involves adjusting the microwave power until the FID 

signals of diflurobenzene can be observed within a single beam pulse. The second step 

involves fine adjustment of the microwave attenuator and time delay to further enhance 

the signal-to-noise ratio. The third step, which may not be necessary, is to adjust the Q of 

the cavity mode by adjusting the microwave antenna in and out of the Fabry-Perot cavity. 

The first and second steps are usually sufficient to obtain an FID signal of diflurobenzene 

within a single beam pulse (trifliirobenzene has strong permanent dipole moments). 

Once calibration is set, triflurobenzenc is pumped out of the system, where this pumping 

out process usually takes a few hours. 

Scanning for the molecular resonance frequency is done in the following way. 

Once a predicted transition frequency of a molecule is obtained, a scanning search is 

conducted, starting with one of the predicted transition frequencies of strong intensity. A 

typical strong transition is usually a transition with lower J and K quantum numbers. The 

fundamental harmonic of molecular frequency is entered into a Marconi synthesizer and 

locked to the stimulating frequency with the synchronizer, as discussed in the preiaous 

section. The backing pressure of neon carrier gas is then set between 0.6-0.7 atm, and a 

sample temperature (if heating is required to obtain sufficient vapor pressure) is set to 

near the sample sublimation temperature. For an extremely volatile sample, the sample 

needs to be cooled with ice or a mixture of ice and ethanol. The sample pulse rate is 

typically set at 1-2 Hz. Scanning is done in the vicinity of the selected frequency, usually 
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±200 MHz of the selected frequency. If no transition is observed within the ±200 MHz 

range, a broader scan is generally needed. If a molecular signal is observed, a signal 

optimization is performed to increase the S/N ratio of the observed molecular transition 

by repeating the three steps above. At this step, the sample temperature can also be 

adjusted to ftirther increase the signal-to-noise ratio. Caution, however, is required not to 

set the temperature too high, as the sample may decompose. 

For a weak transition, an FID signal usually cannot be observed within a single 

beam pulse during this optimization step. However, if an FID signal is observed 

within 10-20 beam pulses, this usually indicated that signal optimization has been done 

properly to maximize the signal-to-noise ratio. Typically, for each observed FID 

(frequency), about 5-6 samplings of data are taken from the plus and minus sides of the 

spectral window and saved to floppy diskettes and to the computer hard drive. The 

recorded FID time domain signals are later transformed to frequency signals using either 

an old version (FFT and MTDRAW) or new version (PLT and WinDraw GUI) of the 

Fast Fourier transform program. This method of data collection usually gives about 10-

12 data per frequency, which arc then averaged to give experimental frequency and 

measurement errors. The software for data collection, storage and Fast Fourier transform 

of FID are available in the Kukolich laboratory and well documented in the thesis of 

Roger Eugene Bumgamer (1988) and Brian J. Drouin (1999). Readers are to refer to 

these theses for program source codes. These programs are written in BASIC, 

FORTRAN and C++ languages by the authors and various other individuals who have 

contributed significantly to the development of this spectrometer since the time it was 

built in 1983. 

5. Deuterium, carbon 13, and metal isotopomers 

Deuterium isotopic species cannot be obtained in natural abundance, at least in 

the current experiment. Deuterium-enriched samples are often prepared by hydrogen-

deuterium exchange reaction, using proper deuterated reagents. Some deuterated samples 
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however can be purchased directly from commercial sources. Although the presence of 

(about 1.0%) in sample and metal isotopomers (usually much >1.0%) is relatively 
I ^ 

low in natural abundance, transitions of C and metal isotopomers can sometimes be 

obtained in their natural abundance using this spectrometer. The FID signals for these 
1 

isotopomers are in most cases very weak, especially for C, and often require up to 1000 

shots or more of signal averaging. When the measured rotational constants of the norma! 

(parent) isotopomer have been determined from the least squares fit, the fitted rotational 

constants of the normal isotopomer can be used to scale rotational constants of deuterium, 

and metal isotopomers. The frequency predictions for isotopomers obtained 

using this scaling method are usually accurate within ±1.0%. The measured transitions 

for the deuterium, metal and '''C isotopic species can usually be observed within ±5.0 

MHz of the predicted transitions. 

IV. DATA ANALYSIS 

1- Plotting spectrum 

The observed rotational frequencies of a molecule can be displayed as a stick plot 

spectrum by plotting observed frequency versus relative intensity using a plotting 

program like GNU PLOT (freely available program). A stick plot of the experimental 

spectrum is very usefol for making transition frequency (line) assignments. Assignment 

of quantum numbers to measured transitions is done by comparing the pattern of lines 

observed in the experimental spectrum to the theoretical stick plot spectrum. This 

process involves a number of simulations until theoretical spectra can be simulated to 

obtain a spectrum with matching patterns. This simulation is usually carried out by the 

systematic adjustment of various parameters such as rotational constants, centrifugal 

distortion constants, and for molecules with quadrapole moments, quadrupole coupling 

constants. When reasonable agreement between the theoretical stick plot and the 

experiment is obtained, the assignment of quantum numbers to transition frequencies can 
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be done. If five to six observed lines could be assigned and verified by least squares fits, 

new and more accurate frequency predictions can subsequently be made. The above 

procedure usually works well with s}'Tiimetric top molecules. For asymmetric top 

molecules, with or without hyperfine structures, this procedure may be less reliable, due 

to the complexity associated with these spectra. For the asymmetric top complex, a keen 

and carefiil analysis of splitting patterns in theoretical and experimental spectra will help 

in making correct assignments. 

2. Data fitting and fitting programs 

After assignment of quantum numbers to the observed transitions, the assigned 

transitions are fit using least squares fitting programs. Two fitting programs used in this 

experiment axe SPFIT and FITSPEC programs. The SPFIT program is a powerfiil 

program used widely for fitting molecular spectra, and is freely available at 

http;//'spec.jpi.nasa.gov/. The SPFIT program is accredited to H.M. Pickett. The SPFIT 

fitting program requires two input files, a par and a lin file. SPFIT is widely used to fit 

rotational spectra of many types of molecules, although it can be difficult to use. 

Examples ofpar and lin files with some explanation can be found in appendix A. A par 

is an input file with specified fitting parameters, while a lin is an input file containing 

transition irequencies with assigned quantum numbers. In this experiment, SPFIT is used 

routinely to fit spectra of asymmetric top molecules and symmetric molecules, with and 

without hyperfine structures. For symmetric and asymmetric top molecules in the ground 

electronic and vibration states, rotational spectra of these molecules can be fit using 

Watson-S or Watson-A reduced Hamiltonian. The details of Watson Hamiltonian are 

discussed in Chapter 3. Table 2.1 below details the required code used in the par file (3"^ 

line ofpar file) for fitting asymmetric top molecules in the ground electronic and 

vibration states. It is important to note that the SPFIT program does not report standard 

errors in fit output files, and that SPFIT errors must therefore be converted to standard 

errors. A standard error conversion program, FIFORM, can be obtained fi-om 
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http://info.iipaii.ediJ.pl/~kisiel/ and the Kiikolich laboratory. The following paragraph is 

quoted directly from this website. 

A more accurate way of obtaining standard errors on constants, especially for 
small data sets is to multiply the measurement errors by 

1. (RMS ERROR)*SQRT(N.lincs/ (N.lines-N.fittcdconsts)) 

The total RMS ERROR will then be 

2. SQRT((N.lines-N.littcdconsts)./N.lines) 

This procedure reproduces results of fits with the standard weighting schemes in 
which only RELATIVE errors are of importance. The two RMS quantities in the 
name.fit output are: 

3. (MICROWAVE RMS) - sqrt ( Sum[(obs-calc)**2]'Nlines) 

4. (RMS ERROR) = sqrt (Surn[((obs-calc)/error)**2]/Nlines) 

TABLE 2.1: SPFIT codes used in par file for fitting asymmetric molecules in the ground 
electronic and vibration states (also see appendix B) 

Hamiltonian Basis Representation Code in name.par 

A-Reduced 

A-Reduced 

S-Reduced 

S-Reduced 

Prolate 

Oblate 

Prolate 

Oblate 

r 

III' 

r 

irf 

a l i o  

a 1 -1 0 

s 1 1 0 

s i -1 0 
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The FITSPEC program is designed for fitting spectra of symmetric and 

asjTTimetric top molecules. The FITSPEC program however is not designed for fitting 

quadrupole hyperfine spectra. The FITSPEC program is user-friendly and very efficient 

for fitting straightforward symmetric and asymmetric spectra. The program is written 

and modified by R.E. Bumgamer and S.G. Kukolich to perform generalized non-linear 

least squares fit using the Jacobian method. The description of the FITSPEC program 

(fsc2.f) and source codes can be obtained in Kukolich laboratory. The FITSPEC program 

needs only a few parameters in an input file, namely rotational constants and a set of 

quartic distortion constants. Sextic and higher distortion terms are not implemented in 

FITSPEC and usually are not necessary for the studied molecules. The rotational spectra 

of many organometallic molecules studied in Kukolich laboratory with few exceptions 

can be fitted with just rotational constants and a set of quartic distortion constants. A 

quadrupole fitting program, QFHY, similar to FITSPEC is available in Kukolich 

laboratory for fitting hyperfine spectra. This program is adapted from the University of 

Illinois fitting program in Flagare research group and modified by S. G. Kukolich. The 

QFHY program consists of three programs qfliy.f (Hyperfine), fitbS.f (Functional 

Hamiltonians), and icsubxl .f (least-squares routine). The use of this program only 

requires some small modifications of qfliy.f, for example, a nuclear spin quantum number 

and specified the maximum range of F =J +1, the total angular momentum. 

In summary, three main fitting programs are used routinely to fit the rotational 

spectra of molecules in the ground electronic and vibration states. The SPFIT and QFHY 

programs can be used to fit hyperfine spectra of symmetric and asymmetric molecules. 

The FITSPEC is used to fit spectra of symmetric and asymmetric molecules without 

hyperfine interactions. The fitting process requires first, a carefiil analysis of spectra. 

Thorough comparisons of experimental and theoretical spectra are necessary for making 

the initial assignment of rotational quantum states. In the initial fitting step, it is always 

best to begin with five to ten assigned lines and with few adjustable parameters, for 

example, only rotational constants. As more lines are added to the fit, preferably one by 

one, distortion constants can be tamed on to improve the fit quality. A typical high 
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quality least-squares fit, for straightforward symmetric and asymmetric spectra and 

hyperfine spectra, should attain the overall fit deviation of less than 5.0 kHz. 

3. Structural fitting 

The structural fitting program consists of three separate FORTRAN programs 

namely, parameter.f, fitq77.f, and rotsub.f. These programs are available fi-om the 

Kukolich laboratory. The parameter.f is the only program that requires some 

modification of geometric parameters and atomic masses. After modifications of 

parameter.f, the three separate programs must be recompiled. The input file contains 

variable geometric parameters that are specified in the parameter.f, along with a set of 

experimental rotational constants fi-om the normal and substituted isotopic species. The 

program performs least squares fitting of rotational constants by varying specified 

geometric parameters, for example, the bond distances and angles. The final output 

includes the fitted parameters and atomic coordinates of the molecules. Some examples 

of input and output files fi-om the structural fit program are given in chapters 4 and 5. 

4. Kraitchman analysis 

Kiaitchman analysis of asymmetric-top molecules is a program written by D.J. 

Pauley and P. Cassak for the calculation of molecular bond lengths (rs) by analysis of 

rotational constants of the parent and isotopic substituted species. This program can also 

be used to analyze bond length in symmetric top molecules since isotopic substitution 

makes s>Tnmetric molecules slightly asymmetric. The program was written to calculate 

center of mass coordinates for a given atom in a molecule, using Kraitchman equations 

for single isotopic substitution. The input file requires the fitted rotational constants with 

their associated errors from the normal and isotopic species. The program analyzes the 

center of mass coordinates of both the normal and isotopic species. Providing that all 

unique isotopomers are accurately obtained, the atomic coordinates can be obtained fi-om 

Elraitchman analysis, allowing one to construct a molecular geometry. However, because 

the center of mass coordinates obtained fi-om the output do not contain signs, known 
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atomic coordinates, either from the x-ray data or theoretical calculatioBS, are often 

required to complete the analysis of molecular geometry. 
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CHAPTER3 

THEORY AND EQUATIONS 

I. INTRODUCTION 

This chapter describes essential theoretical concepts Beeded for interpreting and 

understanding rotational spectra of symmetric top and asymmetric top molecules in a 

singlet electronic ground state. A rigorous mathematical treatment is not given here, as 

there are numerous excellent sources of literatures readily available on this subject and it 

is beyond the scope of this work. Instead, several relevant equations will be presented 

with the emphasis on their meaning. The quantum mechanical treatments of rotating 

bodies and coupling of angular momentum have been successfully worked out over many 

decades. Rotational Hamiltonians and the rotational energy for symmetric and 

asymmetric rotors are well described in many classic microwave spectroscopy books, 

notably that of Her/berg. Gordy, Cook. Town, Schalow, and Kroto'^"'"'""'". The practical 

derivation of the molecular Hamiltonian relevant to understanding spectroscopy and 

molecular dynamics has been reviewed recently'"'. Readers are to consult the above 

references and references cited therein for a detailed derivation. 

II. ROTAl'IONAL HAMILTONIAN 

A. Symmetric Top Molecules 

The rotational energy of rigid symmetric molecules can be obtained by solving 

Hamiltonian: H^(rotation) = E*F{rotation). The Hamiltonian operator for symmetric top 

without distortion terms system can be written in a short form as 

H = AJa- + BJb" + CJe- (3.1) 

The rotational constants A = h" 2Ia, B = h~/2Ib, and C = h^/2Ic. The sum of components 

of angular momentum Ja~, Jb~, j/, in the principal axis gives the total angular momentum. 

The total angular momentum is thus expressed as 

j' = Ja'+Jb'+Jc' (3.2) 
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The symmetric top rotor basis function involves three good quantum numbers and can be 

written as 

where J is the total angular momentum, K is the projection of J onto the S3mimetry axis of 

a symmetric top molecule, and M is the projection of J onto the laboratory axis. For a 

symmetric top molecule, two principal moments of inertia are necessarily equal. In the 

prolate top (la < lb = Ic), a rotational constant B equals C, allowing equation 3.1 to be 

expressed as 

The non-zero matrix elements of the Hamiltonian in the molecular and laboratory frame 

using the |JKM) basis function have been worked out previously and the results arc given 

in TABLE 3.1 below. 

TABLE 3.1; The non-zero matrix elements of the Hamiltonian for the symmetric top 

basis function, jJKM). 

In the molecular frame (xyz), 

|JKM) (3.3) 

H = AJa^ + B(Jb^ + Jc^) 

H = AJ,r + Bif - Ja") 

H - BJ- + (A - B)Ja-

(3.4) 

(3.5) 

(3.6) 

(JKMlJ-IJKM) = J(J+1) 

(JKM|Jz^|JKM) = K 

(JK±lM|J-jJKM) = [J(J+1) -k(k+l)]'^ 

In the laboratory frame (XYZ), 

(JKMjJ^iJKM) = J(J+1) 

(JKMjJz'lJKM) = m 

<JK±1MIJ"V1^M) = [J(J+1) -m(m±l)j''-

where = 4 ± iJy 
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Using results in TABLE 3.1, the rotational energy of the prolate symmetric top can be 

obtained in the diagonal form as follow 

E = B(JKVI|f |JKM) +(A- B)<JKM| 4^1 JKM) (3.7) 

E-BJ(J+l)-f(A-B)K-- (3.8) 

For the oblate symmetric top, Ic > la = lb and rotational constants A is equal to B. 

Following the same above procedure for the prolate top, the energy of the oblate 

symmetric top (A=B) is expressed as 

E = BJ(J+1) + (C-B)K^ (3.9) 

Because no molecule is rigid, when centrifugal distortion terms up to the fourth power 

are included in Hamiltonian, equation 3.8 and 3.9 become 

E = BJ(J+1) + (A- B)K' - Djj\j+1)' -DjkJ(J+1)K^ - DrK^ (3.10) 

E = BJ(J+1) + (C - B)K' - Djj\j+1)^ - DjkJ(J+1)K- - DkK^ (3.11) 

The selection rules for the symmetric top molecules are AJ = 0, ±1, AK - 0 and AM = 0. 

Rotational transitions for symmetric top molecules without hyperfine interactions 

observed in this experiment have an R-branch type of transitions (AJ = +1). 

R. Asymmetric Top Molecules 

Rotational Hamiltonian for the asymmetric top molecules are more complex 

compared to the symmetric top molecules and Schrodinger equation, irF(rotation) = 

ET(rotation) cannot be solved directly. Hamiltonians for the asymmetric top molecules 

are usually written in two forms. One form of the equations is written in a form of 

reduced Hamiltonian derived by Ray'"^. This reduced Hamiltonian is shown in the 

equation below (given in the principal axis system) 

H = •4(A+C)J- + !4{A-C)H(!c) (3.12) 

H(ic) = Ja^ + KJb--Jc^ (3.13) 

where ray asj^nmetry parameter, k = (2B-A-C)/(A-C). Another form of asymmetric top 

Hamiltonian is the cylindrical tensor expression derived by Aliev and Watson'^'^*'. The 

cylindrical tensor form is shown below 
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H = (3.14) 

where Bx, By, and Bz are the rotational constants along the principal axis, J^, Jy, Jz, of the 

molecule. TABLE 3.14 shows six possible representations, according to how the 

principal axis a. b, c identified with the x, y, z subscripts in equation 3.14. 

TABLE 3.2: Six possible different representations can be found for an a.symmetric top 

rotor depending on how x, y, z identified with a, b, c axis. 

axis r ir iir II' 
x b c a c a b 

y c a b b c a 

z a b c a b c 

The r (K near -1, prolate limit) and III' (K near -1, oblate limit) are usually adequate for 

most asymmetric top molecules. The two forms, equations 3.13 and 3.14, of expression 

are essentially the same expression but the cylindrical tensor form is more convenient for 

programming purposes. The following non-zero matrix elements would be obtained for 

both expressions. 

(JkiHiJk) = V^2(Bx+By)J(J+l)+[Bz-l/2(B^+By)]K^ (3.15) 

<Jk±2jH!Jk) - y4(B^-By){[J(J+l)-k(ld:l)]x[J(J+lHk±l)(K±2)]}'''^ (3.16) 

where K=|k|. The basis fiinction for asymmetric top molecule is expressed as a linear 

combination of symmetric top basis functions 

^asym 2]ajK;^j|c+ (3.17) 



63 

The non-zero matrix elements of the energy matrix can be explicitly solved using the 

basis function 3.17, but this is known to not be efficient computationally. Because the 

asymmetric top wavefunctions (symmetry of the inertia ellipsoid) are invariant under 

identity (E) operation and a 180° rotation (C2) about any of the principal axis, asymmetric 

top wavefunctions necessarily follow the symmetry of V(a,b,c) point group. TABLE 3.3 

below shows symmetry specics for V(a,b,c) symmetry point group. 

TABLE 3.3; Character table of the V(a.b,c) symmetry- point group. 

Symmetry Species E Ci"' C2 Ci^' 

A 1 1 1  1  

Ba 1 1 -1 -1 

B b  1 - 1 1  - 1  

B e  1 - 1 - 1  1  

The symmetric top basis functions (Tjk± ) used in the equation 3.17 can be re-expressed 

using Wang symmetrized wavefunctions, which eliminated the negative K values and 

placed the symmetric top basis function into the V(a,b,c) sjraimetry point group. The 

Wang linear combinations of symmetric top wavefimctions are show below 

lJO"> = iJO) 
IJK") = 1/V2{|JK> + |J -K)}, (K>0) 

iJK"> = 1/V2{|JK) - |J -K>!, (K>0) 

(3.18) 

(3.19) 

(3.20) 
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Solving equations 3.15 and 3.16 using the Wang linear combinations of symmetric top 

wavefimctions (3.19 and 3.20), the non-zero matrix elements for each J (except for J = 0 

and J = 1) can be partitioned into four tridiagonal submatrices: E"^, E', O^, and O' showing 

beiow, in equation 3.21 

Easym ^ [E^ + [E"] + [O^ + [O'] (3.21) 

The submatrices and E" group the even J together. The submatrices and O' group 

the odd J together. The sign ± corresponds to the two symmetric and asymmetric Wang 

functions. 

For example, for J = 6, the even Wang symmetric submatrix is [E ] (only quantum 

number, K - 0, 2, 4, 6 is listed on the Tables below for clarity). 

(JK|H|JK> 0 2 4 6 

0 EOO V2E02 0 0 

2 \2E02 E22 E24 0 

4 0 E24 E44 E46 

6 0 0 E46 E66 

The even Wang antisymmetric submatrix [E"] (K = 2, 4, 6, missing K = 0) is 

(JKjHIJK) 2 4 6 

2 E22 E24 0 

4 E24 E44 E46 

6 0 E46 E66 
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The odd Wang symmetric submatrix [O"^] (K= 1, 3, 5) is 

(JKiHlJK) 1 3 5 

1 E l l + E - 1 1  E13 0 

3 E13 E33 E35 

5 0 E35 E55 

The odd Wang antisymmetric submatrix [O ] (K= 1, 3, 5) is 

(JK|H|JK) 1 3 5 

1 E l l - E - 1 1  E13 0 

3 E 1 3  E33 E35 

5 0 E35 E55 

After diagonalization of even and odd submatrices for J =6, thirteen different energy 

levels (2J+1) are obtained as a result of asymmetry splittings. The ordering of energy 

levels can be correlated to the prolate/oblate tops correlation diagram (see FIGURE 3.1). 

Solving the Hamiltonian using this method, the parity and symmetry species of energy 

levels for asymmetric top molecules from [E] and [O] submatrices can be identified 

according to the V(a, b, c) symmetry point group and this is shown in TABLE 3.4 below. 
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FIGURE 3.1 A correlation energy diagram correlates prolate and oblate tops energy 

levels to the energy levels of asymmetric top molecules for J= 6. 

IC,,J(d) Speaes 

Prolate lirrit Oblate linit 
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TABLE 3.4: Symmetry species of asymmetric top energy levels identified in the Jeven and 

Jodd submatrices for F and III' representations. 

Representation f iTP 

Submatrix Jeven Jodd Jeven Jodd 

E"" A(ee) Ba(eo) A(ee) Bc(oe) 

E" Ba(eo) A(ee) Bc(oe) A(ee) 

0+ Bc(oe) Bb(oo) Ba(eo) Bb(oo) 

0 Bh(oo) Bc(oe) Bb(oo) Ba(eo) 

Evaluating the transition dipole moment integral can be conveniently identified from the 

selection rules for asymmetric top rotational transitions. Since the dipole moment 

operators have B symmetry about a, b, c axis, for an allowed transition, the transition 

dipole moment integral must not equal to zero; that is, it must be A symmetry. 

M - <T||.iiT') f 0 - A (3.22) 

where }ia transforms as Ba, Pb transforms as Bb, and .Uc transforms as Be. Three types of 

transition are obtained after the integral is evaluated. The three types of transitions are 

shown in TABLE 3.5. 
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TABLE 3.5: Three types of rotational transition and selection rales obtained from 

equation 3.22 for asymmetric top molecules. 

Type of transition Symmetry notation AKa AKc notation 

a-type 

Pa# 0 

b-type 

Mb /• 0 

A—> Ba 
Bi,—> Be 

A^ Bb 
Bg—> Be 

AKa = 0, ±2 

AK,-±1,±3 

AKa = ±l,±3 

AIQ = ±1,±3 

c-type 

lie 7^0 

A—>• Be 
Bg—> Bb 

AKa = ±l,±3 

AfQ = ±0, ±2 

The rotational Hamiltonian in equation 3.14 did not include the effect of 

centrifugal distortion. Two types of asymmetric top reduction Hamiltonian with 

centrifugal distortions are frequently used for the analysis of asymmetric top spectrum. 

These include the A-reduced Hamiltonian derived by Watson and S-rcduced Hamiltonian 

derived by Winnewisser'^ and Van Eijck'^. In A-reduced form, matrix elements with |Ak| 

> 2 are eliminated. In S-reduced form, all dependent terms with |Ak| > 0 are 

eliminated, and it is used for fitting spectra of very slightly asymmetric top molecules. 

The effective Hamiltonians are sums of three parts, H = Hr + The first term 

Hr is the rigid Hamiltonian given in equation 3.14. The second term is the quartic 

distortion terms, and the third term is the sextic distortion term. The derivations of these 

Hamiltonians are beyond the scope of this thesis. The A and S-reduction Hamiltonians 

are shown in TABLE 3.6 below. 
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TABLE 3.6: A-reduced and S-reduced Hamiltonians for asymmetric top molecules. 
Higher order effects and are not included in this table. 

A-reduced Hamiltonian, H'^ = Hr + Ha •*' + Hj"" 

H, = !4(B,+By)j' + [B.- V^(B,+By)]Jr + '/2(B,-By)(J/-Jy') 

He, '" '  =  Aif -  AjkJ 'Jz '  -  AkJZ'  -  26jJ-(Jr  -J/)  

-8K[JzW-Jy') + (Jx'-JyW] 

= OjJ^' + + ®Kjj'jz^ + OKJz' + 2(l)jj\j,' -Jy') 

+<|>JKJ'[JZ'(J.' - Jy") + (Jx'-Jy')Jz'] 

+ct>K[Jz'(Jx'-Jy-) + (Jx'-Jy')j/ 

S-reduced Hamiltonian, H® = H,- + Hd*"** + Hd'^' 

H,= '/2(B^+By)J- + [Bz- V2(B,+By)]J/ + W(B,-By)(J.'+J.-) 

= Dj/ - DjkJ^Jz" - DkJZ^ - di +J?) +d2(j/ +1^) 

Hd'"' = Hjj' + Hjk/Jz' + HkjJ'JZ^ + HkJZ' + h,j'(jr +J-') 

+h2J^( j/ +J-^)Jz^ +h3(J.' +J.^) 

III. ROTATIONAL HAMILTONINAN WITH NUCLEAR QUADRUPOLE 

COUPLING TERM 

The quadnipole coupling constants in the principal axis system can be directly 

obtained from the analysis of the rotational hyperfine spectrum. In this experiment, 

several organic and organometallic molecules investigated possess nuclei with nuclear 

spin greater than 0 or Vz. These nuclei are spherically non-symmetric and possess 

quadrupole moments. If the electric charge distributions surrounding the nucleus are also 

spherically non-symmetric, the resultant electric field gradients at the nucleus can interact 
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with the nuclear quadrapole moments. The electric field gradient along, say, the z-axis is 

expressed as qz = where V is the electric potential sums over all electron and 

nuclei that is V = 2(e/ri) + S(Zje/Rj). Because the electric field gradients change as 

molecules rotate, this interaction couples rotational angular momentum (J) to a nuclear 

spin angular momentum (I), producing nuclear hyperfine splittings in a rotational 

spectrum. The effective Hamiltonian with addition of quadrapole interaction term is 

written as follows 

H Hrotation Hcentnftigal distortion ^ Hquadi'upole interaction (3.23) 

The general Hamiltonian for the quadrapole interaction in terms of I and J have first been 

derived by Casimer (see Gordy and Cook for more detail). 

HQ = (eQqj/(2J(2J-l)l(2H))x(3(I-J)- + 3/2(I-J) -( r-J")) (3.24) 

= (3.25) 

F' - (J+ I)- (3.26) 

F = J + I, J + I- 1, J + 1 - 2,.. ..,|J — I{ (3.27) 

where F denotes the total angular momentum and eQqj is a nuclear quadmpole coupling 

constant. 

A. Linear and Symmetric top molecules 

The electric field gradients qj term in equation 3.24 depends on types of 

molecules and rotational states. For linear and symmetric top molecules, if the bond axis 

system (x, y, z- the bond axis of the nuclear coupling tensor) coincides with the principal 

inertial axis system (a, b, c) as dictated by the axis of symmetry, Laplace condition is 

satisfied and q^x = qyy = -l/2qzz- For linear molecules, the a-axis coincides with the z-

axis and the first order perturbation gives (qj relates to qm bond axis by rotation tensor) 

qj = - (qin)J/(2J+3) (3.28) 
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For symmetric top molecules, the S3TOmetry axis usually coincides with the z-axis and the 

first order perturbation gives 

qj = q,„x{J/(2J+3))x[(3K7(J(J+l)) -1] (3.29) 

The selection rules for hyperfme transitions are AJ = ±1, AK = 0(symmetric top), 

AF = 0,±1, AI = 0. 

FIGURE 3.2: Hyperfme splittings in a symmetric top molecule for I =3/2. Strong 

hyperfme transitions occur when AF = AJ = +1. 

J=0 K=0 F=3/2 
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B. Asymmetric top molecules 

The quadrapole coupiing constants in asymmetric top molecules are more 

complicated to measure compared to linear and symmetric-top molecules. Bragg and 

Golden have derived the qj in terms of Ray's asymmetry parameter'". The expression in a 

compact form is expressed as follow 

qj = (2/(J+l)(2J+3))xV qgg{JK.iKi|Jg^| JK_|K,) (3.30) 

where qgg denotes the field gradients along the principal axis on inertia and gg = aa, bb, 

or cc. The total angular momentum is Jg. 

Because in asymmetric top molecules, the principal inertial axes do not 

necessarily coincide with the principal axes of quadrupole coupling tensor, the 

experimentally observable eQqaa, eQqbb, eQq^c must be rotated into the bond axes system 

to obtain eQqxx, eQqyy, eQqzz. Because the off-diagonal elements, eQqab, eQqac, etc are 

not directly observable in experiment for the tirst-order quadrupole coupling, even for 

nuclei with large quadrupole moment, the angle of tensor rotation usually cannot be 

obtained without i so topic data. However, if one of the principals' inertial axes is assumed 

to lie very close to or coincide with one of the bond axis due, for example, to symmetry, 

the rotation angle can be obtained. The example where the cc-axis coincides with yy-axis 

are given below 

eQqcc = eQqyy (3.3!) 

®Qqaa eQqxxSin 0za eQqzzCOS~0za {j.32} 

eQqbb ~ eQqxxCos BzscQq^zSin 0za (3.33) 

where 0za is the angle between aa-axis and zz-axis, which can be fouiid from the 

molecular structure and the inertial a, b, c axes (see o-benzjme. Chapter 9). 
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IV. SUPERSONIC PULSED JET EXPANSION THROUGH A PIN-HOLE NOZZLE 

The expansion of gas pulse tkrough a pinhole nozzle from high pressure behind 

the nozzle to lower pressure inside the vacuum cavity is an adiabatic expansion. The 

following equations describing this process can be found in an article authored by Balle 

and Flygare'. The density of gas expands from the pin nozzle orifice reaching the cavity 

center at distance r and angles 0 can be described by an equation 

p(r, 0) = pn(D"/r')cosB (3.34) 

where pn is the density of gas after expansion through the nozzle and D is the nozzle 

diameter. For a pcrfect gas expanding through a nozzle at supersonic speed. p„ is related 

to po, the density at source condition, by the following equation 

P n - P o [((y-M)/2)MY'^"'-" (3.35) 

where y is the ratio of heat capacity (y=5/3 for a rare gas) and the Mach number M=1 at 

the nozzle plane. The Mach number M is related to the flow velocity v by the equation 

V  = Ma (3.36) 

where a is the local speed of sound, which relates to temperature and heat capacity of gas 

as follows 

a = (ykT/m)'^ (3.37) 

a/ao = (T/Tof^ = ((y + 1)12)'"^ (3.38) 

where k is Boltzmann's constant, T is the temperature, and m is the particle's mass. 

To illustrate the use of equation 3.34 and 3.35, if the source condition has po = 2.69x10^^ 

molecules/cm^ at 1 atm and 300 K, then pj, = 1.7x10^^ molecules/cm^. Substituting pn = 
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1.7 X i 0' ̂  molecules/cm^ to equation 3.3 3 for a nozzle with D = 1 mm, r = 17 cm and 0 = 

0, the density of molecules at the cavity center is p(r, 0) = 6.0xl0'^^ molecules/cm^. 

The average velocity of static gas behind the nozzle at zero flow velocity is 

described by Maxwellian distribution as given below 

v„ = (81cT/7mi)'- (3.39) 

As gas is expanded through a nozzle, the velocity distribution narrows and the 

temperature of gas decrease as translation, vibration, and rotation energies get converted 

into mass flow energy. The directed mass flow velocity distribution as a fimction of 

temperature is 

V = [(2y/y-l )(k7;/m)( 1- TJT)]"^ (3.40) 

If all internal energy is converted to directed mass flow where To = T, the terminal 

velocity the gas travel is 

Vt = [(2y/y-l)(k7ym)]'- (3.41) 

Finally, the number of molecules released in a single pulse using a rare gas as carrier gas 

can be calculated using the following equation 

N= poaoAntv(0.3i) 

where Aj, is the nozzle area and ty is the valve pulse time. 

(3.42) 
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CHAPTER 4 

FERROCENYL COMPLEXES 

Measurements of Microwave Spectra and Structural Parameters 

for MethylFerrocene 

Abstract 

Rotational transitions in the 4-12 GHz range were measured using a Flygare-Balle 

type, pulsed-beam Fourier transform spectrometer. Mono-substituted ferrocenes are 

near-prolate asymmetric tops with a and b dipolc moment components, providing 

numerous possible transitions in this frequency range. Eighteen rotational constants were 

calculated from the data for six isotopomers. 59 transitions were measured for the 

normal isotopomer, and much smaller data sets were obtained for the ^'^Fe, and four 

isotopomers. Despite the small data sets for ' ̂ C and ^"^Fe transitions, good fits were 

obtained with small standard deviations ranging from 2-5 KHz. The eighteen A, B, and 

C rotational constants were used to determine the final geometry of Methyl ferrocene. 

Measured rotational constants for the normal isotopomer are; 

A = 1592.6050 (6), B - 957.2565 (4), and C = 825.9892 (4) MHz. No evidence for 

internal rotation was observed in the spectra. The structure of this complex was 

calculated using DFT methods, and the results are in good agreement with the 

measurements. Results are compared with earlier measured data on substituted 

ferrocenes. Distortions of the substituted cyclopentadienyl ligand are smaller than those 

observed for chloroferrocene. 
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FIGURE 4.1: Structure of the Methyl Ferrocene complex, wi th the numbering scheme of 

the carbon atoms indicated. 

I. INTRODUCTION 

Ferrocene was quite important in the development of organometallic chemistry, 

and the molecular and electronic structures of substituted ferrocenes have continued to 

attract great interest in inorganic and physical chemistry. Mono-substituted ferrocene 

derivatives, unlike the multiple-substituted congeners, are difficult to crystallize and 

study using x-ray diffraction experiment. The mono-substituted compounds however, are 

readily studied using gas-phase molecular spectroscopy and photoelectron spectroscopy. 

Recently, we have reported measurements of the gas-phase structures of 

Chioroferrocene^'' and Bromoferrocene^^ using microwave spectroscopy. For these 

ferrocene derivatives, the substitution of a ligand can lead to distortion of the symmetry 
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of the Fe-C bonding distances and the cyclopentadienyl(Cp) rings. The magnitude of 

distortion however depends largely on the nature of the substitution. Substitution on a 

ligand can also increase barriers to the internal rotation around the Fe-Cp axis by 

hindering the reorientation of the Cp ligands^^'^^. The increase in Fe-Cp torsional barriers 

effectively increases the conformational lifetime of the complex, allowing better 

characterization of a particular structural isomer. For the haloferrocene complexes, the 

electronegativity and size of halogen are two factors controlling the geometry and 

reactivity of haloferrocene. However, in the multiply substituted ferrocenes, steric 

hindrance can be a more significant factor affecting the structure. 

As part of a continuing interest in understanding relations between structure and 

reactivity, we are looking at changes in molecular structure and electronic properties of 

mono-substituted ferrocene derivatives. In the present work, we have investigated the 

structure of methylferrocene. Unlike the halogen substituents, the methyl ligand can have 

effect on the structure and reactivity of a molecule via the inductive effect by donating 

electron density. ESCA"'^ studies of effects of methyl substitutions showed that an 

increase in the number of methyl substitutions decreased the binding energy of the inner 
•J 

shell electron of the iron atomic orbitals ("F3/2). In order to gain better understanding 

about the molecular bonding and effects of methyl substitution, we measured the 

molecular structure of methylferrocene in the gas-phase. Methylferrocene is a very good 

model because with the single methyl substitution on one Cp ring, there will be much less 

influence due to steric hindrance. The microwave spectrum and the gas-phase structure of 

methylferrocene have not previously been measured. However, the crj'stal structare of 

l,r-dimethylferrocene^^ has been determined by an x-ray diffraction study. It is 

important to note that the x-ray diffraction results indicated that all Fe-C bond distances 

between the iron and cyclopentadienyl ligands, for both the top and bottom rings were 

slightly different. The crystal packing effects and steric hindrance could be contributing 

to the observed differences in bonding distances from the x-ray data. The gas-phase 

structures will be free of crystal packing effects and can be more directly compared with 

the calculations. The study of methylferrocene therefore, hopefully, allows us to better 
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understand how a methyl substitution influences the overall structure of the complex. The 

microwave study of methylferrocene showed that the Fe-C bonding distances decrease by 

nearly 1 % upon substitution of one methyl ligand. Since we did not observe any 

splittings due to the methyl internal rotation, the torsional level splitting for this complex 

must be quite high. 

In the present work, the gas-phase structure of methylferrocene is investigated 

using microwave spectroscopy and density functional theory calculations (DFT). The 

microwave spectra of methylferrocene and the isotopomers were measured in the range 

of 4 to 12 GHz. The rotational constants, and subsequently, the structure parameters were 

obtained using least squares fits for all the isotopic data. The basic structure of the 

complex, and carbon-atom numbering are shown in FIGURE 4.1. The structural results 

for methyl ferrocene have been compared to the x-ray structure of dimethylferrocene, the 

electron diffraction structure of ferrocene^^, the gas phase structure of chloroferrocene, 

and the results of DFT calculations. These detailed comparisons have given us a better 

picture of the substitution effects. The microwave results for methylferrocene showed 

that the Fe-C bonding distances decrease by nearly 1% upon substitution of one methyl 

ligand. Since it appears that splittings due to the methyl internal rotation are very small, 

less than 30 kHz, the torsional level splitting for this complex must be quite high. 

II. EXPEEIMENTAL 

Methylferrocene was synthesized using the method reported by Bhattacharj/ya^''. 

All reagents were available commercially. In the preparation, ferrocenyl aldehyde was 

reduced to methylferrocene using titanium (IV) chloride and triethylsilane. The crude 

product was purified with the silica column chromatography using hexanes and 

ethylether (9:1) as eluent. The orange-yellow product was obtained by evaporating 

solvent with rotovaporator. Tne product was analyzed with a mass spectrometer and 

NMR. 

The x-ray data for dimethylferrocene, and chloroferrocene microwave data were 

used to predict the molecular geometry and microwave spectrum. The predictions 
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indicated that the molecule would have a-type and b-type of dipole transitions in the 4-12 

GHz range. The region of strongest transitions (lower J and lower K values) was scanned 

first using a Flygare-Balle-type spectrometer system. The FID signal for the strong 

transitions was used to adjust the instrument for single shot detection. To obtain optimal 

signal, the sample and the pulse valve were maintained between 27-33 °C to produce 

sufficient vapor pressure from the sample. The sample was mixed with neon at 0.6-1.0 

atm and pulsed into the cavity at a constant pulse rate, typically 1-2 Hz. For the detection 

of ^"^Fe, and isotopomers in natural abundance, a MITEQ low-noise amplifier was 

placed between the microwave receiver and the MITEQ balanced mixer. This amplifier 

is cooled with liquid nitrogen. This modification has significantly improved the signal-

to-noise ratio and consequently improved the signal-to-noise ratio for and '"'C 

isotopomers. Only sixteen transitions of ^'^Fe isotopic species were observed. The 

isotopic species were harder to detect and weaker transitions in some regions were not 

observed due to the interference caused by cavity ringing. The listed transitions of ''C 

represented the strongest transitions and were averaged for over 500 shots. The observed 

line widths are about 20 kHz with the neon carrier gas. 

HI. DATA AND STRUCTURE FITTING 

The observed microwave transitions for ^^Fe and ^'^Fe isotopomers of the 

methylferrocene complex are listed in TABLE 4.1. The quantum numbers used to label 

the energy level of asymmetric top are J, Kp, and K<,. TABLE 4.2. Shows a listing of 

transitions for the measured isotopomers. The spectral data for iron and carbon 

isotopomers were analyzed using a rigid rotor least squares fitting method to obtain the 

associated spectral parameters for each isotopomer. The effect of centrifugal distortion is 

taken into account when fitting the parent iron isotope. The values of the molecular 

constants obtained are given in TABLE 4.3. As expected, the rotational constants of ^^Fe 

are slightly smaller than ^'^Fe values due to the diiference in iron mass. Four sets of 

rotational constants were obtained for isotopomers after fitting the observed 
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frequencies. Despite a small number of data on and ^"^Fe transitions, the fits gave 

good values for the molecular parameters, with small standard deviations in the range 

from 2-5 KHz. These six sets of isotopomers give eighteen spectra! parameters (A, B, 

and C rotational constants) that are used to determine the final geometry of 

Methyl ferrocene. 

The results of the least-squares structural fit program, used to fit the structure of 

methylferrocene, are given in TABLES 4.4 and 4.5. Since the methyl substitution on a 

Cp ligand resulted in less distortion of the basic C5 symmetry than for chloroferrocene, a 

very good fit to the set of measured rotational constants was obtained with only three 

adjustable parameters, which are given in TABLE 4.5. The three variable parameters 

are; 1) the two Fe-Cp centroid distances(distance between the Cp planes and Fe atom)(ri), 

2) The Cp(C-C) bond lengths of the two cyclopentadienyl (Cp) rings(r2), and 3) the C-

C(CH5) bond lengthCr?). The initial Cp(C-C) and Fe-Cp values were obtained from the 

chlorofcrrocene microwave data. The initial C-C(CH3) bond length was obtained from 

the x-ray structure for Dimethylferrocene. The Cp carbon-hydrogen bond lengths were 

held fixed at 1.088 A, and the H atoms were constrained to lie in the plane of the Cp 

carbon atoms. The methyl hydrogen bond lengths were fixed at 1.077 A. All C-C bond 

lengths in each Cp ring are constrained to be equal(C5-symmetry). FIGURE 4.1 shows 

the final structure. In essence, the initial structure was allowed to expand and contract 

within the assigned variable parameters. The structure fitting calculations converged in 

five iterations. The results from the structural fit program are shown in TABLES 4.4 and 

4.5. The standard deviation for this fit is 0.061 MHz, which is quite good. The largest 

deviations between the calculated and measured values are found for the A rotational 

constants of ^^Fe and a few isotopomers, and these are about 0.1 MHz. The 

reliability and accuracy of the fit would probably be improved if a larger set of isotopic 

data for and ^''C were available. A fourth variable parameter, which would allow 

bending of the C-CH3 bond out of the Cp carbon plane, was not included, as an adj ustable 

parameter in the structure fitting program. In order to accurately fit this fourth parameter, 
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additional rotational constants from (Cp)' C-'^CH3 isotopomers transitions, would be 

needed. 

IV . DFT CALCULATIONS 

DFT methods using the gradient-corrected functional were used to optimize the 

geometry of methylferrocene. Becke's one-parameter and three-parameter^^'^^ hybrid 

exchange potentials with Perdew-Wang (PW91)'" and Lee-Yang-Parr (LYP) '' correlation 

functional have been known to produce accurate predictions of structure and energy of 

transition metal complexes, especially for the first row metal elements. In this study, the 

geometry optimization has been performed to calculate the structure of methylferrocene. 

The results from DFT calculations are compared to the experimental results obtained 

from microwave spectra. 

All density functional calculations were performed on an IBM-640 cluster 

computer(TINTIN) using the GAUSSIAN 98 programs at the University of Arizona. 

The methylferrocene structure was optimized using gradient-corrected exchange 

correlation functional and effective core potentials. The following non-local Becke's one 

and three-parameter hybrid exchange potentials with Perdew and Wang's correlation 

iimctional were used: BPW91 and B3PW91. Sufficiently large basis sets were selected 

for carbon and hydrogen atoms. MacLean-Chandler (621111,52111) basis sets for 

second-row atoms 6-31 lG(d,p) with polarization functions basis sets were sufficiently 

large'". The Los Almos double zeta basis set, LANL2DZ'''''"'''^'^ was used as the basis for 

iron and pseudopotentials (ECP). DFT calculations without EC? were also done using 6-

311+G(d,p)^*' diffrise and polarization functions for all atoms. Frequency analyses were 

done to check that the stationary points are at least local minima. The results of the 

calculations are given in TABLE 4.6 and compared with the structure fit results in 

TABLE 4.7. It appears that the calculations using basis sets for columns(b) and (c) 

(TABLE 4.6) both give excellent agreement with the experimental results(column(d)). 

The calculations also indicate that the C5 symmetry for the Cp groups is preser\'ed to 
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within a few thousandths of an A, in support of the assumptions made for the structure 

fits. 

v. DISCUSSION 

The final geometry of methylferrocene is compared to the x-ray structure of 

dimethylferrocene (TABLE 4.8). The x-ray structure of l,r-dimethylferrocene showed 

that the cyclopentadienyl rings are eclipsed and two methyl groups are in a cis 

conformation. The Fe-C bonding distances are not all equal in the x-ray structure due 

to a tilling of the rings. The plane of one methyl-Cp ligand is tilted by 2.4(2)° relative to 

the other. This is probably a result of a steric interaction between two methyl groups. 

The dimethylferrocene carbon-methyl bond lengths (Ci-Cu and Ce-C^) obtained fi-om x-

ray diffraction are 1.491(10) and 1.501(9) A respectively. The gas-phase structure of 

methylferrocene shows C-CH3 carbon-mcthyl bond length is 1.515(1) A, which is about 

0.015-0.024 A longer than the x-ray values for dimethylferrocene. The Fe-C bond 

distances to the upper and lower rings in methylferrocene are 2.05016(14) A and C-C 

bond distances for the Cp rings are 1.42887(16) A. Our fitting suggested that a single 

substitution of the methyl ligand did not significantly distort the Fe-C bonding distances, 

in contrast to the observed more highly distorted geometries for 1,1'-dimethylferrocene 

and chloroferrocene. A comparison of Fe-C bond distances for different substituted 

ferrocenes is shown in FIGURE 4.2. The structure of methylferrocene obtained from our 

fitting method is in excellent agreement with the structure obtained with DFT 

calculations with the exception of tilting of the methyl group. Our reported "best fit" gas-

phase structure of methylferrocene from the microwave spectroscopy measurements 

appears to be quite accurate. The values obtained from this fitting method may, however, 

have uncertainties of a few hundredths of an angstrom due to correlation effects, and the 

fixing of some parameters. Because we have measured all but one of the '^C isotopomers 

of the top and bottom Cp rings' carbons and the ^'^Fe isotopomer, the Cp(C-C) bond 

distance and t]^ Fe-C bonding distances obtained from the structural fit should represent 

very good experimental values. 
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Since the gas-phase structure of cMoroferrocene shows that the carbon-chlorine 

bond is tilted by about four degrees relative to the Cp carbon plane, a smaller tilt of this 

type could be present for methylferrocene. One of the usefoi pieces of information 

obtained from the DFT calculation is the tilting angle of the methyl group. The DFT 

calculation showed that the methyl symmetry axis tilted away from the CHs-Cp 

intermolecular axis by about 3° or 4°. This tilting of the methyl group could be due to a 

combination of electronic and steric effects. This information is not obtainable from the 

present microwave data set. Interestingly, the carbon-chlorine bond^ is also tilted away 

from the Cp-carbon plane intermolecular axis by about 3° or 4°. 

The DFT calculations show that all the Fe-C bonding distances to the 

unsubstituted Cp ring are nearly equal and in excellent agreement with the microwave 

experimental results. For the CH ̂ -Cp ring, the slight variation of the Fe-C bonding 

distances is not at all surprising. The effect on Fe-C bonding distances brought about by 

a methyl group substitution is much smaller in magnitude comparing to halogen 

substituted compounds. The tilting of methyl group predicted by the DFT calculations is 

about 1° larger than the tilting angle for dimethylferrocene obtained from the x-ray 

diffraction experiments. The two methyl groups in cis 1,1'-dimethylferrocene are 

eclipscd, and an observed small tilting angle (2.4(2)°) could likely be attributed to a steric 

effect. What causes the tilting of methyl group in methylferrocene remains unclear but n-

like interactions and steric hindrance with nearby hydrogen atoms could be significant 

contributing factors. Hehre, Pople, and Devaquet have used the Tt-like orbital model to 

explain the orientation and torsional barriers of the methyl group in the vicinity of the 

double bond^'^. These interactions could have additional effects in distorting the Cp(C-C) 

bond length, Fe-C bonding distances, and tilt of the methyl group away from the Cp 

plane. It seems clear that the electronic effects of a single methyl substitution are 

reasonably well localized on the substituted Cp ring and that the substitution of a methyl 

group appears to have a very small effect on the Cp(C-C) bond distances and t|^ Fe-C 

bonding distances of methylferrocene. 
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In order to gain better insight into how different ligands affect the ferrocene 

structure, we compared the average Fe-C and Cp(C-C) bonding distances of 

methylferrocene (microwave and DFT) to dimethylferrocene, chloroferrocene, and 

ferrocene in TABLE 4.6 and FIGURE 4.2. The average Cp(C-C) bond length and Fe-C 

bonding distance of ferrocene obtained from an electron difiraction experiment are 

2.044(±0.002) and 2.064(±0.003) A respectively, which are nearly 1% larger than the 

average Fe-C bonding distance of methylferrocene obtained from both DFT calculations 

and microwave experiments. DFT calculations clearly showed that the Fe-C bonding 

distances in methylferrocene are only slightly distorted. The best DFT results were 

obtained using the B3PW91/6-311+G(d,p) level of calculation. The average Fe-C 

bonding distance obtained from this calculation is 2.049(3) A. A very small distortion of 

Cp(C-C) bond lengths is also apparent. The average Cp(C-C) bond distance is 1.426(1) 

A, agreeing quite well with the microwave results. The calculation using B3PW91 6-

311 +G(d,p), showed that the Cp(C-C) bond lengths in the substituted ring vary by only 

G.OO 1 -0.003 A around the experimental value. The calculation using BPW91 also agreed 

well with our fit except that the Cp(C-C) bond lengths are about 0.007 A longer than the 

value obtained from B3PW91. The x-ray structure of dimethylferrocene has the average 

Fe-C bonding distance equal to 2.042(±0.009) A, indicating greater variations in Fe-C 

bonding distances and slightly smaller structure compared to the microwave structure of 

methyl ferrocene. The smaller structure is consistent with the ESCA experiment as 

multiple methyl substitutions progressively increase the binding energy to Fe. However, 

because both the microwave experiment and DFT calculations on methylferrocene 

showed only slight distortion of Fe-C bonding distances upon substitution of one methyl 

group, the variation in Fe-C bonding distances observed in the x-ray structure of 1,1'-

dimethylferrocene is probably mostly due to steric or crystal packing effects. Note that 

the value of C-CH3 bond length in dimethylferrocene is in much better agreement with 

the value (1.496(±0.007) A) obtained from DFT calculation. For the chloroferrocene 

structure, the average Fe-C bonding distance is 2.044(±0.01) A, which indicates more 

variation in Fe-C bonding distances and an even more compact structure compared to 
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methylferrocene. It appears that substitution of one halogen appears to have nearly the 

same effect on Fe-C bonding distances as a substitution of two methyl groups. 
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TABLE 4.1. Measured transition frequencies for the and ^"^Fe isotopomers of 

methylfeiTOcene. Frequencies are given in MHz; experimental uncertainties (Icr) in 

parentheses. 

J'KP'KO' •JkpKn 

3O3 2|2 47563094 (25) 

313 2I2 5142.0853 (9) 5142.7892 (7) 

303 2O2 5278.7152 (7) 5279.4019 (19) 

322 221 5349.7360 (9) 

^21 5420.7318 (9) 

321 220 5420.7617 (13) 

312 2u 5534.2580 (10) 5534.8239 (15) 

3I2 2ii 5534.2791 (18) 5534.8450 (30) 

^21 l|ii 5603.7948 (16) 

313 2H2 5664.4852 (11) 

2;o In 5753.3971 (09) 

4«4 313 6582.1229 (37) 

4I4 313 6838.1578 (17) 6839.1109 (15) 

4«4 3(13 6967.8960 (11) 6968.8631 (27) 

423 322 7118.6549 (29) 

432 331 7165.2616 (38) 

431 330 7174.8323 (22) 

4|4 3O3 7223.9281 (17) 7225.0895 (29) 

322 111 7255.7789 (29) 

422 321 7283.5961 (12) 

422 321 7283.6305 (9) 

4I3 312 7353.6377 (12) 7354.4193 (21) 

4,3 3I2 7353.6651 (12) 7354.4479 (22) 

32! 212 7738.9115 (36) 

5O5 414 8368.1255 (36) 8369.1725 (61) 

5)5 414 8522.8936 (27) 8524.0978 (41) 

Sos 4«4 8624.1586 (37) 8625.4(M8 (31) 

Sis 4„4 8778.9240 (16) 8780.3282 (47) 

4I3 3I2 8840.1704 (43) 

331 2i» 8847.0861 (28) 8848.4423 (61) 

330 ^21 8867.0219 (28) 

5 24 423 8875.5720 (41) 

542 441 8956.8454 (29) 

541 440 8957.7910 (36) 

^33 4J2 8964.0500 (36) 
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(TABLE 4A-Continued) 

J'KP'Ko- JkpKo 

532 431 8996.5707 (45) 

^32 431 8996.6103 (55) 

5i4 4,3 9146.6361 (30) 

514 4i3 9146.6642 (23) 

§23 422 9166.6627 (31) 

523 422 9166.71«2 (39) 

422 3,3 9880.4342 (29) 

6«6 5,5 10110.3309 (47) 

6,6 515 10197.3655 (39) 

6o6 5o5 10265.0961 (30) 10266.6091(25) 

6i6 %5 10352.1242 (34) 

524 4i3 10362.0887 (19) 

432 321 10591.5377 (40) 

432 321 10591.6032 (33) 

625 §24 10618.1195 (39) 

431 ^22 10692.1056 (13) 

634 S33 10761.5441 (25) 

633 ^32 10843.7707 (23) 

633 ^32 10843.8276 (41) 

615 5i4 10902.5999 (36) 

6i3 514 10902.6238 (41) 

624 §23 11048.2813 (17) 

624 ^23 11048.3322 (16) 

62s 514 11833.5628 (39) 
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TABLE 4.2; Measured transition frequencies for the isotopomers of methylferrocene. 

Frequencies are given in MHz; experimental uncertainties (Icj) in parentheses. See Fig. 

4.1 for atom numbering scheme. C7,Cio refers to a SINGLE '"^.'-substituted isotopomers, 

with the at either position 7, or 9. 

JkpKO J'KP'Ko' "C 

C7,C,fl 

212 313 5118.4949(30) 

2(12 3(13 5252.9147(37) 

313 414 6807.4767(50) 

484 Ses 8587.1610(31) 

4fi4 5,5 8746.6468(35) 

CsiCM 

212 3,3 5114.3464(30) 

2O2 3 03 5251.2649(32) 

313 4,4 6800.4394(23) 

4«4 5«5 8573.4500(61) 

4«4 5,5 8718.7297(49) 

C2,C5 

212 313 5112.7889(45) 

2»2 31)3 5247.3598(52) 

3I3 4I4 6799.7350(54) 

3«3 404 6928.3897(17) 

312 4,3 7304.2262(43) 

3I2 4,3 7304.2534(54) 

4O4 5«s 8576.9910(29) 

4Q4 Sis 8735.0140(52) 

C,„C4 

212 3 B 5102.5074(15) 

2O2 3O3 5237.8902(26) 

SIS 4]4 6786.0410(19) 

383 4«4 6915.7597(29) 

322 423 7061.1138(15) 

312 4,3 7292.5324(41) 

3I2 413 7292.5666(77) 

4{j4 5()s 8561.0133(25) 

4«4 Sis 8721.8754(36) 
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TABLE 4.3: The spectral parameters for ^^Fe, ^'*Fe, and isotopomers of 

methylferrocene as determined using least-squares fits to the measured transitions. The 

rotational constants A, B, and C are in MHz. The centrifugal distortion constants Aj, 5j, 

and Ajk arc in KHz. Standard deviation for the fit (cjfit) is in kHz. The listed error limits 

are (icj). 

Parameter ^Fe "C(C3,C4) 
A 1592.6050 (6) 1592.8560 (4) 1588.4912 (63) 
B 957.2565 (4) 957.3370 (3) 948.7928 (5) 
C 825.9892 (4) 826.1162 (3) 819.9206 (4) 
Aj 0.049 (5) 0.031 (5) 

A.« -0.060 (20) 
0.013 (4) 

5.2 2.2 2.8 

Parameter '-'C(C„C,) '-C(Cs,Cj) '•C(C7,C,«) 
A 1577.471 (11) 1583.473 (10) 1585.610 (13) 
B 954.202 (2) 950.147 (10) 950.785 (2) 
C 820.9488 (7) 821.7577 (6) 822.7962 (8) 

2.6 4.3 2.9 
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TABLE 4.4: The result of the structural fit 1. for methyiferrocene using the measured 

rotational constants given below. Three structural parameters were varied and the fit 

converged in five iterations. The rotational constants A, B, and C are in MHz. Standard 

deviation of Fit I. (cTnt) is 0.061 MHz. The best-fit parameters are given in TABLE V. 

Isotopes 
species 

Parameter Measured Calculated Deviation 

56, Fe A 
B 
C 

1592.605 
957.2565 
825.9892 

1592.507 
957.2303 
825.9353 

0.098 
0.0262 
0.0539 

^Fc 

"€(€,,€4) 

!3, <:(C8,C.,) 

13, 

A 
B 
C 

A 
B 
C 

A 
B 
C 

A 
B 
C 

1592.856 
957.337 

826.1162 

1588.4912 
948.7928 
819.9206 

1577.4714 
954.2022 
820.9488 

1583.473 
950.1465 
821.7577 

1592.867 
957.3896 
826.1508 

1588.4154 
948.871 

819.9483 

1577.5727 
954.169 

820.9538 

1583.5742 
950.117 

821.7529 

-0.011 
-0.0526 
-0.0346 

0.0758 
-0.0782 
-0.0277 

-0.1013 
0.0332 
-0.005 

-0.1012 
0.0295 
0.0048 

Y-(C7,C,„) A 
B 
C 

1585.6098 
950.7846 
822.7962 

1585.57 
950.7478 

822.784 

0.0398 
0.0368 
0.0122 
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TABLE 4.5: Adjustable parameters obtained, after five iterations, from the various 

structural fit programs (see text). The value in parentheses denotes standard deviation 

(2a). The parameter ri is the averaged distance from tlie Fe atom to a Cp carbon atom. 

Adjustable 

Parameters, r, 

Fit I. 
Value (A) 

Fit II. 
Value (A) 

Fit III. 
Value ( A) 

r i(Fe-C) 

r,(c-c) 

2.05162(15) 

1.42886(16) 

2.04095(18) 

1.42888(16) 

2,05723(12) 

1.44123(13) 

rsCC-CHj) 

CT(Fit) 

1.5153(9) 

0.061 MHz 

1.543(1) 

0.067 MHz 

1.4957(7)" 

0.049 MHz 

*This value is low because correction value was added to the adjustable parameter 
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TABLE 4.6: Comparison of internal coordinates for a) methy! ferrocene (3 parameter fit), 

b) cHoroferrocene (10 parameter fit), c) dimethylferrocene. The parentheses denote 

standard deviation, c. Distances are in angstroms, (A). *Fix;ed bond angles 

Bond length (a) (b) (c) 

r(CrX) 1.5135(5) 1.721(12) 1.491(10) 

- 1.501(9) 
r(CrC2) 1.42887(8) 1.425(13) -

r(C,-C3) 1.42887(8) 1.433(12) -

r(C:,rC,) 1.42887(8) 1.427(17) -

rCCrCs) 1.42887(8) - -

r(C\-C7) 1.42887(8) 1.432(5) -

r(CrC,) 1.42887(8) 1.432(5) -

r(Cg-C9) 1.42887(8) 1.432(5) -

r(C,-Cio) 1.42887(8) - -

r(Fe-Ci) 2.05016(7) 2.017(10) 2.062(6) 

r(Fe-C:,) 2.05016(7) 2.041(8) 2.042(6) 

r(Fe-C,) 2.05016(7) 2.042(10) 2.034(6) 

r(Fe-C4) 2.05016(7) - 2.029(6) 

r(Fe-Cs) 2.05016(7) - 2.040(5) 

r(Fe-Cfi) 2.05016(7) 2.048(5) 2.049(5) 

r(Fe-C,) 2.05016(7) 2.048(5) 2.047(5) 

r(Fe-Cg) 2.05016(7) 2.048(5) 2.042(6) 

r(Fe-C,) 2.05«16(7) - 2.041(6) 

r(Fe-Ci«) 2.05016(7) - 2.039(5) 

Bond angle* Bond angle Bond angle 

(a) (b) (c) 

ZFe-Q-Cii 126.0 l28.4(4)(Fe-CrC„) 

ZCju-C^-Cii 126.0 - 127.3(5)(C:rCrC„) 

ZCVC6-Cn 126.0 - 125.8(5)(CVC,-Cn) 

ZCrCi-C, 108.0 107.0(9) -

ZQ-C7"Cg 108.0 108* -
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TABLE 4.7; Gaussian 98: Full geometiy optimization results for methylferrocene. These 

were Density Functional Theory calculations using (a) BPW91/6-311 G(d,p)/LanL2DZ. 

(b) B3PW91/6-3 i iG(d,p)/Lanl2DZ. (c) B3PW91/6-311+G(d.p). (d) Microwave 

(ferrocenyl symmetry Csv). (e) Microwave (ferrocenyl symmetry Ci) 

Parameter (a) (b) (c) (d) (e) 

C1-C2 1.436 1.425 1.425 1.429 1.427 

C2-C3 1.436 1.425 1.425 1.429 1.427 

C3-C4 1.436 1.425 1.425 1.429 1.427 

C4-C5 1.436 1.425 1.425 1.429 1.427 

C6-C7 1.440 1.428 1.428 1.429 1.423 

C-rCji 1.436 1.424 1.425 1.429 1.427 

Cs-C, 1.436 • 1.424 1.424 1.429 1.428 

cvc 10 1.436 1.424 1.425 1.429 1.427 

Cfi-Cio 1.441 1.428 1.428 1.429 1.423 
Q-Cu 1.501 1.494 1.496 1.515 1.535 

Fe-Ci 2.050 2.047 2.048 2.050 2.048 
Fe-Cj 2.049 2.047 2.049 2.050 2.047 
Fe-Cj 2.050 2.048 2.050 2.050 2.046 
Fe-C4 2.050 2.048 2.050 2.050 2.046 

Fc-Cs 2.049 2.047 2.049 2.050 2.047 

Fe-Cs 2.056 2.054 2.057 2.050 2.039 

Fc-CT 2.049 2.046 2.047 2.050 2.050 
Fe-Cg 2.046 2.043 2.045 2.050 2.051 
Fe-C, 2.046 2.043 2.045 2.050 2.051 

Fe-Cio 2.049 2.046 2.047 2.050 2.050 
<C,-Fe-C6 107° 

0 0
 107° 108° 

0 0
 

<CVFe-€, 106° 107° 0
 0 108° 107° 

<Fe-Cs-Cn 130° 129° 129° 126° 126° 
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TABLE 4.8: Comparison of ferrocene structural parameters from experiments and theory. 

These values (asterisk) are average of rj^ Fe-C bond lengths and the cyclopentadienyl 

ring C-C bond distances. Standard deviation, cr, is given in parentheses. The distances 

are in A. 

Parameters Methyl- Methyl- Dimethyl- Chioro- Ferrocene 
ferrocene ferrocene ferrocene ferrocene Electron 
Microwave B3PW91 X-ray Microwave Diffraction 

ti5 2.05016 2.049* 2.042* 2.044* 2.064 
„ ^ (±0.00007) (±0.003) (±0.009) (±0.01) (±0.003) 

Cp 1.42887 1.426* 1.425* 1.440 
(±0.00008) (±0.001) (±0.004) (±0.002) 

(Cp) 1.5153 1.496 1.496* 
(±0.0005) (±0.000) (±0.007) 
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TABLE 4.9: Cartesian Atomic Coordinates (A) in the Principal Axis System obtained 

From the Least-Square Fit to the Measured Rotational Constants for Methylferrocene (Fit 

III). 

Atom 

Fe 

CI 

C2 

C3 

C4 

C5 

111 

H2 

H3 

H4 

H5 

C6 

C7 

C8 

C9 

CIO 

H6 

H7 

H8 

H9 

Cll 

HIO 

Hll 

H12 

-0.169915 

-1.372537 

-1.630891 

-2.046153 

-2.045176 

-1.629298 

-1.023535 

-1.510341 

-2.292316 

-2.286801 

-1.506278 

1.781503 

1.518699 

1.097097 

1.097533 

1.5193% 

1.600052 

0.803554 

0.807463 

1.634328 

2.229962 

2.336763 

3.186463 

1.487862 

-0.153865 

1.509005 

0.706474 

-0.588690 

-0.586374 

0.710217 

2.530194 

1.015296 

-1.425289 

-1.409348 

1.025625 

0.510074 

-0.301569 

-1.596773 

-1.596349 

-0.300884 

0.019909 

-2.421921 

-2.411455 

0.010914 

1.936952 

2.272510 

2.001996 

2.543642 

-0.000095 

0.001748 

1.157926 

0.713423 

-0.717629 

-1.157368 

0.003656 

2.183549 

1.343840 

-1.354016 

-2.180678 

0.000687 

1.153818 

0.714997 

-0.715281 

-1.153085 

2.174420 

1.348921 

-1.346500 

-2.173365 

0.000958 

1.030393 

-0.513451 

-0.513783 



Kffect of Xigand. on F«-C Isoadiag 
distazioe' of Farxeaene 

FIGURE 4.2; The averaged Fe-C bond distances for ferrocenc(H), from electron 

diffraction work, methyl ferrocene(CH3 - this work), and 

chloroferrocene(Cl). 
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Microwave Spectroscopy Measurements of Rotational spectra, and DFT 

Calculations for Two Distinct Structural Isomers of 1,1'-

Dimetliylferrocene 

ABSTRACT 

Microwave spectra were obtained for two distinct structural isomers of 1,1'-

dimethylferrocene, an eclipsed synperiplanar isomer((p=0°, the EC) isomer), with 

A~1176.9003(2), B=898.3343(2), C=668.7469(2) MHz and an eclipsed synclinal isomer 

((p=72°, the E72 isomer) with A=-1208.7117(14), 8-806.4101(12), and C-718.7179(8) 

MHz. The b-dipole, asymmetric-top spectra of both structural isomers were measured in 

the frequency range of 5-12 GHz using a Flygare-Balle type of spectrometer. A very 

good fit to observed transitions, with small distortion constants indicates that the EG 

conformer is nearly rigid. The deviations obtained in a similar least-squares fit for the 

E72 isomer are significantly larger, indicating possible tlu.xional behavior for this 

conformer. In addition, 7 out of the 26 transitions observed for the E72 isomer 

conformer clearly exhibit very small splittings, giving fiirther evidence for internal 

motion. DFT calculations for the different possible conformations of 1.1'-

dimethylferrocene arising from rotation of one methyl cyclopentadienyl ligand relative to 

the other about the nominal C5 axis by an angle (p(dihedral angle), were performed using 

the B3PW9i fiinctional. The calculations converged and were optimized for five 

structures on this torsional potential energy surface corresponding to different dihedral 

angles 9, three yielded energy minima, and two gave energy maxima, corresponding to 

transition states. The experimental results are in very good agreement with the results of 

the DFT calculations. 
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I. INTRODUCTION 

The characterization of ferrocene as a 7c-bonded complex by Wilkinson^^, 50 

years ago, played a central role in the development of organometallic chemistry. The 

solid-state structures of ferrocene, and many ferrocene derivatives have been obtained 

using X-ray and neutron diffraction methods. However the mono-substituted derivatives 

are often difficult to crystallize, and for the 1, 1 '-disubstituted derivatives, only one 

structural isomer has been observed in previous solid-state measurements. In the gas 

phase monosubstituted derivatives are readily studied'^^"'^®''^', and multiple conformations 

of complexes have been observ ed'*". 

Di-substituted and mono-substituted ferrocenyl complexes are important 

precursors for the synthesis of many polyferrocenyl derivatives. These derivatives are 

polymers which may contain long hydrocarbon chains, nonfunctional spacers, or reactive 

organic functional groups, and can have interesting and useful electronic and structural 

properties'*'"'*'* '*^"'*^. Examples, which have recently been used for applications in 

materials science'^"''''^ are polyferrocenylsilane and polymers "with ferrocenedicarboxylato 

ligands. The derivatives of mono-substituted ferrocenyl complexes can be coupled to 

organic functional groups to generate a network of organic-inorganic polymers. 

Examples of these are, tetrakis(ferrocenyl)-mckel dithiolene complex and ferrocenyl 

dendrimers, which possess multiple redox centers, and could function as potential 

biosensors'*'^"'^"""'''. Another ferrocenyl derivative, N,N-dimethyl-i-ferrocenyiethylamine, 

has been explored as a ligand for catalytic asjmimetric reactions^^. The ferrocenyl 

derivatives like polyferrocenylsilane are possible building blocks for creation of materials 

with interesting semiconducting, magnetic and optical properties^^"^'^'^^. The formation of 

these highly flmctionalized complexes, especially those that incorporate di-substitated 

ferrocenyl ligands, is dependent on the reactivity of the coordination site, conformational 

behavior, and possible steric hindrance. Steric interactions, in particular, play a 

significant role in determining the final structures, and therefore can determine the 

chemical reactivity of the resulting complexes. 



99 

Dimethyiferrocene is one of the few simple exampies of a di-substituted 

ferrocenyi complex that can serve as a useful model for understanding the energetic and 

conformational dynamics associated with steric interactions in these complexes. There 

was no previous experimental data on the gas phase structure of dimethyiferrocene and 

its various conformers, and only one conformer could be observed in the solid state^''. It 

is hoped that the details of the stracture and conformational behavior of 

dimethyiferrocene can serve as a useful model to better understand the chemical, steric, 

and confomational behavior of a wide variety of more complex di-substituted ferrocenyi 

compounds. 

The crystal structure of 1,1 '-dimethyiferrocene has been determined 

experimentally from x-ray work. For this solid-state structure, the eclipsed, 

synperiplanar, conformation (EO isomer, (p=0°), is preferred where the carbon atoms for 

the two C5H5 rings are eclipsed and the methyl groups arc cis relative to each other. No 

other structural conformers have been reported for the solid phase of di methyl ferrocene, 

and none were previously observed for the gas phase. 

The theoretical calculations for the torsional potential energy surface of 

dimethyiferrocene, which are presented in this work, include five converged optimized 

structural conformations. A view down the z-axis(nominal symmetry axis of 

unsubstituted ferrocene) of each of the conformers considered is shown in FIGURE 4.3 

below. 
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A) (j)=0' B) 0=72 

C) (1)=108 D) (1>=144 

E) (|)=180 

FIGURE 4.3: This figure shows a view down the z-axis(nominal symmetry axis 

of unsubstituted ferrocene) for five distinct structural isomers of l,r-dinietliylferrocene. 

A) eclipsed synperiplanar isomer ((p=0°, the EO isomer), B) eclipsed synclinal 

isomer((p=72°, the E72 isomer), C) staggered anticlinal (cp=108°, the SI08 isomer), D) 

eclipsed anticlinal isomer((p=144°, the El44 isomer), and E) the staggered antiperiplanar 

isomer((p=180°, the Si80 isomer) 
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The labeling of the conformations follows the conventions given by Dong, Chun-

ying and Qing-jin"^®. Energies were calculated as a function of the relative orientation 

angle cp, the relative dihedral angle of the two methyl groups on the cyciopentadienyl 

ligands. The relative orientations of the methyl cyciopentadienyl ligands were initially 

fixed at 0°, and the first 5 multiples of 36°. Converged structures were obtained for five 

of these angles, three corresponding to minimum-energy conformers, and two, which 

turned out to be transition states. For these calculations, all structural parameters were 

adjusted to obtain the fully optimized structures. Other theoretical studies of torsional 

barriers on a similar type of di-ferrocenyl complex, l,r-di-tert-butyiferrocene, indicated 

that the height of the torsional barriers are very sensitive to the substituent groups^"''^®. 

The addition of bulky substituent groups tends to raise the torsional energy barrier of the 

complex, sometimes restricting it to only one energetically favorable confonmer. For the 

dimethylferrocene complex, which has less sterically hindering substituents, several 

different confonners could exist in the gas phase, with similar populations. 

In this work we report results of the first gas-phase measurements on two distinct 

structural isomers of 1,1 '-dimethylferrocene, the eclipsed synperiplaoar isomer((p=0°, the 

EC) isomer), and an eclipsed synclinal isomer ((p=72°, the E72 isomer). This research is 

part of a larger program involving continuing efforts to understand the relation between 

structure and reactivity of transition metal complexes. Our previous microwave studies 

of some mono-substituted ferrocenyl derivatives, bromoferrocene^^, chloroferrocene'^^, 

and methylferrocene"^', clearly showed that the rjs CjHs-Fe, carbon-iron bond distance is 

more sensitive to substitution on the cyciopentadienyl ligand than the C-C bond distances 

of the C5H5 ring. From the previous microwave studies on these ferrocenes and other, x-

ray diffraction studies, we were able to infer that the single substitution of a halogen (CI) 

had nearly the same influence on the r\s CsHs-Fe, carbon-iron bond distance as the 

substitution of the two CH3 groups. In the present work, we now look, in more detail, at 

the effect of two CH3 substitutions and the lowest energy conformers associated with the 

relative orientations of the methylcyclopendienyl ligands. This work has yielded new 

information on the torsional behavior of the dimethylferrocene complex. The analysis of 
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rotational spectra of the two observed structural isomers have shown that the EO 

isomer((p=0°) is more nearly a rigid rotor, compared with the E72 isomer ((p=72°). 

Several transitions of the E72 isomer clearly exhibit small splittings that were not 

observed for the EO isomer. This suggests fluxional behavior associated with this E72 

conformer. 

An important part of this analysis of the conformational dynamics and structure of 

dimethylferrocene, is the comparison of the experimental results with theoretical 

calculations and previous data from microwave experiments on the mono-substituted 

ferrocenyl derivatives. Although the calculations have yielded five converged structures 

(EO, E72, El 44, SI 08, SI 80), three of which presumably could exist in the gas phase for 

l,r-dimethylferrocene, only the two conformers, EO and E72, were detected in this 

work. The structures of these isomers are shown in FIGURE 4.4 below. 

FIGURE 4.4: Two distinct conformers of l,r-dimethy!ferrocene detected in this work. 

o 
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II. EXPERIMENTAL METHOD AND RESULTS 

A sample of 90% purity 1,1 '-dimethylferrocene was purchased from Strem 

Chemicals. This sample was resublimed to further improve the purity before use in the 

spectrometer. Because dimethylferrocene is an air-sensitive complex, all sample 

manipulation was done under an oxygen free environment. The sample was resublimed 

at 0.1 torr of pressure, between 37-40 °C. This solid, orange-yellow resublimed sample 

was transferred into a glass cell for the measurements. During the run, the sample cell 

and General Valve, Series-9 pulsed valve was heated to 33-35 °C in order to produce 

sufficient vapor pressure from the solid sample. The sample was seeded in neon carrier 

gas at 0.7 atm pressure and pulsed into the vacuum chamber. The optimal backing 

pressure of the neon gas was 0.7-0.8 atm and this was maintained throughout the 

experiment. The observed signal-to-noise ratio depends on many factors, such as cavity 

mode, cavity Q, and the various time delays, which were adjusted to optimize the signal-

to-noise ratio. The sample was pulsed into the microwave cavity at a constant pulse rate, 

typically 2 Hz and frequency scans were done in the 4-12 GHz frequency range. The 

spectrometer used for this work is a Flygare-Balle-tv'pe pulse beam microwave 

spectrometer developed in this laboratory^''. The typical line width obtained with this 

instrument is about 20 kHz, in the 10 GHz range, with neon carrier gas. 

Rotational spectra were measured in the 5-12 GHz range. The observed 

transitions could be assigned to b-dipole, asymmetric-top transitions for either the EO, or 

E72 conformer. Over 50 R-branch rotational transitions were obtained for the normal, 

^''Fe isotopomers. The transitions observed for the lower J and K states are quite strong 

due to the rotational cooling in the supersonic jet expansion. For some of the lower-J 

transitions, a free induction decay signal could be observed for the normal isotopomer 

with a 5:1 S/N ratio with a single beam pulse. The molecular signal from the cavity was 

passed through a liquid-nitrogen cooled, MITEQ low-noise amplifier. This amplifier 

significantly improved the spectrometer S/N ratio, and greatly facilitated detection of the 

low abundance isotopic species. The observed transitions for the single-'^C, and other 

low-abundance isotopomers typically required over 1000 shots of signal averaging. The 
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rotational transitions for ^"''Fe (both, isomers) and one of the isotopomers of the EO 

conformer were obtained in the natural abundance sample. No isotopomers 

transitions were obtained for the E72 conformer. Many search attempts were done to 
11 

observe other unique C isotopomers but were only partially successfiiL Only four 

transitions for at the Cz position were obtained for the EO conformer. The basic 

structure of the complex and atom numbering scheme is shown in FIGURE 4.5. 

FIGURE 4.5: Structure of the eclipsed, synperiplanar (EO) conformer of 1,1'-

dimethylferrocene, indicating the numbering scheme for the carbon atoms. 
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Two transitions were obtained for at the C3 position for the EO conformer, but 

unfortunately this was not enough data to give reliable fits. For the ^'^Fe isotopomers, 

eight transitions were obtained for the EO conformer and seven transitions for the E72 

conformer, all of which could be reasonably well fit well using the 3 rotational constants 

as variable parameters, with distortion constants fixed at normal isotopomer values. 

Extensive searches, within ±100 MHz of the predicted Irequencies, were carried 

out for other two distinct isomers. El 44 and SI 08. Predictions of the frequencies for all 

polar isomers were generated using coordinates produced from DFT calculations, which 

were proved to be accurate to within about ±2.0%, or better (see computational and 

discussion sections). However, no transitions were observed for the E144 and SI08 

isomers. 

III. DATA ANALYSIS AND RESULTS 

The asymmetric-top rotational spectra of l,r-dimethylferrocene, observed in the 

frequency range of 5-12 GHz, were analyzed using a least-squares fitting procedure. The 

observed rotational transitions are R-branch b-dipole type transitions. The experimental 

"stick plof spectra were generated, by plotting all measured frequencies using the 

measured relative intensities. This appeared to be a fairly complex spectrum due to the 

presence of the two different structural isomers, small asymmetry splittings, and possible 

methyl torsional motion. The observed "stick plot" transitions were then assigned 

quantum numbers by comparing them with plots of the theoretical spectra. Theoretical 

spectral plots were generated for b-dipole transitions for three stractural isomers: the EO 

conformer, the E72 conformer and the eclipsed anticlinal (El44) conformer, with 

(p=144°. The conformer, with 9=180° is the staggered antiperiplanar conformer, and is a 

transition state structure with the highest calculated energy, and a zero dipole moment so 

would not be observed in these experiments (see the computational section below). 

Three calculated parameters, the A, B, and C rotational constants, were used to generate 

theoretical spectra, with the centrifugal distortion constants assumed to be zero at this 

stage of analysis. The theoretical rotational constants for the three isomers were 
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obtained from DFT calculations as discussed below. The spectram of the EO conformer 

was also generated using the rotational constants obtained from the x-ray diffraction 

structure. By carefully comparing the simulated theoretical spectrum with the 

experimental "stick plot" spectram, we were able to recognize that many of observed 

transitions were due to only two structural isomers, the EO isomer((p=0°), and the E72 

isomer ((p=72°). Using this procedure, we were able to assign rotational quantum 

numbers for one or the other of these two isomers to most observed transitions in the 

"stick plot" spectrum. The accuracy of the assignments was verified by carrying out least 

squares fits with the Pickett fitting program (SPFIT)^''. The observed transitions were fit 

using Watson's A-reduced Hamiltonian with three rotational constants and quartic 

distortion terms. For the EO isomer, only four spectroscopic parameters were needed to 

obtain an excellent fit of the transitions, with low-residuals. The variable parameters 

used are the three rotational constants. A, B, and C, and one quartic distortion constant, 

Aj, The attempts to fit rotational transitions for the £72 isomer required additional 

quartic distortion terms in order to obtain reasonably good fits. Seven parameters A, B, 

C, Aj, Ajk, Ak, 5j were used in fitting the transitions for l,2'-dimethylferrocene. The 

molecular parameters obtained from the spectral fits for the EO isomer and the E72 

isomers are given in TABI.E 4.15. The measured transition frequencies are given in 

TABLE 4.20. Ten observed lines could not be successMly assigned at this stage of 

analysis. 
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TABLE 4.10; An example of dimethylferrocene.lin file used in SPFIT. 

J' K'= .K', J K, K, Frequency weight 

4 0 4 3 1 3 5747.8639 0.0001 
3 2 2 2 1 1 5782.2876 0.0001 
3 2 1 2 1 2 6197.8613 0.0001 
4 1 4 3 0 3 6140.6544 0.0001 
3 3 1 2 2 0 6800.7832 0.0001 
3 3 0 2 2 1 6814.8181 0.0001 
4 2 3 3 1 2 7174.5391 0.0001 
5 0 5 4 1 4 7269.7476 0.0001 
5 1 5 4 0 4 . 7515.9538 o.eool 
4 2 2 3 1 3 7876.4395 0.0001 
4 3 2 3 2 1 8298.7852 0.0001 
4 3 1 3 2 2 8369.4573 0.0001 
5 2 4 4 1 3 8525.3433 0.0001 
6 0 6 5 1 5 8762.6056 0.0001 
6 1 6 5 0 5 8904.2819 0.0001 
4 4 1 3 3 0 9224.8793 0.0001 
4 4 0 3 3 1 9226.1479 0.0001 
5 3 3 4 2 2 9752.4810 0.0001 
6 2 5 5 1 4 9843.3969 0.0001 
5 3 2 4 2 3 9961.5089 0.0001 
7 1 7 6 0 6 10309.3705 0.0001 
5 4 2 4 3 1 10748.9388 0.0001 
5 4 1 4 3 2 10757.9690 0.0001 
7 2 6 6 1 5 11143.9065 0.0001 
6 3 4 5 2 3 11148.1402 0.0001 
6 3 3 5 2 4 11617.3849 0.0001 

TABLE 4.11: An example of SPFIT dimethylferrocene.par file. 

Dimetliylferrocenel2; C.Tanjaroon, et al. Thu Aug 07 09:45:50 2003 
7 26 10 0 O.OOOOE+000 l.OOOOE+010 l.OOOOE+000 1.0000000000 

a 1 1 0 25 5555953553,555,,,, 
10000 1.208711704491597E+003 1 .OOOOOOOOE+037 /A 
20000 8.064101088023288E+002 I.OOOOOOOOE+037/B 
30000 7.187178892622455E+002 l.OOOOOOOOE+037/C 
200 -1.281855403315196E-004 1 .OOOOOOOOE+037 /-DJ 
1100 3.208105471966132E-004 L00000000E+037/-DJK 
2000 -2.798335151640506E-004 l.OOOOOOOOE+037 /-DK 

40100 -6.968402395259625E-005 1 .OOOOOOOOE+037 /-delJ 
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The measured rotational constants obtained from the least squares fits for the EO 

isomer and the E72 isomer were used to predict rotational constants of ^'"'Fe and '•'C 

isotopomers. Coordinates from the theoretical structure were used to obtain calculated 

ratios of the rotational constants for the ^'^Fe and isotopomers to rotational constants 

for the normal isotopomers. These ratios were used to scale the observed rotational 

constants in order predict rotational spectra of and isotopic species. The 

frequency predictions for the ^"^Fe and '"'C isotopomers obtained using this method, 

turned out to be very accurate. The measured transitions for the ^"'Pe and ''C isotopic 

species were observed within ±1.0 MHz of the predicted transitions. The high accuracy 

of these isotopic frequency predictions for the two ""^"^Fe isotopic species provided 

considerable confidence in the original assignments of the strong, normal isotopomer 

lines to the two different structural isomers. Following these assignments, some of the 

observed transitions that were not previously assigned could now be assigned to the ̂ '^Fc 

isotopomers. The observed rotational transitions for the ^"^Fe and isotopic species 

were fit using only three variable parameters, the A, B, and C rotational constants. The 

centrifugal distortion constants were fixed to the values obtained for the corresponding 

normal, parent species. The parameters obtained for ^'^Fe and one of the isotopic 

species are shown in TABLE 4.15. The corresponding measured transition frequencies 

are given in TABLES 4.21, 4.22 and 4.24). 

Since a least-squares fit to the observed rotational transitions for the EO isomer 

was obtained using only four parameters, with a standard fit deviation of only o-fit= 2.9 

kHz, it appears that the structure of the EO isomer is nearly rigid. The three rotational 

constants, A, B, C, and one quartic centrifugal distortion constant, Aj, are given in 

TABLE 4.15. The listed error limits are la. The Aj value is very small(0.0175(20) kHz) 

and provides further evidence for a rigid structure. 

Seven spectroscopic parameters were determined from the least squares fit of 

observed transitions for the E72 isomer. In addition to the three rotational constants, A, 

B, C, four quartic centrifugal distortion constants, Ai Ajk, Ak, 5J, were also determined. 

The AJ value obtained for l,2'-dimethylferrocene is about 0.1 kHz, a factor of 6 larger 
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than the Aj value for l,r-dimethylfeiTocene. The Aik and Ak values are nearly three 

times the value of Aj. Although, these distortion constants are small relative to the 

rotational constants, they provide an indication of a less rigid structure. The standard 

deviation of the fit for the E72 isomer is a(fit)= 5.9 kHz, about two times larger than the 

standard deviation obtained for the EO isomer. This standard deviation of 5.9 kHz still 

indicates a rather good fit, considering the additional line splittings observed for this 

isomer. We observed seven transitions for the E72 isomer that clearly exhibited line 

splittings that were not observed for the EO isomer. These splittings, are quite small, 

about 0.04-0.3 MHz in magnitude, and were observed only for the E72 isomer. We 

believe that these splittings are most likely due to torsional motion of the methyl groups. 

For an asymmetric top molecule that possesses two independent methyl torsional rotors, 

the analysis and fitting of line splittings due to the coupling between overall rotation and 

two independent methyl torsional motions could be very challenging. However, because 

these observed splittings are small, we could select only the frequency that appeared to 

best represented the center frequency and use these frequencies in the fit. Including these 

"line centers" in the fit yielded about the same standard deviation as the "tesf fit that 

excluded them. These results provide further indication that the E72 conformer behaves 

somewhat differently than the EO conformer. 

IV. STRUCTURAL ANALYSIS 

The amount of isotopomer data was rather limited for such a large molecule so the 

structural fit for the EO isomer was done with only a few variable structural parameters. 

For the E72 isomer, no isotopomers were obtained, so a structural fit could not be 

done. Calculated structural parameters for the E72 isomer are given in TABLE 4.28. 

Many of the structural parameters were fixed at values obtained from the DFT 

calculations. The basic structure of the l,r-dimethy!ferrocene complex, with the 

numbering scheme used for the carbon atoms is shown in FIGURE 4.5. The two 
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stracturai parameters selected as variabie parameters in the fit to determine the structure 

are the distance from the Fe atom to the center of the C5 ring, (Rpe-cp, or Pi) and the 

radius of C5 ring(Rcp, or P2 ). A total of 9 rotational constants obtained from the least-

squares fits for the ^^Fe, ^"^Fe, and observed transitions, were used in the structural fit. 

The initial structure used in the stracturai fit program had the top and bottom 

cyclopentadienyl (Cp) rings eclipsed, and all five carbon atoms of each Cp rings located 

in the respective xy planes, perpendicular to the Fe-Cp axis. This constraint makes all of 

the rjs Fe-C bond distances equal for the top and bottom Cp rings. The carbon atoms of 

the CH3 groups attached to the top and bottom Cp rings were also constrained to lie in the 

same xy plane as Cp carbon atoms and for the EO isomer, are cis relative to each 

other((p=0°). For Fit I, shown in TABLE 4.16. the Fe-Cp centroid distance (Rpe-cp) and 

the Cp ring radius (Rcp) were allowed to vary. The structure fitting calculations 

converged within three iterations. For Fit II, small corrections (based on the difference 

between the theoretical and experimental r|5 Fe-C bond distances) were added to r\5 Fe-C 

bond distances. These "corrections" were made for all 10 r|5 Fe-C bond distances. A 0° 

tilt angle( which places the methyl C atom in the same plane as the Cp C atoms) was used 

for both methyl groups for Fits I and II. For Fit III, these same small corrections were 

added to the r|5 Fe-C bonding distance along with a 2.66° tilt angle of the methyl groups 

away fi^om xy planes(defined by the Cp ring), for both methyl groups (FIGURE 4.5). 

The value for the tilt angle of 2.66° was obtained fi-om previous microwave studies of 

methylferrocene"", and similar value (3.2°) was obtained for the DFT calculated structure 

(see TABLE 4.27) and previous measurements on chloroferrocene'*®. The results of these 

structural fits for the EO conformer are shown in TABLES 4.16 and 4.17. Although the 

standard deviations for Fits I, II and III are very similar, we believe that Fit III gives a 

more accurate representation of the structure, because the proper tilt angle has been 

included. 



TABLE 4.12: Example of an input file (2parfit.iii) use for fitting structure of 
dimethylferrocene 

29 15 
1.681 i.219 
1176.90028 0 
898.33429 0 
668.74689 0 
1177.62601 0 
898.3088 0 
668.96619 0 
1173.32389 0 
891.9184 0 
666.33427 0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
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Pi = 1J18 

Cp-Fs centrofd 
distance Fe-C bond 

distance 
Pi = 1J18 

P2 = 1.219 

FIGURE 4.5; A sketch showing the effect of methyl tilting and two variable parameters 

Pi and ¥2- Cp denotes the cyclopentadienyl ring. Distance is in angstroms. 
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V. COMPUTATIONAL METHODS AND RESULTS 

We also wish to report results of a theoretical study of dimethylferrocene 

conformations, carried out using the density functional theory method The 

calculations were performed exclusively using the B3PW91 hybrid functional of Beck, 

Perdew, and Wang. From our previous experience with gas-phase structures using 

B3PW9i/'', rotational constants for most of the transition metal complexes studied can be 

predicted quite accurately. This appears to be true for the present DFT calculations also. 

All density functional calculations were performed on an IBM-640 cluster 

computer (TINTIN) using the Gaussian 98 programs'"^ at the University of Arizona. 

Large basis sets, including split-valence plus polarization (SVP'^ basis set), were selected 

for carbon and hydrogen. For the Fe basis set and effective core potential, we used the 

Hay and Wadt (n+1) ECP VDZ basis set^'". Frequency analyses were done to check that 

the local energy minima obtained are stationary points. DFT calculations for the different 

possible conformations of 1,1'-dimethylferrocene arising from rotation of one methyl 

cyclopentadienyl ligand relative to the other about the nominal C5 axis(z-axis), were 

performed for different values of this rotation angle (p. For most of the calculations, the 

two methyl-groups were initially fixed relative to each other at various dihedral angles 

from (p= 0 to 180° and the remaining geometry was subsequently optimized using the 

Berny algorithm with redundant internal coordinates. The results are shown in TABLE 

4.18, and FIGURE 4.3. 
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FIGURE 4.6; The torsional potential energy as a function of internal torsional angle 

(p(dihedral angel) for the five optimized structural isomers of 1,1 '-dimethylferrocene. 

These structures and the relative energies for the five conformers of dimethyl ferrocene 

were obtained from the B3PW91 calculations. The energies are given in au relative to -

588.706 au. 

Beginning with the various possible eclipsed and staggered conformations of the 

Cp carbon atoms, five dihedral angles were found, which led to converged structures, 

which are expected to be local mimima on this torsional potential energy surface. Using 

these five conformations, all structural parameters were Mly optimized, and these results 

are shown in FIGURE 4.3, and TABLE 4.18. The EO, E72, and E144 optimized 

structures for l,r-dimethy!ferrocene were obtained without imaginary frequencies: 

eclipsed synperiplanar((p=0°, EO), eclipsed synclinal(<p=72°, E72), eclipsed 

anticlinal((p=144°, E144). Two optimized structures for 1,1 '-dimethylferrocene were 

obtained with imaginary frequencies: staggered aGticliiial((p=i08°, SI08) and staggered 
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antiperiplanar((p=i 80°, S180). Here, staggered denotes staggering of the 5 carbon atoms 

of the Cp rings and eclipsed denotes eclipsed carbon atoms of the Cp rings. The 

rotational constants obtained from the DFT calculations for these five distinct structural 

isomers are given in TABLE 4.19, and the optimized coordinates are given TABLE 4.27-

4.31). Other dihedral angles were chosen, at 15°, 52°, 62°, 82°, on the torsional potential 

energy surface and the corresponding structures were folly optimized. Structures fixed 

at these angles however did not meet the convergence criteria and the one initially fixed 

at 15° collapsed to the eclipsed synperiplanar((p=0°, EO) structure. Only two of the five 

calculated structural isomers were observed in these experiments on 1,1'-

dimethy 1 ferrocene, the eclipsed synperiplanar({p=0°, EO), and eclipsed anticlinal((p=72°, 

E72) conformations. The results of the calculations are given in TABLES 4.17, 4.18 and 

4.19. In TABLE 4.17, the structural parameters for the EO conformer obtained from the 

structural fit are compared with the DFT calculated results. The calculations also indicate 

that the C5 symmetry for the Cp groups is preserved to within a few thousandths of an 

angstrom, in support of the assumptions and constraints used for the structural fits. 
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TABLE 4.13: Gaussian input file for dimethylferrocene used for structural optimization 
in the redundant internal coordinates. 

%mem=4()()0000(l 
%Cbk=dimeta.chk 
#r 
b3pw91 
Opt(Maxcyc=50) Freq 
SCF(symm,intrep,tight,Maxeyele=30fl) 
gfinput gen pseudo=read 

BASIS="llay-\Va<U VDZ (ii+l) ECP" EO-isomer 

0 1 
Fe 
XI 1 1.607(1 
C 2 1.20 1 90.0 
C 2 1.20 1 90.0 3 72.0 
C 2 1.20 1 90.0 3 144.0 
C 2 1.20 1 90.0 3 216.0 
C 2 1.20 I 90.0 3 288.0 
C 3 1.521 2 180.0 4 0.0 
H 8 1.086 3 109.5 4 0.0 
H 8 1.086 3 109.5 4 120.0 
H 8 1.086 3 109.5 4 240.0 
H 4 1.0 2 180.0 1 0.0 
11 5 1.0 2 180.0 1 0.0 
11 6 1.0 2 180.0 1 0.0 
H 7 1.0 2 180.0 1 0.0 
X2 1 1.65 2 180.0 4 0.0 
C 16 1.20 1 90.0 3 0.0 
C 16 1.20 1 90.0 3 72.0 
C 16 1.20 1 90.0 3 144.0 
C 16 1.20 1 90.0 3 216.0 
C 16 1.20 1 90.0 3 288.0 
C 17 1.521 16 180.0 18 0.0 
H 22 1.086 17 109.5 18 0.0 
H 22 1.086 17 109.5 18 120.0 
H 22 1.086 17 109.5 18 240.0 
H 18 1.8 16 180.® 1 0.0 
H 19 1.0 16 180.0 1 0.0 
H 20 1.0 16 180.0 1 «.0 
H 21 1.0 16 ISO.i 1 0.0 

FeO 
S 3 1.00 

6.42200000 
1.82600000 

0.713500000 
S 4 1.00 

6.42200000 
1.82600000 

0.713500000 
0.102100000 

S 1 1.00 

-0J192788200 
O.7712643O0 
».4920228e0 

0.178687700 
-0.419403200 
-0.456818500 

1.10350480 
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TABLE A.M-Continued 

D 

D 

O.363«OttO0«E-01 
3 1.00 

19.4800000 
2.38900000 

0.779500000 
I 1.00 
0.740000000K-0I 
1 1.00 
0.220000000E-01 
4 1.00 
37.0800000 
10.1000000 
3.22000000 
0.962800000 
1 1.00 
0.226200000 

1.00000000 

-0.470282000E-01 
0.624884100 
0.472254200 

i.ioooooio 

i.oooooooe 

i32900000«E-il 
0.178741800 
0.448765700 
0.587636100 

1.00000000 

C II 0 
svp 

FeO 
FE-ECP 2 10 
d potential 
3 
1 392.61497870 
2 71.17569790 
2 17.73202810 
s-d potential 
5 
0 126.05718950 
1 138.12642510 
2 54.20988580 
2 9.28379660 

-10.00000000 
-63.26675180 
-10.96133380 

3.00000000 
18.17291370 

339.12311640 
317.10680120 

2 8.62890820 -20734216490 
p-d potential 
5 
0 83.17S9490® 5.OOOO0OOO 
1 106J5599380 5.95359300 
2 42.82849370 294.26655270 
2 8.77018050 154.42446350 
2 8.03978180 -95.31642490 
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TABLE 4.14: Gaussian input file for dimethylferrocene used for structural optimization 
in the Z-matrix coordinates. 

%NProc=4 
%iBein=128MB 
®/®Chk=gvdimeta2.chk 
#P 
b3pw91 
Opt(z-matrix,Ma\cjc-50) Freq 
SCF(syinin4ntrep,tight,Maxcyeie=300) 
gflnpiit gen pseiido=read 

BASIS="Hay-Wa£lt VDZ (n+l) ECP" Ei-isomer 

0 1  
Fe 
X 1 Bl 
c 2 B2 1 Ai 
c 2 B3 1 A2 3 DI 
c 2 B4 1 A3 3 D2 
c 2 85 1 A4 3 D3 
c 2 m 1 A5 3 D4 
c 3 B7 4 A6 2 B5 
H K B8 3 A7 4 1)6 
H 8 B9 3 A8 4 D7 
H 8 BIO 3 A9 4 D8 
H 4 Bll 3 A10 2 1)9 
H 5 B12 4 All 2 DIO 
H 6 B13 7 A12 2 1)11 
H 7 B14 6 A13 2 1)12 
X 1 B15 3 A14 2 D13 
C 16 B16 1 A15 3 DM 
C 16 B17 1 A16 3 1)15 
C 16 B18 1 A17 3 016 
C 16 819 1 A18 3 D17 
C 16 B20 1 A19 3 1)18 
C 17 B21 18 A20 16 D19 
a 22 B22 17 A21 18 D20 
a 22 B23 17 A22 18 D21 
H 22 B24 17 A23 18 D22 
H 18 B25 17 A24 16 1)23 
H 19 B26 18 A25 16 1)24 
H 20 B27 21 A26 16 025 
H 21 B28 20 All 16 D26 

Bl 1.607000 
B2 1.2O®OO0 
B3 1.200000 
B4 1.2000i0 
B5 1.200000 
B6 1.2i0000 
B7 1.521i00 
B8 1J8680® 
B9 1.08600® 
BIO 1.086000 
Bll 1.000000 
BI2 1.000000 
813 1.000000 
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TABLE 4.14 continued 

B14 1J000»« 
B15 1.650000 
BI6 1.200000 
B17 1.200000 
BIS 1.200000 
B19 1.200000 
B20 1.200000 
B21 1.521000 
B22 1.086000 
B23 1.086000 
B24 1.086000 
B25 1.000000 
B26 1.000000 
B27 1.000000 
B28 1.000000 
A1 90.000000 
A2 90.000000 
A3 90.000000 
A4 90.000000 
A5 90.000000 
A6 126.000000 
A7 109.500000 
A8 109.500000 
A9 109.500000 
A10 126.000000 
All 126.000000 
A12 126.000000 
A13 126.000000 
A14 143.250087 
A15 90.000000 
AI6 90.000000 
A17 90.000000 
A I X  90.000000 
A19 90.000(M)0 
A20 126.000000 
A21 109.500000 
A22 109.500000 
A23 109.500000 
A24 126.000000 
A25 126.000000 
A26 126.000000 
A27 126.000000 
Dl 72.000000 
D2 144.»00000 
D3 -144J000«i 
D4 -72.000000 
D5 180.000000 
D6 0.000000 
D7 120.000000 
D8 -120.000000 
D9 180.000000 
DIO 180.000000 
Dll 180.000000 
D!2 180.000000 
D13 180.000000 
DM 0.000000 
D15 72.000000 
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TABLE 4A4-Continued 

D16 144.000000 
D17 -144.0fl0i00 
D18 -72.000000 
1)19 180.000000 
D20 0.000000 
D21 120.000000 
1)22 -120.000000 
1)23 180.000000 
D24 180.000000 
D25 180.000000 
D26 180.000000 

FeO 
S 3 

D 

D 

1.00 
6.42200000 
1.82600000 

0.713500000 
4 1.00 
6.42200000 
1.82600000 

0.7J350(H»00 
0.102100000 
1 1.00 
0.363000000E-01 
3 1.00 
19.4800000 
2.38900000 

0.779500000 
1 1.00 
0.740000000E-01 
1 1.00 
0.220000000E-01 
4 i.OO 
37.0800000 
10.1000000 
3.22000000 

O.9628O0OOO 
1 1.00 
0.226200000 

-0.392788200 
0.771264300 
0.492022800 

0.178687700 
-0.419403200 
-0.456818500 

1.10350480 

1.00000000 

-0.470282000 E-01 
0.624884100 
0.472254200 

1.00000000 

1.00000000 

0.329000000E-01 
0.178741800 
0.448765700 
0.587636100 

1.00000000 

C H O  
svp 
-k-k** 

FeO 
FE-ECP 2 16 
(1 potential 
3 
1 392.61497870 
2 71.17569790 
2 17.73202810 
s-d potential 
5 
0 126.05718950 
1 138.12642510 
2 54.20988580 
2 9.28379660 

-lo.oiooeooo 
-63.26675180 
-10.96133380 

3.00000000 
18.17291370 

339.12311640 
317.10680120 
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TABLE 4.14-Continued 

2 8.62890820 -207.34216490 
p-d potential 

0 83.17594900 5.8«0««i00 
1 106.05599380 5.95359300 
2 42.82849370 294.26655270 
2 8.77018050 154.42446350 
2 8.03978180 -95.3164249 

VI. DISCUSSION 
Some of the key structural parameters for two distinct conformations of gas-

phase, 1,1'-dimethylferrocene have been determined from the high-resolution microwave 

measurements. In order to obtain these structural parameters however, we rely heavily 

on results of the DFT calculations, since data for only a few of the unique 

isotopomers were obtained. The fitted structural parameters, nevertheless, appear to be in 

good agreement with the theoretical structural parameters, and the combined 

experimental and theoretical results yield a consistent picture of the low energy 

conformations of this complex. The second one of the three possible stable conformers, 

the eclipsed synclinal (E72) con former, has been experimentally detected for the first 

time. The rotational constants for the EO conformer, (A=l 176.9003(2), B=898.3343(2), 

C=668.7469(2) MHz) obtained from the fits are in excellent agreement (with deviations 

less than ±1%) with the calculated DFT values, as can be seen in TABLE 4.24. 

Rotational constants for the DFT-calculated structure of the EO conformer of 1,1 

dimethylferrocene are: A=1179.414, B=890.59i, and C=665-075 MHz. This excellent 

agreement strongly supports the identification of this conformer as the eclipsed 

synperiplanar (EO) conformation. The results of the least-squares structural fits fiirther 

support this assignment (see TABLE 4.17). The experimental distortion constant, Aj is 

very small for this conformer (0.0175(20) icHz), indicating a fairly rigid structure. The 

calculated rotational constants from the solid-phase structure for 1,1'-dimethylferrocene 

are A=1217.7705, B=910.1389, C=677.7796 MHz(see TABLE 4.19). These values from 

the solid-phase structure are somewhat larger than the microwave and DFT values, 

showing some evidence for the possible effects of crystal packing forces. 
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The rotational constants for the second experimental conformer agree very well 

(with deviations less than ±2%,) with the DFT calculated values for the eclipsed synclinal 

((p=72°, E72) conformer, so this second experimental confomier is assigned to the E72 

conformation of 1,1 '-dimethylferrocene. From the 7-variable least squares fit results, the 

observed rotational constants for the E72 conformer are A=1208.7117(14), 

B=806.4101(12), and C=718.7179(8) MHz. The quartic centrifugal distortions constants 

determined for this conformer are reasonably small ranging from 0.1-0.3 kHz. The small 

frequency splittings observed only for the E72 conformer are most likely due to torsional 

motion of the methyl group. It seems reasonable that this could result from the torsional 

barriers being lower for the E72 conformer than for the EG conformer. 

The following DFT theoretical rotational constants were obtained for the eclipsed 

synclinal (q)=72°) conformer: A=1217.2576, 8=791.8683. C=713.9339 MHz, and the 

theoretical rotational constants for staggered anticlinal((p=108°) conformer are 

A=1265.3724, 8=740.3962. C=727.3466 MHz. Since these calculated values for the 

staggered anticlinal ((p=108°) values deviate by as much as ±9% from the experimental 

values, whereas the E72 values are in agreement, we believe that the second observed 

experimental conformer must be the eclipsed synclinal (E72, (p=108°) conformer. 

The standard deviations for all three of the structural fits listed in TABLE 4.17 are 

very good, but if we compare the structures obtained from the fits with the structures 

from the DFT calculations, we see a further indication that Fit III gives the preferred gas-

phase structure for the EO conformer of l,r-dimethylferrocene. It is important to 

recognize the fact that without adding a tilt of the methyl-groups, relative to the Cp 

carbon plane, as is done for Fit III, the rjs Fe-C bond distances from the fit would be 

significantly longer than the DFT values. So we believe that the r|5 Fe-C bond distances 

obtained from Fit I and Fit II do not agree as well with the DFT-calculated values as 

those from Fit III. The effects of this "tilt angle" suggest that a steric interaction 

between two methyl groups plays a significant role in determining the lowest energy 

structure. Interestingly, the 2.66° tilt appears to be a 'normal' tilt angle for these types of 
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fcrrocenyl derivatives. We have observed very similar values of this tilt angle for 

methylferrocene''^, cMoroferrocene'^'^, andbromoferrocene'^'. 

The eclipsed anticlinal((p=144°) stracture is calculated to be the second most 

stable conformer, as a function of cp, but this confomier was not detected in the present 

microwavc work. This could be due, in part, to the relatively low dipole moment of 0.18 

D. We also note that the staggered anticlinal((p=108°, S108) also was not observed in the 

present microwave work. However, we note that the energy of this conformation (see 

TABLE 4.19 and FIGURE 4.3) is significantly higher that that of the EO and E72 

conformers and the dipole moment is lower. In addition, the staggered anticlinal SI OS 

isomer was predicted to exist as a transition state structure, which could move along the 

torsional potential energy surface toward a more energetically stable structure. 

VII. CONCLUSION 

The results of high-resolution microwave measurements provide useful, new 

information on the structures and conformational behavior of the l,r-dimethylferrocene 

complex. Two distinct structural isomers of dimethylferrocene were clearly detected in 

the present study and structural parameters for these two conformers were obtained. The 

more rigid observed isomer can be unambiguously assigned to the eclipsed 

synperiplanar(EO, {p=0°) conformer of l,r-dimethy!ferrocene. The gas phase structural 

parameters obtained from this experiment are in excellent agreement with present DFT 

calculations for this EO conformer. Structural parameters for the second, less rigid 

conformer, are in very good agreement with the DFT calculations for the eclipsed 

synclinal (E72) conformer. The observed spectral lines for the E72 conformer clearly 

exhibited very small splittings. These small splittings could be due to hindered rotation 

effects of the methyl groups, or hindered rotation of the Cp groups about their common 

axis. The torsional potential energy surface provided by present DFT calculations 

provide a very good picture of the relative energies for the different conformations of 

1,1 '-dimethylferrocene. Two of the three calculated lower energy conformations were 

observed and characterized. It would be desirable to have more extensive, high level 
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calculations to obtain more accurate relative energies of the conformations and finer 

details of the torsional potential energy surface, but the present overall results from the 

experiments and calculations seem quite consistent. With a better torsional potential 

energy surface the detailed dynamics of the torsional motion and "torsionally averaged" 

structures could be calculated and these structures may agree better with the experimental 

results. 
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TABLE 4.15: Molecular parameters obtained from SPFIT fits for l,r-dimethylferrocene 

(EO) and i,r"dimethylferTocene (E72) isotopomers, ^^Fe, ^'^Fe, and The frequency 

and listed errors (la) are reported in MHz. The standard deviations of the overall fit, 

ci(fit), are in kHz. 

EO EO EO E72 E72 

Parameter ^Fe ^Fe 1^2 ^Fe ^Fe 

A 1176.9003(2) 1177.6260(6) 1173.3239(7) 1208.7117(14) 1209.2730(9) 

B 898.3343(2) 898.3088(4) 891.9184(4) 806.4101(12) 806.3861(15) 

C 668.7469(2) 668.9662(4) 666.3343(4) 718.7179(8) 718.8974(3) 

Aj 0.0000175(20) 0.0000175* 0.0000175* 0.000128(20) 0.000128* 

AJK - - - -0.000320(83) -0.000320* 

AK - - - 0.000279(73) 0.000279* 

s, - - - 0.000069(10) 0.000069* 

CT(flt) 2.9 3.9 1.9 5.9 5.1 

* Fixed parameter 
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TABLE 4.16: The results of structural fits for 1,1 '-dimethyl ferrocene (EO) with two 

variable parameters (Pi=Cp-Fe centroid distance, Rcp-pe and P2=Cp radius, Rcp). Fit I, Rpe-

cp centroid distance and the Cp ring radius are allowed to vary. For, Fit II, small 

corrections are added to r|5 Fe-C bond distances with 0° tilting of the methyl groups. Fit 

III, small corrections added to rjj Fe-C bond distances with 2.66° tilting of methyl 

groups. The frequency and fit deviation (a(fit)) are reported in MHz. Pi and F2 are in 

angstroms and listed are la. 

Parameter Measured Fit I Fit II Fit III 

Calculated Calculated Calculated 

A(^Fe) 1176.9003 1177.4587 1177.6061 1177.6068 

898.3343 897.4096 897.9173 897.8938 

CC'Ve) 668.7469 670.1804 669.1951 668.1821 

A(^Fc) 1177.6260 1178.5887 1178.6477 1178.6484 

B('"Fe) 898.3088 897.4096 897.9173 897.8938 

C(^Fe) 668.9662 670.5463 669.5313 669.5183 

A("C2) 1173.3239 1171.5252 1171.5921 1171.5907 

B("C2) 891.9184 892.1322 892.7478 892.7952 

C("C2) 666.3343 666.2084 665.2861 665.3121 

P1= Rcp-Fe 1.670(7) 1.684(6) 1.670(6) 

^2= Rcp 1.220(5) 1.224(4) 1.224(4) 

CT(flt) 1.2 1.0 1.0 
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TABLE 4.17: Comparison of the bond lengths for the DFT calculation and results of Fit 

I, Fit II, and Fit III for l,r-diiiiethy}feiTocene (EO). Note that hydrogen, CI-CHB and C7-

CH3 bond lengths are fixed during the structural fit (All C-H(Cp)= 1.077 A, C-

H(CH3)=L088 a, and Ci-CH3= C7-CH3=1.495 A). Bond lengths are reported in 

Angstrom, A and angles are in degrees. The CH3 TILT angle, indicates the amount that 

the C-CH3 bond is tilted out of the cyclopentadienyl pane in a direction away from the Fe 

atom. The listed errors for bond lengths are 1 a. 

Parameter DFT Fit I Fit II Fit III 

C1-C2 1.432 1.435(3) 1.437(2) 1.437(2) 

C2-C3 1.428 1,435(3) 1.432(2) 1.432(2) 

C3-C4 1.428 1.435(3) 1.432(2) 1.432(2) 

C4-C5 1.428 1.435(3) 1.432(2) 1.432(2) 

Cs-Ci 1.432 1.435(3) 1.437(2) 1.437(2) 

Fe-Cf 2.065 2.068(9) 2.079(8) 2.068(8) 

Fe-Cz 2.050 2.068(9) 2.064(8) 2.053(8) 

Fe-C3 2.046 2.068(9) 2.060(8) 2.049(8) 

2.046 2.068(9) 2.060(8) 2.049(8) 

Fe-Cs 2.050 2.068(9) 2.064(8) 2.053(8) 

<F€-C7-CI2 130.0 127.0* 127.0* 129.7* 

<Fe-CrC6 

CH3 TILT angle 3.2° 0° 0° 2.66° 

* Fixed parameter 
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TABLE 4.18: Torsional potential energy and total dipole moment for the optimized 

structures of dimethylferrocene obtained from DFT calculations. The calculations were 

perfomied with the B3PW9i using SVP basis sets for carbon and hydrogen, and Hay 

Wadt (n+1) ECP VDZ basis sets for Fe. The energies are given relative to -588.706 au. 

Dihedral angle <p Conformation 
notation 

Energy 
(au) 

Relative Energy 
(au) 

Total Dipole 
(debye) 

180 SI80 (TS) -588.7047669 0.0012331 0.0035 

144 EI 44 -588.7055675 0.0004325 0.1809 

108 SI08(TS) -588.7049095 0.0010905 0.3556 

72 E72 -588.7056638 0.0003362 0.4612 

G EO -588.7051898 0.0008102 0.5672 

TS = Transition State 
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TABLE 4.19: Rotational constants for various optimized ij'-dimethyiferrocene 

conformers obtained from DFT calculations. The calculations were performed with the 

B3PW91 using SVP basis sets for carbon and hydrogen, and Hay Wadt (n+1) ECP VDZ 

basis sets for Fe. Experimental rotational constants are given for comparison. 

Conformation notation A (MHz) B (MHz) C (MHz) 

DFT 

EO 1179.4144 890.5905 665.0750 

E72 1217.2576 791.8683 713.9339 

S108 (TS) 1265.3724 740.5962 727.3466 

El 44 1354.0793 765.1434 665.3122 

S180 (TS) 1389.5982 722.3660 646.1935 

Microwave 

EO 1176.9003(2) 898.3343(2) 668.7469(2) 

E72 1208.7116(13) 806.4102(11) 718.7179(7) 

X-Rav* 

EO 1217.7705 910.1389 677.7796 

*Rotational constants calculated from the geometry (see ref.i9) 

TS = Transition State 
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TABLE 4.20: Measured rotational transitions for l,l'-dimethylferrocene (EO) ^''Fe 

isotopomer obtained from SPFIT. The frequency and deviation values are reported in 

MHz. The uncertainty in measurements is given in the parentheses. The standard 

deviation of the fit with 4 variable parameters is 2.9 kHz. 

JsafCc —^ J'K'aK'c Measured Measured-Calculated 

2i! 322 5536.9367(41) -0.0029 

313 4(14 5657.8626(08) 0.0007 

3O3 4|4 5728.9779(45) 0.0006 

322 4I3 588.3.2002(64) 0.0047 

220 331 6624.1106(05) 0.0011 

2I2 321 6626.2365(59) -0.0045 

3i2 423 6760.6615(11) -0.0034 

4I4 5o5 7019.5721(11) 0.0000 

4o4 5I5 7041.0901(23) 0.0000 

423 5|4 7497.2290(39) 0.0002 

4,3 524 7936.1502(130) -0.0023 

32! 432 8019.8871(35) 0.0026 

515 6O6 8364.3449(17) 0.0008 

5|)5 6I6 8370.2403(21) -0.0004 

322 431 8588.1028(65) 0.0013 

524 6S5 8972.3874(32) -0.0016 

330 441 9020.8126(29) 0.0022 

331 440 9054.2390(20) 0.0009 

5 I 4  625 9149.1625(72) 0.0060 

6I6 7O7 9703.7466(63) 0.0017 

6o6 7i7 9705.2641(26) 0.0002 
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TABLE 4.20-Continued 

625 7I6 10364.5070(44) -0.0008 

523 634 10373.4808(65) -0.0035 

615 726 10424.9757(20) -0.0081 

4ji 542 10520.3002(23) -0.0015 

4,12 541 10740.6398(32) -0.0035 

7,7 8O8 11041.6499(47) 0.0021 

7O7 818 11042.0242(74) 0.0014 

440 551 11388.1314(28) 0.0021 

441 550 11395.8150(61) 0.0034 
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TABLE 4.21: Measured rotational transitions for IJ'-dimethylferrocene (EO) 

isotopomer using SPFIT. The frequency and deviation values are reported in MHz. The 

uncertainty in measurements is given in the parentheses. The standard deviation of the fit 

with 3 variable parameters is 3.9 kHz. 

JkaKc •> J'K'aK'c Measured Measured-Calculated 

313 4(14 5659.3276(66) -0.0008 

3O3 4I4 5731.0039(33) 0.0018 

220 331 6627.9992(74) 0.0005 

221 330 6749.3773(89) 0.0025 

4I4 5O5 7021.6413(49) -0.0068 

4(14 5 I 5  7043.3875(41) -0.0028 

5 15 6O6 8366.9372(72) 0.0072 

330 441 9026.0375(49) -0.0022 
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TABLE 4.22: Measured rotational transitions for l,r-dimethylferrocene (EO) 

isotopomer using SPFIT. The irequency and deviation are reported in MHz. The 

uncertainty in measurements is given in the parentheses. The standard deviation of the fit 

with 3 variable parameters is 1.9 kHz. 

jRaKc —> J'K'aK'c Measured Measured-Calculated 

~2̂ o 3^1 6603.4250(53) 00009 

221 330 6720.5313(74) -0.0008 

4I4 5O5 6991.3696(37) 0.0024 

4O4 5,5 7014.3633(92) -0.0025 
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TABLE 4.23: Measured rotational transitions for i, r-dimethylferrocene (E72) 

isotopomer using SPFIT. The frequency and deviation values are reported in MHz. The 

uncertainty in measurements is given in the parentheses. The standard deviation of the fit 

with 7 variable parameters is 6.3 kHz. 

JKOKC —> J'K'aK'c Measured Measured-Calculated 

3I3 4O4 5747.8639(37) 0.0065 

2u 322 5782.2876(21) 0.0008 

2I2 321 6107.8013(46) -0.0027 

3O3 4I4 6140.6544(21) 0.0019 

220 33! 6800.7832(76)* -0.0094 

221 330 6814.8181(60)* 0.0018 

3|2 423 7174.5391(20) 0.0013 

4I4 5O5 7269.7476(22) 0.0009 

4O4 5i5 7515.9538(14) -0.0041 

3I3 422 7876.4395(67) 0.0022 

321 432 8298.7852(15) -0.0040 

322 431 8369.4573(15) 0.0011 

4I3 524 8525.3433(47) 0.0123 

5{5 6O6 8762.6056(17)* -0.0190 

5O5 6i6 8904.2819(22) -0.0008 

330 441 9224.8793(51)* 0.0115 

331 441 9226.1479(80)* -0.0002 

422 ^33 9752.4810(15) -0.0032 

5I4 625 9843.3969(23) 0.0017 

423 532 9961.5089(23) 0.0001 

6O6 Ti l  10309.3705(53) 0.0103 
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TABLE 4.23-Continued 

431 542 10748.9388(37)* -0.0010 

432 541 10757.9690(32)* -0.0061 

6,5 726 11143.9065(20) -0.0014 

523 634 11148.1402(23) -0.0041 

524 633 11617.3849(105) 0.0038 

*small splittings were observed for theses lines (see TABLE 4.25) 
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TABLE 4.24; Measured rotational transitions for l,r-dimethylferrocene (E72) 

i s o topomer using SPFIT. The frequency and deviation values are reported in MHz. The 

uncertainty in measurements is given in the parentheses. The standard deviation of the fit 

with 3 variable parameters is 5.1 kHz. 

JksKc -» J'K'aK'c Measuied Measured-Calculated 

1̂ 3 4̂ ^̂  6142.5961(76) 0.0051 

220 331 6803.7084(74) -0.0002 

221 330 6817.6486(40) -0.0001 

4.4 5O5 7270.6747(41) 0.0083 

4O4 5I5 7518.2102(31) -0.0014 

5.5 6,,6 8764.0976(39) -0.0090 

5,15 6I6 8906.7647(19) 0.0000 
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TABLE 4.25: Observed line splittings for l,i'-dimethylferrocene (E72) ^"^Fe isotopomer. 

The splittings (0.04-0.3 MHz in magnitude) are probably due to methyl torsional motion. 

The uncertainty in measurements is given in the parentheses. The frequency is reported 

in MHz. 

jRaKc —^ J K'aK'c Observed Used in the fit 

^20 331 6800.6086(54) 

6800.7832(76) 

6800.7453(94) 

6800.7832 

221 330 6814.8181(60) 

6814.8644(98) 

6815.0059(26) 

6815.1414(65) 

6814.8181 

5I5 6O6 8762.5615(18) 

8762.6056(17) 

8762.6514(14) 

8762.6056 

330 441 9224.5366(45) 

9224.8793(51) 

9225.2028(36) 

9224.8793 

331 441 9225.3928(54) 

9225.6188(31) 

9225.8176(82) 

9226.1479(80) 

9226.4871(30) 

9226.9421(37) 

9226.1479 

431 542 10748.8106(32) 

10748.9388(37) 

10748.9388 

432 541 10757.9690(32) 

10758.0940(48) 

10758.3592(29) 

10757.9690 
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TABLE 4.26: Molecular coordinates in the principle axis system for the "best" fit 

structure (Fit III) of 1,1 '-dimethylferrocene (EO). Distances are reported in angstroms. 

Atom a b c 

Fe OJO0O78 -0.354715 0.000010 

CI -1.679136 0.851572 0.0©6552 

C2 -1.660052 -0.008584 1.157035 

C3 -1.632975 -1.368969 0.709343 

C4 -1.632331 -1.360391 -0.722734 

C5 -1.659097 0.005307 -1.154153 

C6 -1.739979 2.346561 0.003825 

HI -1.737788 2.698983 1.033162 

m -0.849742 2.699150 -0.512799 

H3 -2.632607 2.698814 -0.508889 

114 -1.665368 0.324078 2.180879 

115 -1.666724 -2.239899 1.342182 

H6 -1.672642 -2.231322 -1.355409 

H7 -1.674930 0.337967 -2.177951 

€7 1.679164 0.851901 -0.006563 

C8 1.659170 0.005652 1.154148 

C9 1.632548 -1360060 0.722748 

CIO 1.633195 -1.368653 -0.709333 

Cll 1.660138 -0.008257 -1.157034 

H8 1.674822 0.338318 2.176946 

H9 1.673505 -2.230975 1.355423 

HIO 1.667590 -2.239569 -1.342172 

(lit 1.665267 0.324407 -2.180878 

€12 1.739117 2.346912 -0J03806 

H12 1.741309 2.699335 1.025532 

H13 2.629355 2.699501 -0.520430 

H14 0.846489 2.699166 -0.516520 
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TABLE 4.27. Optimized coordinates in the standard orientation for EO structure. 

Atom a b c 

Fe 0.000036 -0.40003 -0.000007 

CI -1.678946 0.802455 0.00228 

C2 -1.655819 -0.041112 -1.154698 

C3 -1.630025 -1.402495 -0.724639 

C4 -1.634327 -1.411091 0.702887 

C5 -1.662685 -0.055027 1.149114 

C6 -1.793869 2.292666 0.011118 

HI -1.321147 2.741331 -0.874701 

H2 -2.853567 2.601035 0.010012 

H3 -1.326245 2.730198 0.90522 

H4 -1.637792 0.303552 -2.188345 

lis -1.582422 -2.278168 -1.370809 

H6 -1.59071 -2.294457 1.338787 

117 -1.650919 0.277167 2.186946 

C7 1.678662 0.8028 -0.002257 

€8 1.65583 -0.040798 1.154712 

C9 1.630439 -1.402174 0.724629 

CIO 1.634742 -1.41075 -0.702893 

t i l  1.662689 -0.054683 -1.149107 

C12 1.793289 2.293038 -0.011114 

H8 1.320414 2.741653 0.874651 

H9 2.852928 2.601612 -0.00993 

HI© 1.325657 2.730459 -0.905267 

Hll 1.6377 0303866 2.188357 

H12 1.583084 -2.277873 1.370783 

H13 1.591369 -2.294123 -1.338801 

H14 1.65082 0.277549 -2.186924 
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TABLE 4.28: Optimized coordinates in the standard orientation for E72 structure. 

Atom a b c 

Fe -0J00008 -0.329889 -0.000002 
CI 1.805085 0.646144 0.135439 
C2 1.941942 -0.724775 0.526927 
C3 1.543392 -1.552297 -0.566256 
C4 1.160805 -0.699045 -1.644857 
C5 1.325059 0.652649 -1.21412 
C6 2.160927 1.842873 0.958599 
HI 2.019328 1.649124 2.032214 
H2 3.21817 2.122401 0.809876 
H3 1.548264 2.715376 0.68729 
H4 2.264742 -1.072607 1.507927 
H5 1.506772 -2.640892 -0.56608 
H6 0.783765 -1.021706 -2.614534 
H7 1.094731 1.543101 -1.798863 
C7 -1.805081 0.646166 -0.135438 
C8 -1.941961 -0.724749 -0.526928 
C9 -1.543418 -1.552282 0.566249 
CIO -1.16082 -0.699041 1.644854 
Cll -1.325052 0.652658 1.214122 
CI2 -2.160869 1.842919 -0.958586 
118 -2.01944 1.649115 -2.032214 
H9 -3.218051 2.122604 -0.80973 
mo -1.548039 2.715338 -0.687386 
Hll -2.264761 -1.072567 -1.507934 
H12 -1.506829 -2.640877 0.566063 
H13 -0.783786 -1.021709 2.614531 
H14 -1.094709 1.5431 1.798874 
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TABLE 4.29: Optimized coordinates in the standard orientation for SI08 structure. 

Atom a b c 

Fe -0.000016 -0.000232 -0.256965 
CI 1.912214 -0.070327 0.503174 
C2 1.936166 -0.12045 -0.92746 
C3 1.304669 1.054846 -1.43468 
C4 0.891009 1.845331 -0.320525 
C5 1.266511 1.153999 0.870707 
C6 2.500799 -1.079484 1.436304 
HI 2.466554 -2.091665 1.006786 
H2 3.557824 -0.847305 1.652415 
H3 1.964598 -1.100019 2.396625 
H4 2.33298 -0.941159 -1.524636 
H5 1.138721 1.290806 -2.48504 
H6 0.356664 2.793174 -0.370996 
H7 1.068829 1.482973 1.890755 
C7 -1.912057 0.070957 0.503174 
C8 -1.936079 0.119659 -0.927521 
C9 -1.304781 -1.056234 -1.433613 
CIO -0.891231 -1.845704 -0.318682 
Cll -1.266572 -1.153141 0.871889 
C12 -2.500601 1.081064 1.435293 
H8 -2.466041 2.092873 1.004915 
H9 -3.557726 0.849302 1.651359 
HIO -1.964618 1.102307 2.395718 
Hll -2.332656 0.939904 -1.525494 
H12 -1.138889 -1.293324 -2.483726 
H13 -0.357083 -2.793709 -0.368196 
H14 -1.069008 -1.481221 1.892249 



TABLE 4.30: Optimized coordinates in the standard orientation for E144 structure. 

Atom a b c 

Fe 0.000044 -O.OiOOS 0.126613 
CI 2.02231 -0.052984 -0.251857 
C2 1.751356 -0.40849 1.108857 
C3 0.893744 -1.550319 1.119017 
C4 0.631917 -1.91355 -0.236662 
C5 1.3267 -0.993213 -1.078875 
C6 2.915401 1.051016 -0.720594 
HI 2.929693 1.887438 -0.006236 
H2 3.953878 0.695078 -0.834344 
H3 2.592173 1.442839 -1.696381 
H4 2.11366 0.12702 1.985964 
H5 0.486099 -2.037539 2.003851 
116 -0.008142 -2.729784 -0.569681 

H7 1.309923 -0.985854 -2.168505 
C7 -2.02236 0.053032 -0.251839 
C8 -1.751393 0.408538 1.108858 
C9 -0.893761 1.55034 1.119009 
€10 -0.631916 1.913551 -0.236659 

Cll -1.326715 0.993228 -1.078866 
C12 -2.915442 -1.050968 -0.720598 
H8 -2.929749 -1.887391 -0.006242 

H9 -3.95392 -0.695041 -0.834376 
HIO -2.592183 -1.442786 -1.696376 
Fill -2.11373 -0.126959 1.98596 
H12 -0.486108 2.037551 2.003845 
H13 0.008166 2.729769 -0.569676 
H14 -1.309944 0.985871 -2.168496 
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TABLE 4.31. Optimized coordinates in the standard orientation for SI80 structure. 

Atom a b c 

Fe 0.000001 0.000049 0.002188 
CI -2.059278 -0.096998 -0.004198 
C2 -1.516938 -0.760155 -1.151188 
C3 -0.655242 -1.80817 -0.706162 
C4 -0.659919 -1.802352 0.720851 
C5 -1.524526 -0.750802 1.151683 
C6 -3.039019 1.032733 -0.012087 
Hi -2.916944 1.664781 -0.904128 
H2 -4.0758 0.6546 -0.014145 
H3 -2.923098 1.671997 0.875629 
H4 -1.705182 -0.484292 -2.188619 
H5 -0.073593 -2.473056 -1.343261 
H6 -0.082372 -2.461901 1.367154 
H7 -1.719791 -0.466671 2.185579 
C7 2.059229 0.096925 -0.004209 
C8 1.516935 0.760133 -1.151197 
C9 0.655295 1.808191 -0.706163 
CIO 0.659984 1.80237 0.720859 
Cll 1.524536 0.750771 1.151684 
C12 3.038948 -1.032823 -0.012088 
H8 2.917366 -1.664427 -0.904509 
H9 4.075731 -0.654696 -0.013386 
HIO 2.922527 -1.67253 0.875246 
Hll 1.705117 0.484213 -2.188624 
H12 0.07372 2.473167 -1.343236 
HI 3 0.082515 2.462018 1.367132 
H14 1.719748 0.466595 2.185578 
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CHAPTER 5 

METAL HYDRIDE COMPLEXES 

The Gas Phase Metal-Hydrogen bond length for the C5H5Mo(CO)3H and The 

Structure of CsH5W(CO)3H complexes 

ABSTRACT 

The first measurements of rotational spectra and metal-hydrogen bond lengths for 

molybdenum and tungsten hydride complexes have been obtained using a pulsed-beam 

microwave spectroscopy. The asymmetric-top rotational spectra for the CsHsMoCCO).^!-!. 

C5H5W(C0)3H, CjHsMolCOXiD, and CsHsWCCOhD complexes were measured. Five 

molybdenum and four tungsten isotopomers were obtained for the normal and deuterium-

substituted species. The rotational parameters A, B, C, Aj, and 8j were determined from 

the least-squares fits and these results suggest that the structures of these complexes are 

nearly rigid in nature. The hydrogen bond lengths were determined for both complexes 

using Kraitchman analysis. The molybdenum-hydrogen bond length for the 

CsHsMoCCOjsH complex is rMo-H= 1 -800(3) A. The tungsten-hydrogen bond length for 

the C5H5W(C0)3H complex is rw-n= 1.79(2) A. The Mo-H value is in good agreement 

with the previously reported Mo-H bond lengths on similar complexes. 
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FIGURE 5.1: Molecular stractures with the labeling scheme of atoms for the 

CsiisiVKCO)?!! complexes, where M = Mo or W. 

I. INTRODUCTION 

Transition metal complexes have been known for the remarkable properties to 

function as selective catalysts for a wide variety of chemical reactions. Recently, there 

has been a considerable interest in understanding the mechanisms of hydride transfer 

reactions for the C.-iHsMi'COjjH (where M=Cr, W, Mo) type of complexes^^. Several 

derivatives of the C5H5M(CO)3H complexes have been studied and explored as catalysts 

for protonation of olefins, aldehydes and ketones. Bullock and Song have demonstrated 

that the rate of hydride transfer for some derivatives of C5H5M(CO)3H highly depends 

on steric factors of coordinating ligands, temperature, and the strength of the M-H 

bond''^'^'^'^^. The C5H5M(CO)3H complex can function as a hydride, proton, or hydrogen 
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donor and its conjugate is quite reactive and can react with a wide variety of ligands. 

For example, the conjugated form of C5H5W(CO)3H has been demonstrated to bind onto 

the MgO and AI2O3 surfaces via the carbonyl ligands'''V These recent studies have 

revealed useful infonnation concerning the catalytic properties of the C5H5M(CO)3H 

complexes and their derivatives. Molybdenum and tungsten metals also play a vital role 

in enzymatic reactions in living organisms. These metals are anchored at the active sites 

of many enzymes, where the enzyme-substrate reactions can take place^". For example, 

in bacteria, molybdate is bound at the active site of molybdate-protein by seven hydrogen 

bonds'^. Other interesting studies relating to tungsten chemistry, which recently received 

considerable attention, involved theoretical investigations of the structure and reactivity 

of WHe, the tungsten hexahydride complexThe molecular structure of this complex 

is unknown experimentally. The structure of a similar type of complex, W(CH3)6, has 

been experimentally observed'^, suggesting that a similar complex like WHg could 

possibly exist in nature. Therefore an insight into the gas phase W-H bond length could 

be useful for assisting with theoretical modeling of WHg structures. 

The reactivity of organometallic complexes is known to be highly dependent on 

the properties of coordinating ligands. Many of the newly derived hydrides from the 

C5H5M(C0)3H complexes are usually coordinated by larger ligands, which can be neutral 

or electrically charged, in place of the carbonyl(s). Altering ligand geometry or charge 

would have considerable effect on the electronic properties, bonding, and the stability of 

the hydrogen bond. In order to better understand how ligand substitutions affect the 

metal-hydrogen bonding, it is very important that information about the precursor 

stracture (structure of building blocks, C5H5M(C0)3H in this case ) be known as 

accurately as possible. Thus, a detailed knowledge of the C5H5M(C0)3H geometry and 

the metal-hydrogen bond lengths clearly are important for understanding steric effects, 

the strength and stability of the metal-hydrogen bond in these metal mono-hydride 

systems. 

The gas-phase hydrogen bond distances of the CsHsMoCCOjsH and 

C5H5W(C0)3H complexes have not been previously measured. The crystal stracture of 
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C5H5W(C0)3H had been reported earlier firom the x-ray diffraction experiment''''. 

However, to our best knowledge, the W-H bond length for the C5H5W(CO)3H complex 

was not obtained. In the recent work to study the structure and acidity of the W-H bond, 

Shafiq and co-workers reported the crystal structure of a similar complex, 

(C5H4C02H)(C0)3WH, using x-ray diffraction technique^^. The W-H bond length was 

not determined from this recent study, and the hydride ligand was assumed to located 

between the two equivalent carbonyl ligands. For the C5H5Mo(CO)3H complex, the 

crystal structure of this complex, to our best knowledge, has never been previously 

published. In an article (Inorg. Chem. 1993, 32, 4819-4824)''' on a topic of x-ray and 

neutron diffraction studies of (C5H5Me5)Mo(CO)3H, Brammer et al also reported 

(through private communication-unpublished) neutron diffraction structure for 

CjMsMoCCO);?!. The Mo-H bond lengths reported for these crystal structures of 

molybdenum hydrides are in pretty good agreement with the present gas phase value we 

measured for CsH-sMoiCOjjH. Because of possible lanthanide contraction associated 

with tungsten metal, the CiH5W(C0)jH complex is expected to exhibit a slightly shorter 

M-H bond length compared to the C5H5Mo(CO)3H complex. The x-ray diffraction 

experiment is a reliable experimental technique for probing the overall geometry of large 

organometallic complexes, where their diffraction patterns can normally be resolved. 

However, electron diffraction measurements of the metal-hydrogen bond in 

organometallic mono-hydride system can be quite difficult due to a large number of 

electrons present in the metal. A good analogy would be searching for a needle 

(hydrogen) in a haystack (metal and other ligands). The metal-hydrogen bond length if 

can be discerned from the diffraction pattern may vary within ±0.1 A. Microwave 

spectroscopy measurements can overcome this problem, and thus can provide an accurate 

measurement of metal-hydrogen bond, particularly for mono-hydride organometallic 

complexes. 

In the present study, we have measured the W-H and Mo-H bond lengths by 

studying high resolution rotational spectra of C5H5Mo(CO)3H, C5H5W(CO)3H, 

C5H5Mo(CO)3D and C5H5W(CO)3D . This appears to be the first measurement of 
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rotational spectra and hydrogen bond lengths for the moiybdemim and tungsten hydride 

complexes. Density functional theory (DFT) calculations of the structures were 

performed to obtain the optimized theoretical structure for CsHsMoiCOj^H and 

C5H5W(C0)3H. The results obtained from the DFT calculations were compared with the 

experimental results to gain some information about the molecular geometry of both 

complexes. Comparisons between the experiment and DFT calculations suggested that 

the structure is very close to the 'piano stool' tjpe of structure (see FIGURE 5.1). The 

hydrogen is located between two of the three-carbonyl 'legs', bending away from the 

C5H5 ring. The effect of lanthanide contraction in the tungsten complex is observed; 

however, the lanthanide contraction appears to only slightly shorten the W-H bond. 

IL EXPERIMENT 

The CsHsiMoCCOXiH and C5H5W(CO)3H complexes were purchased from Aldrich 

Chemical and resublimed prior to use in the experiment. The sample was placed in a 

glass sample cell, which connccted directly to a pulse valve, located inside the sample 

chamber. The sample was heated in order to produce sufficient vapor pressure before 

pulsing into the microwave cavity. The temperature of the C5H5Mo(CO)3H complex was 

maintained at 40-45 °C. The temperature of the C5H5W(CO)3H complex was maintained 

at 60-65 °C. The sample was pulsed into the microwave cavity at the rate of i -2 Hz 

using Neon as a carrier gas. The backing pressure of Neon was steadily maintained 

between 0.7-0.8 atm. The pressure inside the microwave chamber is about 10'"'' torr. The 

rotational frequencies were measured in the range of 4-12 GHz using a pulse beam 

Fourier transform microwave spectrometer similar to the Flagare- Balle type 
OA 

spectrometer . 

The deuterated species CjHsMoCCOjsD and C5H5W(CO)3D were synthesized 

from the C5H5Mo(CO)3H and C5H5W(CO)3H respectively using CH3CO2D as 

deuterating agent. To synthesize CsHsWCCOjsD , about 2.5 gram of C5H5W(CO)3H was 
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charged into the dry flask and subsequently purged with N2 gas for i 5 minates. 10 ml of 

dried THF solution is then injected via a syringe into the sample flask and followed by 

2.5 ml of deuterated acetic acid, CH3CO2D. The resulting solution was heated to about 

68 °C for 10 hours and allowed to cool overnight. The solvent was pulled off with 

vacuum and the remaining dark color residue sublimed at 68 °C and 0.1 torr to obtain 

yellow/tan C5H5W(CO)3D product. The same above procedure was used for the 

synthesis of CsHjMoCCOj^D exccpt the reaction temperature of this complex was 

maintained at 40 °C. 

III. DATA FITTING AND RESULTS 

A total of over 500 b-dipole transitions were measured for C5H5Mo(CO)3H, 

C5H5Mo(CO)3D, C5H5W(C0)3H, and CsHsWCCOj^D complexes. Tables 5.1-5.8 show 

the measured and calculated transition frequencies for the C.sHsWCCOjH, and 

C5H5W(C0)3D complexes. The molecular parameter obtained from the least squares fits 

for C5H5W(C0)3H, and C5H5W(CO)3D are given in Table 5.9. Many of the observed 

transitions for the C5.H5W(CO)3H, complex clearly showed four distinct peaks 

corresponding to four different tungsten isotopes; '^W, and (See 

FIGURE 5.2). Six unique carbon 13 isotopomers were also obtained for the 

C5H5W(C0)3H complex (See tables 5.10-5.14). The molecular parameters obtained 

from isotopomers are given in TABLES 5.15 and 5.16. Five different molybdenum 

isotopes, ""'Mo, ^®Mo, '*"Mo, '^Mo and ''"Mo were observed for the C5H5Mo(CO)3H 

complex. Tables 5.17-5.27 show the measured and calculated transition frequencies for 

the C5H5Mo(CO)3H, and C5H5Mo(CO)3D complexes. The molecular parameters 

obtained from least squares fits for the C5H5Mo(CO)3H, and C5H5Mo(CO)3D complexes 

are given in TABLE 5.28. The observed rotational transitions for the molybdenum and 

tungsten isotopomers were fit using a least squares fitting program (FITSPEC programs 

from Flygare-Balle research group). Only five variable parameters (A, B, C, Aj, and 5j) 

were needed to obtain good fits to the transitions, with small deviations (See TABLES 
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5.9 and 5.28). The quartic centri&gal distortion constant Aj is only 0.03-0.04 kHz, 

strongly suggesting that these complexes behave nearly much likes a rigid rotor. The 

standard fit deviation obtained Ixom fitting the observed transitions range from 3-8 kHz, 

indicating the excellent quality of the fit. The molecular parameters obtained from these 

fits for C5H5W(C0)3H and CsHjMoCCO),!-! arc given in Tables 5.9 and 5.28, 

respectively. As expected due to the isotopic effect, the frequency of rotational 

transitions decreases as the mass increases. This grouping of lines due to metal isotopic 

mass effect greatly facilitated the analysis of spectrum and line assignments. Deuterium 

quadrupole splittings were not observed for these complexes, even for lower J transitions 

(in 4 GHz region). 

The assignments of transitions were done with the aid of specfral simulations. The 

theoretical spectrum of C5H5^^Mo(CO)3H and (most abundant isotope) 

was simulated using rotational constants from DFT calculations. The simulated spectrum 

was then compared to the experimental spectrum. The relatively good agreement in the 

spectral pattern observed between the theory and experiment allowed tentative 

assignments of transitions. The assigned transitions were later fit to the asymmetric top 

Hamiltonian using a least squares fitting iterative procedure. Once the transitions for the 

normal C5H5^^Mo(CO)3H and C5H5'®'*W(CO)3H were assigned and fit, the transitions 

derived from other tungsten and molybdenum isotopes could be analyzed and fit without 

much difficulty using the same fitting procedure as mentioned above. 

IV. DFT CALCULATIONS 

The Density functional theory method (DFT) was used to predict the equilibrium 

geometry of C5H5W(CO)3H and C5H5Mo(CO)3H complex. The calculations are 

performed exclusively with the B3PW91 hybrid functional of Beck, Perdew, Wang, and 

Lge®i'®2,83^ From our experiences, most of the gas-phase structure of transition metal 

complexes can be predicted with structural parameters very near the experimental values 
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using this method. The results from DFT calculations are compared to the experimental 

results obtained from analyzing our microwave spectra. 

All density fiinctional calculations were performed on an IBM-640 cluster 

computer (TINTIN) using the Gaussian 98 program^"* at the University of Arizona. 

Sufficiently large basis sets were selected for carbon and hydrogen. Basis sets, which 

include polarization function, are selected for the hydrogen, molybdenum, and tungsten 

atoms. The following basis sets was selected which included polarization functions to 

carbon atoms and hydrogen: 6-311G**^^ plus polarization basis. The Mo and W basis 

sets and effective core potential (ECP) were that of Hay and Wadt (n+1) ECP VDZ basis 

sets'^*'. The internal coordinates were fully optimized in redundant internal coordinates. 

Frequency analyses were done to check that the stationary points are at least local 

minima. No anhamonic corrections were made on the Metal-hydrogen bond and the 

calculated values for Mo-H and W-H would probably underestimate the true Mo-H and 

W-H bond lengths. Nevertheless the DFT structures seem to give a correct description 

about the geometry of CsH5Mo(CO)3H and CsHsW'CCOj^H. The rotational constants 

obtained from the DFT calculations arc in good agreement with the experimental values. 

The DFT coordinates in the standard orientation and rotational constants for both 

complexes are given in TABLES 5.29 and 5.30. 

V. M-H BOND LENGTHS 

The metal- hydrogen bond lengths for the C5H5Mo(CO)3H and CsHsWCCOjsH 

complexes were obtained using the Kraitchman analysis procedure by comparing sets of 

rotational constants for the hydrogen and deuterium species of both complexes. From the 

Kraitchman data, the metal and hydrogen atomic coordinates in the principle axis system 

were determined. The hydrogen atomic coordinates in the principle axis system (abc-

coordinates) for different sets of tungsten isotopes were obtained for C5H5W(CO)3H from 

the Kraitchman analysis. These hydrogen coordinates were averaged to produce the 

average abc-coordinate. Only the coordinates could be determined from 

Kraitchman analysis within statistical errors (See TABLE 5.31). Similar analyses were 
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done for C5H5Mo(CO)3H and the average abc-coordinates for the hydrogen atom were 

obtained for the molybdenum complex. Coordinates for two molybdenum isotopes (^^Mo 

and ^'^Mo) were determined from Kraitchman analyses and averaged to give the average 

abc-coordinates of Mo (See TABLE 5.31). 

The sign of the Kraitchman abc-coordinates (for Mo, W, H) could not be directly 

obtained from this data. To determine the sign of each atom coordinate, the Kraitchman 

coordinates for the metal and hydrogen were compared to the coordinates obtained from 

DFT calculations. The sign for the c-coordinate can be unambiguously assigned for the 

Mo, W, and H atoms (See TABLE 5.29, 5.30. and 5.31). However, the sign for the a-

coordinate and b-coordinatcs were more difficult to determine for H, W, and Mo atoms. 

Our DFT calculations predicted the hydrogen to nearly lie within the a-c plane of the 

principle axis system. This is not the case for the Kraitchman coordinates where the H 

atom appears to lie slightly off a-c plane. The values of b-coordinates for H atom 

obtained from the Kraitchman analyses for both complexes is close to zero. However 

there is large uncertainty associated with the H atom b-coordinates when either plus or 

minus sign is chosen. Thus, we fixed the value of the b-coordinate of H atom to zero. 

This large uncertainty in H atom b-coordinates could be largely due to M-H vibrational 

motion. After we make the best choice for the sign of the a-coordinates and b-

coordinates (see TABLE 5.31), the metal-hydrogen bond distance can be obtained using 

the following formulas. 

1) r= {(ae-aw)^ + (ch-cm)^}^'^ 

where r is the M-H distance. Using this method, the metal-hydrogen bond distances rw-H 

and rMo-H were determined for the C5H5W(CO)3H and C5H5Mo(CO)3H complexes 

respectively. 
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VI. THE STRUCTURE OF CjHsWCCOX^H 

The gas phase structure of C5H5W(CO)3H was determined using Kraitchman 

analysis of substitution coordinates and a structure fit program. The Kraitchman 

atomic coordinate for C5H5W(CO)3H is shown in TABLE 5.32. The Cg atom b-

coordinate could not be determined fi^om the Kraitchman analysis since the Cg atom lies 

very close to the b-axis. Because a and c-coordinates obtained from Kraitchman analysis 

are in good agreement with the Cg coordinates obtained from DFT calculations, we fixed 

the Cg b-coordinates to the DFT values. The bond lengths and angles obtained from 

Kraitchman coordinates are given in TABLE 5.33. We compared the Kraitchman 

derived structural parameters to the parameters obtained from DFT calculations (TABLE 

33). The results obtained from DFT calculations are in good agreement with the 

Kraitchman structures. 

The gas phase structure of C5H5W(CO)3H was determined using a structure fit 

program and the resulting atomic coordinates are given in TABLE 5.34. In the fit, a total 

of 21 rotational constants for the normal and '"'C unique isotopomers were used to fit the 

structure of C5H5W(CO)3H (see TABLE 5.35). The initial geometry used in the fit is that 

of the DFT optimized geometry. Four variable parameters were used in this fit and these 

are: Pl= the Cp ring radius, P2= the W-Cp cenfroid distance, P3= the W-C20, and P4= 

the W-CIO (or C30). The best result was obtained when the W-H distance was fixed to 

the Kraitchman values. The standard deviation obtained from the fit is about 140 kHz. 
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VII. DISCUSSION 

The analysis of high-resolution rotational spectra of C5H5W(CO)3H and 

C5H5Mo(CO)3H have yielded some important information about the gas-phase molecular 

structure and the metal-hydrogen bond distance for the two hydride complexes. The 

measured rotational constants for the C5H5W(CO)3H and C5H5Mo(CO)3H complexes are 

in very good agreement with the present theoretical values. The measured rotational 

constants are only about ± 0.4 -1.0% larger than the DFT values. Although the present 

DFT calculations predicted a shorter Mo-H and W-H bond lengths, we believe that these 

values could be improved to near the experimental values if one takes into account 

anharmonic corrections and uses larger basis sets for Mo and W. Compared to the 

C5H.sW(CO)3H complex, The rotational constant values obtained for the CsH^MoCCOjjH 

are slightly smaller than the CsHjWlCOjjH values. This is consistent with the fact that 

the Mo-H bond length is slightly longer than the W-H bond length. The Mo-H and W-H 

bond distances obtained from this method are rMo-n=^ 1.800(3) A and rw-H= 1.79(2) A, 

respectively. The present Mo-H value is in good agreement with the previous x-ray and 

neutron diffraction studies of similar complexes. The reported Mo-H value for 

(C5Me5)Mo(CO)3H is 1.789(7) A, and for C5H5Mo(CO)3H it is 1.72 A (unpublished 

data). Although the two metals atoms have nearly the same atomic radii^"^, it appears that 

the lanthanide contraction of the f-orbital only slightly shortened the W-H bond. 
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S443.2 8443.3 8443.4 8443 S443.1 8443 8442.8 8442.9 

FIGURE 5.2: Observed frequency transitions for C5H5W(CO)3H showing four different 

peaks deriving from four different tungsten isotopes. 
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TABLE 5.1: Measured and calculated rotational transitions for C5H5W(CO)3H, 

(W=l83.950933). Values are reported in MHz. Standard deviation of the fit, CTf,t=3.9 

kHz. 

J" K"aK"e J'K'aK'c Measured Calculated Measured-Calculated 

2(12 

221 

2 20 

2u 

322 

3,11 

3i2 

321 

4(14 

423 

432 

4 | ,5  

4^1 

440 

431 

4,2 

3(13 

322 

321 

312 

423 

432 

431 

413 

422 

S«5 

524 

^33 

5,4 

S42 

541 

532 

^23 

6 , 6  

4057.348 

4176.853 

4296.351 

4320.501 

5542.126 

5621.502 

5659.270 

5704.586 

5778.947 

6600.357 

6886.559 

7025.386 

7032.386 

7036.268 

7044.702 

7138.841 

7239.151 

7866.911 

4057.350 

4176.851 

4296.352 

4320.499 

5542.123 

5621.500 

5659.271 

5704.582 

5778.948 

6600.361 

6886.556 

7025.383 

7032.676 

7036.258 

7044.707 

7138.845 

7239.152 

7866.916 

-0.0014 

0.0025 

-0.0009 

0.0013 

0.0033 

0.0026 

-0.0006 

0.0032 

-0.0019 

-0.0044 

0.0031 

0.0027 

0.0057 

0.0019 

-0.0053 

-l).0«41 

-0.0«07 

-©J«46 
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TABLE 5.\-Continui'd 

Sos 

524 

514 

^33 

Ssi 

5so 

542 

541 

Sj; 

523 

6I6 

6o6 

625 

6 , 5  

634 

66, 

652 

651 

643 

642 

6M 

625 

6.5 

634 

652 

651 

643 

642 

633 

624 

I n  

7O7 

^26 

7.6 

735 

762 

7S3 

7s2 

744 

743 

7873.922 

8209.689 

8310.554 

8414.142 

8441.602 

8443.173 

8458.740 

8493.717 

8645.698 

8654.443 

9148.341 

9150.840 

9514.725 

9569.293 

9781.342 

9845.058 

9868.636 

9876.822 

9878J62 

9978.123 

7873.922 

8209.685 

8310.546 

8414.142 

8441.598 

8443.171 

8458.740 

8493.718 

8645.702 

8654.442 

9148.348 

9150.847 

9514.723 

9569.287 

9781.343 

9845.054 

9868.636 

9876.823 

9878.063 

9978.126 

-0.0007 

0.0039 

0.0085 

0.0007 

0.0033 

0.0018 

-0.0002 

-0.0005 

-0.0038 

0.0006 

-0.0079 

-0.0066 

0.0026 

1.e»6o 

-0.0009 

0J«44 

-0.0(K»3 

-0.0006 

-0.0027 
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TABLE S.l-Continued 

624 

633 

5,4 

hi. 

7 ,6 

^35 

762 

761 

744 

753 

7:5 

752 

743 

734 

818 

8(1)1 

725 

734 

633 

827 

8(7 

836 

852 

845 

854 

826 

853 

844 

835 

9„ 

9#9 

10009.498 

10141.795 

10599.719 

10807.103 

10831.914 

11124.301 

11271.562 

11273.195 

11285.384 

11300.489 

11301.497 

11330.401 

11498.250 

11593.246 

11708.147 

11708.415 

10009.497 

10141.761 

10599.721 

10807.111 

10831.918 

11124.306 

11271.559 

11273.193 

11285.388 

11300.489 

11301.499 

11330.399 

11498.249 

11593.243 

11708.139 

11708.413 

0.0009 

-0.0021 

-0.0026 

-0.0086 

-0.0039 

-0.0053 

0.0038 

0.0024 

-0.0040 

-0.0003 

-0.0018 

0.0019 

0.0005 

0.0032 

0.0082 

0.0018 
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TABLE 5.2: Measured and calculated rotational transitions for C5H5W(CO)3H, 

(W=185.954362). Values are reported in MHz. Standard deviation of the fit, cjfit=8.3 

kHz. 

J95 K"; K"aK"c J'k'hK'c Measured Calculated Measured-Calculated 

2O2 

^21 

220 

2u 

3|3 

3O3 

322 

3,11 

3,w 

3I2 

321 

4«4 

4.3 

432 

4 ,3 

441 

440 

43, 

j«3 

322 

321 

3)2 

4I4 

4O4 

423 

432 

431 

4I3 

422 

%5 

5:4 

^33 

5|4 

542 

^41 

4057.320 

4176.778 

4296.233 

4320.389 

5291.152 

5331.188 

5542.031 

5621.379 

5659.132 

5704.460 

5778.783 

6600.334 

6886.454 

7025.236 

7032.561 

7036.104 

7044.547 

7138.649 

4057.312 

4176.775 

4296.239 

4320.394 

5291.136 

5331.169 

5542.031 

5621.382 

5659.137 

5704.462 

5778.789 

6600.329 

6886.453 

7025.238 

7032.557 

7036.105 

7044.550 

7138.655 

0.0080 

0.0023 

-0.0065 

-0.0046 

0.0160 

0.0190 

0.0000 

-0.0030 

-0.0050 

-0.0013 

-0.0069 

0.0048 

0.6007 

-0.0021 

0.0039 

-0.0009 

-0.0026 

-0.0061 



TABLE 5, 

•®22 

^15 

324 

314 

^33 

^51 

^50 

^41 

532 

^23 

^16 

^06 

625 

6|5 

634 

^52 

^5.1 

516 

^06 

^>25 

®34 

®52 

^43 

O33 

^24 

"^17 

'^97 

726 

<7 
•'16 

7v5 

7 62 

7238.954 

7866.874 

7238.958 

8310.444 

8413.974 

8442.985 

8458.550 

8645.445 

8654.233 

9148.301 

9150.797 

9781.166 

9844.844 

8209.577 

8310.435 

8442.985 

8493.511 

'52 

9150.810 

9514.611 

9569.180 

9781.160 

9844.836 

9868.411 

9876.592 

-0.0072 

0.0087 

0.0001 

-0.0014 

-0.0021 

-0.0094 

0.0028 

-0.0130 

0.0064 
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TABLE 52-Continued 

643 

642 

624 

633 

In 

1m 

514 

^26 

7.6 

73s 

^62 

7« 

744 

7S3 

725 

752 

743 

734 

744 

743 

725 

734 

81s 

8O8 

633 

H27 

817 

836 

8(,3 

862 

845 

854 

826 

853 

844 

835 

9877.844 

9977.852 

10009.295 

10141.467 

10428.416 

10429.258 

10599.165 

10807.001 

10831.813 

11124.120 

11271.308 

11272.938 

11285.141 

11300.225 

11301.314 

11330.116 

11497.907 

11592.934 

9877.841 

9977.855 

10009.287 

10141.470 

10428.440 

10429.284 

10599.181 

10806.997 

10831.808 

11124.114 

11271.299 

11272.933 

11285.138 

11300.223 

11301.394 

11330.114 

11497.908 

11592.930 

0.0028 

-0.0029 

0.0079 

-0.0032 

-0.0242 

-0.0252 

-0.0160 

0.0040 

0.0055 

0.0059 

0.0087 

0.0057 

0.0029 

0.0019 

0.e099 

0.0015 

-0.i«07 

0.0042 
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TABLE 5.3: Measured and calculated rotational transitions for C5H5W(CO)3H, 

(W=l 82.950224). Values are reported in MHz. Standard deviation of the fit, <jfit=5.i 

kHz. 

J"K"aK"c J'k-sK'c Measured Calculated Measured-Calculated 

229 321 4296.412 4296.409 0.»(}29 

111 3|2 4320.553 4320.554 -0.9009 

322 423 5542.184 5542.174 0.0101 

331 432 5621.562 5621.562 O.OOOl 

330 43! 5659.342 5659.340 ®.«024 

312 4|3 5704.646 5704.647 -0.0015 

321 422 5779.029 5779.028 0.0012 

4)4 5I5 6582.367 6582.355 0.0118 

4O4 5O5 6600.357 6600.361 -0.fl044 

4,2 533 7025.458 7025.461 -0.0024 

413 5,4 7032.741 7032.744 -0.0036 

^41 542 7036.337 7036.338 -0.0005 

44« 541 7044.790 7044.789 §.0008 

^31 532 7138.941 7138.941 O.0O©2 

422 523 7239.249 7239.250 -0.0004 

51,5 7866.959 7866.952 0.0067 

5I)5 6O6 7873.958 7873.959 -0.0006 

§33 634 8414.226 8414.232 -0,0063 

Sjl 652 8441.698 8441.696 0.e021 

Sse 651 8443.270 8443.269 Q.0005 

542 643 8458.836 8458.839 -0.0032 

541 642 8493.824 8493.823 0.0002 
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TABLE 5.3' 

532 

523 

6I6 

6«6 

6M 

6s2 

651 

643 

642 

624 

633 

5,4 

^26 

lu 

7M 

744 

753 

7s2 

743 

734 

•Continued 

633 

624 

7I7 

7«7 

762 

753 

752 

744 

743 

725 

734 

633 

827 

817 

843 

§62 

84s 

854 

853 

844 

83s 

8645.828 

§654.550 

9148.387 

9150.884 

9845.169 

9868.751 

9876.942 

9878.175 

9978.257 

10009.601 

10141.900 

10599.990 

10807.203 

10832.005 

11271.699 

11273.331 

11285.532 

11300.626 

11330.536 

11498.420 

11593.401 

8645.824 

8654.552 

9148.394 

9150.892 

9845.169 

9868.754 

9876.942 

9878.180 

9978.260 

10009.612 

10141.904 

10599.988 

10807.196 

10832.001 

11271.695 

11273.339 

11285.521 

11300.628 

11330.544 

11498.413 

11593.400 

0.OO37 

-0.0015 

-0.0068 

-0.0077 

-0.0003 

-0.0025 

0.0001 

-0.0044 

-0.0030 

-0.0114 

-0.0036 

0.0023 

0.0065 

0.0036 

0.0040 

0.0009 

0.0109 

-ej022 

-0.0075 

0.0068 

§.0009 
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TABLE 5.4: Measured and calculated rotational transitions for 

(W=l 81.948206). Values are reported in MHz. Standard deviation of the fit, afit=4.0 

kHz. 

J"k"ak"c -> J'kwc Measured Calculated Measured-Calculated 

271 

220 

2M 

3I3 

3O3 

322 

3.11 

3,v) 

3)2 

321 

4o4 

423 

432 

4 ,3 

44! 

449 

431 

J03 

322 

321 

312 

4,4 

4«4 

423 

432 

431 

4.3 

422 

5O5 

§24 

533 

5.4 

§42 

54, 

532 

4057.394 

4176.928 

4296.468 

4320.609 

5291.212 

5331.246 

5542.219 

5621.621 

5659.412 

5704.708 

5779.112 

6600.404 

6886.662 

7025.532 

7032.S01 

7036.417 

7044.871 

7139.041 

4057.391 

4176.931 

4296.471 

4320.610 

5291.205 

5331.239 

5542.220 

5621.623 

5659.412 

5704.709 

5779.115 

6600.396 

6886.663 

7025.534 

7032.799 

7036.417 

7044.871 

7139.044 

0.0031 

-0.0029 

-0.0024 

-0.0011 

0.0072 

0.0074 

-0.0015 

-0.0021 

-0.0004 

-0.0002 

-0.0034 

0Ji87 

-0.0613 

-0J023 

0.0026 

-0.0003 

-»J003 

-0.0036 
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TABLE SA-Continued 

422 

§24 

5.4 

533 

S5# 

542 

^41 

5,(2 

523 

625 

6.5 

634 

650 

652 

651 

643 

642 

624 

633 

5,4 

523 

625 

6,5 

634 

65.  

643 

642 

633 

624 

^26 

7I6 

735 

761 

7*3 

752 

744 

743 

725 

734 

633 

7239.350 

8209.793 

8310.656 

8414.310 

8443.365 

8458.933 

8493.930 

8645.958 

8654.661 

9514.827 

9569.386 

9781.520 

9845.540 

9868.866 

9877.057 

9878.288 

9978.401 

10009.708 

10142.054 

10600.267 

7239.352 

8209.796 

8310.656 

8414.313 

8443.363 

8458.934 

8493.931 

8645.958 

8654.658 

9514.832 

9569.390 

9781.526 

9845.537 

9868.864 

9877.057 

9878.287 

9978.403 

10009.706 

10142.056 

10600.264 

-0.0023 

-0.0023 

0.00®7 

-0.0027 

0.0014 

-0.0007 

-0.0009 

-0.0001 

0.0029 

-0.0052 

-0.0040 

-0.0059 

0.0029 

0.0017 

0.0003 

0.0007 

-0.0018 

0.0921 

-O.ftOll 

».002S 
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TABLE SA-Continued 

7.-,5 834 11124.481 11124.493 -0.0118 

762 843 11271.826 11271.817 0.0088 

7« 8« 11273.457 11273.453 0.0044 

744 845 11285.639 11285.635 0.0038 

7s3 854 11300.757 11300.754 0.0030 

7,5 826 11301.686 11301.687 -0.0004 

752 853 11330.686 11330.685 0.0016 

743 844 11498.595 11498.594 -0.0018 

734 835 11593.550 11593.555 -0.0048 
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TABLE 5.5: Measured and calculated rotational transitions for C5H5W(CO)3D, 

(W=l 83.950933). Values are reported in MHz. Standard deviation of the fit, Ofit=3.3 

kHz. 

J"K"aK"c -> J'K'aK'c Mcasurcd Calculated Measured-Calculated 

2>» 

322 

331 

330 

312 

3:1 

4»4 

423 

432 

4.3 

440 

431 

4:: 

5 ,5 

5es 

324 

5.4 

^33 

J21 

423 

4.2 

431 

4.3 

422 

Sos 

524 

533 

5.4 

54, 

532 

5 23 

616 

606 

6:5 

6.5 

634 

4277.660 

5526.555 

5601.887 

5636.927 

5685.210 

5752.997 

6593.516 

6869.250 

7001.416 

7013.826 

7018.615 

7107.396 

7208.129 

7859.292 

7866.616 

8191.549 

8293.326 

8386.910 

4277.664 

5526.553 

5601.885 

5659.928 

5685.209 

5753.001 

6593.564 

6869.247 

7001.415 

7013.822 

7018.612 

7107.401 

7239.133 

7859.296 

7866.618 

8191.547 

8293.321 

8386.909 

-0.0035 

0.0018 

0.0021 

-0.0012 

0.0008 

-0.i041 

-0.0027 

0.0030 

0.0012 

0J041 

0.0035 

-0.0047 

-0.0038 

-0.0043 

-0.0014 

0.0021 

§J©4« 

0.9013 
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TABLE S.S-Continued 

Ssi 

Ss# 

§42 

§41 

^23 

625 

615 

634 

^60 

652 

643 

642 

624 

633 

7I7 

735 

744 

725 

652 

651 

643 

642 

633 

624 

7 26 

7I6 

735 

761 

753 

744 

743 

725 

734 

Sis 

8O8 

836 

845 

§26 

8411.205 

8412.595 

8427.904 

8459.715 

8605.354 

8621.212 

9496.297 

9552.568 

9752.126 

9809.979 

9832.202 

9842.315 

9934.033 

9977.460 

10095.475 

10420.103 

10421.915 

11094.254 

11245.897 

11272.776 

8411.204 

8412.597 

8427.904 

8459.715 

8605.358 

8621.212 

9496.301 

9552.575 

9752.122 

9809.973 

9832.200 

9842.315 

9934.031 

9977.459 

10095.473 

10420.100 

10421.012 

11094.259 

11245.909 

11272.775 

0.0002 

-0.0021 

0.0002 

-0.0002 

-0.0037 

-0.0003 

-0.0046 

-0.0067 

0.0037 

0.0060 

0.0025 

-0.0005 

0.0020 

0.0009 

0.0012 

0.0026 

0.0026 

-0.005© 

-0.0029 

O.OiOS 
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TABLE 5.5-Continued 

9m 11708.415 11708.413 «J018 
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TABLE 5.6: Measured and calculated rotational transitions for CsHsWXCOj.iD, 

(W=l85.954362). Values are reported in MHz. Standard deviation of the fit, cjf5t=7.7 

kHz. 

J99 K"aK"c J'k'sK'c Measured Calculated Measured-Calculated 

22# 

313 

322 

331 

33# 

3I2 

321 

414 

4O4 

423 

432 

^41 

4,3 

^40 

4,! I 

4»2 

Sl5 

5o5 

321 

4,4 

4,3 

432 

431 

4,3 

4,2 

Sis 

5(15 

524 

533 

542 

5I4 

541 

^32 

S23 

616 

6«6 

4277.552 

5284.313 

5526.474 

5601.778 

5636.803 

5685.098 

5752.852 

6575.026 

6593.543 

6869.158 

7001.283 

7010.820 

7013.718 

7018.471 

7107.225 

7207.954 

7859.255 

7866.578 

4277.556 

5284.293 

5526.472 

5601.782 

5636.810 

5685.106 

5752.862 

6575.015 

6593.530 

6869.155 

7001.286 

7010.822 

7013.721 

7018.471 

7107.231 

7207.965 

7859.256 

7866.579 

-0.»126 

0.0203 

0.0019 

-0.0037 

-0.0071 

-0.0084 

-0.0103 

0.0106 

0.0128 

0.0030 

-0.0035 

-0.0017 

-0.0035 

-O.«0O7 

-0.0054 

-0.0105 

-0.(M)02 

-0.0012 
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TABLE S.b-Continued 

524 

5j4 

533 

Ssi 

5s# 

542 

541 

532 

523 

6I6 

6«6 

625 

615 

651 

643 

642 

624 

633 

7I7 

62s 

6.5 

634 

652 

651 

643 

642 

633 

624 

7I7 

7O7 

^26 

7.6 

^52 

^44 

743 

lis 

^34 

8i8 

8«s 

8191.449 

8293.231 

8386.758 

8411.«40 

8412.435 

8427.738 

8459.532 

8605.134 

8621.023 

9140.3§9 

9142.967 

9496.203 

9552.486 

9839.264 

9842.121 

9933.794 

9977.277 

10095.214 

10428.032 

19420.947 

8191.448 

8293.228 

8386.760 

8411.038 

8412.429 

8427.735 

8459.529 

8605.136 

8621.029 

9140.318 

9142.975 

9496.197 

9552.480 

9839.255 

9842.115 

9933.785 

9977.279 

10095.214 

10420.046 

10420.958 

0.0010 

0.0O3O 

-0.0012 

0.0024 

O.0O53 

0.0039 

0.0030 

-0.0026 

-0.0059 

-».«089 

-0.0075 

0.0059 

0.0056 

0.0091 

0.0067 

0.0094 

-0.0019 

0.0006 

-0.11142 

-0.«113 



TABLE S.^-Continued 

726 8:7 10788.474 10788.467 0.0071 

7,6 8,7 10814.589 10814.586 0.0030 

7,5 Hm, 11094.090 11094.084 0.0060 

7,5 826 11272.602 11272.607 -0.0052 
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TABLE 5.7: Measured and calculated rotational traBsitions for C5H5W(CO)3D, 

(W= 182.950224). Values are reported in MHz. Standard deviation of the fit, afit=5.3 kHz 

J99 K'Wc J'x'aK'c Measured Calculated Measured-Calculated 

2u2 

3I3 

3O3 

312 

321 

414 

432 

441 

^40 

431 

Ssi 

Sso 

542 

541 

5,52 

523 

634 

3o3 

4 ,4  

4M 

431 

4 ,3 

422 

515 

533 

542 

S4I 

532 

652 

651 

643 

642 

633 

624 

^as 

4050.457 

5284.313 

5324.627 

5636.987 

5685.262 

5753.069 

6575.034 

7001.480 

7011.029 

7018.682 

7107.481 

8411.288 

8412.679 

8427.987 

8459.808 

8605.468 

8621.307 

9752.199 

4050.474 

5284.316 

5324.633 

5636.983 

5685.257 

5753.073 

6575.036 

7001.472 

7011.020 

7018.676 

7107.486 

8411.282 

8412.674 

8427.983 

8459.806 

8605.475 

8621.309 

9752.195 

-0.0171 

-0.0028 

-0.0060 

0.0040 

0.0047 

-0.0046 

-0.0018 

0.0076 

0.0090 

0.0064 

-0.0045 

0.0066 

0.0045 

0.0043 

0.0022 

-0.0072 

-0.0019 

0.0035 
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TABLE S.l-Continued 

€m 761 9810.065 9810.068 -0.0030 

652 753 9832.302 9832.298 0.0039 

643 744 9842.413 9842.412 0.0013 

642 I43 9934.155 9934.158 -0.0029 

633 734 10095.603 10095.615 -0.0119 
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TABLE 5.8: Measured and calculated rotational transitions for C5H5W(CO)3D, 

(W= 181.948206). Values are reported in MHz. Standard deviation of the fit, o-fit=6.3 

kHz. 

J"K"aK"c —> J'k.kc Measured Calculated Measured-Calculated 

2O2 

220 

2 f i  

3,3 

3 03 

^22 

^31 

330 

3|2 

^21 

4u 

4o4 

423 

432 

441 

4|3 

440 

•^#3 

322 

321 

312 

4I4 

4O4 

423 

432 

43. 

4.3 

422 

Sis 

Sos 

5.4 

S33 

^42 

514 

4050.517 

4164.140 

4277.763 

4303.568 

5284.369 

5324.687 

5526.636 

5601.990 

5637.047 

5685.318 

5753.143 

6575.094 

6593.604 

6869.337 

7001.546 

7011.097 

7013.930 

7018.754 

4050.509 

4164.140 

4277.770 

4303.575 

5284.359 

5324.674 

5526.639 

5601.995 

5637.053 

5685.319 

5753.149 

6575.084 

6593.593 

6869.341 

70® 1.548 

7011.098 

7013.927 

7018.756 

0.0080 

0.0007 

-0.0065 

-0.0066 

0.0103 

0.0125 

-0.0030 

-0.0049 

-0.0057 

-0.0008 

-0.0059 

0J099 

0.0101 

-0.0033 

-0.0022 

-0.0012 

0.0023 

-0.0021 



176 

TABLE S.&-Continued 

43, 

^22 

515 

Sss 

5 24 

5(4 

533 

S5I 

§42 

541 

532 

523 

6I6 

6O6 

625 

6,5 

634 

6« 

6M 

652 

§32 

S23 

6I6 

6o6 

62s 

6,5 

634 

652 

643 

642 

633 

624 

7I7 

7 07 

726 

7I6 

735 

762 

7« 

753 

7107.568 

7208.304 

7859.331 

7866.650 

8191.639 

8293.411 

8387.054 

8411.369 

8428.069 

8459.899 

8605.585 

8621.403 

9140.387 

9143.040 

9496.383 

9552.650 

9752.275 

9809.939 

9810.164 

9832.401 

7107.576 

7208.309 

7859.326 

7866.646 

8191.641 

8293.414 

8387.057 

8411.370 

8428.072 

8459.901 

8605.583 

8621.399 

9140.391 

9143.046 

9496.393 

9552.658 

9752.279 

9809.936 

9810.164 

9832.396 

-0.OO76 

-O.flOSO 

0.0053 

0.0043 

.§.§021 

-0.0031 

-0.0037 

-0.0017 

-0.0028 

-0.§021 

§.§020 

0.0035 

-0.0037 

-0.0064 

-0.8099 

-0.0081 

-0.0031 

0.0028 

-0.0001 

8.0054 
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TABLE 5.S-Contiimed 

651 7,2 9839.670 9839.666 0.0043 

643 744 9842.511 9842.508 0.0029 

642 743 9934.276 9934.271 0.0054 

624 725 9977.642 9977.637 0.0049 

633 734 10095.737 10095.730 0.0068 

726 8,7 10788.647 J 0788.664 -0.0170 

735 834 11094.418 11094.415 0.0038 

744 845 11246.116 11246.110 0.0058 

725 826 11272.935 11272.929 0.0064 
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TABLE 5.9: Measured rotational parameters obtained from the least-squares fits for the 

normal and deuterated isotopomers of r|5-Cyclopentadienyltimgsten tricarbonyl hydride. 

Fixed parameter is denoted with *. The standard error given is la. 

C5H5W(C0),H 

Parameter 1s6^ 

A(MHz) 968.6540(13) 968.6999(12) 968.7242(20) 968.7454(6) 

B(MHz) 752.5160(3) 752.5415(4) 752.5542(8) 752.5683(2) 

C(MHz) 639.7440(3) 639.7433(4) 639.7439(10) 639.7433(2) 

Aj(MHz) 0.000042(3) 0.000034(2) 0.000028(4) 0.000036(1) 

8j(MIIz) 0.000015* 0.000015(2) 0.000020(6) 0.000015* 

ctfitCMHz) 0.008 0.004 0.005 0.004 

Lines 56 54 43 47 

CsHsWCCOIjD 

Parameter 182w 

A(MHz) 963.1927(29) 963.2217(18) 963.2493(64) 963.2584(25) 

B(MHz) 748.4828(4) 748.5042(4) 748.5167(8) 748.5279(3) 

C(MHz) 639.5195(4) 639.5198(4) 639.5151(7) 639.5201(3) 

A,(kHz) 0.000046(4) 0.000034(2) 0.000021(6) 0.000041(3) 

SjCMHz) 0.000023* 0.000023(2) 0.000023* 0.000023* 

0.008 0J03 0.007 0.006 

Lines 42 39 23 47 

rw-H (A) 1.800(3) 
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TABLE 5.10: Measured and calculated rotational transitions for of the C5H5 ring for 

C5H5W(C0)3H. Values are reported in MHz. 

J"k"«iv"c J'K'aK-« Measured Calculated Measured-Calculated 

Qi7®®w(copi 

321 422 5740.377 5740.377 0.0000 

4, 4  5,5 6537.678 6537.677 0.0013 

4«4 5O5 6556.209 6556.207 0.0022 

4,3 524 6841.178 6841.182 -0.0042 

4.2 533 6978.619 6978.620 -0.0007 

4.3 5,4 6988.618 6988.619 -0.0009 

440 541 6997.130 6997.132 -0.0024 

4.2 523 7191.892 7191.887 0.0046 

0(1,=3.2 kHz. 

_____________ 

37i 5^540 (KOOOO 

4.4 5I5 6537.737 6537.737 0.0004 

494 5os 6556.263 6556.264 -0.0005 

432 533 6978.767 6978.766 0.0013 

4.3 5,4 6988.736 6988.736 -0.0002 

440 541 6997.289 6997.290 -OJOll 

kHz. 
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TABLE 5.11: Measured and calculated rotational transitions for '•'C5 of the C5H5 ring for 
C5H5W(C0)3H. Values are reported in MHz. 

-> J'K-.KC Measured Calculated Measured-Calculated 

4,4 5,5 6550.903 6550.907 -».0036 

423 524 6849.248 6849.240 0.0076 

432 5,3 6983.439 6983.434 0.0053 

4, 3  5,4 6995.581 6995.586 -0.0047 

43, 532 7091.203 7091.208 -0.0046 

CTfi,=8.4 kHz 

4̂  ̂ 5550.959 6550.959 0.0003 

4.3 524 6849.358 6849.358 -0.0008 

4.2 5,3 6983.520 6983.520 0.0004 

4. 3  5,4 6995.833 6995.833 0.0002 

CTfi,= I.O kHz 
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TABLE 5.12: Measured and calculated rotational transitions for of the C5H5 ring for 
C5H5W(C0)3H. Values are reported in MHz. 

J"K-'aK"c -> J'x'aK'e Measured Calculated Measured-Calculated 

c5i7®®w(coj5 

4O4 5,5 6558.828 6558.827 0.0003 

423 524 6837.603 6837.598 0.0049 

4,3 5,4 6986.075 6986.081 -0.0063 

431 5.,2 7075.551 7075.557 -0.0062 

422 523 7179.832 7179.824 0.0073 

CTfit=8-8 kHz. 

iTT 6539J5() 6539.345 0.0050 

4,3 524 6837.703 6837.709 -0.0063 

4,3 5,4 6986.308 6986.311 -0.0027 

431 532 7075.734 7075.738 -0.0048 

4,2 523 7180.112 7180.103 0.0089 

CTr,t=9,3 kHz. 
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TABLE 5.13: Measured and calculated rotational transitions for (equivalent to ^^€3) 

of the CO ligand for C5H5W(CO)3H. Values are reported in MHz. 

J"K"aK"c -> •''ksKc Measured Calculated Messured-Caleuiatcd 

QH7®W(COpi 

3,, 422 5763.893 5763.887 0.0059 

• 4«4 5,15 6570.873 6570.874 -0.0008 

4I3 5,4 7004.852 7004.849 0.0023 

4.2 §23 7218.508 7218.514 -0.0062 

CTn,=8.9 kHz. 

4^^ 6570.808 ^70.809 -0.0006 

4.3 524 6860.716 6860.714 0.0020 

4.2 533 7002.800 7002.803 -0.0030 

440 54, 7023.739 7023.737 0.0015 

cjj5t=4.0 kHz. 

'hi "1Z 5^.052 5764.0.^ -0.00 ll 

4.4 5,5 6553.752 6553.748 0.0038 

4o4 5O5 6570.920 6570.927 -0.0062 

4.3 5,4 7004.971 7004.967 0.0042 

441 542 7015.016 7015.011 0.0055 
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TABLE 5.13-Continued 

44, 54, 7024.089 7024.090 -0.0007 

43, S32 7121.356 7121.354 0.0015 

422 523 7218.700 7218.707 -0.0065 

S05 7838.835 7838.836 -0.0006 

CTiit=4.9 kHz. 

423 524 6868.912 6860.916 -0.0035 

4i3 5I4 7005.08© 7005.079 0.§0(>9 

441 542 7015.167 7015.170 -0.0026 

440 541 7024.254 7024.254 0.0004 

5is 616 7832.347 7832.346 0.0005 

5O5 6„6 7838.904 7838.963 0.0012 

CTf,t=2.8 kHz. 
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TABLE 5.14: Measured and calculated rotational transitions for '^€2 of the CO ligand for 

C5H5W{C0)3H. Values are reported in MHz. 

J"k-,k- c -> J'k'sK'c Measured Calculated Measured-Calculated 

cyiT^wcco)^ 

321 422 5750.232 5750.227 0.0057 

44# 541 7013.157 7013.161 -0.0041 

4,2 523 7204.595 7204.597 -0.0015 

5«5 6m 7853.199 7853.198 0.0009 

CTfit=7.2 kHz. 
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TABLE 5.15: Measured rotational parameters obtained from the least-squares fit of 

unique '^C isotopes of C5H5 ring for Tis-Cyclopentadienyltungsten tricarbonyl hydride. 

The standard deviation is given for 2a. (a) C5H5'^^W(CO)3H, (b) C5H5'^"'W{CO)3H, (c) 

C.Hs'^WCCOhH. (d) CsHs'^-WCCOxH, (e) C5H5^^^W(CO)3H, (f) CsHV^^CCO);!-!. 

Parameter (b) 'Y'. I "c, (d) "c, (e) "Cg (f) ''Cg 

A(MHz) 

B(IVfflz) 

C(MHz) 

Aj(kHz) 

CTn.(kHz) 

966.2535(86) 

747.7477(6) 

635.2710(6) 

0.(»36* 

3.2 

966.2843(30) 

747.7742(2) 

635.2778(2) 

0.10* 

1.1 

964.6513(224) 

747.3814(26) 

636.8614(26) 

0.0 

8.4 

964.8898(30) 

747.4011(4) 

636.8594(3) 

0.0 

1.0 

967.1710(248) 

746.0566(22) 

635.6467(26) 

0.0 

8.8 

967.4019(240) 

746.1003(22) 

635.6300(24) 

0.0 

9.3 

*Fixed parameter 

TABLE 5.16: Measured rotational parameters obtained from the least-squares fit of '^Ci 

(or of the CO ligands for: (a) C5H5'^"W(CO)3H, (b) C5Hs"^SV(CO)3H, (c) 

CsHs'^HvXCOjjH, (d) C5H5^®^W(C0)3H, and "Cj CO isotopomcr (e) C5H5^^%(CO)3H 

for ri5-Cyclopentadienyitungsten tricarbonyl hydride. The standard deviation is given for 

2a. 

Parameter (a) '-'C, (b) "C, (c) ' t, (d) (e) 

A(Mnz) 963.3498(288) 963.9450(378) 963.3792(108) 963.3985(68) 964.7565(561) 

B{MHz) 750.7390(20) 750.7620(28) 750.7649(10) 750.7879(6) 748.4536(28) 

C(MHz) 636.8150(30) 636.7799(24) 636.8189(8) 636.8227(4) 638.2452(22) 

Aj(kHz) 0J 0.0 0.023* 0.020* 0.0 

CTflt(kHz) 8.9 4.0 4.9 2.8 7.2 

*Fixed parameter 
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TABLE 5.17: Measured and calculated rotational transitions for C5H5Mo(CO)3H, 

(Mo=99.907477). Values are reported in MHz. Standard deviation of the fit, o-f,t=4.0 

kHz. 

J99 
K ' a K ' c  J'li'aK'c Measured Calculated Measured-Calculated 

322 

331 

3^0 

312 

321 

^23 

^32 

4.3 

431 

^22 

5|5 

So5 

^24 

5.4 

^33 

542 

^41 

532 

423 

432 

431 

4I3 

422 

524 

533 

5I4 

532 

523 

6,a 

^06 

6.5 

6is 

634 

643 

642 

633 

5529.030 

5599.076 

5629.708 

5688.157 

5743.719 

6875.232 

6999.136 

7025.073 

7093.378 

7201.006 

7874.994 

7883.767 

8202.049 

8313.001 

8386.960 

8421.739 

8448.072 

8586.259 

5529.028 

5599.075 

5629.709 

5688.157 

5743.721 

6875.226 

6999.135 

7025.070 

7093.380 

7201.016 

7874.994 

7883.776 

8202.043 

8312.999 

8386.960 

8421.732 

8448.e71 

8586.262 

0.0023 

§.0011 

-0.0005 

-0.0003 

-0.0017 

0.0060 

0.0013 

0.0032 

-0.0026 

-0.0044 

-0.0051 

-0J092 

0.0058 

0.0§13 

»J005 

0.0070 

0.0012 

-0.0033 
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TABLE SAT-Continued 

3l5 

»34 

">52 

"33 

^44 

^53 

725 

7,14 

735 

753 

725 

734 

84s 

854 

826 

835 

8620,691 

9576.616 

9756.427 

9823.953 

9988.521 

10078.047 

11241.889 

11247.803 

11297.608 

11535.990 

8620.697 

9576.616 

9756.427 

9823.953 

9988.520 

10078.051 

11241.889 

11247.797 

11297.609 

11535.994 

0.0017 

0.0070 

0.1017 

-0.0002 

0.0054 

-0.0018 

-0.0045 
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TABLE 5.18: Measured and calculated rotational transitions for C5H5Mo(CO)3H, 

(Mo=97.905408). Values are reported in MHz. Standard deviation of the fit, afit=4.0 

kHz. 

J99 K' K"aK"c ^ J' K'aK'c Measured Calculated Measured-Calculated 

-'13 

3O3 

322 

331 

330 

3I2 

321 

4,4 

4O4 

423 

432 

4,3 

431 

422 

5j5 

5»5 

574 

514 

423 

432 

431 

4i3 

422 

5.5 

5O5 

524 

533 

5.4 

537 

5I3 

6.6 

6e6 

625 

6.5 

5293.245 

5337.078 

5529.159 

5599.243 

5629.898 

5688.331 

5743.950 

6587.486 

6608.638 

6875.368 

6999.340 

7025.237 

7093.649 

7201.289 

7875.028 

7883.880 

8202.190 

8313.148 

5293.242 

5337.073 

5529.159 

5599.242 

5629.898 

5688.332 

5743.950 

6587.481 

6608.640 

6875.369 

6999.340 

7025.240 

7093.650 

7201.290 

7875.034 

7883.809 

8202.191 

8313.148 

0.0029 

0.0047 

0.0003 

0.0010 

0.0001 

-0.0008 

-0J003 

0.0051 

-0.0020 

-0.0012 

-0.0002 

-0.0029 

-0.0013 

-0.0916 

-0.0060 

-0.0085 

-o.iios 

-8.§0O3 
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TABLE S.m-Continued 

^33 

5 58 

^42 

^41 

5J2 

^23 

6,5 

634 

652 

651 

643 

624 

633 

7,7 

7O7 

735 

744 

753 

"7 52 

7 25 

634 

6si 

643 

642 

633 

624 

7,6 

735 

753 

7S2 

744 

725 

734 

8t8 

8O8 

836 

845 

Bs4 

853 

826 

8387.193 

8406.538 

8421.997 

8448.361 

8586.615 

8621.002 

9576.750 

9756.676 

9824.261 

9829.902 

9836.446 

9988.829 

10§78.469 

10441.729 

10442.924 

11104.581 

11242.234 

11248.168 

11269.092 

11297.876 

8387.195 

8406.534 

8421.997 

8448.359 

8586.618 

8621.003 

9576.749 

9756.677 

9824.259 

9829.897 

9836.447 

9988.820 

10078.472 

10441.726 

10442.921 

11104.582 

11242.235 

11248.164 

11269.092 

11297.876 

-0.0013 

§.0037 

§.oeo7 

0.0012 

-0.0022 

-0.9014 

0.0012 

-0.0009 

0.0024 

0.0055 

-0.0017 

0.0090 

-0.0029 

0.8030 

0.0027 

-OJOl® 

-0.S012 

0,0036 

0.0050 

-0.0005 
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TABLE 5.lS-Continued 

743 844 11414.244 

734 8 ,5  11536.440 

8,g 9,9 11723.704 

11414.245 -0.0013 

11536.448 -0.0078 

11723.707 -0.0031 
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TABLE 5.19: Measured and calculated rotational transitions for C5H5Mo(CO)3H, 

(Mo=95.904679). Values are reported in MHz. Standard delation of the fit, cjfit=2.5 

kHz. 

'K"SK"C -> J'lCaK'e Measured Calculated Measured-Calculated 

3»3 484 5337.116 5337.112 0.0043 

322 423 5529.284 5529.288 -0.0039 

4,2 5599.410 5599.410 -0.0002 

330 431 5630.088 5630.088 -0.0009 

3I2 4i3 5688.510 5688.509 OJOlO 

321 422 5744.185 5744.183 0.0021 

4M 5O5 6608.670 6608.671 -0.0040 

423 ^24 6875.510 6875.511 -0.0010 

432 533 6999.547 6999.546 0.0003 

4,3 514 7025.412 7025.411 0.0012 

431 532 7093.921 7093.922 -0.0006 

422 §23 7201.574 7201.575 -0.0004 

515 6,6 7875.061 7875.062 -0.0012 

5O5 6O6 7883.835 7883.834 0.0012 

S24 625 8202.332 8202.336 -0.0039 

514 6,5 8313.294 8313.297 -0.0026 

533 634 8387.430 8387.430 0.0002 

§42 643 8422.264 8422.262 0.0024 

541 642 8448.650 8448.649 0.0011 

^32 633 8586.974 8586.976 -6.0920 

523 624 8621.313 8621.313 -0J003 

615 7,6 9576.884 9576.881 0J035 
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TABLE 5A9-Continued 

634 

652 

65,  

643 

624 

633 

^35 

744 

^53 

7 52 

^25 

743 

734 

735 

7s3 

752 

744 

7 25 

734 

836 

845 

854 

853 

826 

844 

835 

9756.925 

9824.574 

9830.218 

9836.756 

9989.130 

10078.894 

11104.841 

11242.581 

11248.534 

11269.480 

11298.144 

11414.725 

11536.903 

9756.930 

9824.572 

9830.216 

9836.758 

9989.124 

10078.895 

11104.841 

11242.582 

11248.532 

11269.478 

11298.148 

11414.727 

11536.903 

-0.0049 

0.0027 

0.0016 

-0.0017 

0.0057 

-D.eolo 

0.0001 

-0.0010 

0.0021 

0.0023 

-0.0032 

-0.0013 

-0.0008 
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TABLE 5.20: Measured and calculated rotational transitions for C5H5Mo(CO)3H, 

(Mo=93.905088). Values are reported in MHz. Standard deviation of the fit, <jfit=4.2 

kHz. 

J99 K"aK"c J'k ak-c Measured Calculated .Measured-Calculated 

3)3 

322 

331 

3.30 

312 

321 

4O4 

432 

4I3 

431 

^22 

Sis 

5os 

533 

542 

541 

§23 

65, 

4I4 

423 

432 

431 

4,3 

422 

5os 

533 

5I4 

532 

523 

6I6 

696 

634 

643 

642 

624 

^52 

5293.336 

5529.422 

5599.578 

5630.283 

5688.689 

5744.424 

6608.712 

6999.754 

7025.583 

7094.194 

7201.866 

7875.101 

7883.873 

8387.663 

8422.533 

8448.944 

8621.629 

9830.540 

5293.327 

5529.424 

5599.583 

5630.284 

5688.689 

5744.419 

5542.220 

6999.758 

7025.586 

7094.199 

7201.861 

7875.101 

7883.870 

8387.671 

8422.533 

8448.946 

8621.626 

9830.542 

0.0083 

-0.0013 

-0.0046 

-0.0002 

0.0002 

0.0053 

-0.0002 

-0.0042 

-0.0028 

-0.0043 

0.0042 

0.0(M)5 

0.0023 

-0.0085 

-0.0006 

-0.0013 

0.0032 

-0.0023 
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TABLE S.IQ-Continued 

624 

633 

735 

753 

725 

753 

725 

7S2 

743 

734 

725 

734 

836 

854 

826 

854 

826 

853 

844 

83s 

9989.435 

10079.328 

11105.101 

11248.909 

11298.414 

11300.757 

11301.686 

11330.686 

11498.595 

11593.550 

9989.430 

10079.325 

11105.102 

11248.906 

11298.417 

11300.754 

11301.687 

11330.685 

11498.594 

11593.555 

0.0055 

0.0032 

-0.0019 

0.0032 

-0.0029 

0.0030 

-0.0004 

0.0016 

-0.0018 

-0.0048 
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TABLE 5.21: Measured and calculated rotational transitions for C5H5Mo(CO)3H, 

(Mo=91.906810). Values are reported in MHz. Standard deviation of the fit, a'fit=3.4 

kHz. 

J"K"aK"c -> J'k'sK'c Mcasurcd Calculated Measured-Calculated 

•J«3 

322 

331 

3.W 

312 

321 

414 

423 

432 

4,3 

431 

422 

524 

533 

542 

541 

^23 

423 

432 

431 

4.3 

422 

5,5 

§24 

§33 

5.4 

532 

523 

^25 

634 

643 

642 

624 

5337.177 

5529.548 

5599.752 

5630.476 

5688.872 

5744.663 

6587.557 

6875.791 

6999.964 

7025.758 

7094.473 

7202.159 

8202.617 

8387.905 

8422.800 

8449.240 

8621.948 

5337.180 

5529.547 

5599.749 

5630.475 

5688.871 

5744.660 

6587.563 

6875.793 

6999.963 

7025.759 

7094.475 

7202.158 

8202.619 

8387.905 

8422.799 

8449.237 

8621.951 

-0.0030 

0.0010 

0.0037 

0.0010 

0.0010 

0.0031 

-0.0060 

-0.0020 

0.0010 

-0.0008 

-0.0019 

0.0010 

-0.0016 

0.(1002 

0.0006 

0.0028 

-0.0031 

'52 9830.865 9830.862 0.0029 
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TABLE 521-Cmtinued 

643 lu 9837.387 9837.387 0.(KM)3 

633 1M 10079.759 10079.766 -0.0063 

735 hs 11105.355 11105.357 -0.0015 

753 854 11249.275 11249.276 -0.0013 

725 826 11298.700 11298.699 0.0007 
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TABLE 5.22: Possible hyperfine transitions derived from ^''Mo and (1=5/2) 

Observed Deviation Observed 
i 
i 

Deviation 

5551.8653 0.0048 7025.1679 0.0082 

5552.2398 0.0064 7025.4869 0.0051 

5576.1153 0.0022 7094.4765 0.0023 

5576.9028 0.0023 7094.5767 0.0028 

5577.3012 0.0032 7094.8871 0.0090 

5598.0218 0.0022 7094.8919 0.0020 

5599.3634 0.0033 7130.9080 0.0020 

5688.5097 0.0031 7131.5041 0.0025 

5688.5968 0.0068 7132.1068 0.0025 

6991.1617 0.0049 7132.4577 0.0060 

6991.3750 0.0027 7132.7233 0.0029 

6991.5908 0.0080 7133.3443 0.0015 

6991.8047 0.0064 7586.0799 0.0031 

7000.2836 0.0036 7586.6017 0.0022 

7014.0570 0.0016 7587.1324 0.0033 

7014.2842 0.0042 7587.2516 0.0036 

7023.9419 0.0031 7587.5643 0.0079 

7024.0884 0.0079 i 7588.2138 0.0020 

7024.2712 0.0040 : 
i 

7588.5402 0.0029 

7024.9785 0.0013 i 
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TABLE 5.23: Measured and calculated rotational transitions for C5H5Mo(CO)3D, 

(Mo=99.907477). Values arc reported in MHz. Standard deviation of the fit, cjf,t=2.8 

kHz. 

J"K"aK"c -> J'K'aK'c Mcasurcd Calculated Measured-Calculated 

321 422 5717.122 5717.121 0.0012 

4,3 5:., 6857.429 6857.431 -0.0013 

4.2 533 6974.647 6974.648 -0.0012 

4.3 5i4 7005.208 7005.204 0.0037 

43, 532 7061.739 7061.742 -0.0025 

422 523 7168.89 1 7168.889 0.0019 

6,5 7i6 9559.679 9559.682 -0.0032 

7,7 8,8 10433.443 10433.440 0.0031 

7o7 8o8 10434.742 7093.380 -0.0014 
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TABLE 5.24: Measured and calculated rotational transitions for C5H5Mo(CO)3D, 

(Mo=97.905408). Values are reported in MHz. Standard deviation of the fit, afit=2.7 

kHz. 

J"K"aK"c J'lCaK'c Mcasurcd Calculated Measured-Calculated 

312 

321 

414 

4O4 

423 

^32 

441 

440 

4,3 

431 

422 

^24 

5I4 

^06 

625 

6.5 

tl3 

422 

5 IS 

5O5 

524 

^33 

§42 

§41 

Sl4 

532 

523 

62s 

6,5 

7fl7 

726 

7I6 

5668.139 

5717.320 

6580.146 

6601.897 

6857.547 

6974.823 

6980.634 

6986.245 

7005.356 

7061.969 

7169.134 

8183.466 

8295.178 

9154.771 

9492.780 

9559.791 

5668.135 

5717.320 

6580.144 

6601.901 

6857.549 

6974.822 

6980.636 

6986.243 

7005.354 

7061.971 

7169.134 

8183.467 

8295.178 

9154.767 

9492.780 

9559.793 

0.0043 

-0.0004 

0.0014 

-0.0045 

-0.0021 

0.0006 

-0.0024 

0.0018 

0.0026 

-0.0013 

0.0001 

-o.ooli 

0.0001 

0.0040 

-0.0004 

-0.0025 
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TABLE 5.25: Measured and calculated rotational transitions for C5H5Mo(CO)3D, 

(Mo=95.904679). Values are reported in MHz. Standard deviation of the fit, cTtjt=4.0 

kHz. 

'K"aK"c -> J'K'BKV Measured Calculated Measiired-Cakiilated 

312 4,3 5668.289 5668.287 ®,»(}23 

321 422 5717.520 5717.521 -0.0006 

4O4 5»s 6601.925 6601.924 0.0011 

423 §24 6857.670 6857.670 0.0001 

432 533 6974.993 6974.998 -0.0053 

440 §4, 6986.440 6986.433 0.0071 

4,3 5,4 7005.504 7005.501 0.0035 

4,1 532 7062.200 7062.203 -0.0032 

422 523 7169.380 7169.379 «.eoo3 

^24 625 8183.589 8183.590 -0.0002 

514 6,5 8295.301 8295.3«5 -0.0039 
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TABLE 5.26: Measured and calculated rotational transitions for C5H5Mo(CO)3D, 

(Mo=93.905088). Values are reported in MHz. Standard deviation of the fit, afit=5.5 

kHz. 

J"K"aK"c —> J'k'«K'c Measured Calculated Measured-Calculated 

32! 422 5717.727 5717.723 0.0041 

4I4 Sis 6580.2§2 6580.208 -0.0063 

4«4 5BS 6601.967 66ei.959 0.i076 

432 ^33 6975.179 6975.179 -0.0005 

4B 5„ 7005.650 7005.652 -0.0025 

431 §32 7062.436 7§62.438 -0.0020 

4.2 §23 7169.625 7169.625 0.0003 
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TABLE 5.27: Measured and calculated rotational transitions for C5H5Mo(CO)3D, 

(Mo=91.906810). Values are reported in MHz. Standard deviation of the fit, c5-fit=4.4 

kHz. 

K"aK"c —> J'K'SK'C Measured Calculated Measured-Calculated 

321 422 5717J32 5717.928 0.§040 

423 524 6857.909 6857.915 -§.0057 

^32 533 6975.354 6975.355 -0.0009 

441 ^42 6981.188 6981.193 -0.0048 

440 541 6986.809 6986.815 -0.0055 

4,3 514 7005.812 7005.810 0.0024 

431 532 7062.673 7062.669 0.0036 

422 523 7169.883 7169.880 0.0031 

8I8 9I9 11715.040 11715.037 0.0026 

8O8 %9 11715.494 11715.494 0.0000 



TABLE 5.28: Measured rotational parameters obtained from the least-squares fits for the 

normal and deuterated isotopomers of i]5-Cyclopentadienyimolybdeiiiim tricarbonyl 

hydride. Fixed parameter is denoted with *. The standard error given is la. 

C5H5Mo(CO)3H 

Parameter ""Mo '®Mo '"Mo ''Mo 

A(MHz) 973.0338(28) 973.0967(16) 973.1662(12) 973.2291(24) 973.3197(21) 

B(MHz) 747.2680(7) 747.3048(3) 747.3429(3) 747.3805(3) 747.4218(3) 

C(M1I/) 640.8683(10) 640.8675(3) 640.8650(3) 640.8649(3) 640.8580(3) 

Aj(MIlz) 0.000041(3) 0.000041(1) 0.000039(1) 0.000044(2) 0.000040(2) 

5j(MHz) 0.000013(5) 0.000077(1) 0.000070(2) - -

ofitCMHz) 0.004 0.004 0.002 0.004 0.003 

Lines 28 41 35 23 26 

cshjmikcoxid 

Parameter '®*Mo ^®Mo '''Mo '̂ Mo 

A(MHz) 967.5037(25) 967.5718(21) 967.6321(44) 967.6875(79) 967.7740(53) 

B(MHz) 743.1228(2) 743.1563(2) 743.1893(4) 743.2219(6) 743.2574(3) 

C(MHz) 640.6689(2) 640.6655(4) 640.6630(5) 640.6621(6) 640.6566(2) 

Aj(MHz) 0.000032* 0.000032(4) 0.000032* 0.000032* 0.000032* 

cIfit(MHz) 0.003 0.003 0.004 0.005 0.004 

Lines 9 16 11 7 10 

TMo-H (A) 1.79(2) 
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TABLE 5.29. Atomic coordinates for C5H5W(CO)3H in the standard orientation obtained 

from the B3PW91 calculation. The distance is given in A. The calculated rotational 

constants are; A =964.5779 MHz, 6=748.9756 MHz, C=639.7980 MHz. 

Atom a 

W 

o 

o 

o 

II 

c 

c 

c 

c 

II 

c 

H 

c 

H 

C 

H 

C 

II 

0.03223 

1.653023 

2.215708 

1.652961 

0.401074 

1.088432 

1.420110 

1.088276 

-2.036896 

-2.129085 

-1.737675 

-1.584725 

-1.737995 

-1.58241 

-2.037327 

-2.129750 

-2.224028 

-2.468752 

0.000039 

-2.515719 

-0.000438 

2.516120 

-0.000349 

-1.577508 

-0.000055 

1.577848 

-1.151092 

-2.177030 

-0.715234 

-1.352711 

0.715589 

1.353591 

1.150643 

2.176380 

-0.000466 

-0.000797 

-0.114227 

-1.032308 

2.141853 

-1.031764 

-1.790594 

-0.681323 

1.311657 

-0.681141 

-0.082411 

-0.407772 

1.238368 

2.096526 

1.237994 

2.095799 

-0.083018 

-0.408950 

-0.894737 

-1.946777 
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TABLE 5.30. Atomic coordinates for C5H5Mo(CO)3H in the standard orientation 

obtained from the B3PW91 calculation. The distance is given in A. 'The calculated 

rotational constants are; A =962.9753 MHz, 8=742.2341 MHz, C=640.2889 MHz. 

Atom a 

Mo 

O 

O 

O 

H 

C 

C 

c 

c 

H 

c 

H 

C 

H 

C 

H 

C 

H 

-0.046623 

-1.673265 

-2.201895 

-1.677340 

-0.472958 

-1.104591 

-1.415949 

-1.106958 

2.034022 

2.121429 

1.757682 

1.616310 

1.756972 

1.614981 

2.032910 

2.119293 

2.203470 

2.433779 

-0.000140 

2.501823 

0.000250 

-2.498992 

0.000560 

1.573978 

0.000317 

-1.572331 

1.148705 

2.174822 

0.714216 

1.352103 

-0.714883 

-1.351809 

-1.150903 

-2.177418 

-0J01574 

-0.002199 

-0.135624 

-1.082956 

2.152246 

-1.084082 

-1.785191 

-0.718415 

1.316769 

-0.719187 

-0.129123 

-0.455933 

1.194475 

2.054626 

1.195161 

2.055923 

-0.128025 

-0.453857 

-0.945073 

-2.000488 
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TABLE 5.31. Atomic coordinates in the center of mass (abc) system obtained from the 

Kxaitchman analysis of C5H5W(CO)3D and C5H5Mo(CO)3D. The parent isotopomers are 

C5H5W(C0)3H and C5H5Mo(CO)3H. The distance is given in A. 

Atom abc 

0.6801(15) 0.4319(9) -1.770(38) 

0.6777(13) 0.4295(8) -1.7739(34) 

0.6808(23) 0.4269(15) -1.7728(60) 

H ('"'W) 0.6768(11) 0.4286(7) -1.7750(28) 

11 (AVG.) (+)0.6788(16) 0.0* -1.7734(11) 

(+)0.0215(45) 0.0* -0.109(23) 

RW-H (A) 1.79(2) 

1.0742(65) 1.5718(96) 0.6500(40) 

1.0704(25) 1.5718(37) 0.6663(16) 

'•'C1(""W) 1.0672(18) 1.5725(27) 0.6654(11) 

'-'CI (AVG.) 1.0706(28) 1.57203(3) 0.6606(75) 

'-'C2(""\V) 1.296(31) 0.3980(96) 1.410(34) 

'•'C5("'Hv) 1.7262(64) 0.7538(28) 1.2897(48) 

''CSc'^Hv) 1.7431(16) 0.71669(7) 1.2644(12) 

^^C5(AVG.) 1.7347(85) §.735(19) 1.28(13) 

'"'C7('^V) 2.1(3) 1.2(1) 0.08(1) 

'-r7('^) 2.06(5) 1.15(2) 0.130(3) 

'^C7(AVG.) 2.08(2) 1.1S(3) 0.105(25) 

2.2(1) 0.21(1) 0.88(4) 
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TABLE S3\-Contmued 

o
 

08
 

2.3(5) 0.09(2) 0.8(2) 

Atom a b c 

H ('**Mo) 0.7197(15) 0.5209(11) -1.8000(38) 

11 ('*Mo) 0.7229(10) 0.5222(7) -1.7992(25) 

11 (^Mo) 0.7228(13) 0.5221(10) -1.8005(34) 

H (^Mo) 0.7239(22) 0.5219(16) -1.8014(56) 

H ('-Mo) 0.7238(15) 0.5242(11) -1.8026(38) 

H (AVG.) (-)0.7226(]5) 

¥ 
o

 
o

 -1.801(12) 

'"Mo 0.0405(6) 0.0493(8) -0.136(2) 

'̂ Mo 0.0359(3) 0.0565(4) -0.136(1) 

Mo (AVG.) -0.0382(23) 0.0* -0.136(4) 

R-Mo-B (A) 1.800(3) 

* These values were fixed to zero 
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TABLE 5.32. Kxaitchman atomic coordinates for C5H5W(CO)3H. The distance is given 

in A. * fixed to theoretical value 

Atom 

W 

O 

O 

o 

H 

CI 

C2 

C3 

C4 

H 

C5 

H 

C6 

H 

C7 

H 

C8 

H 

0.0215(45) -0.109(23) 

0.6788(16) 

1.0706(28) 

1.296(31) 

1.0706(28) 

-2.08(2) 

-1.7347(85) 

-1.7347(85) 

-2.08(2) 

-2.3(5) 

0.0* 

-1.57203(3) 

0.3980(96) 

1.57203(3) 

-1.18(3) 

-0.735(19) 

0.735(19) 

1.18(3) 

-0.000466* 

-1.7734(11) 

-0.6606(75) 

1.410(34) 

-0.6606(75) 

-0.105(25) 

1.28(13) 

1.28(13) 

-0.105(25) 

-0.8(2) 
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TABLE 5.33. Comparison of geometric parameters obtained from the 

Kraitciimaii analysis, DFT calcElation, and stractore fit. The distances are in 

angstrom and angles are in degrees. The error in distances is 2a. The error 

in angles is estimated to be about 1 degree. 

Parameter Kraitchman (r^) DFT Structural fit (r,,) i 

W-H 1.79(2) 1.716 1.79** 
i 

1 W-Cl 1.969(6) 1.981 1.967(12) 1 

W-C2 2.022(6) 1.990 2.012(11) i 

1 W-C3 1.969(6) 1.981 1.937(12) i 
i 

1 W-C4 2.41(4) 2.368 2.374(10) 1 

i W-C5 2.357(18) 2.340 2.343(10) 1 

1 W-C6 2.357(18) 2.340 2.344(10) ; 

1 W-C7 2.399(4) 2.368 2.374(10) 

W-C8 2.410* 2.387 2.396(10) 1 

! C4-C5 1.49(2) 1.423 1.420(5) 1 

C5-C6 1.470(14) 1.431 1.428(5) 1 

C6-C7 1.495(14) 1.423 1.420(5) I 

C7-C8 1.39* 1.421 1.418(5) i 

C8-C4 
1 

1.39* 1.421 1.418(5) 1 

ZC8-W-H - 83.0 84(1) 1 
i 

ZH-W-C2 120(1) 123.0 124(1) 1 

ZC1-W-C3 106(1) 106.0 105(1)  j 

* b- axis C8 coordinates are fixed to theoretical value. 

**W-H bond length fixed to Kraitchman value. 
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TABLE 5.34. Atomic coordinates for C5H5W(CO)3H obtained from the 

stracture fit. 

1 Atom 
1 

a b <-v 

w 0.001387 -0.007608 - 0.101801 

CI 1.040146 -1.580425 - 0.662958 i 
: 

C2 1b3 19454 - 0.070226 -1.316375 1 

1 C3 1.135525 1.576217 - 0.605484 

j C4 - 2.108743 -1.094129 - 0.121085 
1 

i C5 
j 

-1.814680 - 0.695607 1.209387 1 
1 
1 

1 C6 -1.773130 0.730991 1.239033 1 
! 

j C7 - 2.041989 1.201010 - 0.073287 j 

1 

i C8 
j 

- 2.252863 0.075538 - 0.909364 J 

i 

j HI 0.414348* 0.011887* -1.843429* j 

1 H2 - 2.226586 - 2.118390 - 0.472510 j 
1 

1 H3 i -1.687963 -1.330061 2.071095 ; 

i H4 -1.615545 1.321086 1.321086 ! 
j 

1 H5 - 2.099605 2.244133 - 0.381592 ^ 

j H6 
j 

- 2.483810 0.104403 - 1.973342 i 

oi 1.575373 - 2.532048 - 1.033293 i 
1 

1 02 2.093435 
-

2.169957 ! 
j 

03 

> .11.11,,! 

1.728904 2.505796 - 0.941884 1 

* fixed to Kraitchman value 
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Table 535. Fitting results for measured and calculated rotational constants 

[A,B,C] for various isotopomers. The average rotational constants are: A = 

9633192 MHz, B= 750.7996 MHz, C= 636.6972 MHz. Fit deviation a -

140 kHz. 

1 Isotopomer Measured Calculated M-'C 1 

968.654 968.6205 0.0335 j 

752.516 752.6237 -0.1077 1 
-5 639.744 639.7504 -0.0064 1 

i 
Avg:' 'C's 967.2865 967.163 0.1235 1 

746.0785 746.0956 -0.0171 1 
1 

635.6384 635.6522 -0.0138 ! 
1 

Avg: '"'C7 966.2689 966.3990 -0.1301 1 
1 

747.7609 747.7180 0.0429 i 

635.2744 635.2274 0.0470 1 

Avg: "C's 964.7706 964.9166 -0.146 j 

747.3913 747.4328 -0.0415 1 
1 

636.8604 636.7661 0.0943 i 
1 

965.2626 965.4939 -0.2313 j 

! 749.0557 748.7648 0.2909 j 
1 

1 638.1326 638.317 -0.1844 i 
1 

: Avg:"C, 963.5181 963.3625 0.1556 i 
1 

750.7634 750.8983 -0.1349 1 

636.8091 636.8507 -0.0416 i 
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CHAPTER 6 

CYCLOPENTADIENYL NIOBIUM COMPLEX 

The Microwave Spectrum of Cyclopentadienyi Niobium Tetracarbonyl 

ABSTRACT 

Rotational transitions For the symmetric-top transition metal complex C5H5 Nb(CO)4 

were measured using a Flygare-Balle type pulsed-beam microwave spectrometer. The 

spectrum indicates that in the gas phase, this complex is a prolate symmetric top with B = 

C = 558.842(4) MHz. Transitions were measured in the range 4-12 GHz. The observed 

splittings due to quadrapole coupling were smaller than expected, with eqQ('' 'Nb) = 

-1.8(6) MHz. The value Dj = 0.04(2) kHz. No evidence for t]uxional behavior was 

observed. The A rotational constant, calculated from the X-ray data, is A = 670(30) MHz 

and calculated B and C constants are in agreement with the present microwave values. 

This appears to be the first measurement of a microwave spectrum and gas-phase 

quadrapole coupling for a ̂ ^Nb organometallic complex. 
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FIGURE 6.1: The structure of the C5H5Nb(CO)4 complex, as reported earlier by 
Herrmann et aL, with H-atoms added in locations expected for the C5H5 ligand (Cp). 

I. INTRODUCTION 

Previous studies on the four-legged piano stool complexes (li' -C5H5 )M(CO)4 , 

with M = V, Nb, and Ta, have shown some interesting and unusual effects. Vibrational 

studies of the effects of changing the central metai atom were reported by Bitterwolf et 

^1^88,89  ̂ Changes in the CO stretching frequencies were very small on substitution of the 

transition metal or substitutions on the cyclopentadienyl (C5H5 = Cp) ring for these 

complexes. A recent photoeiectron spectroscopy study by Lichtenberger et al.̂ *  ̂reported 

significant shifts in cyclopentadienyl (Cp) ionizations with substitutions on the Cp ring. 

They report that unusually large metal-to-carbonyl back-bonding in these complexes is 
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associated with interligand overlap between the carbonyls and stabilizes carbonyl K* 

receptor orbitals. The insensitivity of properties to metal substitution is attributed to the 

large carbonyl character contribution to the valence electronic structure. 

Solid-state X-ray crystal structures were reported recently for a number of (t|^ 

CpR)M(CO)4 complexes, which included the CpTa(C0)4 complex. The structure for 

CpTa(CO)4 exhibited near C5v symmetry for the CpTa and C4v symmetry for the 

Ta(CO)4 fragments of the molecule. The structural parameters are very similar to those 

obtained earlier by Herrmann et al.'" for CpNb(CO)4 . The structure of the CpNb(CO)4 

complex is shown in FIGURE 6.1. This complex is an early transition metal carbonyl 

with d"^ metal configuration. The complex has Cs symmetry. The four metal electrons of 

dz^ and dxy origin occupied a' and a" molecular orbitals. The reported distortion of the Cp 

ring for the niobium complex was significantly greater than that reported for the Ta 

complex. Since a symmetric top spectrum was observed in the present experiments for 

gas-phase CpNb(C0)4 , it seems unlikely that Cp-ring distortions that large are present in 

the gas-phase molecules. They could be due to crystal-packing effects for the solid-state 

structure, or it is possible that there are distortions combined with internal motion, 

resulting in transitions, which resemble a symmetric top microwave spectrum. The 

averaged rotational constant (( B + C )/2) calculated from the X-ray data is only 2% 

larger than the present gas-phase was reported earlier^". Line splittings due to the ̂  V 

quadrupole couplings were reasonably well resolved for lower frequency transitions. 

Additional lines and systematic shifts were observed and ascribed to vibrational effects. 

These additional lines could alternatively have been caused by internal rotation, in the 

presence of significant internal rotation distortion terms. The measured quadrupole 

coupling constant was larger than expected from values for similar complexes, in contrast 

to the present results for the niobium complex. 

The present work was initiated to look for similar additional transitions and to 

measure the quadrupole coupling. The observed splittings are smaller than expected 

and measured lines were not well resolved, in most cases. The isotope is 100% 



215 

abundant and has a spin of 9/2, so for the higher- J transitions, a fairly large number of 

quadrupole splitting components are expected. 

II. EXPERIMENT 

The samples of C5H5Nb(CO)4 were synthesized at the University of Idaho 

following procedures described earlier . The synthesis reaction can be briefly described 

in the two steps. 

In step one, the mixture {10.6 grams NbCls and 400 ml CH2CI2) was stirred thoroughly to 

suspense the solid in chloroform. To this reaction mixture, 6.6 grams of (CH3)3SiC5H5 

was syringed into the flask in small increments over 40 minutes, which produced 

brown/red color solution. The mixture was allowed to react for another hour before the 

brown solvent was removed by filtration. The remaining solvent can be removed by 

vacuum. In step two, the solid CsHsNbCL ( about 11.0 grams) was transferred into a 300 

cm^ Parr bomb reactor and followed by 2.3 grams of magnesium, 2.3 grams of zinc, and 

220 ml of distilled pyridine. The bomb then sealed and pressurized with CO to 1800 psi 

and heated to 60 °C for 86 hours. After 86 hours, the solved was removed under vacuum 

and a hot water bath. The brown product, C5H5Nb(CO)4, was sublimed to increase 

purity. 

Samples were resublimed prior to microwave measurements. The glass sample 

cell and pulsed solenoid value were heated to 40° C to maintain a sufficient vapor 

pressure for the sample. The sample vapor, diluted with 0.6 atm neon, was pulsed into 

the microwave cavity of the Flygare-Balle-type pulsed-beam spectrometer^ .̂ Rotational 

transitions were measured in the range 4 to 12 GHz and included J = 4 ̂ 3 through J 

= 10-^9 R-branch transitions. The published X-ray structure was used to calculate 

rotational constants and provide predicted spectra to help locate the transitions. Most 

observed lines were not completely resolved, although individual components could be 

NbCls + CH2CI2 +(CH3)3SiC5H5 ̂  CsHjNbCU 

CsHsNbCU -> C5H5Nb(CO)4 

(1) 

(2) 
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measured for the iower frequency transitions. The patterns of observed lines were 

consistent with those expected for a s>Tiimetric top with quadrapole coupling. Measured 

transition frequencies are listed in TABLE 6.2. The number N (given in TABLE 6.2) 

indicates the number of times the listed transition frequency was measured in different 

spectral traces taken at different frequencies for the microwave stimulating signal. The 

value for N is generally higher for higher signal-to-noise ratio transitions. 

III. DATA ANALYSIS AND MOLECULAR PARAMETERS 

The splitting patterns for the f ̂  J ~ 4 <— 3, 5 <— 4, 6 <— 5, and 7 6 

transitions were analyzed to determine the '''Nb quadrupole coupling strength. Predicted 

line shapes were ̂ ^Nb quadrapole coupling strength was sjmthesized and the adjusted to 

obtain reasonable fits to the observed spectra. This fitting procedure also provided better 

values for line center frequencies, which were used for determination of rotational and 

centr ifugal  distort ion constants .  The measured and predicted l ine shapes for  the J  =4 *— 

3 transitions are shown in FIGURE 6.2. The ̂ ^Nb quadrupole coupling strength obtained 

using this analysis is eQq(''"'Nb) = -1.8(6) MHz. The uncertainty of 0.6 MHz is 

approximately 3<t and includes estimates of addition uncertainties due to the poor 

resolution of the components and other possible contributions to the line splitting. The 

higher-K components are predicted and observed to be farther from the line center than 

other components. We believe that these components are relatively weaker in the 

observed spectra since populations of the higher-K states were reduced by rotational 

cooling in the pulsed-jet expansion. Quadrupole splitting patterns for the higher- J 

transitions were not sufficiently well resolved for analysis. The line centers obtained 

from fitting on lower- J transitions and best estimates of line centers for higher- J 

transitions were fit using a least squares fit procedure. The measured and best-fit 

calculated frequencies are listed in TABLE 6.3. The adjustable fit parameters are the 

rotational constant B = 558.842(2) MHz and the centrifugal distortion constant Dj = 

0.04(1) kHz. The parameters determined from the measurements are listed in TABLE 

6.4. 
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TABLE 6.1: A flow chart showing how '^"'Nb quadrupole coupling constant was 
calculated. 

Obtain QNb^-0.22 bam and Qv = 0.27 bam from literature 

Obtain cQq(V)= -4.77(6) MHz from literature 

Estimate eQq('''Nb) from the hyperfinc spectrum 

eQq(Nb)/eQq(V) = QNb/Qv 

Run prediction spectra for C5H5Nb(CO)4 

i 

Compare to the e.xperimental spectra 

i 

Obtain gap ratio of experiment: prediction splittings 

i 

Calculate experimental eQq 

eQq(experimcnt) = (gap ratio)(eOq(predicted)) 
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IV. DISCUSSION 

The measured rotational constant for CpNb(CO)4 and rotational 

constants calculated from X-ray structures for CpNb(C0)4 and CpTa(C0)4 are 

listed in TABLE 6.5. For the CpNb(C0)4 structure, it was necessary to add H-atoms in 

locations expected for the C5H5 ligand, since H-atom coordinates were not reported. For 

rotational constants calculated from X-ray structures, B - C values are 3 and 4 MHz for 

the Nb and Ta complexes. Possible causes for these nonzero B - C values are crystal 

packing effects, or, more likely, distortion of the Cp ring due to interactions with the 

M(C0)4 fragment of the complexes, as discussed by Lichtenberger et al.. The Cp ring 

can be distorted from C5 to C2 symmetry (if the H-atoms were all in a common plane, the 

s>Tnmctries before and after distortion would be D5h and C2v). Similar effects were also 

noted and discussed in earlier work on CpRh(CO)2^'*'^^. These X-ray results, indicating 

nonzero B - C values, make the observation of a symmetric-top spectrum for the gas-

phase CpNb(C0)4 somewhat puzzling. It is possible that there arc combined etTects of 

Cp-ring distortion and internal rotation, in the gas-phase, which result in a symmetric-

top-like spectrum. These effects could also contribute to the extra lines observed for 

CpV(CO )4 .  The value of B + C is 2% smaller for the gas-phase CpNb(CO )4  

data than for the X-ray data, indicating a 1% larger structure in the gas-phase. It is 

somewhat surprising that calculated B + C values for CpTa(C0)4 are even larger than 

those for CpNb(C0)4 . This would indicate a slightly smaller structure for the 

CpTa(C0)4 complex. This observed contraction is greater than the expected effect of the 

normal lanthanide contraction. 
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4470.85 MHz 4470,7 4470,8 4470.S 4470.75 4470.65 

FIGURE 6.2; The measured and predicted spectra for the J = 4 ̂  3 transitions. The 

sticks indicate the calculated spectram, and the solid line is experimental data. 
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TABLE 6.2: Measured frequencies for C5H5Nb(CO)4 

J' •»— J Measured( I a ) N J <— J Measured( 1 a ) N 

4 ^ - 3  4 4 7 0 . 6 7 7 3  ( 2 1 )  3 4  

4 4-3 4470.7044(15) 35 

4 ^ 3  4 4 7 0 . 7 3 2 6 ( 1 6 )  3 5  

4 — 3 4470.7556 (30) 6 

4 — 3 4470.7763 (36) 10 

4 — 3 4470.7967 (27) 6 

4 — 3 4470.8043 (33) 7 

4 — 3 4470.8247 (23 ) 11 

5 — 4 5588.3172 (21) 5 

5 — 4 5588.3316(19) 6 

5 — 4 5588.3560 (24) 20 

5 —4 5588.4010(16) 22 

5 —4 5588.4362 (38) 4 

5 —4 5588.4445 (25) 11 

5 — 4 5588.4548 (28) 4 

5 — 4 5588.4656 (26) 7 

5 —4 5588.4748 (31) 6 

6 — 5 6705.9340(31) 7 

6 — 5 6705.9527 (30) 7 

6 — 5 6705.9654(31) 9 

8 — 7 8941.2256(35) 4 

8 — 7 8941.3194(34) 12 

8 — 7 8941.3530(34) 5 

8 — 7 8941.3671 (42) 5 

8 — 7 8941.3874 (47) 16 

8 — 7 8941.4074(29) 6 

8 — 7 8941.4589(17) 4 

8 — 7 8941.4789(43) 5 

9 — 8 10058.9545 (55) 7 

9 — 8 10058.9744 (65) 6 

9 — 8 10059.0272 (29) 5 

9 — 8 10059.0525 (44) 14 

9 — 8 10059.0639 (22) 6 

10 — 9 11176.2126(37) 5 

10 — 9 11176.2354(36) 6 

10 — 9 11176.2527(36) 6 

10 — 9 11176.2633 (27) 9 

10 — 9 11176.3153 (31) 7 

10 — 9 11176.3429(40) 9 

10 — 9 11176.3647 (33) 5 
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TABLE 6.2'Continued 
6 ^ 5  6 7 0 5 . 9 7 4 5  ( 2 6 )  9  1 0 ^ 9  1 1 1 7 6 . 3 7 5 2  ( 3 0 )  6  

6 ^ 5  6 7 0 6 . 0 3 7 3  ( 2 0 )  2 1  1 0 ^ 9  1 1 1 7 6 . 3 9 7 1  ( 3 1 )  5  

6 ^ 5  6706.0672(19) 22 1 0  ̂ 9  1 1 1 7 6 . 5 0 1 2 ( 3 4 )  5  

6 ^ 5  6 7 0 6 . 1 1 9 5  ( 3 8 )  1 4  1 0 ^ 9  1 1 1 7 6 . 5 8 4 0 ( 2 8 )  9  

6 ^ 5  6 7 0 6 . 1 4 1 2 ( 5 4 )  1 2  1 0  < - 9  1 1 1 7 6 . 6 7 0 5  ( 1 9 )  1 5  

7 ^ 6  7 8 2 3 . 6 6 3 9  ( 3 2 )  1 2  1 0  ̂  9  1 1 1 7 6 . 7 1 0 7 ( 3 8 )  2 5  
7 — 6 7823.7053 (36) 18 

7 — 6 7823.7385 (45) 17 

7 ^ 6  7 8 2 3 . 7 8 0 2  ( 4 3 )  4 

Note. Frequencies are in MHz. N indicates the number of times each component line was 
picked from different spectral traces taken at different stimulating frequencies (and gives 
an indication of signal/noise ratio). 

TABLE 6.3: Measured and Calculated (Least Squares Fit) Line Center 
Frequencies for C5H5Nb(CO)4 

Measured Calculated Deviation 

4 ^ 3  4470.712 4470.722 -0.010 
5 ^ 4  5588.389 5588.396 -0.007 
6 ^ 5  6706.067 6706.065 0.002 
7 ^ 6  7823.731 7823.728 0.003 
8 <— 7 8941.391 8941.385 0.006 
9 ^ 8  10059.048 10059.035 0.014 
1 0 ^ 9  11176.663 11176.676 -0.013 

Note. Frequencies are in MHz. The adjustable parameters are B = 558.842(2) MHz and 
Dj = 0.04(1) kHz. The standard deviation for the fit is a = 9. kHz. 
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TABLE 6.4: Molecular Parameters Obtained from Data Analysis for C5H5 Nb(CO)4 

Parameter Value 

eqO(''^Nb) -1.8(6) MHz 

B 558.842(2) MHz 

Dj 0.04(1) kHz 

Note. The value for Djk was fixed at 0.2 kHz. The indicated uncertainty for 
eqQ is SCT and uncertainties for B and Dj are 2cj . 

TABLE 6.5: Rotational Constants for CpNb(CO)4 and CpTa(CO)4  

Complex Source A (MHz) B (MHz) C(MHz) 

CpNb(C0)4 microwave 558.842 558.842 

CpNb(C0)4 X-ray (Ref 4) 668.7 571.1 567.9 

CpTa(C0)4 X-ray (Ref 2) 686.5 579.4 575.2 

Note. For the X-ray data, the rotational constants were calculated using reported 
Cartesian coordinates. 
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CHAPTER 7 

DIISLCLEAR COMPLEX 

The Rotational Spectrum and Theoretical Study of a Dinuclcar Complex, 

MnRe(CO),o 

ABSTRACT 

The first pure rotational spectrum of a dinuclear complex, MnRe(CO)io, has been 

obtained using a high-resolution pulse beam microwave spectrometer. Sixty-four 

hyperfme components of the J= li-» J'=12 and J =12 —> J' = 13 were measured for two 

rhenium isotopomers. The B values obtained from the experiment are 6=200.36871(18) 

MHz for the '"^'Re isotopomer and 3=200.5561( 10) MHz for the "^'^Re isotopomer. The 

measured rotational constants are in reasonably good agreement with the B value 

calculated from the x-ray diffraction structural data, and from theoretical calculations. 

The gas-phase Mn-Re bond distance is approximately 2.99 A, but the calculated value is 

slightly longer. The averaged quadrupole coupling constant for the manganese atom is 

eQqaa (^^Mn) = -16.52(5) MHz, while the corresponding quadrupole-coupling constants 

for the two rhenium isotopomers are eQqaa ('''̂ Re) =370.4(4) MHz and eQqaa (^^^Re) 

=390.9(6) MHz. The quadrupole coupling constants were determined from a variety of 

theoretical calculations, with very large gaussian orbital bases. The best estimates, at a 

non-relativistic level, are eQqaa (' ̂ Mn)= 0.68 MHz and eQqaa (" '̂Re)=327.6 MHz with a 

874 GTO basis set, but the results are very basis set dependent, especially the sign of the 

Mn quadrupole coupling. Very slight bending of angles ZMnCeqOeq and ZReCeqOeq 

angles is found in the calculations. 



224 

09 Oi Qi 

C9 C5 

Mn Re 01 CI 

•C3 

07 00 

FIGURE 7.1; The molccular structure of MnRe(CO)io with the labeling of atoms 
indicated. 

I. INTRODUCTION 

The study of transition metal carbonyl complexes and their derivatives is a very 

active and exciting area of chemical research. A recent review of the reactivity and 

synthesis of metal-metal bonded dinuclear complexes by Concolino and Eglin*^*  ̂provided 

a glimpse into this vast area of research. Over many decades, a number of use&i and 

important compounds were discovered. Some of the most interesting ones were the 

metal-metal bonded derivatives of the dinuclear carbonyl complexes. For example, 

several chromium or molybdenum-based derivatives have been demonstrated to interfere 

with DNA replication by interacting with the base pairs. These biologically important 

derivatives are being developed as antitumor Other useful derivatives 

include the molybdenum or rhenium-based compounds, which are used as homogenous 

catalysts and magnetic materials ̂  ' "^2, i 03 ̂  Other notable derivatives are the derivatives 
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of dirhodium (II) acetates, known simply as Doyle catalysts'*^. Doyle catalysts are used 

effectively for the homogenous asymmetric cyclopropanation, cyclopropeaation, and 

intramolecular C-H insertion reactions '̂'̂ . All of these specialized compounds are 

derivatives of simple molecular building blocks, namely the metal-metal bonded carbonyl 

complexes. These building blocks arc classified as either homo- or hetero-dinuclear 

carbonyl complexes (M2(C0)n, where M=transition metal elements and n is integer). In 

recent years, the heterodinuclear carbonyl complexes have received considerable research 

attention because of their chemical relevance in the synthesis of cluster complexes for 

catalystsOne of the basic and useful building blocks for some of the 

heterodinuclear compounds is the MnRe(CO)io complex. Coville and Leins" '̂' have 

compiled a comprehensive review on the chemical and physical properties of the 

manganese rhenium decacarbonyl complex. 

The MnRe(CO)io complex has served as a basic model for the study of 

heterodinuclear systems. The .study of this complex has contributed much to our 

fundamental understanding about the electronic and structural properties, and the 

reactivity of metal-metal bonds"MnRe(CO)io is a neutral 

coordination complex, stabilized by common strong jr-acceptor CO ligands. Upon losing 

the carbonyl ligands due to heat or radiation, the fragmented dinuclear complex generally 

tends to become unstable and very reactive. The coordinatively unsaturated dinuclear 

fragments can undergo an intramolecular rearrangement to form a bridging complex via 

carbonyl ligand or interact with other suitable ligands. Brown and Zhang' have shown 

that the MnRe(CO)9 fragment in hexane has one CO coordinated to the metals in a semi-

bridging fashion. A bridging ligand can influence the chemical and physical properties of 

dinuclear compounds. For example, many bridged paddle wheel dichromium derivatives 

are known for their very short Cr-Cr bonds, and this has been ascribed to a quadruple 

bond between the two metals'' The strength and nature of metal-metal bonding can 

detemiine the molecular structure and influence the reactivity of dinuclear complexes. 

The crystal structure of MnRe(CO)io had been reported earlier. The structure of 

MnRe(CO)io was first studied by Nesmeyanov and co-workers who reported the Mn-Re 
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bond distance of 2.96 A In 1986, Rlieingold, Meckstroth, and Ridge redetermined 

the crystal structure, and reported an unexpectedly short Mn-Re bond distance of 

2.909(1) A for the MnRe(CO)io complex^^  ̂ Other measurements on similar Mn-Re 

dinuclear complexes placed the value of the Mn-Re bond distance in the range of 2.817-

2.96 A'22,123.124^ The exact molecular symmetry of MnRe(CO)io was not determined 

from these x-ray diffraction studies but was reported to be approximately D4d s}aiimetry. 

FIGURE 1 shows the molecular structure of MnRe(CO)io with the numbering of atoms 

indicated. 

We have now obtained the first pure rotational spectrum for the MnRe(CO)io 

complex. The complex exhibits a prolate symmetric-top rotational spectrum with 

hyperfine structure due to the Re and Mn nuclear quadrapole interactions. The complex 

has C4V symmetry with the principle C4 symmetry axis along the axis of the smallest 

moment of inertia, laa- We observed that the partially resolved hyperfine transitions are 

derived mainly from two K stacks, with K=0 and 4. From consideration of the spin 

statistics for the '"C'^O groups, which are exchanged by rotation about the C4 principle 

axis (a-axis), in a C4V - symmetry molecule, the only transitions expected, will involve 

the K=4n states. Three molecular parameters were determined from least squares fitting 

of the observed to the calculated rotational transitions. These molecular parameters are 
1 1 8 7  1  

the B rotational constants for the Re and Re isotopomers, eQq^a ( Re) and eQqaa 

('®^Re), the quadrapole coupling constants along the a-axis for the '®^Re and '̂ ^Re, and 

eQqaa (^^Mn), the quadrupole-coupling constant along the a-axis for the ̂ ^Mn. The 

measured rotational constants obtained from this study have allowed reasonable estimates 

of the Mn-Re bond length. 

In the present study, we also report a systematic theoretical study of the molecular 

equilibrium structure and electric quadrapole coupling strengths for this complex. An 

important aim of the theoretical study was to give a sufficiently good prediction of the 

quadrapole coupling in signs and relative magnitades, to assist analysis of the 

experimental microwave data. Many recent density functional theory(DFT) 

125 1^6 1*^7 calculations ' - • - '  ̂ have provided valuable insights into the electronic and molecular 
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structures of homo-dinuclear complexes and their fragments. However, there are 

presently no reliable theoretical studies for hetero-dinuclear complexes and very few 

results for 3"  ̂row transition metals. In this paper, we include theoretical calculations of 

quadrupoie coupling strengths for HMn(CO)5, HRe(CO)5, and MnRe(CO)io, since these 

results can assist in making assignments of measured lines, and can then be compared 

with final experimental results. In addition, comparison of the measured and calculated 

quadrupole-coupling constants for the MnRe(CO)io complex provide a sensitive probe 

for testing the accuracy of theoretical methods. 

II. EXPERIMENT 

The MnRe(CO)io, complex was prepared following previous synthetic 
129 130 procedures ' with some modifications. All synthetic reactions were carried out under 

a nitrogen atmosphere. The MnRe(CO)io complex can be prepared by reacting either 

Re(CO),sCl or Re(CO)5Br with NaMn(CO)5 at room temperature. The following reagents 

were used to prepare the MnRe{CO)io complex: Re(CO)5Cl or Re(CO)5Br (Strem 

Chemicals:75-4000, 75-0150), and NaMn(C0)5. Tetrahydrofuran (THF) was used as 

solvent and freshly distilled over sodium, in a nitrogen atmosphere, prior to use. 

Re(C0)5Br was prepared from Re2(CO)io and liquid Br2 using a well published 

procedure'̂  ̂ The NaMn(C0)5 salt was not available from commercial sources but was 

prepared using well known S3mthetic procedures^" '̂"  ̂with some modifications. The 

NaMn(CO)5 salt was prepared by reacting Mn2(CO)io with NaK(22% Na:78% K) 

About 2.0 gram of Mn2(CO)io was dissolved in 50.0 ml of THF and NaK was 

subsequently S5^nged into this solution in a 1:1 m.olar ratio. Right after the NaK was 

introduced to the yellow solution of Mn2(CO)io, the solution quickly turned bright red, 

indicating the reaction had started. After overnight stirring at room temperature, the 

NaMn(C0)5 salt solution appeared as a dark orange color solution. To the NaMn(CO)5 

salt solution, a 2; 1 molar ratio solution of Re(CO)5Br or Re(C0)5Ci (in THF) was 

injected via a syringe. Following the injection of Re(CO)5Br or Re(C0)5Cl solution, the 

reaction flask was quickly purged with nitrogen and sealed tightly to prevent air from 
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entering the flask. This reaction flask was then left to react for five days at room 

temperature. At the end of the five-day reaction period, THF was removed from the 

reaction flask under vacuum at room temperature. The resulting yellow solid residue was 

sublimed at 75 to 80 °C and 0.4 Torr. The air-sensitive MnRe(CO)io was a lemon yellow 

solid and often required a second sublimation to improve the purity. 

Microwave data was collected using a Flygare-Balle type pulsed-beam Fourier 

transform microwave spectrometer operating in the 4-8 GHz range. The sample of 

MnRe(CO)io was placed into a glass sample cell, which is directly connected to the pulse 

valve. In order to produce sufficient vapor pressure from the solid sample, the glass cell 

and pulsed valve were heated to about 83 "C. This temperature was maintained through 

out the experiment. The sample was pulsed into the microwave cavity, at a constant 

pulse rate of about 2 Hz, using neon as a carrier gas. The backing pressure of neon was 

maintained between 0.6-0.7 atm. The scanning was done between 4-5 GHz regions based 

on our 'best' frequency predictions. Predictions of the frequencies were generated using 

coordinates produced from x-ray crystallographic data^^' The frequency predictions 

obtained this way were accurate within about ±1.0 %. Two rotational transitions with 

hypertine splittings were measured in this experiment for each of the two rhenium 

isotopomcrs, ^"^Mn'̂ "'"Re(CO)io and "^Mn"^"Re{CO)io- The measured transitions were 

relatively high J rotational transitions, J=11 -> J'=12 and J=12->J'=13. Many lower J 

transitions (J<il), which lie below 4 GHz, were not accessible using our current 

spectrometer. With the present configuration, our instrument operates in the 4-15 GHz 

frequency range. 

The MnRe(CO)io complex has a large moment of inertia and fairly small 

permanent dipole moment. This made it quite difficult to observe the transitions. To 

help overcome this problem, a MITEQ low-noise amplifier (cooled with liquid N2) was 

placed between the microwave receiver and the MITEQ balanced mixer to improve the 

spectrometer sensitivity. Even with the improved sensitivity, an average of 1000 beam 

pulses was required to obtain a signal-to-noise ratio better than 2/1. The spectral 

resolution with the Ne carrier gas is about 20.0 kHz. 
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III. THEORY (Collaborators: Michael H. Palmer, University of Edinburgh and 

Martyn F. Guest, CLRC Daresbury Laboratory, United Kingdom) 

The theoretical studies were performed to determine the equiiibrium structure for 

MnRe(CO)io, and the electric field gradients (EFGs) and nuclear quadmpole-coupling 

constants (NQCC), where neither the NQCC approximate magnitudes nor their signs 

were available from previous work. These new calculated values were useful for 

prediction of the experimental quadrapole splittings. Since the signs and magnitudes of 

the NQCC for both HMnCCO), and HRe(CO)5 complexes have been determined from 

previous microwave experimentsthe approach to the dinuclear compound was to 

study these two single metal carbonyl bonded complexes first. In this way. the basis sets 

necessary to give a good account of the Mn and Re quadrupole coupling, would be 

determined in advance. 

The first task was to find suitable basis sets for both Mn and Re, which would be 

compatible with those of the (much smaller) H, C and O atoms; the criteria for 

acceptability are that, (a) the energy for the atoms should be close to best ab initio values, 

(b) All functions (GTOs) should make a significant contribution to the total density, (c) 

Since EFG calculations are sensitive to p-orbitals in particular, a large level of 

uncontraction would be nccessary. to allow for core-valence polarization. Previous 

experience'̂ '̂̂ ''̂ ''̂ '''̂  ̂with molecules having atoms having Z-values up to that of iodine 

showed that the DZ (double zeta) and TZVP (triple zeta valence + polarization) bases of 

Huzinaga and Dunning '̂"'''(for C,0 and H) are able to give good NQCC agreement 

with experiment, for a variety of attached nuclei. A further feature, however, which 

emerged from these studies, was that although bases contracted to double or triple zeta on 

the heavy atom gave good agreement with experimental structures; the quadrupole 

coupling at the halogen was often very low in magnitude. However, if the bases were 

effectively ran imcontracted, then the structure was little changed, but the EFG now rose 

to values comparable with experimental ones. Finally, again because of the atomic size 

range, it would be necessary to largely use uncontracted functions on the H,C,and O 



230 

atoms as well. Hence these approaches were applied to the present study, where GTO 

basis set sizes up to -900 were used. The number of electrons makes more recent larger 

bases, such as the cc-pVTZ"  ̂quite impracticable. 

The Mn basis set was the Huzinaga (uncontracted 14s9p5d) set'"^® extended to 

(14sl0p7d). A series of calculations were performed with a single f-function on Mn, 

with exponents in the range 1-10, but the atomic populations were always below 0.0 le, 

and the effect on both the Mn-Re bond length and the EFG were found to be very small. 

Although effective core potential (ECP) bases such as LanL2DZ are 

available for Re, the use of these is limited to determining an equilibrium structure (see 

below), since the core electrons contribute most of the EFG, and the lack of flexibility for 

the "core" parameters would not be expected to give accurate results. Thus we 

d e t e r m i n c x l  a n  a l l - e l e c t r o n  b a s i s  s e t  f o r  R e  u s i n g  p r e v i o u s  s t u d i e s , w i t h  

reported energies (E/ a.u.) for RefS): -15769.9 (15slOp9d3t)" -15784.5 for both 

(31s24p20dl4f)^^'* and (24sl7pl5dl0t)''"'^. The apparent near identity of the latter two 

studies, with rather different bases suggested that reinvestigation would be significant. 

Thus we re-optimized an Re basis, starting with a previous basis set for Sn, and making 

use of the reported relationship between gaussian exponents for two elements (nuclear 
'J  

charges ZA, ZB), namely exp(A) = (ZA/ZB) X exp(B). After further fme-tuning, we 

obtained E -15781.55a.u. (21sl5plld6f), close to the best above, but much more 

compact, and hence usable in large molecule calculations. These Re exponents were 

contracted [s/p/d/f] to [8,3,2,1 "/71 '"'6,2,1 ̂ 7,3], with similar treatment [s/p/d] for Mn 

[3,1 "•/3,l''/4,l'*]; here the superscript shows the number of single terms. In order to retain 

compatibility, the C,0 (lls6pld) and H(7s2p) fimctions were also largely uncontracted 

C,0 [5,1 V3,l'̂ /1^] and H [i''/l̂ ]; these differ from the TZVP basis set by the addition of 

additional s,p,d-functions of more diffuse character. Since the use of Cartesian GTOs 

leads to 6d and lOf fimctions, and the possibility of linear dependence through the 

implicit s- and p-fiinctions in these sets respectively, most of the calculations required the 

use of the harmonic rather than Cartesian choice, with reduction in number of fonctions. 



231 

This is exemplified in the TABLE 7.1 as 417 -> 392 (harmonic) etc. All the ab initio and 

DFT calculations were performed using the GAMESS-UK programming package. 

(a) HMn(CO)5 calculations. 

Some previous calculations of the X A| state with smaller bases and at the SCF and MP2 

level have been repoited'̂ '̂̂ ^ '̂̂ '̂̂ . Starting with HMn(CO)5 and always assuming C4V 

symmetry, TABLE 7.1 and 7.2 show the results of several methods with several bases, 

and a comparison with the microwave spectral structure and the ED structure alone'^^. 

The former was based upon some calibration with neutron and electron diffraction (ED) 

data, and assumed linear MnCO groups. The most critical point is that although the 

larger bases give a good account of many of the structural parameters, the H-Mn bond in 

particular is poorly determined in relation to this microwave structure, with the Mn-Cax 

bond also relatively poor. However, both these parameter values are very close to the ED 

studyand some previous work''̂ "'The DZ and TZVP SCF calculations 

overestimate H-Mn while the DFT (B3LYP and B-P86) are too short, with MP2 results 

even shorter. The atomic populations for the small bases seem quite unrealistic. Overall 

the Becke-Perdew (BP86) study is marginally better than B3LYP, and gives the best 

structure and EFG, and of course, with the correct sign. The effect on the rotation 

constants, from these differences between the BP86 structure and the MW one arc fairly 

small (A, B are 903.7(calculated) to be compared with 908.0MHz(from experiment)), in 

line with many equilibrium stracture differences (0.5%) from experiment. The Mulliken 

atomic populations seem to have stabilized with the largest bases, but the effect of 

stracture can be seen when the results of a B3LYP calculation at the experimental 

structure are compared with the equilibrium structure values. At rg, the H-atom is 

effectively neutral, with positive Mn being counterbalanced by CO polarization. Overall 

the dipole moment is found to be very low (0.226D with the extended BP86 basis). In 

conclusion, whilst several factors remain unclear, particularly why the structure does not 

agree more closely with all aspects of the microwave one, the present calculations do 
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pro^dde some confidence that the quadrapole coupling constants are fairly stable 

with respect to both methodology and basis set (particuiarly in sign). 

(b) HRe(CO)5 calculations. 

A C4V equilibrium structure has been obtained by ECP methods, BP86 and B3LYP, 

similar to those for the manganese compound'"^. More recently, the ground and excited 

states were studied using the microwave structural parameters, with relativistic ECPs, 

containing a valence basis up to (13sl0p4dlf) for an effective In the present 

study, we initially used the LanL2DZ basis (with a 114 (harmonic) basis; as can be seen, 

this gives a relatively good structure; as expected, the '®^Re EFG is effectively zero, and 

quite different from experiment. However, when the extended basis set above, 

containing 434 (Cartesian) GTOs, was used with the LanLlDZ structure, the quadrupole 

coupling immediately returned with a value (-882MHz) very close to experiment (-

900MHz). Thus the large basis set is essential; this was then extended with the several 

bases using equilibrium structures from the SCF, (BP86)'" ''^''^ and B3LYP'""" 

Hamiltonians. All structures obtained are relatively close to that of the microwave study, 

including the 'cis' bending of the carbonyl towards H rather than Cax; the small bend in 

ReCeqOeq was also found in all calculations. In practice, all three studies gave NQCC 

values of the correct magnitude, with the B3LYP result being marginally better than the 

BP86 one, which was somewhat lower in magnitude. TABLE 7.3 shows the results of 

several methods with several bases, and a comparison with the microwave spectral 

structure. Thus, overall, the present calculations do provide some confidence that both 

the '^Mn and quadrupole coupling constants are fairly stable with respect to both 

methodology and basis set (particularly in sign), while the larger bases give values within 

10% of experiment. This is sufficient to make the study of the dimeric species 

worthwhile. The effects of relativity are not included, but the pragmatic view that 

assistance with assignment of the microwave experiment would still be achieved. 
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(c) MnRe(CO)io calculations. 

Initial structural optimization was performed with the LanL2MB and LanL2DZ bases, 

but the Mn-Re bond was large (3.67 and 3.429 A respectively) and, as with HMn{CO)5, 

the EFG were negligible. Hence the all-electron heavily uncontracted basis calculations 

for both Re and Mn were essential. The SCF procedure gave +117MHz for the EFG at Re 

at the microwave structure, but the above studies suggested that DFT studies would be 

more profitable. The B3LYP method with the extended Mn and Re bases and TZVP (on 

C,0) basis sets gave a much shorter Mn-Re bond of 2.98 A, and quadrupole coupUngs at 

Mn and Re of -4.53 and +521.95MHz respectively. Further extension of the basis set 

with the BP86 methodology, gave the Mn-Re bond as 3.22 A, with quadrupole coupling 

+0.68(Mn) and +340.78 (Re) MHz respectively. Crossovers between basis set size and 

methodology gave values shown in TABLE 7.3, which were somewhat variable in Mn-

Re bond length and in quadrupole coupling. If basis set effects are neglected, then 

TABLE 7.4 suggests that the Re quadrupole coupling decreases with bond length. 

However, basis sets are important, since a 1 -dimensional search using the 784 basis set, 

showed that the variation in "^^Re QCC (Y/MHz) with Mn-Re bond length (X/A) is 

closely fit by a quadratic function; although the values have no clear meaning, the QCC 

at Re varies closely with bond length, and either positive, negative, and (indeed) zero 

values can be obtained. A similar situation occurs with the Mn coupling, with a similar 

relationship. The results of this calculation are shown in TABLE 7.5. The EFG values 

closely obey the following equations, where y= EFG/a.ii., and the Mn-Re bond(x) is in 

angstrom units. The atomic quadrupole moment for '^^Re is 2.070(20) bam but the EFG 

are isotope dependent within a specific atomic number, 

Re: y=21.15(69)-11.53(43)x+l .48(7)x^ 

Mn; y=6.72(3i)-3.63(20)x+0.48(3)x^ 

The internal ratios of the three terms (y = A+B+BaX^) have A(Mn)/A(Re) = 0.318, 

Bi(Mn)/B}(Re) = 0.321, and B2(Mn)/B2(Re) =0.324, and are clearly identical for the two 
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isotopes, which seem to show very similar bonding at each of these atoms. The ratio is 

2x(QMii/QRe) for these isotopes. Plots of the quadratic fit of Mn-Re bond length and EFG 

for the Mn and Re are given in FIGURES 7.2 and 7.3. These results indicate that the 

dinuclear compound has a relatively weak bond, and hence is not easily treated by 

theoretical means. A plot of the Mn-Re bond energy for the MnRe{CO)io complex as a 

function of intemuclear distance is shown in FIGURE 7.4. The curve can be closely 

represented by a cubic equation in Mn-Re bond length (r) near the minimum, but over the 

2.5<r< 10 angstrom range, a Morse potential provides a much better fit. This function has 

the form. 

U(r) = Uo + De{ l-exp[-p(r-re)]}2 

where Uo= -0.1361(2) a.u., D,. = 0.0760(3) a.u., [3 = 0.884(4) A"', and re =3.210(3) A; this 

is very close to the experimental bond length. The dissociation energy is clearly low 

(2.07 eV), but to date no experimental values has been reported. However, although the 

Mn-Re bond length and quadrupole couplings vary with the calculation methodology and 

bases, the principal objective to determine the signs and approximate magnitudes of the 

couplings was achieved. Namely that the Mn coupling was small and probably negative, 

while the Re coupling was large and positive, and hence of opposite sign to that in 

HRc(CO)5. The difficulty in extending the basis set, or methodology further, in order to 

attain more consistent results was impossible owing to limitations in the GAMESS-UK 

package in the use of (say) CASSCF optimization of the structure, while MP2 seemed 

unlikely to be usefiil. 
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FIGURE 7.2; The quadratic fit of Mn-Re bond length (A) versus ''"^^Re electric field 

gradient (au), showing variation of the electric field gradient at the '^^Re center. The 

EFG values closely obey the following equations, where y= EFG/a.ii., and x=Mn-Re 

bond length: y = 21.15(69) - 11.53(43)x + i.48(7)xl 
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FIGURE 7.3: The quadratic fit of Mn-Re bond length (A) versus electric field 

gradient (au), showing variation of the electric field gradient at the center. The 

EFG values closely obey the following equations, where y= EFG/a.ij., and x=Mn-Re 

bond length: y = 6.72(31) - 3.63(20)x + 0.48(3)x^. 
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FIGURE 7.4. A plot of the Mn-Re bond energy for the MnRe(CO)io complex as a 

fonction of intemuclear distance. The solid line is the Morse potential function. 
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IV . FITTING and RESULTS 

Sixty-four observed rotational transitions for MnRe(CO)io were analyzed using 

spectral simulation and least squares fitting methods. The two sets of rotational 

transitions, J=11->J'=12 and J=12->J'=13, with hyperfine components obtained from 

this analysis are listed in TABLES 7.1-7.5. The measured rotational energies are 

assigned with the quantum numbers, J, K, and F, where F is the total angular momentum. 

To analyze and assign quantum numbers to the measured frequencies, all of the measured 

frequencies were plotted as a "stick plot" spectrum. This "stick plot" spectrum was then 

compared with a simulated theoretical spectrum. Three molecular parameters were used 

to simulate a theoretical spectrum. These parameters are Pi= B. rotational constant, P2= 

eQqaa (Mn), the manganese quadrupole coupling constant, and P3= eQqaa(Re), the 

rhenium quadrupole coupling constants. The B value of 202.5731 MHz for the main 

isotopomer was calculated from the x-ray diffraction structure"^ Initial values for the 

rhenium and manganese quadrupole coupling constants were obtained from the DFT 

calculations, discussed in the previous theory section. Using theoretical values of eQqaa 

for Mn and Re, two sets of spectral simulations were determined for J=11->J'=12 and for 

J=12->J'=13 hyperfine transitions. The initial simulation using the values P{= 340.8 

MHz, P2= 0.68MHz, and P3= 521.95 MHz, gave a theoretical spectrum with hyperfine 

splitting patterns in reasonable agreement with the splitting pattern observed in the 

experimental "stick plot" spectrum. Further simulations, with different P-values were 

done to obtain a spectrum with "correct" hyperfine splitting patterns, by systematic 

adjustments to the initial Pi, P2, and P3 values, until good agreement between the theory 

and experiment was obtained. After careful comparison of the best simulation and 

experimental plots, we were able to tentatively assign proper quantum numbers to the 

experimental "stick plot" spectrum. The two sets of the assigned transitions clearly 

exhibited hyperfine splittings that derived mainly from two K components. The two 

observed K components were assigned to K= 0 and K= 4 states. Additional simulations 

were done using Pickett SPCAT, allowing more fransitions to be assigned including some 

from K= 8 states. The .int and .var files used in SPCAT are given below (see appendix A 
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for explanation). This observation of only K=4n transitions indicates that the molecular 

structure of MnRe(CO)io complex has a four-fold axis of symmetry and the complex 

most likely belongs to the point group C4V (see FIGURE 7.1). 

The intensity file (dinu.int) and (B). the var file (dinu.var) use for making frequency 

predictions using SPCAT. 

(A), dinu.int 

dinuclear ReMn(CO)io 

1, 980000 6540.8 0 15 -7 -7 20 10 

1 3.74 

(B >. dinu-var 

dinuclear '^^ReMn(CO)io 
4 18 10 0 O.OOOOE+000 l.OOOOE+010 1 .OOOOE+000 1.0000000000 

s -66 1 -20 20 0 1 1 0 0 1 0 
1000 10000 le-10 

100 2.0055610OOOOO00OE+()O2 l.OOOOOOOOE-037/B 
110010000 3.911500000000000E+002 L00000000E-037/L5Qaa 
220010000 -1.651 OOOOOOOOOOOOE+OO1 1 .OOOOOOOOE-037 /1.5Qaa 

The accuracy of line assignments was confirmed using a least squares fitting 

procedure. Three adjustable parameters were used in the Hamiltonian in order to fit the 

assigned transition frequencies for the two isotopomers ('^^Re and '^^Re). These 

adjustable parameters are Pi= B, ¥2= eQqaa(Mn), P3= eQqaa (Re). The results of least-

squares fits for the measured and calculated transitions for the two isotopomers are 

shown in TABLES 7.6-7.8. The standard deviations of these fits range Irom 6-7 kHz, 

indicating an excellent fit. The resulting three molecular parameters obtained are shown 

in TABLE 7.9. From the spectral fitting results, the measured quadrapole coupling 

constant for the manganese is eQqaa(^^Mn)= -16.52(5) MHz. The measured quadmpole-
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coupling constant for ^^Mn'^^Re(CO)io is cQq;,., (*^^Re)=370.42(38) MHz, and for 

^^Mn'-'^^Re(CO),ois eQqaa ('^^Re)=390.91(56) MHz. The Q('^^Re)/Q(^^^Re) ratio obtained 

from this work is 1.055, which is in good agreement with the earlier 

value[Q('®^Re)/Q('"Re) -1.056] from Gordy and Cook'^^ 

The rotational constant obtained from the fits for the main isotopomer are 

B=200.3687(1) MHz. This B (microwave) value is about 1.0 % smaller than the B value 

calculated from the x-ray structure' , which suggests that the gas phase structure of 

MnRe(CO)io is slightly larger compared to the solid phase structure (see TABLE 7.9). 

Since limited isotopic data were obtained in the present study, the complete structure of 

MnRe(CO)ii) was not determined. However, some information about the Mn-Re bond 

length can be obtained from the measured rotational constants. The Mn-Re bond length 

can be estimated if we fix a number of the parameters to values from the crystal 

structure'^, and then scale the Mn-Re bond length to fit the data. Thus the C-0, Mn-C, 

and Re-C bond lengths were fixed: r(Mn-Caxiai)=l-79 A, r(Mn-Cequatoriai)= 1.85 A, r(MnC-

OaxiaO= 1.15 A, r(MnC-Oequatoriai)= 1-15. r(Re-Caxiai)=l-89 A, r(Re-Cequatorial)= 1-98 A, 

r(ReC-Oaxjai)= 1.18 A, r(ReC-Oequatoriai)= 1.13. Similarly, the following angles were 

fixed (see FIGURE 7.1); C2-Mn-C4=169.1°, Cj-Mn-C,- 89.5°, Mn-CrOi= 180.0°, Cg-

Re-C9= 174.02°, Cy-Re-Cg- 89.8°. The uncertainties, as estimated by Bau'\ in bond 

lengths for Re-C or Mn-C and C-O are 0.03 A and 0.04 A respectively. The uncertainty 

in bond angles is estimated at 1.0°. With the exception of the MnCO and ReCO bond 

angles and MnRe bond, these values are very similar to those calculated in the theoretical 

section above. Using the above fixed parameters, we obtained an eclipsed structure with 

C4V symmetry. Finally, the Mn-Re bond length was scaled to yield a rotational constant, 

which agreed with the experimental value. This led to a value for Mn-Re of 2.99 A, 

slightly longer than the value previously reported by Ridge and co-workers^^. 



V. DISCUSSION 

The rotational spectrum of MnRe(CO)io has been measured and analyzed to 

obtain the gas phase molecular parameters of the complex. The measured B value for 

MnRc(CO)ii) is 200.3687(1) MHz for the main isotopomer, which is about 1.0% smaller 
97 

than the B value calculated from the x-ray structure" , and indicates a slightly larger 

structure in the gas phase. The more compact structure observed in the solid phase could 

be due to the presence of the crystal packing forces in the crystal. The Mn-Re bond 

length has been estimated in this work with the assumption that the gas phase metal-

carbon and carbon-oxygen bond lengths and bond angles can be fixed-to the values 

observed in the solid phase'^. The Mn-Re bond length calculated with this scaling 

method is 2.99 A, which appears to be in reasonably good agreement with the value (2.96 

A) obtained by Nesmeyanov and co-worker'"\ If we scale the Mn-Re bond length using 

the value (2.906 A) reported by Ridge and co-workers"'', the rotational constant obtained 

from this scaling is about 204.0 MHz, and this is about 2% larger than the measured 

rotational constant. All these results suggest that the Mn-Re bond is slightly larger than 

the sum of the covalent radii (Mn; 1.39, Re: 1.53 A respectively)^^' 

The quadrupole coupling constants along the symmetr>' axis (a-axis) were 

obtained for the MnRe(CO)io complex. The results obtained for the manganese and 

rhenium quadrupole coupling constants in the calculations were rather variable, but 

consistent in pointing to a large positive value at Re, which contrasts with the HRe(C0)5 

molecule. Thus the experimental eQqaaC'^^Re) value (370.42(38) MHz) is close to the 

874 basis set B3LYP and BP86 theoretical values of eQq;^ 327.6 and 339.6 MHz 

respectively, and of course, of opposite sign to that in HRe(CO)5. In contrast, the 

experimental quadrupole coupling constant for ^^Mn, eQqaa -16.51(7) MHz, is much 

larger in magnitude than the values predicted by the DFT calculations where the sign is 

not stable with respect to basis set and methodology. However, the difference in spectral 

and equilibrium bond lengths are clearly important at both centers, as discussed above, 

given the relationships of quadrupole coupling with bond length. 
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The component of the quadrapoie coupling tensor along the a-axis for MnRe(CO)io is 

positive for rhenium and negative for manganese. The present Mn value is much reduced 

in magnitude when compared with the HMn(C0)5 mononuclear compound^^. The 

present experimental Re eQq is much smaller than the measured value for the HRe(CO)5 

mononuclear compound (-900MHz)'^^, and of course reversed in sign. There remains 

much work to be done experimentally and theoretically on this dinuclear complex. Many 

stronger rotational transitions (lower J<10) of this complex, which lie below 4 GHz, have 

yet to be measured. It is expected that the signals would be stronger and the hyperfine 

structure would be better resolved at the lower J transitions. 

Calculations of electric field gradients and structures for third-row transition metal 

dinuclear complexes are difficult because of the equilibrium structure giving a metal-

metal bond too long (weak) when compared with experiment. At present, the inability to 

perform large-scale multi-configuration studies with a large active set of electrons is a 

real limitation, while MP2 also does not offer a good structure. For these elements, the 

large number of electrons and relativistic effects contribute to the difficulty in obtaining 

reliable results, since such effects are not well determined as yet. However, it is 

encouraging to note that the B3LYP and BP86 DFT Re quadrupole coupling strengths are 

relatively close to the measured value, and hence may prove useful in assisting other 

structural solutions. 
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TABLE 7.1; DFT calculations of HMn(C0)5 complex. 

6-31IG 6-31IG 6-31 IG** TZVP Extended Exptl. 

Methodology SCF MP2 SCF SCF B3LYP 

Nbasis 

Total E /a.u. 

H-Mn /A 

172 

1713.64940 
1.7015 

172 

-1715.26835 

1.4744 

232 

-1713.99932 

1.7112 

258 

-1714.10010 

1.7193 

372->347 
(harmonic) 
-1718.58114 

MW 1.645(4) 

lVIn-C„ 1.9384 1.7470 1.9672 2.0101 MW 

c„-o„ 1.1287 1.2076 1.1078 1.1074 MW 

Mn-Ceq 2.0061 1.7755 2.0274 2.0372 MW 

Cgq-Oeq 1.1264 1.1880 1.1264 1.1065 MW 1.148(2) 

^Mll-CgqOeq 174.40 MW 176.3(15) 

H-Mn-Ceq 82.39 85.13 82.83 83.53 MW 

97.61 94.87 97.17 96.47 MW 97.0(4) 

Ce,-Mn-Ceq 88.99 89.59 89.11 89.27 MW 

Dipole 
Moment/D 
EFG/ a.u +0.65924 

2.1492 

+0.67039 

3.2181 

+0.69541 +0.68288 +0. 63442 

"Mn Qcc/ 
MHz 

Mulllken 
charges 

H 

-51.1154 

-0.48196 

-51.9799 

-0.19340 

-54.0833 

-0.54502 

-52.9483 

-0.22680 

-49.1909 -44.22 

Mn +0.89211 +0.46029 +0.85961 -0.28955 

c„ +0.21603 +0.26012 +0.10836 +0.24825 

o„ -0.35630 -0.40118 -0.22678 -0.15582 

Ce, +0.27416 +0.33790 +0.16201 +0.26867 

Oeq -0.34163 -0.36936 -0.22005 -0.16269 

HOMO(48) 4l.443(a,) -0.340(e) -0.340(ai) 

LUMO(49) +0.073(e) +0.093(a,) +0.105(e) 
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TABLE 7.2. Comparison of the theoretical structures and electron distributions for 
HMn(C0)5. 

Basis TZVP Extended Extended Extended Exptl. 
Methodology SCF B3LYP B3LYP BP86 EDfSSI MW 

N basis 258 372->347 417->392 417->392 
Total E /a.u. -1714.100 -1718.581 -1718.586 -1718.817 
H-Mn /A 1.719 (1.645) 1.574 1.576 1.576 1.645(4) 
Mn-Ca^ 2.010 (1.822) 1.863 1.851 1.854 1.822 
Cax-Oax 1.107 (1.143) 1.140 1.155 1.142 1.143 
Mn-C'eq 2.037 (1.853) 1.863 1.848 1.856 1.853 
Ceq-Oeq 1.107 (1.148) 1.137 1.152 1.142 1.148(2) 

Mn-C«,Oe, 174.4 (176.3) 177.2 177.4 169.9 176.3(15) 
H-Mn-Ceq 83.5 (83.0) 83.2 83.2 85.5 83.0 

C,.-Mn-C;,, 96.5 (97.0) 96.8 96.8 94.5 97.0(4) 
ds-Ceq-Mn-Ceq 89.3 (89.1) 89.2 89.2 89.6 89.1 

T rans-Ceq-Mn-Ceq (166.0) 166.5 166.3 169.7 166.0 
EFG/ a.u +0.6829 +0. 6344 +0.7071 +0.6030 
QCC/ MHz* -52.95 -49.19 -54.83 -46.75 -44.22 

Footnote * The quadrupole moment for the ®^Mii isotope*^ is +33fm', giving a conversion factor of 
77.54MHz/a.u 
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TABLE 7.3. Comparison of tiie theoretical structures and electron distributions for 
HRe(CO)5. 

Basis set l)Z Extended(i) Extended Extended Microwave 

Methodology LanL2DZ SCF B3LYP BP86 

Nbasis 114 434 399 434 ->399 479 -»444 

Total E /a.u. -642.490 -16341.038 -16348.733 -16349.942 

H-Re IA 1.744 1.744 1.752 1.758 1.799(2) 

2.008 2.008 2.088 2.073 2.000 

C„-Oax 1.146 1.146 1.139 1.150 1.130 

Re-Ceq 2.023 2.023 2.066 2.053 2.000 

C«,-Oeq 1.140 1.140 1.137 1.150 1.1297 

Re-CeqOeq 177.2 177.2 176.4 176.9 179.96 

H-Re-Cgq 84.89 84.89 84.4 84.2 83.71 

Cas-Re-Ceq 95.1 95.1 95.6 95.8 96.275(5) 

Cls-Ceq-Mn-Cgq 89.6 89.6 89.5 89.4 89.31 

trans-Ceq-Mn-Ceq 169.8 169.8 168.9 168.4 167.43 

Dipole Moment/D 0.6623 1.076 0.697 0.439 

'"'Re EFG/ a.u +0.0319 +1.8138 +1.8977 +1.7157 

"*'Re Xzz MHz -15.53 -882.15 -923.00 -834.47 -900.13(3) 

Footnote * The quadrupole nioiiient for the "*^Re isotope"* is +207fin\ giving a conversion factor of 
486.37MHz/a.u 
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Table 7.4. Summary of theoretical structure and electron distribution for MnRe(CO)io. 

Basis set Extended 
Mn+Re 
+TZVP(C, 
O) 

Extended 
Mn,+Re+C+ 
O 

Extended 
Mn+Me+C+ 
O 

Extended 
Mii+Re+C+ 
O 

Extended 
Mii+Re+C+ 
O 

Extended 
Re +C+0+ 
Mn (+f 5,0} 

Methodology B3LYP B3LYP BP86 B3LYP BP86 BP86 

Nbasis 638">588 784-»724 7M->724 874^814 874->814 882->819 

Total E /a.u. -18070.502 -18066.136 -18067.589 -18066.152 -18067.595 -18067.595 

DipoieMoment/D 0.6839 1.4126 1.6470 1.4112 1.7336 1.5971 

Mn centered 

MnRe/A 2.9752 3.2174 3.1922 3.2235 3.1400 3.1437 

MnC„ 1.8166 1.8161 1.8103 1.8231 1.8128 1.8100 

1.1441 1.1431 1.1580 1.1447 1.1585 1.1577 

MnCeq 1.8629 1.8667 1.8520 1.8642 1.8481 1.8522 

c o ^eq^eq 1.1414 1.1415 1.1558 1.1405 1.1561 1.1558 

MnCeqOeq 174.4 176.20 175.96 176.59 175.34 175.51 

ReMnC^ 88.27 86.34 86.44 86.03 86.56 86.8i 

CajMnCeq 91.73 95.27 93.56 93.97 93.44 93.20 

Cis-CeqMnCe, 89.95 89.77 89.78 89.73 89.79 89.82 

trans-CcqMnCe, 176.55 172.87 172J6 173.12 173.59 

CaiMnCeqOeq 0.0 0.0 0.0 0.0 0.0 0.0 

ReMnCeqOjq 180.0 180.0 180.0 180.0 180.0 180.0 

EFG/ a.u +0.0585 +0.0370 -0.0560 -0.0087 -0.0633 -0.0411 

MHz -4.5379 -2.8704 +4.3429 +0.6765 +4.9070 +3.1898 

Re centered 

ReC„ 1.9381 1.9970 1.9835 1.9942 1.9705 1.9797 

1.1467 1.1417 1.1552 1.1412 1.1548 1.1551 

ReCa, 1.9927 2.0668 2.0554 2.0676 2.0589 2.0529 

CeqOeq 1.1389 1.1365 1.1503 1.1366 1.1503 1.15§3 

ReCeqOe, 175.52 177.31 177.04 178.48 178.44 176.55 

MnReCe, 87.6fl 88.38 88.41 87.83 88.42 88.69 

CajReCe, 92.40 91.62 91.59 92.17 91.58 91.31 

Cis-CeqReCa, 89.90 89.95 89.96 89.92 89.96 89.97 

trans-CeqReCeq 175.20 176.76 176.81 175.66 176.83 177 J8 

C^,ReC«,Oeq 0.0 0.0 o.» 0.0 ».§ «.o 

MnReCeqOeq 180.0 180.§ 180. ISO.i 180.0 180.0 

EFG/ a.u -i.§732 -0.6983 -Li777 -0.6736 -0.8141 -0.9915 

M Hz +521.95 +339.63 +524.14 +327.60 +395.98 +482.24 
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TABLE 7.5. MnRe(CO)io b31yp optimization with the 784 basis set using Z-matrix 

Mn-Re bond length /angstrom 

2.6® 2.80 3.00 3.20 3.40 3.60 3.80 
OC,,(Re) 1.1432 1.1422 1.1418 1.1417 1.1417 1.1418 1.1419 

C„Re 2.0110 2.0056 2.0005 1.9960 1.9927 1.9898 1.9877 
CeqRe 2.0721 2.0698 2.0689 2.0686 2.0688 2.0695 2.0703 
CgxMn 1.8202 1.8185 1.8180 1.8181 1.8179 1.8180 1.8178 
CeqMn 1.8656 1.8642 1.8647 1.8661 1.8679 1.8700 1.8720 

OC„(Mn) 1.1435 1.1432 1.1431 1.1431 1.1431 1.1431 1.1431 
OCeq(Mll) 1.1423 1.1421 1.1419 1.1416 1.1414 1.1412 1.1410 
OCeq(Me) 1.1372 1.1368 1.1366 1.1366 1.1365 1.1366 1.1367 • OCeq(Me) 

Bond angles / degrees 

CaxReCeq 
ReMnCeq 

ReCOeq 

MnReCeq 

MnCOgq 

86.71 88.36 89.74 91.04 92.22 93.16 93.92 CaxReCeq 
ReMnCeq 

ReCOeq 

MnReCeq 

MnCOgq 

90.76 89.13 87.68 86.47 85.44 84.61 84.00 
CaxReCeq 
ReMnCeq 

ReCOeq 

MnReCeq 

MnCOgq 

172.23 173.80 175.13 176.35 177.46 178.41 179.19 

CaxReCeq 
ReMnCeq 

ReCOeq 

MnReCeq 

MnCOgq 

93.29 91.64 90.26 88.96 87.78 86.84 86.08 

CaxReCeq 
ReMnCeq 

ReCOeq 

MnReCeq 

MnCOgq 173.43 174.37 175.25 176.03 176.87 177.64 178.25 

CaxReCeq 
ReMnCeq 

ReCOeq 

MnReCeq 

MnCOgq 
89.24 90.87 92.32 93.53 94.56 95.39 96.00 

89.99 89.99 89.91 89.78 89.64 89.49 89.37 

t-CeqMnC'eq 178.49 178.26 175.36 172.94 170.88 169.22 168.01 t-CeqMnC'eq 
89.81 89.95 90.00 89.98 89.91 89.83 89.73 

t"Ceqll.eCeq 

Mn ReCOeq 

173.43 176.71 179.49 177.91 , 175.55 173.68 172.16 t"Ceqll.eCeq 

Mn ReCOeq 180.0 180.0 180.0 180.0 180.0 

Ceci^^^eq^eci 86.72 88.36 89.74 91.04 92.22 93.16 93.91 

ReMnCcqOeq 180.0 180.0 180.0 180.0 180.0 

CeqMllCeqOeq 89.24 90.87 92.32 93.52 94.55 95.36 95.96 

EFGRe + + - - -0.958955 -1.196075 -1.368574 
/u.u. 1.166507 0.434511 0.158136 0.618275 

EFGMn + + + + -0.035826 -0.086476 -0.117425 
/a.u. 0.553500 0.330043 0.163804 0.044287 

% Re /MHz -567.354 -211.333 +76.913 +300.710 +466.407 +581.735 +665.633 
X Mn /MHz -42.918 -25.592 -12.701 -3.434 +2.778 +6.705 +9.105 
A/MHz 316.546 315.466 314.885 314.706 314.842 315.115 315.443 

R = C/MHz 203.505 195.046 186.417 177.795 169.335 160.924 152.617 
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TABLE 7.6. Measured and calculated frequencies for the ^^Mn'®^Re(CO)io dinuclear 
complex. Frequencies are given in MHz. The standard deviation of the fit is 0.0067 

MHz. 

J K F1 F -> J' K' Fl' F' Observed Observed-
Calculated 

11 4 12 12 12 4 12 12 4810.4353(27) -0.0025 

11 4 12 9 12 4 12 9 4810.5859(33) -0.0012 

11 8 10 12 12 8 11 13 4812.9990(25) -0.0204 
11 0 11 13 12 0 12 14 4813.8074(19) 0.0074 

11 4 13 13 12 4 14 13 4813.8117(21) 0.0091 

11 4 10 10 12 4 11 10 4813.8611(6) -0.0036 

11 0 11 11 12 0 12 11 4813.9933(40) 0.0016 

11 0 10 9 12 0 11 10 4814.0228(31) -0.0015 
12 8 10 10 13 8 11 10 5207.6978(78) -0.0052 

12 8 10 11 13 8 11 12 5207.8244(54) 0.0066 
12 4 10 11 13 4 11 11 5212.6100(82) 0.0059 

12 0 13 15 13 0 14 15 5212.7544(17) 0.0011 

12 4 15 13 13 4 16 14 5213.0109(155) -0.0037 

12 4 15 12 13 4 16 13 5213.0926(184) 0.0038 

12 0 14 12 13 0 15 13 5214.0046(134) 0.0041 
12 0 13 14 13 0 14 15 5214.3558(54) 0.0029 

12 0 10 7 13 0 11 8 5214.7744(31) -0.0034 
12 4 11 12 13 4 12 13 5214.8541(41) 0.0108 

12 4 11 13 13 4 12 14 5214.9145(42) -0.0092 
12 4 11 11 13 4 12 11 5214.9832(17) -0.0061 

12 4 13 14 13 4 14 14 5215.1167(35) -0.0047 

12 0 11 11 13 0 12 11 5215.3087(103) 0.0035 

12 0 10 8 13 0 11 8 5216.2075(40) 0.0038 
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TABLE 7.7. Measured and calculated frequencies for the ̂ ^Mn'®'Re(CO)io dinuclear 
complex. FrequeBcies are given in MHz. The standard deviation of the fit is 0.0056 
MHz. 

J K F1 F —> J' K' Fl' F' Observed Observed-
Calculated 

11 4 9 10 12 4 10 10 4806.6825(89) -0.0063 
11 0 11 13 12 0 12 13 4807.6992(74) 0.0003 
11 4 9 8 12 4 10 9 4807.7254(29) 0.0105 
11 0 10 12 12 0 11 12 4807.9142(20) 0.0050 
11 4 9 7 12 4 10 7 4808.0691(96) -0.0016 
11 0 12 13 12 0 13 13 4808.1109(38) 0.0067 
11 4 14 12 12 4 15 12 4808.2001(37) -0.0013 
11 8 10 8 12 8 11 9 4808.3563(22) 0.0028 
11 0 14 13 12 0 15 14 4808.5672(57) -0.0022 
11 0 12 10 12 0 13 11 4808.7069(104) 0.0018 
11 0 12 12 12 0 13 12 4808.9534(30) -0.0044 
11 0 10 11 12 0 11 11 4808.9650(27) -0.0028 
11 u 9 8 12 0 10 9 4809.1996(53) 0.0079 
11 0 9 9 12 0 10 10 4809.2261(10) 0.0005 
11 0 11 11 12 0 12 12 4809.2333(43) -0.0035 
11 0 9 11 12 0 10 12 4809.2542(37) -0.0010 
11 0 11 12 12 0 12 12 4809.2668(36) 0.0047 
11 4 11 12 12 4 12 13 4809.2778(33) -0.0004 
11 4 11 10 12 4 12 11 4810.2242(33) -0.0008 
11 4 11 9 12 4 12 10 4810.2731(27) -0.0042 
11 4 12 12 12 4 13 12 4810.3660(4) -0.0031 
11 4 11 11 12 4 12 11 4810.3825(27) -0.0042 
11 4 12 11 12 4 13 11 4810.8356(34) -0.0066 
12 0 13 15 13 0 14 15 5207.8904(60) -0.0021 
12 0 14 13 13 0 15 14 5209.1555(25) 0.0022 
12 0 14 14 13 0 15 15 5209.1657(34) -0.0012 
12 8 11 12 13 8 12 13 5209.2763(29) -0.0112 
12 4 14 15 13 4 15 15 5209.3143(30) 0.0005 
12 0 10 11 13 0 11 11 5209.3252(38) -0.0018 
12 4 14 11 13 4 15 12 5209.8548(31) -0.0088 
12 0 12 10 13 0 13 11 5209.8966(27) 0.0024 
12 4 11 11 13 4 12 11 5210.0981(24) -0.0003 
12 0 11 8 13 0 12 9 5210.1545(51) -0.0004 
12 0 10 10 13 0 11 10 5210.2117(50) 0.0143 
12 4 13 12 13 4 14 12 5211.2985(22) -0.0052 
12 4 12 11 13 4 13 11 5211.3792(40) 0.0107 
12 8 13 12 13 8 14 12 5214.1082(15) 0.0008 
12 8 13 13 13 8 14 14 5214.1280(40) 0.0097 
12 8 13 14 13 8 14 15 5214.2308(37) 0.0044 
12 8 13 14 13 8 13 15 5214.2862(31) -0.0109 
12 8 12 14 13 8 12 14 5214.7278(14) -0.0009 
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TABLE 7.8. Molecular parameters obtained from the least-squares fit to the observed 
rotational transitions for ^^Mn'^^Re(CO){o and ^^Mn^^''Re(CO)io. The values and standard 
errors 2a are given in MHz. The standard deviation of the fit is in MHz. 

Parameters 

B 200.55602(13) 200.36871(8) 

eQqaa(Re) 390.91(56) 370.42(38) 

eQqaa(Mn) -16.52(10) -16.52(5) 

CT(flt) 0.0067 0.0056 

1.055* 

1.056(5) 

•This work 

**Gordy & Cook 

TABLE 7.9. Comparison of the experimental and theoretical molecular parameters for 
Mn'^'^Re(CO)io. Rotational constants and eQq values are given in MHz. The tMnRe bond 

length is given in A. The standard errors 2a are in MHz. 

Parameters Mii^^^Re(CO)io 

This work 

iVln''''Re(CO),n 

Theory 

MnRe(CO)i0 

X-ray'-'^ 

MnRe(CO)io 

X-ray® 

EQqt'=Mii) -16.52(5) 0.68 - -

EQq("*'Re) 370.42(38) 327.6 - -

B 200.36871(8) - 202.5731* 204.2304* 

^ MnRe 2.99 3.22 2.96 2.909(1) 

•Calculated from the geometry 
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CHAPTER 8 

Rotational Spectra of Symmetric and Asymmetric (acyl species) Top Complexes of 

Methyl Manganese Pentacarbonyl, CH3Mn(CO)5 

ABSTRACT 

We report the first pure rotational spectrum of methyl manganese pentacarbonyl complex 

for both the symmetric and asymmetric species. The complex, CH:;Mn(CO)5 has 

generally served as a model complex for modeling alkyl migration-insertion reaction. 

The rotational transition frequencies for CH5Mn(CO)5 were recorded over the range of 

5-10 GHz using a Fourier-transformed microwave spectrometer. The quadrapole 

coupling, eQqcc= -87.38(34) MHz, and rotational constants, 8=793.1529(26) MHz, for 

"Mn have been detemiined for the symmetric top complex. The line center fit for the 

a.sym metric top complex give A=839.8750(88) MHz, 6=774.2862(104) MHz, 

€=625.2577(68) MHz.), which are in good agreement with the calculated values of acyl 

species. 
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1. INTRODUCTION 

Methyl manganese pentacarbonyl complex, CH3Mn(CO)5, has generally served 

as a model complex for modeling the alkyl migration-insertion reaction. Previous 

detailed theoretical and experimental studies of the CH3Mn(CO)5 complex have provided 

valuable insights into the dynamics of methyl migration and carbonyl insertion 

reactions*^'^^^'^^^''^^'^^^'^^''. A recent kinetic study using Density Functional Theory 

calculations'''® have predicted that during the thermal carbonylation reaction of 

CH,5Mn(CO)5, the reactive intermediate is the acyl form (CH3COMn(CO)4). For decades, 

three possible forms of the acyl intermediates have been suggested, including an 

unsaturated acyl species, a saturated r|2-acyl dihapto species, and an unsaturated agostic-

stablilized acyl species. The structures of these acyl intermediates and their existence in 

the gas phase, however, have not been confirmed by any experiments. In the liquid 

phase, the solvent stabilized acyl intermediate has been detected. For example, the recent 

photo-decarbonylation experiment of CH3(CO)Mn(CO)s based on the time-resolved 

infrared spectroscopy has identified the acyl intermediate as a coordinately saturated r|"-

dihapto species that surprisingly appears to be long-lived^. The existence of these 

saturated and unsaturated acyl intermediates however have never been seen in the gas 

phase. 

In this study, we have measured the first pure rotational spectra of symmetric and 

asymmetric top complexes using a high-resolution pulse beam microwave 

spectrometer''^'. The gas-phase structure of the symmetric top complex has been 

previously determined by the electron diffraction'"'^ and recently the laser infrared 

spectroscopy experiments'''^. The rotational constants for the symmetric top complex 

were obtained from this laser infrared study. The values of rotational constants obtained 

from vibrational analysis of the infrared spectrum are smaller than the calculated electron 

diffraction values, suggesting a relatively larger structure for the gas phase structure. 

Although rotational constants can be obtained by analyzing the rovibronic spectrum, the 

interaction due to rotational and vibration coupling sometimes gives rise to spectral 
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congestion, which can lead to poorly resolved rotational lines and difficulty in assigning 

rotational transitions. The rotational spectrum of CH3Mn(CO)5 is expected to exhibit a 

fairly complicated quadrupoie hyperfine spectrum due to the ^^Mn (1=5/2) quadrupole 

hyperfine interaction. Similarly, the rotational spectrum of the asjniimetric-top complex 

is expected to exhibit numerous transitions due to asymmetry, hyperfine splittings, and 

possibly the methyl torsional splittings. 

In the present work, the gas phase molecular parameters for both the symmetric 

top and as3niimetric top species are obtained from the least squares fitting of the 

measured to the calculated rotational transitions. The B rotational constant of the 

symmetric top species obtained from this work is compared to the rotational constants 

calculated from the electron diffraction and infrared laser experiments. In addition to 

rotational constants, the nuclear quadrupole coupling constant, eQqcc along the CH;-Mn 

molecular axis for the symmetric top complex has been determined. The gas phase 

molecular parameters for the asymmetric top species were obtained by 'best' fitting the 

line center. 

II. EXPERI.\1ENT 

Methyl manganese pentacarbonyl is quite a volatile complex. We synthesized 

CH3Mn(CO)5 using well established synthetic methods. The complex was prepared 

using the general methods described by King''^"^ and Edgell^''^'' However, some minor 

modifications of these synthetic methods were made. 2.0 g of Mn2(CO)io was dissolved 

in 90 ml of tetraglyme in the dry box and an excess NaK (about 0.30 ml) was added to 

the solution through a syringe. The flask was kept under constant flow of nitrogen and 

stirred for 15 hours at room temperature and atmospheric pressure to produce 

NaMn(C0)5 and KMn(C0)5. Following a 15-hour reaction period, an excess of 

dimethysulfate (about 0.7 mi) or methyl iodide (about 1.4 ml) was injected into the 

reaction flask via a syringe. The reaction flask was left to react for about one hour before 



254 

the product could be isolated. The white air-stable product was puiled into a trap cooled 

at a liquid nitrogen temperature, under 1-10 torr of pressure. The product yield using this 

method is often low. 

The microwave spectra of CH^MnCCO), was obtained over a small range of 6-9 

GHz using a Flygare-Balle type pulsed beam Fourier transform spectrometer. Neon was 

used as a carrier gas and passed over the sample inside the sample cell with pressure 

constantly maintained between 0.6-0.7 atm of pressure. The sample, which was cooled 

to 0 °C, was pulsed into the cavity at the rate of 1 to 2 Hz through the pin-hole jet nozzle. 

A c-dipoie oblate symmetric top spectrum was observed with slightly resolved hyperfine 

splittings of a few MHz due to the ^^Mn quadrupole coupling. The observed signals are 

quite weak due to small dipole moments (0.15 Debye, theoretical value) associated with 

the symmetric top complex. For a frequency search, two predictions were made using (1) 

Electron diffraction geometry, and (2) A hybrid geometry, in which CH^Mn bond length 

was that of electron diffraction and the Mn(CO)5 unit was fixed to the neutron diffraction 

values of HMn(CO)5 complex'^'. The prediction using hybrid geometry was more 

accurate than the prediction using electron diffraction geometry. For instance, the 

frequency prediction using the electron diffraction geometry predicted a strong 

J=4->J'=5 transition around 8000(±2) MHz; however, an extensive search in this region 

did not yield a single line. Using the frequency prediction based on this hybrid geometry, 

we observed the total number of twelve transitions (AJ=i, AK=0). Seven of these 

transitions were observed in 7 GHz range, and only 4 transitions were observed in 6 GHz 

range. Only one transition was observed in 9 GHz range. We scanned for transition 

frequencies in the 4 GHz range but no lines were observed. 

The microwave spectrum of the asymmetric top acyl species was obtained in the 

frequency range of 4-7 GHz. The experimental condition is set up the same way as 

previously described for the symmetric top species. The rotational spectrum of 

asymmetric top species exhibits both a-dipole and c-dipole transitions. Most of the 

observed transitions are, however, of c-dipole type. Numerous transitions were observed 

for this complex due to asymm.etry splittings, quadrupole coupling interactions, and 
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possibly internal rotation of the methyl group. Most of the observed transitions were 

strong transitions with low J and K quantum numbers. These low J and K transitions 

were searched using the frequency prediction based on DFT and PRDDO/ab initio^ 

structures. The hyperfine splittings for this complex were well resolved up to a few 

MHz, prominently for the J=3—>J'=4 transition. In addition, smaller splittings of few 

kHz in magnitude were observed on top of the hyperfine transitions, which could likely 

be attributed to torsional motion of the methyl group. Such features were not observed 

for symmetric top species, forbidden largely by a selection rale. In all, over 100 

transitions of the asymmetric top species were observed for four different transitions. 

Most observed transitions were fairly strong, but weaker transitions required a longer 

scan, on average about 1000-1200 shots. The spectral resolution with neon carrier gas is 

about 2.0 kHz. 

III. FITTING AND DATA ANALYSIS 

The measured rotational transitions of symmetric top species CH3Mn(CO)5 are 

listed in Table 8.1. Figure 8.1 shows the structure of symmetric top methyl manganese 

pentacarbonyl. The following quantum numbers J, K, I, F were used to specify different 

angular momentums. The quantum number J denotes the rotational angular momentum. 

The quantum number I denotes ^'Mn nuclear spin. The total angular momentum due to 

the coupling between J and I is F =J+L K quantum number is the projection of J onto the 

Mn-CHs symmetry axis. N denotes the number of times the line was recorded above and 

below the peak center. Transitions with a larger N give fairly good indication of strongly 

intense lines. The stronger transitions from J=4—^J'=5 were first measured and 

subsequently plotted as a fiinction of N to generate an experimental spectrum. A 

theoretical spectrum of the J==4^J'=5 transition was then synthesized using the 

calculated rotational constants obtained from the observed frequency and a nuclear 

quadrapole coupling constant, eQq, of HMn(CO)5 obtained from the microwave 
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s p e c t r u m ^ T h e  p a t t e r n  o f  h y p e r f i n e  s p l i t t i n g s  o f  t h e  t h e o r e t i c a l  s p e c t r a m  w a s  s i m u l a t e d  

to match the experimental spectram by varying eQq parameter. This method allowed as 

to initially assign the correct sign to eQq and estimate the value of eQq for 

CH3Mn(CO)5. For the J=4-^J'-5 transition, the hyperfine transitions from different K 

components were observed, which is consistent with the Cs symmetry of the complex. 

Having the experimental rotational constant B and eQq, we initially fit the seven 

observed lines of J=4—>J'=5 transitions using a least squares fitting method with 

centrifiigal distortion constants assumed to be zero. In this fit, four adjustable parameters 

were incorporated in the fitting program, including the observed B rotational constant, the 

estimated manganese nuclear quadrupole coupling constant eQq, the centrifugal 

distortion constant Djk, and the spin-rotation constant Qc- The result of this fit is very 

good and the resulting parameters were subsequently used to simulate the spectrum for 

J=3-^J'=4 and J=5-^J"--6, which were used for additional line search. A total of 12 

hyperfine transitions were observed for the symmetric top complex. These transitions 

were fitted with five variable parameters (see Table 8.2). The resulting parameters 

obtained from this fit are shown in Table 8.3. 

The rotational spcctrum of the asymmetric top species were observed for four 

different transitions including J=2->J-3, J=3-»J'=4, J=4—>J-5, and J=5-4>J'=6 (see 

Table 8.4). Figure 8.2 shows the two structures of asymmetric top acyl species. The 

rotational trequencies for asymmetric species were predicted using the geometry obtained 

from the FRDDO and DFT calculations. The line search for acyl intermediate using 

predicted frequencies based on the DFT geometry was much less accurate. On the 

contrary, the prediction using PRDDO geometry was slightly better. The observed 

frequencies were only a few MHz off from the theoretical predictions. Numerous 

splittings within few kHz due to the quadrupole interaction are observed for the 

asymmetric top complex. Due to the spectral complexity, the observed frequencies for 

the as3niimetric top complex were averaged to estimate the center frequency for each 

transition, which was subsequently fitted using a least-squares fitting procedure. The fit 

result is shown in Table 8.5 and the resulting parameters are shown in Table 8.6. The 
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Standard deviation for a 6-parameter fit is about 11 kHz. The measured rotational 

constants obtained by fitting line centers strongly indicated the molecule is an 

asymmetric top rotor. 

IV. DISCUSSION 

The gas phase molecular parameters for the symmetric top species CH3Mn(CO)5 

obtained from the least-squares fit are shown in Table 8.3. The small Dj value of 0.40 

kHz supports the idea tliat the methyl manganese pentacarbonyl complex is quite a rigid 

molecule. The centrifugal stretching of the CH.^Mn bond and Mn-CO bonds would not 

have significant contribution to the distortion constants. The B rotational constant 

obtained from this work is 6=793.1529(26) MHz and is in good agreement with the 

infrared and electron diffraction B values (B=800(8) MHz) within the given experimental 

error limits (see Table 8.7). The uncertainty associated with the rotational constants is 

assigned at la. The microwave B value, however, is much closer to the upper vibrational 

state B value [B'=795.6(16) MHz] obtained from the infrared experiment. However, the 

B rotational constant from this study is much smaller (nearly 1%) than the calculated B 
r c 

value of electron diffraction. The Mn nuclear spin-rotation constant, Ccc =183(3) kHz, 

is unusually large for the symmetric top complex and suggesting possibly the presence of 

a low-lying electronic excited state. The spin-rotation interaction due to ^^Mn nuclear 

can contribute significantly to the overall rotational energy of this complex. The nuclear 

quadrupole coupling constant along the top c-axis for ^^Mn is eQqcc = -87.38(34) MHz. 

The •''"Mn eQq value for CH3Mn(CO)5 is about two times larger than the value of 

eQq for HMn(CO)5, suggesting less symmetrical charge distribution around the 

manganese nucleus for the CH ;Mn(CO)5. 

The rotation constants of the asymmetric top were obtained from a least squares 

fitting of the observed to calculated transitions. The standard deviation of 3a assigned 

for the line center fit includes any systematic errors due to uncertainty in determining the 

exact line center. The negative Dj suggests the fit may not be entirely correct. The 
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standard deviations associated with the rotational constants are about 3-4 kHz. The 

experimental rotational constants for asjonmetric top were comparable to the rotational 

constants of PRDDO and DFT (see Table 8.8). The PRDDO values are however closer to 

the experimental values. The main differences between the PRDDO and DFT acyl 

structures lie in the Mn-CO bond lengths. The ab-initio (PRDDO) calculation predicted 

the axial Mn-CO bond lengths equaled to 1.852 A. The DFT predicted the axial Mn-CO 

bond length equal to 1.798 A. The average equatorial MN-CO bond length from PRDDO 

is 1.865 A, whereas the average equatorial Mn-CO bond length from DFT is 1.852 A. 

The measured rotational constants suggested that the observed asymmetric top spectrum 

could be the acyl species. 



FIGURE 8.1: Symmetric top stracture of methylmanganese pentacarbonyl complex with 

labeling scheme of atoms indicated. 



Acy!-agostic Acyl-dihapto 

FIGURE 8.2: Acyl asymmetric top structure of methylmanganesc pentacarbonyi complex 

with labeling scheme of atoms indicated. 
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TABLE 8.1: Measured rotational frequencies for CH3Mii(CO)5. The measurement error 

is a. The N denotes number of times the frequency was measured above and below the 

peak. The values are given in MHz. 

J K 2F J' K' 2F' Measured CT N 

3 2 9 4 2 11 6341.7599 0.0064 7 

3 1 7 4 1 9 6343.5813 0.0054 4 

3 1 9 4 1 11 6344.9789 0.0072 5 

3 0 11 4 0 13 6345.3298 0.0136 5 

4 2 9 5 2 11 7929.1875 0.0009 3 

4 2 11 5 2 13 7929.9537 0.0438 4 

4 1 9 5 1 11 7930.5580 0.0040 14 

4 9 5 0 11 7931.0192 0.0053 5 

4 0 13 5 0 15 7931.3231 0.0036 28 

4 2 13 5 2 15 7932.6026 0.0052 4 

4 3 13 5 3 15 7934.1963 0.0050 19 

5 2 15 6 2 17 9518.1129 0.0050 6 
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TABLE 8.2: Measured and calculated transition frequencies for C,H3Mn(CO)5. The 

calculated frequencies were obtained after fitting the measured frequencies using a least 

squares fitting program. The standard deviation of the fit is 7.3 kHz. The "best fit" 

parameters are listed in TABLE 8.3. The values are given in MHz. 

J K 2F —^ J' K' 2F' Measured Calculated Measure-
calculated 

3 2 9 4 2 11 6341.760 6341.760 0.000 

3 1 7 4 I 9 6343.581 6343.580 0.001 

3 1 9 4 1 11 6344.979 6344.966 0.013 

3 0 11 4 0 13 6345.330 6345.329 " 0.001 

4 2 9 5 2 11 7929.188 7929.191 -0.004 

4 2 11 5 2 13 7929.954 7929.953 0.001 

4 1 9 5 1 11 7930.558 7930.562 -0.004 

4 (J 9 5 0 11 7931.019 7931.018 0.001 

4 0 13 5 0 15 7931.323 7931.332 -0.009 

4 2 13 5 2 15 7932.603 7932.608 -0.005 

4 3 13 5 3 15 7934.196 7934.198 -0.002 

5 2 15 6 2 17 9518.113 9518.105 0.008 



263 

TABLE 8.3: Molecular parameters obtained from a least-squares fit to the observed 

transition frequencies listed in TABLE 8.1. The standard deviation is a. The eQq and C 

values are for ̂ ^Mn. The values are given in MHz. 

Parameters CIIiMn(CO), a 

B 793.1529 6.0026 

Bj 0.00040 0.00004 

Djk 0.0018 0.0002 

c,. 0.183 0.006 

eQq« -87.38 0.34 



TABLE 8.4: Observed rotational transitioBS for the as5m3inetric top species. 

N denotes number of times the frequency is recorded above and below the 

center frequency. Values are given in MHz 

Transition Observed 

frequency 

Standard deviation N 

J=2->J'=3 4948.0959 0.0051 4 

4948.9307 0.0011 4 

4948.9594 0.0014 11 
4950.1944 0.0039 4 

4950.2771 0.0034 4 
4950.4983 0.0055 14 
4950.5316 0.0059 6 
4950.5805 0.0030 5 
4950.6081 0.0028 12 
4950.8235 0.0034 4 
4950.9252 0.0064 5 

J=3^J'=4 5569.6971 0.0045 8 

5569.8458 0.0043 7 
5570.0785 0.0040 17 
5570.1386 0.0024 4 
5570.1920 0.0063 13 
5570.2344 0.0027 21 
5570.2677 0.0060 5 
5570.3310 0.0046 6 
5570.3714 0.0064 4 
5570.4823 0.0057 4 
5570.5057 0.0018 6 
5570.5930 0.0032 16 
5570.6314 0.0046 7 
5570.6419 0.0018 6 
5570.6659 0.0041 5 
5570.6946 0.0065 7 
5570.7229 0.0034 12 
5570.7666 0.0069 9 
5570.8116 0.0075 9 
5570.8934 0.0046 8 
5571.0200 0.0072 26 
5571.0740 0.0024 10 
5571.1198 0.0037 5 
5571.2264 0.0073 5 
5571.2579 0.0025 4 
5571.4692 0.0062 4 
6370.9890 0.0016 7 

J=3^J'=4 6371.0428 0.0034 7 

6371.7016 0.0021 7 



TABLE HA-Continued 

J=4^J'=5 

6411.4942 0.0027 4 
6411.9379 0.0022 8 
6412.0250 0.0016 10 
6412.0680 0.0086 4 
6412.1451 0.0075 4 
6412.2460 0.0029 7 
6412.4757 0.0125 6 
6412.5650 0.0076 4 
6412.7172 0.0062 4 
6413.7332 0.0051 4 
6413.8750 0.0012 4 
6413.9566 0.0021 4 
6414.1080 0.0053 5 
6414.2915 0.0057 4 
6414.4418 0.0030 8 
6614.8680 0.0070 4 
6614.9122 0.0092 4 
6614.9449 0.0087 4 
6615.1259 0.0118 6 
6615.2123 0.0056 11 
6615.2856 0.0119 11 
6615.3489 0.0021 15 
6615.3875 0.0081 12 
6615.4606 0.0080 5 
6615.5311 0.0035 16 
6615.5615 0.0060 5 
6615.5978 0.0055 17 
6615.6335 0.0071 13 
6615.7941 0.0015 6 
6615.9956 0.0056 20 
6616.3239 0.0030 5 
6616.3551 0.0022 4 
6615.9937 0.0055 4 
6616.0827 0.0063 4 
6616.1927 0.0042 10 
6616.3240 0.0028 14 
6616.3557 0.0032 10 
6616.4380 0.0088 4 
6617.5811 0.0045 5 
6617.9157 0.0091 7 
6617.9667 0.0032 12 
6618.0762 0.0121 6 
6618.1196 0.0068 7 
6618.1852 0.0084 4 
6618.2497 0.0044 13 
6618.4183 0.9060 5 
6429.3812 0.0012 6 

6432.1560 0.0097 7 
6432.2500 , 0.0045 13 
6432.3209 0.0130 9 
6432.4012 0.0080 6 



TABLE ^A-Continued 
6432.4366 0.0106 6 
6432.4686 0.0035 4 
6432.4894 0.0058 4 
6432.5583 0.0133 12 
6432.6352 0.0070 14 
6432.6806 0.0093 7 
6432.8004 0.0035 4 
6432.8248 0.0046 4 
6432.8545 0.0043 13 
6432.9602 0.0032 5 
6433.0220 0.0060 7 
6433.2608 0.0026 15 
6433.3137 0.0030 4 
6433.3471 0.0040 8 
6433.2539 0.0067 7 
6433.3252 0.0080 7 
6433.4026 0.0081 7 
6433.4830 0.0060 5 
6433.5597 0.0031 4 

6433.6426 0.0085 8 
6433.7235 0.0107 6 
6433.8046 0.0082 6 
6433.8619 0.0025 15 
6433.9471 0.0029 10 
6434.0269 0.0020 11 
6434.0541 0.0082 5 
6434.1097 0.0075 8 
6434.2015 0.0062 7 
6434.2547 0.0050 17 
6434.2914 0.0078 4 
6434.3279 0.0015 16 
6434.4547 0.0062 5 
6434.5340 0.0078 6 
6434.6052 0.0143 10 
6434.6737 0.0063 8 
6434.6960 0.0029 5 
6434.7766 0.0069 6 
6434.8572 0.0042 17 
6434.8888 0.0020 4 
6434.9232 0.0070 6 
6435.0143 0.0068 4 
6435.0490 0.0055 16 
6435.0928 0.0077 5 
6435.1739 0.0090 7 
6435.2163 0.0027 4 
6435.2502 0.0080 4 
6435.3732 0.0021 16 
6435.4031 0.0092 5 
6435.4603 0.(M>29 16 
6435.5241 0.0017 13 
6435.5720 0.0065 4 



TABLE 8.4-Continued 
J=5^J'=6 7685.6296 0.0087 5 

7685.8123 0.0106 7 
7685.8522 0.0046 5 
7685.9120 0.0059 17 
7686.9803 0.0105 10 
7686.0249 0.0067 6 
7686.0696 0.0064 18 
7686.1240 0.0052 4 
7686.1744 0.0057 13 
7686.2318 0.0060 4 
7686.2716 0.0071 9 
7686.3652 0.0104 8 
7686.1715 0.0052 8 
7686.2674 0.0035 10 
7686.3208 0.0054 7 
7686.3640 0.0024 10 
7686.4729 0.0052 4 
7686.5016 0.0042 5 
7686.5690 0.0114 14 
7686.6211 0.0147 10 
7686.6876 0.0053 5 
7686.7366 0.0055 8 
7686.8022 0.0110 10 
7686.8336 0.0048 8 
7686.9206 0.0084 11 
7687.0184 0.0033 9 
7687.2238 0.0089 7 
7687.2668 0.0147 10 
7687.4202 0.0083 4 
7687.4600 0.0060 4 
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TABLE 8.5; Measured and calculated transition frequencies for the asymmetric top 

species, CH3Mr!(CO)5. The standard deviation of the "best" line center fit is 11.0 kHz for 

6 parameters fit. The "best fit" parameters are listed in TABLE 8.6. The values are 

given in MHz. 

J —^ J" Measured Calculated Measure-
calculated 

2 3 4950.972 4950.976 -0.0033 

3 4 5571.151 5571.155 -0.0038 

3 4 6370.949 6370.951 -0.0027 

3 4 6412.939 64)2.936 0.0026 

3 4 6616.298 6616.294 -0.0035 

4 5 6433.619 6433.625 -0.0067 

4 5 • 6434.007 6433.995 0.0122 

5 6 7686.016 7686.019 -0.0026 

TABLE 8.6: Molecular parameters obtained from a least squares 'best' fit to the observed 

center transition frequencies listed in TABLE 8.4. The standard deviation is a and values 

are given in MHz. (Note: negative Dj suggests the fit may not be entirely correct). 

Parameters CHvMn(CX))5 a 

Asymmetric top 

A 839.8750 0.0044 

B 774.2862 0.0052 

€ 625.2577 0.0034 

I), -0.0038 0.0001 

Djk 0Ji20 0.0003 

Dk -«.O034 0.0003 
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TABLE 8.7; Molecular parameters comparison between CH3Mn(CO)5 obtained from the 

least-squares fit. The uncertainty in the parentheses (cr) for CH3Mn(CO)5 is 2a. The 

uncertainty for the B rotational constant is in MHz. The eQq and Ccc values are for'''Mn 

Parameters CHvMn(C())5 CHvMn(C:0), CH,Mn(CO)5 Infrared 

Microwave Electron diffraction 

B(MHz) 793.1529(26) 800.2(80) B'=795.6(16) 

B"=796.4(15) 

»,,(kHz) 0.40(4) -

DjK(kHz) 1.8(2) -

Ccc(kHz) 183(6) . 

eQqcc(MHz) -87.38(34) -

TABLE 8.8: Comparison between experimental and theory rotational constants for 

CH3(CO)Mn(CO)4 , asymmetric top species. The observed rotational constants agree 

better with the rotational constants of the acyl species. Experimental errors are given in 

2a and all values are in MHz. 

Parameters CH3(CO)MnCO)4 PRDIK)" PRDDO® DPT' DFT^ 

This work Acvi(dihapto) Acyl(agostk) Acv!( agnostic) Acyl(dihapto) 

A 839.8750(88) 845.8349 843.7019 827.699 829.4502 

B 774.2862(104) 766.2999 777.5436 800.114 781.2373 

C 625.257768) 609.9337 628.9350 664.267 647.0487 

Dj -0.0038(2) -

Djk §.l)i2i(6) -

DK -0.0034(6) . 
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CHAPTER 9 

Microwave spectrum of o-benzyne produced in a discharge nozzle 

ABSTRACT 

The microwave spectrum for o-benzyne was obtained by passing a dilute (<1%) mixture 

of benzene in neon through a pulsed-DC discharge nozzle source into a pulsed-beam, 

Fourier transform spectrometer. Rotational transitions were measured for the normal 

isotopomer, the two unique single-D isotopomers, and the isotopomer and one of the 

'•'C isotopomers. Benzynes have been known as reactive intermediates in organic 

reactions for many years, and have recently been implicated in gasoline combustion 

reactions and antitumor activity of enediynes. Twenty-seven b-type transitions for the 

normal isotopomer were fit to obtain A = 6989.7292(6), B = 5706.8062(6), and C = 

3140.3708(4) MHz, and five centrifugal distortion constants. The inertial defect is = 

0.069 4 amu A*, consistent with a planar structure. Hyperfine structure for the Dy (closest 

to the C = C bond) and Dj (furthest from the C = C bond), was analyzed to obtain 

deuterium quadrupole coupling strengths eQq,ja(D\) = 185(3) kHz, eQqf,f,(D\) = -85(2) 

kHz, eOqa.ADj) = 5(13), and eQqhbiDz) = 86(13) kHz. The C-D, bond axis quadrupole 

coupling strengths are compared with values for benzene. Spectra for the and one of 

the isotopomers were analyzed to obtain rotational constants. Kraitchman analysis 

and least-squares fitting provided nearly all of the structural parameters. The preliminary 

structural analysis yields an acetylenic C = C bond length of 1.24 A, in agreement with 

a recent NMR value. Density functional theory (DFT) calculations were used to obtain 

structural parameters, and values obtained are in very good agreement with present 

experimental results. 
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I. INTRODUCTION 

There has been a long-standing interest in, the properties and reactions of o-

benzyne due to its role as a reactive intermediate in aromatic nucleophilic substitution 

reactions. Reactions and properties of all three didehydrobenzenes have been reviewed 

recently by Wenk, Winkler and Sander" .̂ The existence of o-benzyne as a short-lived 

free molecule was confirmed, some time ago, by low temperature infraredand 

microwave spectroscopy(FIGIJRE 9.1). Microwave spectra in the 26-36 GHz range for 

the normal isotopomer of o-benzyne have been reported by Brown, Godfrey, and co-

workers,'^'"^^^. The early work on o-benzyne by Wittig"^'''"^"^ and Roberts*®^ identified it 

as a reaction intermediate in elimination reactions of halobenzenes. Jones and 

Bergman'®*' showed that/i-benzyne(l-4,didehydrobenzene) is a reaction intermediate in 

the thermal cyclization of enediyne. The structure of this enediyne reactant was 

determined using microwave spectroscopy'Recent evidence has been 

presented"^'^""^''"'*''''^' that p-benzyne derivatives are involved in key reactions of 

antitumor agents. In biological systems enediynes can be triggered to undergo Bergman 

cyclization to form benzenoid biradicals. The biradicals can abstract hydrogen atoms 

from the sugar-phosphate backbone of DNA, which leads to double-stranded DNA 

cleavage, resulting in cell death'̂ " .̂ 

Recent calculations''̂  ̂indicate that o-benzyne may play a significant role in the 

combustion of lead-free gasoline. The theoretical calculations indicate that formation of 

o-benzyne from phenyl radical is less endothermic than ring-opening reactions. If 

correct, this implies that o-benzyne would be a significant intermediate in the combustion 

of lead-free gasoline, which contains ~25% of small aromatics such as benzene, toluene, 

and xylenes. 

Electron affinities and singlet-triplet splittings for the o- and j7-benzyne isomers 

were reported by Wenthold, Lineberger and Squires'"^ .̂ Vibrational frequencies were 

obtained for all three isomers from the ultraviolet (UV) photoelectron spectroscopy work. 

Various structural of benzyne isomers are given FIGURE 9.2. Due to the importance of 
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the singlet ground state of o-benzyne as a molecular intemiediate in many arene 

reactions, there have been numerous theoretical calculations on the stracture and other 

properties. Most of the recent theoretical studiesfavor an arynelike structure. 

The mechanism of aromatic nucleophilic substitution reactions has been reasonably well 

established, and discussed in many standard organic textbooks. Nucleophilic substitution 

is known to proceed via the o-benzyne intemiediate after a hydrogen elimination step and 

is followed by attack of the nucleophile. The highly reactive o-benzyne intermediate is a 

major driving force that controls the rate and outcome of the reactions. Although the 

majority of calculations on o-benzyne are in reasonable agreement, the results calculated 

for m-benzyne by different methods and levels of calculation have shown significant 

197 198 
variations in the resulting structures ' . 

The o-benzyne molecule is an asymmetric-top with b-dipoie directed along the 

C2v symmetry axis (see FIGURE 9.3). In the earlier work reported by Brown, Godfrey, 

and co-workers,'""*''^ organic precursors were pyrolyzed and directed into modified 

waveguide Stark-cell spectrometers to readily observe relatively high-./ transitions. They 

observed the pyrolysis products of benzocyclobutene-1,2-dione, phthalic anhydride, or 

ninhydrin. In the present experimental work, a pulsed-nozzle electric discharge source 

was used efficiently produce o-benzyne. High-resolution measurements of transition 

frequencies, rotational constants, and distortion constants, for five isotopomers, and 

deuterium quadrupole coupling interaction parameters are reported. 



FIGURE 9.1: Proposed various structure of o-beBzyne since the early 1950s. 
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FIGURE 9.2: Three different structural isomers of benzyne. Ortho-benzyne is 1,2-

didehydrobenzene. Meta-benzyne is 1,3-didehydrobenzene. Para-benzyne is 1,4-

didehydrobenzene. 
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FIGURE 9.3: The structure of o-benzyne with the numbering of carbon atoms, c-axis is 

perpendicular to the plane of the molecule. 
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n. EXPERIMENT 

Microwave frequencies for o-benzyne were measured using a coaxial, pulsed-

beam Fourier transform spectrometer system equipped with an electric discharge nozzle 

source for production of transient molecules. The spectrometer is described in earlier 

work by McCarthy, Chen, Travers, and Thaddeus'*^ ,̂ and references cited therein 

(FIGURE 9.4). With the coaxial configuration of the beam and cavity axis, each line is 

observed as a Doppler doublet, but the linewidth (FWHM) of each component is ~10 

kHz, so the effective resolution is near 10 kHz, providing a substantial improvement in 

resolution over waveguide spectrometers. The Ooo-l n transition for the normal 

isotopomer could be observed with a signal-to-noise ration of 10,000/1 for 10 min. 

integration time. In the present experiments, the o-benzyne is produced using a benzene-

neon discharge. This nozzle-discharge source provides a distinct advantage for isotopic 

studies, since many of the required isotopically enriched precursors are more readily 

available. Preparation of isotopically substituted benzene should be more straightforward 

than, for example, phthalic anhydride or ninhydrin. The discharge nozzle provides 

reasonably efficient production of o-benzyne, but also produces a wide variety of other 

discharge products, which were not identified in the present work. A mixture of 0.5% 

benzene in neon, at a total pressure of 3.2 atm was pulsed at 6 Hz through the discharge 

source into the microwave cavity. The discharge electrodes were operated at an 800-

1400 V potential difference, which was turned off between the gas pulses. The stronger 

transitions for the normal isotopomer could readily be observed with a single beam pulse. 

Searches for the single-substitution ̂ ^C isotopomers, using natural-abundance benzene 

were much more efficient using the liquid nitrogen cooling of the mirrors and microwave 

receiver preamplifiers to increase the instrumental sensitivity approximately 3-fold. 
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The 27 b-type transitions measured for the normal isotopomer are given in 

TABLE 9.1. A number of transitions for the o-benzyne (all ̂ ^C-Aldrich) isotopomer 

were measured, and 12 transitions with reasonably compact hyperfine structure were 

analyzed and are listed in TABLE 9.2. Some of the observed '''C,-, transitions were 

severely broadened and distorted by the combined and 'H spin-spin and spin-rotation 

interactions. Both the spin-spin and spin-rotation interaction strengths are expected to be 

in the 10-30 kHz range from data on other similar molecules. When C^H^D was supplied 

to the discharge source, both of the unique isomers of CgHsD (o-benzyne) were produced. 

Since only two, and not four single-D isotopomers were observed, this provides further 

evidence for the Civ symmetry of the benzyne molecule. Deuterium quadrupole coupling 

was well-resolved on many transitions, and the analysis is discussed below. A hyperfine 

pattern due to the deuterium quadrupole coupling and Doppler doubling for a J = 1 to 2 

transition of the D2 isotopomer is shown in FIGURE 9.5. Measured transitions for the 

single-D isotopomers are listed in TABLE 9.3. Detection of the singly-substituted ''C 

species proved challenging because there were many transitions of comparable intensity 

from unrelated molecules produced in the discharge. This resulted in fairly congested 

spectra in regions where the single-substitution '"C isotopomer transitions were predicted. 

In spite of these difficulties, six transitions were assigned to the single-substitution 

isotopomer, substituted at C3. These transitions are listed in TABLE 9.4. Further work, 

with enriched single ''̂ C-substituted benzyne is underway to determine the complete 

substitution structure of o-benzyne. Benzene samples with a single '̂ C substitution will 

be used to produce much higher yields of the single-substitution isotopomers of o-

benzyne. 



FIGURE 9.4: Microwave spectrometer coupled with a discharged nozzle source used 

this experiment. 
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III. THEORETICAL CALCULATIONS DATA 

DFT and ab-initio methods were used to optimize the geometry of o-benzyne. For 

DFT calculations, Becke's one-parameter and three-parameter hybrid exchange potentials 

with Perdew-Wang (f^W91 and Lee-Yang-Parr (LYP)'"~ correlation functional 

have been known to produce accurate predictions of structure and energy of a wide 

variety of small organic molecules. In addition, higher level of calculations using MP2 

and CCSD{T) were employed to calculate the structure and rotational constants of o-

benzyne. All theoretical calculations were performed on an IBM-640 cluster 

computer(TINTrN) at the University of Arizona using the GAUSSIAN 98 programs"" '. 

Sufficiently large basis sets were selected for carbon and hydrogen atoms including 

polarization and diffusion functions: 6-31G(d,p). Optimization was done using tight 

convergence criteria with symmetry constraints. The results from DFT, MP2, and 

CCSD(T) calculations are given below. These present results are comparable to the 

previously reported values (see DISCUSSION section) 

# MP2/6-31 G(d,p) Opt(Maxcyc=50) SCF(direct,symm,intrcp,tight,Maxcycle=300) 
Standard orientation: 

Center Atomic Atomic Coordinates (Angstroms) 
Number Number Type X Y Z 

1 6 0 .000000 .634813 -1.244213 
2 6 0 .000000 -.634813 -1.244213 
3 6 0 .000000 -1.463417 -.127193 
4 6 0 .oooooo -.705653 1.057393 
5 6 0 .000000 .705653 1.057393 
6 6 0 .000000 1.463417 -.127193 
7 1 0 .000000 -2.544813 -.123694 
8 1 0 .000000 -1.226440 2.007774 
9 1 0 .000000 1.226440 2.007774 
10 1 0 .oooooo 2.544813 -.123694 

Rotational constants (GHZ): 6.9853771 5.6716653 3.1301721 
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# B3LYP/6-31 G(c{,p) Opt(Maxcyc=50) SCF(direct,symm,intrep,tight,Maxcycle=300) 
Standard orientation: 

Center Atomic Atomic Coordinates (Angst 
Number Number Type X Y Z 

1 6 0 .000000 .625601 -1.237388 
2 6 0 .000000 -.625601 -1.237388 

3 6 0 .000000 -1.461318 -.133396 
4 6 0 .000000 -.703334 1.058158 
5 6 0 .000000 .703334 1.058158 

6 6 0 .000000 1.461318 -.133396 

7 1 0 .000000 -2.545940 -.134695 

8 1 0 .000000 -1.228239 2.010453 
9 1 0 .000000 1.228239 2.010453 
10 1 0 .000000 2.545940 -.134695 

Rotational constants (GHZ): 7.0144377 5.7026384 3.1454402 



#P CCSD(T) 6-31G(d,p) Opt(Maxcyc=50) SCF(direct,synini,intrep,tight,Maxcycle=300) 

Standard orientation: 

Center Atomic Atomic Coordinates (Angstroms) 
Number Number Type X Y 7. 

1 6 0 .000000 .635200 -1.250913 
2 6 0 .000000 -.635200 -1.250913 
3 6 0 .000000 1.463315 -.128206 
4 6 0 .000000 -1.463315 -.128206 
5 6 0 .000000 .707298 1.064640 
6 6 0 .000000 -.707298 1.064640 
7 1 0 .000000 1.229562 2.015686 
8 1 0 .000000 -1.229562 2.015686 
9 1 0 .000000 2.545660 -.128810 
10 1 0 .000000 -2.545660 -.128810 

Z-matrix coordinates(C2v optimize State='Ai): 

X 
X,l,l. 
X,2,1.,1,90. 
C,3.R1,2.90., 1,D 1.0 
C,3,R1,2,90.,1,-D1,0 
C.3,R2,2.90..1,D1A.0 
C.3,R2.2,90..1,-D1A,0 
C.3,R3.2,90..1.D2,0 
C,3,R3.2.90..1,-D2,0 
H,8,R4,6,A1,4,180.,0 
H,9,R4,7,A1,5,180.,0 
X,6,l.,3,90.,2,0..0 
X,7,l.,3,90.,2,0.,0 
H,6,R5,12,90.,3,180.,0 
H,7,R5,13,90.,3,180.,0 
R1-1.2906531 
R2= 1.46331501 
R3=l.38607495 
R4=L08501149 
R5= 1.08234534 
Al=118.86049379 
D 1=29.4822579 
D1A=89.96802415 
D2=149.31697347 
Rotational constants (GHZ): 6.9049415 5.6662920 3.1122972 
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IV. DATA ANALYSIS AND RESULTS 

The measured transitions for the normal isotopomer, single-D isotopomers, and 

isotopomer were iit using the Pickett program spfit"®" .̂ The measured and calculated 

(best fit) transitions for the normal isotopomer are listed in TABLE 9.1. The molecular 

parameters determined from the fit are given in TABLE 9.5, with 2 uncertainties. 

Inclusion of higher-order(sextic) distortion constants did not significantly improve the fit. 

The data and residuals for the least squares fit for 12 transitions for the (all 

isotopomer are given in TABLE 9.2. Rotational constants for all isotopomers, except the 

normal one are given in TABLE 9.6. For these fits the distortion constants were fixed at 

values obtained for the normal isotopomer. Many transitions were broadened and 

distorted due to partially resolved hyperfme structure, and this is the most likely reason 

for larger residuals. The inertial defects obtained are = 0.069 4( I) amu A", for the normal 

isotopomer, and = 0.0740(1) amu A ,̂ for the isotopomer. These values are 

consistent with a planar structure, and considering line broadening problems, and limited 

data set for the '"C6 isotopomer, are not likely significantly different. 

Spectra for many of the stronger transitions of CfdljD o-benzyne were readily 

observed using the C^HsD sample. The observed transitions, which were used in the 

least-squares fits to obtain molecular parameters, are listed in TABLE 9.3. If o-benzyne 

has C2v symmetry, as expected, there are only two unique sites for single D substitution, 

Di, mdDz, as indicated in FIGURE 9.3. For,Di, 19 transitions were used in the fit, and 

for D2, 14 transitions were used. More transitions were observable, but for those listed in 

TABLE 9.3, the deuterium hyperfine structure was sufficiently well resolved that the 

predicted lines could be readily fit to the measured spectra. The rotational constants for 

the single-D isotopomers are listed in TABLE 9.6. The distortion constants were fixed at 

values obtained for the normal isotopomer. An example of bzz.lin and bzz.par files of the 

normal o-benzyne used in SPFIT for fitting observed transitions are shown below. 
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bzz.par file for the normal o-benzyne used in SPFIT 

BZZ normal Fri Feb 28 18:08:57 2003 
8 27 5 0 O.OOOOE+000 lJOOOE+010 l.OOOOE+000 l.OOOflOOOOOO 

a l i o  2 5  0 1 1 3  0 - 1  
10090 6.989729224494148E+003 l.OOOOOOOOE+037 /A 
20000 5.706806204461438E+003 1.00000000E+()37 /B 
30000 3.140370882066069E+003 l.OOOOOOOOE+037 /C 

200 -7.001032905191449E-004 l.OOOOOOOOE+037 /-D., 
1100 -3.564217140359260E-004 l.OOOOOOOOE+037 /-Djk 
2000 -1.459813011122622E-003 l.OOOOOOOOE+037 /-Dk 

40100 -2.779369994115193E-004 LOOOOOOOOE+037 /-del., 
41000 -1.008978932582683 E-003 iJOOOOOOOE+037 /-deiic 

bzz.lin file for the normal o-ben2yne used in SPFIT 

3 2 1 3 1 2 7753.261 0.0001 
2 1 1 2 0 2 8073.181 0.0001 
3 3 0 3 2 1 8476.282 0.0001 
4 3 1 4 2 2 8524.940 0.0001 
1 1 1 0 § 0 10130.099 0.0001 
2 2 1 2 1 2 11548.031 0.0001 
4 2 2 4 1 3 13250.821 0.0001 
3 3 1 3 2 2 13680.005 0.0001 
3 1 2 3 0 3 14619.696 0.0001 
2 0 2 1 1 1 14754.000 0.0001 
3 2 2 3 1 3 16247.059 0.0001 
2 1 2 1 0 1 16410.832 0.0001 
4 4 1 4 3 2 16529.744 0.0001 
4 3 2 4 2 3 17124.973 0.0001 
4 1 3 4 0 4 21499.640 0.0001 
4 2 3 4 1 4 21963.359 0.0001 
3 0 3 2 1 2 21770.734 0.0001 
3 1 3 2 0 2 22216.329 0.0001 
2 2 1 1 1 0 24109.508 0.0001 
3 1 2 2 2 1 24842.404 0.0001 
4 0 4 3 1 3 28230.176 0.0001 
4 1 4 3 0 3 28313.168 0.0001 
2 2 0 1 1 1 28333.351 0.0001 
4 2 2 3 3 1 33053.575 0.0001 
4 1 3 3 2 2 33482.756 0.0001 
4 2 3 3 I 2 35656.828 0.0001 

3 3 1 2 2 0 38564.041 0.0001 
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Rotational constants for singly-substituted isotopomers were predicted using 

calculated DFT structures, with coordinates scaled to give a reasonable fit to the 

measured rotational constants for the normal benzyne isotopomer. Searches near the 

predicted "frequencies yielded six transitions, which could be assigned to the singly-

substituted isotopomer, substituted at C3. These transitions are listed in TABLE 9.4. 

The transitions were fit, using distortion constants fixed at values obtained for the normal 

isotopomer, to obtain rotational constants for this single-substitution. '"'C3 isotopomer. 

Values obtained are: A = 6989.426(3), i? •- 5574.249(6), and C = 3099.737(2) MHz, with 

an inertial defect = 0.0699(1) amu A", and the rotational constants are listed in TABLE 

9.6. 

V. DEUTERIUM QUADRUPOLE COUPLING 

The diagonal elements of deuterium quadrapole coupling tensors, in the principal inertial 

axis system were determined from least-squares fits to the measured transitions listed in 

TABLE 9.3 using spfit'̂ .̂ The molecular parameters obtained Irom the fits are listed in 

TABLES 9.6 and 9.7. Attempts were made to fit the off-diagonal quadrupole coupling 

component eQqat for the Dz data, but these fits were not successful, due primarily to 

correlation problems and the small value of eQqab relative to experimental uncertainties. 

The C-D bond axis for the Di isotopomer is nearly parallel (+2.5° angle) with the a 

inertial axis, so for this case eQcja,, is very nearly equal to the bond axis quadrupole 

coupling strength, eQq^z- For the principal axis system of the deuterium quadrupole 

coupling tensors, z lies along the C-D bond, x is in the plane of the molecule, and y is 

perpendicular to the molecular plane, and is parallel to the c inertial axis. Since we did 

not obtain the off-diagonal quadrupole coupling tensor elements in the inertial axis 

system, eQqab, we cannot simply use the standard tensor rotation transformations to get 

the X, y, z axis components. If we assume, however, that the z principal axis of the 

quadrupole coupling tensor coincides with the C-D bond direction, we can solve the 
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equations arising from the inverse transformation (from x, _y, z to a, b, c) to calculate the 

X, y, z, axis quadrapole tensor components from eQqaa, eQqbb, and eQqcc-

The resulting equations are: 

The results of this analysis are given in TABLE 9.7, along with a value obtained 

previously for benzene, by Bauder et The eQq^ values are components along the 

C-D bond directions, and eQq^x components lie in the plane of the molecule. We note 

that the asymmetry parameters for o-ben/yne. are much larger than for benzene. 

Surprisingly, the eQq^z value for theDi isotopomer, with the D adjacent to the triple 

bond, is the same as the value Bauder et obtained for benzene. The eQq^^ value for 

the 1)2 isotopomer is somewhat larger, indicating a larger polarization of the D-atom Is 

orbital, for H2. The uncertainties for the D2 isotopomer are much larger than for Di data. 

For Dj, The angle between the C-D bond and the a inertial axis is 51 This is very dose 

to the "magic angle" of 54.7°, and so the eQqaa value is very small and the quadrapole 

hyperfine splittings are correspondingly smaller. The smaller splittings are the primary 

cause of the larger uncertainties, particularly in the bond-axis system (x, j, z system 

TABLE 9.7). 

eQqxx = -eQq^c ~ eQq„ • 
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FIGURE 9.5 Deuterium quadrapole splittings in o-benzyne transition lu -> 220. 

Frequencies are relative to 27278 MHz. Doppler splittings are labeled by A, B, C pairs. 

—I '——r —• '*  '  T  I  

^-2 0 i.2 ®.4 MHz 
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VI. STRUCTURAL PARAMETERS 

A Kraitchman analysis was carried out for three singly-substituted isotopomers to 

determine atom coordinates for the two unique H-atom positions and the C3 carbon atom. 

The results of this analysis are shown in TABLE 9.8. This analysis allows us to 

determine coordinates for all H atoms and two of the C atoms reasonably accurately. We 

believ e that the accuracy of the a-coordinate for C3 may be somewhat better than 

indicated by the uncertainty (from the Kraitchman analysis) given in TABLE 9.8. The 

listed uncertainty was increased because C3 lies close to the a axis. The middle two 

columns (B. scaled calculations) of TABLE 9.8, list the results of scaled Becke three 

parameter Lee-Yang-Parr (B3LYP) calculations (discussed in the next section), scaled to 

give rotational constants which match experimental A and B rotational constants for the 

normal isotopomer. For this simple, planar molecule, the A rotational constant is only 

dependent on the /)-coordinates of the atoms, and the B rotational constant is only 

dependent on the a-coordinates ofthe atoms, so this scaling is readily carried out. The 

B3LYP calculations give quite accurate values for the rotational constants(sec TABLE 

9.9), so we believe that the atom coordinates from these calculations are quite reliable, 

and the scaled coordinates should be even closer to the experimental structure. We note 

that these results agree very well with the Kraitchman-derived coordinates(column A), for 

those atoms where substitution data is available. 

The last two columns of TABLE 9.8 (C. Best-fit Structure) show a and b atom 

coordinates obtained using the CI and C5 coordinates in a least squares fit to obtain the 

"best-fit" to the experimental A, B, and C rotational constants for the normal and '̂ Cg (all 

^^C) isotopomers. In this analysis, and for TABLE 9.8-column B, we assume Civ 

symmetry for o-benzyne. This symmetry assignment is supported by 1) observation of 

only two "unique" single-D substitution spectra(discussed earlier), 2) measurements by 

Brown, Godfrey et al. of intensities of closely spaced lines with different C2 symmetry 

types, 3) all of the theoretical calculations referenced in this paper, as well as our own 

predict a Civ symmetry ground-state 'Structure for o-benzyne. The C2 operation exchanges 
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two pairs of protons, and the intensity ratio predicted by spin statistics for these symmetry 

types is 10:6, and this agreed with the measured ratio. For this fit, the C4-H2 bond length 

was constrained to 1.083 A, a value in good agreement with calculations. This constraint 

has the effect of tethering the C4 to the known H2 location, allowing only one degree of 

freedom for the planar C4 coordinates. The HI, H2, and C3 coordinates were fixed at 

values obtained from the Kraitchman analysis. Since these are C.O.M. coordinates this 

places a farther constraint on the ̂ -coordinates for CI and C5 atoms, so this analysis 

becomes a two-parameter fit to four measured rotational constants. The results of this fit 

are shown in TAB LES 9.8, 9.9, 9.10. Estimated uncertainties based on statistics of the 

least-squares fit are ±0.01 A(2a), with similar uncertainties for the Kraitchman analysis. 

We note, in TABLE 9.8. that, with the exception of the b coordinate for HI, agreement 

between the three sets of Cartesian coordinates is better than 0.01 A for all Cartesian 

coordinates, and within a few thousandths of an A for some coordinates. Since the HI 

atom is very close to the a axis, the uncertainty of the HI Kraitchman b coordinate could 

be as high as ±0.03 A. We stress here that the only geometrical parameter not determined 

directly by experiment is the C4-H2 bond length, which was constrained to 1.083 A. 

This value is only seen to vary by a few thousandths of an Angstrom in the referenced 

benzyne calculations, and C-H bond lengths are very close to this value for a wide 

variety of compounds. 

The internal coordinates obtained from the Kraitchman analysis, and structure fits are 

given in TABLE 9.9. Estimated uncertainties for the bond lengths are ±0.01 A. 

Estimated uncertainties for the last two angles, involving the H atom coordinates are ±2°. 

The present experimental C1-C2 bond length is 1.24 A. This bond length is in excellent 

agreement with a recent value^®  ̂from nuclear magnetic resonance (NMR) dipolar 

coupling measurements of 1.24(2) A. These current values are much closer to the free 

acetylene value of 1.207 A than the ethylene bond length of 1.339 A. 
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VIL DISCUSSION -THEORY AND EXPERIMENT 

Theoretical methods have been used as a guide to understanding the electronic properties, 

equilibrium geometry, and reactivity of o-benzyne. As the theoretical methods have 

advanced, new, improved results have emerged which were claimed to be more accurate 

than the previous ones. Some recent examples'"^ ""^ of the rotational constants derived 

from calculated structural parameters, and selected structural parameters are shown in 

TABLE 9.11. As seen in TABLE 9.11, it appears that the results obtained from various 

levels of theory produced different results for the rotational constants and the equilibrium 

geometry of o-benzyne. Upon closer examination of the calculated and experimental 

rotational constants, the trend appears that, as the size of the basis set and the level of the 

calculations increase, the o-benzyne geometry becomes relatively larger. The greatest 

quantitative variation in results among the different methods lies in the magnitude of o-

benzyne C ̂  C triple bond distance and, surprisingly, the H-C bond distance. The high 

level ah initio calculations, second-order Moller -Plesset (MP2) and coupled-cluster 

single double triple [CSSD(T)]''^" as seen in TABLE 9.11, predict smaller rotational 

constants compared to the less demanding DFT methods. The value of CC triple bond 

distance obtained from CSSD(T) is C1-C2 = 1.269 A, which is comparable to the value 

obtained from BPW91 /cc-pVDZ,''where a value of C = C = 1.266 A is obtained. 

Grant, Michl et al. have observed that results for calculations of the chemical shift tensor, 

results using DFT are in much better agreement with experiment than those from self-

consistent field (SCF) or MP2. This may also be the case for the C i-C2 bond length. The 

H-C bond distance closest to the triple bond as determined from BPW91/cc-pVDZ is 

1.098 A and it is 1.081 A as predicted from CCSD(T). Recent DFT calculations 

(Langenaekere/ al.) showed that the OFT method can correctly determine the electronic 

structure of o-benzyne to an accuracy comparable to high level ab initio calculations. 

The results of our calculations (Columns 3 and 4 of TABLES 9.8 and 9.11), show that 

DFT methods are capable of correctly describing the molecular structure of o-benzyne. 

The theoretical rotational constants obtained from the present B3LYP/6-3iG(rf,/7) 

calculation are in excellent agreement with our present experimental values, with 
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agreemeBt better than ±0.3%. Our MP2/6-3 calculations gave rotational constants 

that are smaller than those given by this experiment and DFT calculations. The value of 

C = C triple bond distance obtained from the B3LYP/6-31 G{d,p) is C1- C2 = 1.251 A 

and the hydrogen bond distance closest to the triple bond is 1.085 A. 

TABLE 9.1. Measured and calculated rotational transitions for o-benzyne, 
normal isotopomer. The standard deviation of the overall fit is 1.7 kHz. The 
molecular parameters obtained from the fit are reported TABLE 9.4. All 
values are in MHz. 
JKOKC J'K'aK'c Measured Measurcd-Cal cul ated 

3|2 321 7753.261 -0.0004 
2(I; 2II 8073.181 -0.0030 

321 330 8476.282 0.0023 

422 431 8524.940 0.0000 

Ooo 111 10 130.099 0.0007 

2|2 221 11 548.031 0.0003 

4,3 422 13 250.821 -0.0016 

322 331 13 680.005 0.0001 

3O3 3,2 14 619.696 -0.0002 

111 2O2 14 754.000 0.0022 

313 322 16 247.059 0.0001 

l o t  2|2 16 410.832 0.0000 

432 441 16 529.744 -0.0005 

423 432 17 124.973 0.0013 

4O4 4 I3  21 499.640 0.0004 

4I4 423 21 963.359 0.0000 

2I2  3O3 21 770.734 -0.0037 

2O2 3I3 22 216.329 0.0000 

l io  22! 24 109.508 -0.0015 

221 3 12 24 842.404 0.0006 

3 13 4O4 28 230.176 0.0006 

3O3 4I4 28 313.168 0.0011 

lu 220 28 333.351 0.0024 

331 422 33 053.575 0.0011 

322 4,3 33 482.756 0.0000 

3|2 423 35 656.828 -0.0015 

220 331 38 564.041 -^.0009 
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TABLE 9.2. Measured and calculated rotational transitions for the o-
j -5 to ^ 

benzyne Cg (all C) isotopomer. obtained after the fit. The standard 
deviation of the overall fit is 6.0 kHz. The molecular parameters obtained 
from the fit are reported in TABLE 9.6. Values in MHz. The distortion 
constants were fixed at values given in TABLE 9.5. 
JKOKC J' K'aK'c Measured Measured-Calculated 

3i2 321 7240.407 0.0053 

2O2 2ii 7559.939 -0.0046 

422 431 7897.644 0.0104 

Ooo i l l  9445.008 0.0007 
2|2 221 10 734.736 -0.0023 

3o3 312 13 695.628 -0.0010 
In 2O2 13 809.068 0.0092 

3i3 322 15 153.277 0.0010 
l o i  2 I2  15 311.740 -0.0079 

2I2  31)3 20 345.933 0.0020 
2o2 313 20 741.600 0.0009 

ho 221 22 468.225 -0.0061 
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TABLE 9.3. Measured frequencies and residuals (M-C)forDi (nearest the 
C = C, triple bond) and Dy (opposite the C = C, triple bond) o-benzyne 
transitions. Frequencies and M-C values are in MHz. The standard 
deviations are: = 2.4 kHz for D], and = 5.1 kHz for Di fits. 
Transition 

J'K'UK'C 

F-
Tf! 

^ K"ciK"c F" Measured 

(Di) 

M-C 
(Di) 

Measured 

m 

M-C (Da) 

111 0 Oo® 1 10 008.8015 -0.0010 9677.8887 -0.0017 
1,11 2 ©00 1 10 008.7627 -0J016 9677.9312 0.0020 
lu 1 Ooo 1 10 008.7351 -0J037 9677.9517 -0.0033 
221 2 2|2 2 11 904.9117 0.0003 
221 3 2I2 3 11 905.0020 -0.0011 
221 1 212 1 11 905.0542 -0.0000 
2(12 1 In 0 13 750.9663 -0J030 

2fl2 3 111 2 13 751.0341 -0.0014 14 416.4760 -0.0008 
2(12 2 111 1 13 751.1118 0.0005 
2|2 3 lei 2 16 049.1717 -0.0019 15 744.2471 0.0047 
2I2 2 loi 2 15 1442696 -0.0020 
212 1 loi 0 16 049.2358 -0.0033 
3(0 4 212 3 20 751.0420 -0.0003 

3 2I2 2 20 751.0635 0.0032 
313 2 2n2 2 21 397.5762 0.0027 
313 4 2fl2 3 21 546.5303 0.0011 21 397.6162 0.0060 
313 3 2O2 2 21 397.6318 0.0090 
221 3 l i o  2 23 985.8223 -0.0031 22 967.4365 0.0069 
3I2 4 221 3 24 611.1778 -0.0059 

220 2 111 2 27 556.4737 0.0010 27 278.0552 -0.0030 
220 3 111 2 27 556.5235 0.0005 27 278.1064 -0.0006 
220 1 111 0 27 278.1601 0.0020 
322 3 2ii 2 30 026.1709 0.0027 
322 4 2n 3 30 026.1982 0.0027 
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TABLE 9.4. Measured frequencies and residuals (M-C) for the C3 
isotopomer of o-benzyne (single substitution at C3). Frequencies and M-
C values are in MHz. 

Transition 

JKOKC 
J' K'aK'c Measured M-C 

%% 111 10 089.152 -0.0067 
111 2O2 14 417.738 0.0005 
loi 2}2 16 288.622 -0.0011 

2I2 3(13 21 432.147 -0,0011 

2O2 3I3 21 985.474 0.0023 
lio 221 24 067.962 0.0021 
(fit) 4.4 kHz 

TABLE 9.5. Molecular parameters for the o-benzyne, normal isotopomer, 
determined by fitting lines in TABLE 9.1. The listed error limits are 2. 

Parameter Value Units 

A 6989.7292(6) MHz 
B 5706.8062(6) MHz 
C 3140.3708(4) MHz 
Dj 0.70(2) kHz 
Djk 0.35(8) kHz 
Dk 1.45(4) kHz 
Aj 0.277(10) kHz 

Ak 1.00(2) kHz 
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TABLE 9.6. Rotational constants obtained from the fit for o-benzyne Di and 
13 13 o-benzyne D j ,  o-benzyne Ce, and o-benzyne C3. Rotational constants are 

in MHz. Listed error limits are. 
'•"ii • • ,nr|T—-r rr-r-™.Tmmrr»TO>^rr,-—nir,].;.-.. i, . j. . ' j.n.n o .. Jm» 

Parameter o-benzyne Di o-benzyne Di o-benzyne ''Q o-benzyne C3 
(all "C) 

A 6988.5522(3) 
B 5322.5304(6) 
C 3020.2098(2) 
Dj 0.70" 

Dm 0.35" 
Dk 1.45" 
Aj 0.277" 
Ak 1.00" 

' Fixed parameters 

6644.7740(11) 
5584.6965(14) 

3033.16 255(52) 
kHz 
kHz 
kHz 
kHz 
kHz 

6511.63 520(2) 
5342.26 122(2) 
2933.37 422(2) 

6989.426(3) 
5574.249(6) 
3099.737(2) 

TABLE 9.7. Deuterium quadrupole coupling tensor diagonal elements for 
Di (nearest the C = C, triple bond) and Di (opposite the C = C, triple 
bond). Values are reported in kHz. Listed error limits are. The C-D bond 
axis is zand the molecule lies in the x-z plane. Asymmetry parameter, r| = 
{^Q^xx-^Qcivyy^Qiizz- Angle for tensor transformation is (°)." 
Molecule eQqua eQqbb eQqzz eQqxx T1 n 
o-benzyne(£)|) 185.3(26) -85.0(20) 186(3) -86(3) 0.08 2.W-
o-benzyne(Z)2) 5.2(130) 86.1(130) 240(40) -148(40) -0.24 38.98" 

Benzene(Z)i)'^ 186.1(18) -97.2(23) 0.045(12) 0 

" Rotate 2.49° from a axis to z axis. 
^ Rotate 38.98° from b axis to z axis(51.02° between a and r axis). 
'See Met 181. 



295 

A. Kraitchnian B. Scaled calc. C. Best-fit structure 

TABLE 9.8. Atom coordinates (A), in the center-of-mass {abc) system 
from: A) Kraitchman analysis, B) Scaled calculations, and C) Best-fit 
structure. 
Atom 

C, 
C3 
Cs 
Hi 
H2 

1.458(69) 

2.536(12) 
1.224(14) 

0.062(3) 

0.1220(6) 
2.056(24) 

a 
-0.6254 
1.4608 

-0.7031 
2.5450 
1.2278 

b 
1.1905 
0.0846 

-1.1091 
0.0857 

-2.0630 

a 
-0.6222 
1.4582 

-41.7145 
2.5361 
1.2238 

b 
1.2005 
0.0624 

-1.1004 
0.1220 

-2.0561 

TABLE 9.9. Structural parameters for o-benzyne. The parameters were 
" 13 obtained from Kraitchman analysis on the D\, Di, and C3 isotopomers, and 

13 13 a least-squares fit to rotational constants for normal and CoCall C) 
isotopomers. C-H bond lengths were fixed at Kraitchman-determined 
values(Ar), or theoretical values(F) for the fit. 
Bond lengths (A) Interbond angles (Degrees) 
C1-C2 1.244 C1-C2-C3 126.3 
C2-C3 1.412 C2-C3-C4 111.1 
C3-C4 1.380 C3-C4-C5 122.6 
C4-C5 1.429 C4-C5-H3 118.1 

C2-C3-H1 123.2 
C3-H1 1.080(i0 
C4-H2 1J83(#) 

TABLE 9.10. Experimental and calculated(best-fit) rotational constants obtained in the 
least squares fit to determine the CI and C5 atom coordinates. The C3-HI bond length 
was fixed at 1.083 A. The standard deviation for the fit is 1.22 MHz. Coordinate 

Expt. rot const Calc. rot. const. (Expt.-calc.) 
A(normal) 6989.7292 6990.3486 -0.6194 
B(normal) 5706.8062 5707.1578 -0.3516 

C(normal) 3140.3708 3141.9573 -1.5865 
A("C.) 6511.6352 6510.4931 1.1421 
B("C6) 5342.2612 5341.1729 1.0883 
C("C6) 2933.3742 2934.0743 -0.7001 
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TABLE 9.11. Comparison of the experimental and theoretical rotational 
constants and structural parameters for o-benzyne. Distances are in A and 
angle is in degrees. Fixed parameter denoted with*. 

Parameter Microwave Microwave B31YP/ B3PW91/ MP2/ BPW91/CC- CCSD(T)' 
This work Godfrey et [6- [6- 16- pVDZ" 

at.' 31G(rf^)| 31G(rf^)| 3lG(d,p}] 
A{MBz) 6989.7292(6) 6989.733(3) 7014.4376 7052.7937 6985.3771 6943.6114 6918.3450 
B(MHz) 5706.8062(6) 5706.807(3) 5702.6383 5704.7302 5671.6653 56«7.2195 5680.7033 
C(MHz) 3140.3708(4) 3140.373(3) 3145.4401 3153.7691 3130.1721 3102.1335 3119.3678 
C1-C2 1.24(±0.02) 1.251 1.251 1.270 1.266 1.269 
C2-C3 1.41(±0.02) 1.385 1.382 1.391 1.391 1394 
C3-C4 1.38(±0.02) 1.412 1.411 1.406 1.423 1.411 
C4-C5 1.43(±0.02) 1.407 1.404 1.411 1.412 1.413 
C3-H1 1.08(±«.02) 1.085 1.085 1.081 1.098 1.081 
C4-H2 1.083* 1.087 1.088 1.084 1.100 1.084 
C2-C3-C4 111.09° 110.41° 110.20° 110.83° 110.15° 111.2° 

" E. G. Robertson, P. D. Godfrey, and D. McNaughton, J. Mol. Spect. 217,123 
(2003). 
^ C. J. Cramer, J. J. Nash, R. R. Squires, Chem. Phys. Lett. 277, 311 (1997). 
Elfi Kraka and Dieter Cremer, J. Am. Chem. Soc. 116, 4929 (1994). 
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CHAPTER 10 

Quadrapoie Coupling Constants for (Z)-2-Hydroxypyridine and 2-Pyridone 
Tautomers and Measurements of Rotational Spectram for the H-bonded Dimer 

ABSTRACT 

Rotational spectra for the two tautomers, (Z)-2-hydroxypyridine and 2-pyridone were 

measured in the microwave range between 4-14 GHz using a pulsed beam Fourier 

transform microwave spectrometer. The rotational constants obtained for (Z)-2-

hydroxypyridine are A=5824.9554(27), B=2767.5319(12), and €=1876.16268(90) MHz. 

For 2-pyridone. rotational constants are A=5643.7580(18), 8=2793.46893(71), and 

C= 1868.81993(51). The ''^N quadrupole hyperfine structures were resolved for many of 

the observed transitions. The ''^N quadrupole coupling constants for (Z)-2-

hydroxypyridine in the principal inertial axis are eQqaa= -0.076(11), eQqbh= -2.283(6), 

eQqcc=2.359(6) MHz, and in the principal bond axis are eQqxx= 1.2612(4), eOqyy= 

2.359(6), eQqzz= -3.620(3) MHz. The '"^N quadrupole coupling constants for 2-pyridone 

in the principal inertial axis are eQqaa= 1.496(4), eQqbb= 1.269(4), eQqcc= -2.765(4) 

MHz, and in the principal bond axis are eQqxx= 1.6335(7), eQqw= -2.765(4), eQq„.= 

1.1315(6) MHz. The DFT calculated eQq values for both the tautomers and the 

deuterated tautomers are in good agreement with the present experimental values. The 

and nuclear quadrupole coupling constants for (Z)-2-deuteriohydroxypyridine and 

constants for l-deuterio-2-pyridone in the principal inertial axis were obtained and the 

values are similar to the normal values. Kraitchman analysis has been carried indicating 

the "tautomeric" hydrogen atom is at a distance of 2.653(2) A in 2-hydroxypyridine and 

distance of 2.124(1) A in 2-p}^done from the center of mass of the two tautomers 

respectively. Townes and Dailey Model have been applied to the tautomers and the 

results have been discussed in terms of nitrogen p-orbital occupation numbers. Several 

transitions from an H-bonded dimer were also obser</ed in this experiment. 



2-hydroxy pyridine 2-pyridone 

FIGURE 10.1. Structures of the (Z)-2hydroxypyTidine and 2-pyridoiie with labeling 
scheme of atoms indicated. 
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FIGURE 10.2; Experimental spectram for 2-pyridone,lo!->2o2 transitions, showing the 

'•^N quadrupole hyperfme structures. 
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1. INTRODUCTION 

The chemistry of keto-enol tautomers has been a subject of considerable interest 

and importance in organic chemistry. The structural and equilibrium properties of the 

keto-enol tautomerism of 2-hydroxypyridine (end) and 2 pyridone (keto) had been 

extensively studied in the past. The existence of two tautomers in the solid, liquid, and 

gas phase were confirmed by various experiments^°^'''°'^' The keto-enol 

tautomers, (Z)-2-hydroxypyridine and 2-pyridone, have in recent years attracted much 

interest in the area of gas phase spectroscopy^' '""' The recent spectroscopic detection 

of (Z)-2-hydroxypyridine and 2-pyridone dimer in the gas phase"'** has provided some 

new data and increased the motivation to learn as much as possible about the 

spectroscopic properties of these tautomers. The (Z)-2-hydroxypyridine;2-pyridone 

dimer complex can provide a model for understanding the dynamics of DNA ba.se pairs 

interactions. 

Previous microwave spectroscopy^work has provided information on the gas 

phase structures, equilibrium concentration, dipole moments, and quadrupole 

coupling strengths for these two tautomcrs. The quadrupole coupling .strengths of '"'N in 

these tautomcrs. particularly 2-pyridone, however have been difficult to measure in the 

previous microwave experiment due mostly to un-resolved hyperfine splittings in high J 

transitions. Accurate determination of quadrupole coupling strengths in this system is 

important because these constants provide direct information about electric field 

gradients and molecular orbital properties in these molecules. 

In the present study, we have obtained new measurements of quadrupole 

couplings strengths in (Z)-2-hydroxypyridine and 2-pyridone using a pulsed-beam 

Fourier transform microwave spectrometer. The hyperfine transitions of the two 

tautomers were measured in the irequency range of 4-14 GHz. The hyperfine splittings 

observed for low-J transitions in this frequency range were mostly well resolved, thus 

allowing accurate determination of several spectroscopic parameters. The rotational 

constants were determined and values are in excellent agreement with the previous 

microwave results'^^. The diagonal elements of the quadrupole coupling tensor were 
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obtained in this work for (Z)-2-hydroxypyridine and 2-pyridone. The rotational 

transitions of deuterium substituted (Z)-2-liydroxypyridine and 2-pyridone were also 

measured in the present work. Kxaitchman analysis of rotational constants obtained from 

the normal and deuterium-substituted isotopomers allowed evaluation of the O-H and N-

H bond lengths with respect to the center of mass for (Z)-2-hydroxypyridine and 2-

pyridone respectively. Density Functional Theory (DFT) calculations were performed to 

evaluate the ''^N quadrupole coupling constants in these tautomers and in similar 

molecules such as pyrrole and pyridine. 

Pure rotational transitions for the H-bonded dimer. 2-hydroxypyridine;2-pyridone 

(2HP:2PY) have been detected using experimental rotational constants from the previous 

optical studies^'-

II. EXPERIMENTAL METHOD AND RESULTS 

The compound. 2-hydroxypyridine. was purchased from Aldrich Chemicals 

(H5680-0, 97% purity) and used without further purification. The compound was loaded 

into a glass sample cell inside a dry box in order to keep away moisture. The loaded 

sample cell, which was sealed tightly with removable caps, was inserted into the back of 

a pulsed valve gas inlet, located inside the sample chamber. The sample was heated to 

about 120 °C and this temperature was maintained throughout the experiment. We 

found that it was not necessary to heat the sample to 180-200 °C as had been done in 

earlier optical and microwave work. It appears that significant decomposition of sample 

can occur at higher temperatures. Dark, sticky brown residues could be seen collecting 

on the inside surface of sample cell when the sample was heated between 180-200 °C. 

Neon was used as a carrier gas with the backing pressure maintained at about 0.7 atm. 

The sample was pulsed into the microwave cavity at the rate of about 2 Hz. To optimize 

the obser\'ed signals, cavity mode, time delay, and microwave attenuator and power were 

were adjusted to increase S/N ratio. The molecular signal from the cavity was passed 
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through a liquid-nitrogen cooled, MITEQ low-noise amplifier. This amplifier 

significantly improved the spectrometer S/N ratio. Many of the observed FID signals 

could be seen with a 6:1 S/N using single beam pulse. 

The deuterated (Z)-2-hydroxypyridine and 2-pyridone were synthesized by 

dissolving the normal compounds in D2O solution. Inside the dry box, 3.0 grams of (Z)-

2-hydroxypyridine was transferred into a cleaned flask and 15.0 ml of D2O was injected 

into the flask. The reaction flask was left to react and stir continuously for about 24 

hours. After 24 hours reaction period, D2O was pumped out from the flask until the 

product is dry. 

The transition frequencies were measured between 4-14 GHz using a pulsed-

beam Fourier transform microwave spectrometer^"", similar to the original Flagare-Balle 

system^^'. The scanning for molecular signals was straightforward because rotational 

constants for the two tautomers are known from previous microwave measurements. 

Both the a- and b-type dipole transitions were observed for (Z)-2-hydroxypyridine and 2-

pyridone. For both the normal and deuterated tautomers, the observed a-dipole 

transitions were, for most cases, much stronger than the b-dipole transitions. Overall, a 

total of 22 hyperfine transitions were obtained for the normal (Z)-2-hydroxypyridine and 

27 hyperfine transitions were obtained for 2-pyridone. The total of 16 hyperfine 

transitions were obtained for deuterated (Z)-2-hydroxypyridine and 19 hyperfine 

transitions were obtained for deuterated 2-pyridone (TABLES 10. i 1 -12). The parameters 

obtained from deuterated compounds are given in TABLE 10.13. The observed 

transitions for two tautomers were fit using the Pickett program SPFIT^'*^ and the input 

files {par and lin files) are given in TABLES 10.1 through 10.4. The observed transition 

frequencies for (Z)-2-hydroxypyridine and 2-pyridone, with measurement errors and fit 

residuals, are given in TABLES 10.5 and 10.6 respectively. 

The observed transitions for both tautomers were fit with the SPFIT program^"^, 

using the Watson A-reduced (prolate, I,- representation) Hamiltonian with rotational 

constants (A, B, C) and hyperfine parameters. The following five adjustable parameters 

were used in the fit: Pi=A, P2=B, P3=C, P4=1.5eQqaa and P5=0.25(eQqbb-eQqcc). The fit 
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results obtained in this work are shown in TABLE 10.7. The standard fit deviations for 

(Z)-2-hydroxypyridine and 2-pyridone are 0.006 and 0.004 MHz respectively. The 

centrifugal distortion constants could not be determined outside of statistical error. From 

215 the previous microwave measurements in 28-40 GHz range , the set of quartic 

distortion constants were obtained for both tautomers. These distortion values are very 

small, about 0.1-0.5 kHz for Dj, Djk, Dk, and about -0.04 kHz for di and -0.01 kHz for 

d2. Similar results are obtained and observed in the case of the deuterated tautomers. For 

low J transitions, such small magnitude distortion constants would not be expected to 

contribute significantly to the overall rotational energies. The diagonal elements, eQqaa, 

eQqbb, eQqcc, of the '"''N quadrupole coupling tensors were completely obtained for (Z)-2-

hydroxypyridine and 2-pyTidone. Interestingly, the two sets of quadrupole coupling 

constants clearly have opposite signs (See TABLE 10.7). This is likely due to the 

difference in orientation of the nitrogen lone pair p-orbital. 

A. KRAITCHMAN ANALYSIS 

Kraitchman analysis was carried out for the singly substituted isotopomer to 

determine the coordinates for the OH hydrogen (in 2-hydroxypyridine) and the NH 

hydrogen (in 2-pyridone). The results of these values arc shown in Table below and are 

in good agreement from the previous study^'^. This analysis helps in determining the 

distance of the hydrogen atom from the center of mass of the two tautomers (re). The 

distance with respect to the center of mass in the case of 2-hydroxypyridine is 2.653(2) A 

and that in the case of 2-pyridone is 2.124( 1) A. The table listing the values of COM 

coordinates is given below. 

Coordinates lA Z-2-hydroxy pyridine 
Z-2-hydroxy 
pyridine^"' 

2-Pyridone 2-
Pyridone^'' 

|al 2.52(1) 2.52(8) 0.814(6) 0.82(2) 
Ibl 0.833(4) 0.82(3) 1.961(1) 1.95(6) 
|c| 0.0 0.0 0.0 0.0 

rH{COM) 2.653(2) . 2.124(1) . 
This work This work 
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TABLE 10.1: An example of pyrid.par file of 2-p3/ridone used in SPFIT. 

pyrid normal Wed Oct 29 16:45:45 2003 
5 27 10 0 O.OOOOE+000 IJOOOE+OlO l.OOOOE+000 1.0000000000 

a 3 I 0,„„„„„„ 
10000 5.643758036636085E-H)03 l.OOOOOOOOE+037 /A 
20000 2.793468934800394E+003 l.OOOOOOOOE+037 IB 
30000 1.868819933859637E+003 l.OOOOOOOOE+037 /C 

110010000 2.244329767286724E+000 1.00000000 E+037 /1.5Qaa 
110040000 1.008685200979574E+000 l,00000000E+037 /(Qb-Qc)/4 

200 -8.277602134987970E-005 l.OOOOOOOOE+037 /-D., 
1100 -5.278725936636393E-004 l.OOOOOOOOE+037 /-D,k 
2000 2.5712657222922S7E-001 l.OOOOOOOOE+037 /-Dk 
40100 -7.582551112582157E-002 1.000000001+037/-del, 
41000 -8.187905522925493E-001 l.OOOOOOOOE+037 /-dels 

TABLE 10.2: An example of pyrid.lin file of 2-pyridone used in SPFIT. 

J' K'a K'c F' J Ka Kc F Frequencies Weight 

1 0 1 0 0 0 0 1 0 0 0 0 4661.5423 0.0001 
1 0 1 2 0 0 0 1 0 0 0 0 4662.2167 0.0001 
1 0 1 1 0 0 0 1 0 0 0 0 4662.6644 0.0001 
2 0 2 3 1 1 1 2 0 0 0 0 6283.3852 0.0001 
2 0 2 2 1 1 1 1 0 0 0 0 6283.6474 0.0001 
1 1 1 0 0 0 0 1 0 0 0 0 7511.9399 0.0001 
1 1 1 2 0 0 0 1 0 0 0 0 7512.5152 0.0001 
1 1 1 1 0 0 0 1 0 0 0 0 7512.8964 0.0001 
2 1 2 1 1 1 1 1 0 0 0 0 8398.9193 0.0001 
2 1 2 3 1 1 1 2 0 0 0 0 8399.8011 0.0001 
2 1 2 1 1 1 1 0 0 0 0 0 8399.8631 0.0001 
2 1 2 2 1 1 1 1 0 0 0 0 8400.3071 0.0001 
2 1 2 2 1 1 1 2 0 0 0 0 8400.6859 0.0001 
2 0 2 1 1 0 1 1 0 0 0 0 9132.8829 0.0001 
2 0 2 3 1 0 1 2 © 0 0 0 9133.6906 0.0001 
2 0 2 2 1 0 1 1 9 0 0 © 9133.8762 0.0001 
2 0 2 1 1 0 1 0 0 0 0 0 9134.0097 0.0001 
2 0 2 2 1 0 1 2 0 0 0 0 9134.3298 0.0001 
2 1 1 1 1 I 0 0 0 0 0 0 10248.1650 0.0001 
2 1 1 2 1 1 9 2 0 0 0 0 10248.7666 0.0001 
2 1 1 3 1 1 0 2 0 0 0 0 10249.1788 0.0001 
2 1 1 2 1 1 0 1 0 0 0 0 10249.5957 0.0001 
2 1 1 1 1 1 0 1 0 0 0 0 10250.2356 0.0001 
3 0 3 4 2 1 2 3 0 0 0 0 11155.2746 0.0001 
2 1 2 3 1 0 1 2 0 0 0 0 11250.0948 0.0001 
3 1 3 4 2 1 2 3 0 0 0 0 12490.7033 O.OOOl 
3 1 3 3 2 1 2 2 0 0 0 0 12490.9023 0.0001 
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TABLE 10.3: An example of hydp.par file of 2-hydroxypyridine used in SPFIT. 

hypyr normal Wed Oct 29 16:14:54 2003 
5 22 10 0 O.OOOOK+()(M) l.OOOOE+010 l.OOOOE+OOO 1.0000000000 

a 3 1 0 
10000 5.8249554445596I9E+003 l.OOOOOOOOE+037/A 
20000 2.767531933069316E+003 1.000000001+037/8 
30000 1.876162682709064E+003 1.00000000E+<t37 /C 

110010000-1.1404757437I4I55E-001 l.OOOOOOOOE+037 /l.SQaa 
110040000 -1.160483736162108E+000 l.OOOOOOOOE+037 /(Qb-Qc)/4 

200 2.8145737063S4387E-005 l.OOOOOOOOE+037 /-AJ 
1100 -7.480625800400318E-004 1 .OOOOOOOOE+037 /-AJK 
2000 6.390518745790409E+002 l.OOOOOOOOE+037 /-AK 

40100 -2.111698723470233E-OOl l.OOOOOOOOE+037 /-5.J 
41000 1.245144337666267E+fl02 l.OOOOOOOOE+037 /-8K 

TABLE 10.4: An example of hydp.lin file of 2-hydroxypyridine used in SPFIT. 

J' K'a K'c F' J Kg Kc F Frequencies error 

1 0 1 2 0 0 0 1 0 0 0 0 4643.7082 0.0001 
1 0 1 1 0 0 0 1 0 0 0 0 4643.6609 0.0001 
2 0 2 3 1 1 1 2 0 0 0 0 6061.8081 0.0001 
1 1 1 1 0 0 0 1 0 0 0 0 7700.5474 0.0001 
1 1 1 2 0 0 0 1 0 0 0 0 7701.2308 0.0001 
1 1 1 0 0 0 0 1 0 0 0 0 7702.2619 0.0001 
2 1 2 1 1 1 1 0 0 0 0 0 8395.4615 0.0001 
2 1 2 2 1 1 1 2 0 0 0 0 8395.3126 0.0001 
2 1 2 3 1 1 1 2 0 0 0 0 8396.0706 0.0001 
2 1 2 2 1 1 1 1 0 0 0 0 8396.0075 0.0001 
2 1 2 1 1 1 1 1 0 0 0 0 8397.1802 0.0001 
2 0 2 2 1 0 1 1 0 0 0 0 9119.1619 0.0001 
2 0 2 3 1 0 1 2 0 0 0 0 9119.3473 0.0001 
2 1 1 1 1 1 0 1 0 0 0 0 10177.6001 0.0001 
2 1 1 3 1 1 0 2 0 0 0 0 10178.7124 0.0001 
2 1 I 2 1 1 0 2 0 0 0 0 10179.4444 0.0001 
3 0 3 4 2 1 2 3 0 0 0 0 10960.6113 0.0001 
3 0 3 3 2 1 2 2 0 0 0 0 10960.9121 0.0001 
2 I 2 2 1 0 1 1 0 0 0 0 11452.8798 0.0001 
2 1 2 3 1 0 1 2 0 0 0 0 11453.6029 0.0001 
3 0 3 3 2 0 2 2 0 0 0 0 13294.6233 0.0001 
3 2 2 4 2 2 1 3 0 0 0 0 13931.0853 0.0001 
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III. DENSITY FUNCTIONAL THEORY CALCULATIONS 

DFT methods using the gradient-corrected fiinctionals were used to optimize the 

geometry and calculate electric field gradients of 2-pyridone, (Z)-2-hydroxypyridine, 

pyrrole, and pyridine. Becke's one-parameter and three-parameter hybrid exchange 

potentials with Perdew-Wang (PW91 and Lee-Yang-Parr (LYP)'""'' correlation 

functionals have been known to produce accurate predictions of structure and energy of a 

wide variety of small organic molecules. All density fimctional calculations were 

performed on an IBM-640 cluster computer(TINTIN) at the University of Arizona using 

the GAUSSIAN 98 programs""^'. The following non-local Becke's three-parameter hybrid 

exchange potentials with Perdew-Wang's and Lee-Yang-Parr correlation functionals were 

used; B3LYP and B3PW91. Sufficiently large basis sets were selected for carbon, 

nitrogen, and hydrogen atoms including polarization and diffusion functions: 6-

31 ++G(d,p), 6-311 ++G(d,p), and 6-311 +G(df,pd). 

The molecular structures of 2-pyridone and (Z)-2-hydroxypyridine are shown in 

FIGURE 10.1. The a- and b-inertial axes lies in the plane of the molecule. In this study, 

geometry optimization was performed before calculating the electric field gradients in 2-

pyridionone, (Z)-2-hydroxypyridine, pyrrole, and pyridine. The optimized atomic 

coordinates for 2-pyridone and (Z)-2-hydroxypyridine, in their standard orientations, 

were rotated to the principal axis system of inertia using a rotation program written in our 

laboratory. The atomic coordinates of 2-pyridone and (Z)-2-hydroxyp}Tidine in their 

principle axis system were then used to calculate the electric field gradients. 

Optimization was done using tight convergence criteria without symmetry constraints, 

using opt(nosymm, tight) option. The electric field gradients obtained this way however 

are the same as those obtained by using opt(syinm, tight) option. Optimization was done 

using tight convergence criteria without symmetry constraints. The results irom DFT 

calculations are compared to the experimental results obtained from microwave 

spectra(see TABLES 10.8 and 10.9). 

The theoretical quadrapole coupling constants, eQqaa, eQqbb, eQqcc, for (Z)-

2-hydroxypyridiRe and 2-pyridone can be detemiined irom the values of the electric field 
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gradients obtained from DFT calculations. The general formula is eQqxx - (eQ/li)qxx, 

where eQqxx is the quadrapoie coupling constants in unit of MHz and qxx is the electric 

field gradients in atomic unit (xx= aa, bb, cc denotes the principle axis system). The 

lower case h is the Planck constant and e is the elementary charge. Q is the nuclear 

quadrapoie moment of the atom. The nuclear quadrupole moment is available from 

several literatures. The nuclear quadrapoie moment calculated by Tokman^^^ is Q 

= 0.0202 bam, which gave the factor, eQ/h = 4.7628694 MHz'a.u. Recently, 
•yjo 'i A 0 

Bailey" DFT calculations of N quadrupole moment in the sp, sp", and sp hybridized 

systems gave Q (^'^) = 0.01941 bam. This value of nuclear quadrupole moment 

obtained from Bailey gave the eQ/h = 4.5617(43) MHz/a.u. The calculations performed 

in this work were done using the eQ/h = 4.5617(43) MHz/a.u. The calculated '""N 

quadrupole coupling constants for the normal and deuterated 2-pyridone, (Z)-2-

hydroxypyridine, pyrrole, and pyridine were compared to the experimental 

values'""'''''"'^'''"-'". 

IV. NITROGEN QUADRUPOLE COUPLING AND P-ORBITAL POPULATION 

The quadrupole coupling constants in the bond-axis system and p-orbital 

population relative to pyridine were obtained for 2-hydroxypyridine and 2-pyridone. 

The molecular parameter obtained from this analysis is listed in TABLE 10.6. For the 

principal axis system of the nitrogen quadrupole coupling tensor, z is in the plane and lies 

along the nitrogen; x is in the plane of the molecule, and y is perpendicular to the 

molecular plane, and is parallel to the c inertial axis. For an ortho-substituted pyridine, 

which has no plane of symmetry, nitrogen quadrupole coupling is more difficult to 

determine because the field-gradient axis (y-axis in our orientation) perpendicular to the 

molecular plane is not defined by symmetry as in pyridine. However, the previous study 

of 2-fluropyridine^^'* demonstrated that the quadrupole coupling constants of ortho-

substituted pyridines can be evaluated relative to pyridine if the coupling tensor in the a, 
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b, c-axis system is transfoimed into the principal axis system of pyridine. This 

transformation, from the a, b, c-axis system to the x, y, z-bond axis system required 

rotation of 3 i .56 degrees and the assumption that the off-diagonal element is negligibly 

small. This is valid assumption since we did not obtain the off-diagonal quadrapole 

coupling tensor element in the inertial axis system, eQqab, in this experiment. The 

equations for transformation to calculate the x, y, z-axis quadrupole tensor components 

are shown below: 

cQqyy eQqcc 1) 

eQqzz = (eQqbb - eQqcc{sin~ 0))/(cos' © - sin~ 0) 2) 

cQqxx cQqcc" sQqzz 3) 

The results obtained from using the above transformation are given in TABLE 10.10. 

From this TABLE 10.10, it is clear that the quadrupole coupling constants for 2-

hydroxypyridine are similar to pyridine and 2-Fluropyridine, suggesting the same 

bonding environment around the nitrogen atom in these molecules. On the contrary, the 

quadrupole coupling constants for 2-pyridone however are different, suggesting a 

different nitrogen bonding environment for 2-pyridone. These differences can be clearly 

seen through an interpretation of the fraction number of electrons in the nitrogen-

hybridized p-orbitals orienting along the respective x, y, and z-axes. 

The equations relating the quadrupole coupling constants and asymmetry 

parameters to the three valence orbitals of nitrogen are given below. These equations 

allow fairly good estimation of electron occupation number in nitrogen p-orbitals. The 

detailed discussion of these equations can be found in several standard microwave books 

and references^^'^^^'^^". 
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'J 
For a molecule with nitrogen sp -hybridized orbitals, the equations relating the 

asymmetry parameter and quadmpole coupling constants to p orbital populations are 

given below (with our axis orientation y -axis is perpendicular to the molecular plane): 

fix -ny = 2/3(eQqxx -eQqyy)/eQq2io 4) 

eQqzz = (Kz -{0.5(nx + ny)x{eQq2io/{ i+C'e) 5) 

The electron occupation number in px, py, and pz for sp" orbitals respectively is 

nx — 1+ i(j 6) 

ny = 1 + i^ 7) 

n, = 4as' + 2(l+i„)[( l-2 a,-)/2] 8) 

and for nitrogen sp^-hybridized orbitals, the following equations can be used below (with 

our axis orientation y-axis is perpendicular to the molecular plane): 

eQqyy/eQq2io = (l-0.75i„(NC) - 0.25i„(NFI) - tCc) 9) 

(1 + ().3[2i„(NC) + i„( NH) - TTc] 

eQqxx -eQqzz = (0.75)[i<,(NC) - ia(NH)] eQq2io 10) 

ia-(NC) = as^ = cos ©/(cos © - 1) 11) 

where a/ is bonding s-character and © is the angle ZC1NC5. The electron occupation 

number in px, Py, and pz for sp^ orbitals respectively is 
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n ,=  l+UNC)  12) 

Hy 2 " 3X^ 13) 

n, = 1 + 0.5[i„(NC) r i^NH)] 14) 

The ionic character for a and tz bonds is i„ and i^ respectively, is the amount of k 

bonding by the electrons in the orbital. C is the negative charge on nitrogen atom and 

s is a screening parameter, which is 0.30. Using equations above, we can calculate the 

electron occupation number in px, Py, and pz orbitals, the ionic character in a and n bonds, 

and the negative charge on nitrogen. The results of this population analysis are given in 

TABLE 6. 

V. H-BONDED DIMER 

Twenty-seven transitions possibly of the H-bonded dimer origin have been 

observed in this experiment (TABLE 10.10). These transitions were obtained using the 

reported rotational constants from the previous optical experiment'"'. The observed 

transitions have been tentatively assigned to low J transitions, ranging from J==l to J=6. 

The observed transitions cannot be fit with distortable Hamiltonians. Small splittings of 

about 0.5 MHz or less in magnitude were observed for all the transitions. It is likely that 

the splittings are due to both quadrupole hyperfme interactions and H-atom 

tunneling. For the normal H-bonded dimer, the H-atom tunneling splittings have clearly 

been observed in recent optical work. Pratt and co-workers have shown in a recent 

optical experiment that the H-atom tunneling splittings collapsed in the deuterium 

substitute species, the D-bonded dimer. The microwave measurements of the D-bonded 

dimer transitions are being carried out currently. This study of the D-bonded dimer will 

help in making spectral assignments for the normal H-bonded species. 
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FIGURE 10.3. Structure of hydroxypyridineipyridone H-bonded dimer as obtained from 

DFT calculations. 
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VI. DISCUSSION 

The new rotational constants determined from this work are in excellent 

agreement with the previous microwave measurements (see TABLE 10.3). The 

rotational constant values for (Z)-2-hydroxypyridine are A=5824.9554(27), 

8=2767.5319(12), and C=1876.16268(90) MHz. For 2-pyridone, these values are 

A=5643.7580(18), 6=2793.46893(71), and C=1868.81993(51) MHz. The observed 

valued for deuterated tautomers are very similar to the value of the normal (see TABLE 

10.13).Tlie experimental inertial defect calculated for (Z)-2-hydroxypyTidine is A= -

0.0026 p,A^, clearly suggesting that this tautomer is a planar molecule. The experimental 

inertial defect calculated for 2-pyridone is A= -0.0342 |iA". This is about an order of 

magnitude larger than the value of (Z)-2-hydroxypyridine. The previous fluorescence 

excitation experiment suggested that the structure of 2-pyridone is planar in the electronic 

ground state. However in a higher electronic excited state, the structure of 2-pyridone is 

nonplanar, as the nitrogen atom in 2-pyridone could move out of pUme""^'. 

The present results of the high-resolution microwave measurements also provide 

useful and new information about the '"^N quadrupole coupling strengths in (Z)-2-

hydroxypyridine and 2-pyridone. For (Z)-2-hydroxypyridine, the two quadrupole fit 

parameters obtained from the SPFIT are 1.5eQqaa= -0.1144(16) MHz and 0.25(eQqbb-

eQqoc)= -1.1604(32) MHz. The two quadrupole fit parameters, l.SeQqaa and 0.25(eQqbb-

eQqcc), can be expressed in terms of eQqaa, eQqtb, eQqci. the quadrupole coupling 

constants along the principle axis of inertia. This expression gives eQqag= -0.076(11), 

eQqbb= -2.2828(64), and eQqcc=2.3588(64) for (Z)-2-hydroxypyridine. The eQqbb= -

2.2828(64) MHz for (Z)-2-hydroxypyridine obtained from this work is in good agreement 

with eQqbb= -2.3(3) MHz from, the previous microwave study. For the other two 

components however, our measurements give eQqaa= -0.076(11) MHz and eQqcc= 

2.3588(64) MHz for (Z)-2-hydroxypyridine (see TABLE 10.4). Our results show that for 

(Z)-2-hydroxypyridine eQqcc= 2.3588(64) MHz is about the same magnitude as eQqbb= -

2.2828(64) MHz but opposite in sign. The eQqaa= -0.076(11) MHz however is very 
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small and negative whereas the previous study suggested a small positive value along the 

a-inertial axis (eQqaa =0.4(3) MHz). For 2-pyridone, the two quadrupole fit parameters 

obtained from the SPFIT are 1.5eQqaa= 2.2443(57) MHz and 0.25(eQqbb-eQqcc)= 

1.0086(20) MHz. This gives eQqaa= 1.4962(38), eQqbb= 1.2691(40), and eQqcc= -

2.7653(40) MHz for 2-pyridone. The quadrupole coupling constant along the inertial c-

axis for 2-pyridone obtained from this work is eQqcc= -2.7653(40) MHz, which is also in 

good agreement with the previously reported value, eQqcc= -2.8(2) MHz ( see TABLES 

10.4 and 10.5). No comparison can be made for eQqaa and eQqtb since these constants 

were not obtained in the previous microwave study of 2-pyridonc. Our results show that 

eQqcc= -2.7653(40) MHz for 2-pyridone is about two times larger than eQqaa and eQqbb, 

the quadrupole coupling constants along the a-and b-inertial axes, respectively. 

Comparison of DPT and the experiment suggests that the nitrogen bond 

environment and quadrupole coupling strengths in 2-pyridone is quite similar to pyrrole 

(See TABLES 10.4 and 10.5). The quadrupole coupling strengths in (Z)-2-

hydroxypyridine are very different compared to pyridine despite the same type of 

nitrogen bond hybridization. Calculations of the eQq for (Z)-2-hydroxypyridine using 

B3LYP and B3PW91 with larger basis sets (6-311+G(d,p) and 6-311+G(df,pd)) gave the 

values (both the magnitude and sign) that agree quite well with the experimental values. 

It is clear that the larger basis sets with addition of diffusion and polarization functions 

produced better results compared to the smaller ones. The two set of quadrupole coupling 

constants are different in magnitude and opposite in sign for the two tautomers. For (Z)-

2-hydroxvp\Tidinc, the sign of '"^N quadrupole couplings constants (eQqaa, eQqbb, eQqcc) 

goes as (-, +). For 2-pyridone, the sign of quadrupole couplings constants (eQqaa, 

eQqbb, eQqcc) goes as (+, +, -). An explanation of sign reversal observed for 2-

hydroxypyridine and 2-pyridone is discussed below. 

The results of high-resolution microwave measurements can now provide a better 

picture of '"'tM quadrupole coupling strengths for (Z)-2-hydroxypyridine and 2-pyridone. 

With all three diagonal tensor components in the inertial system determined, we can 

rotate these components into the principal axis system of pyridine as discussed in section 
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IV to obtain the eQq,,, eQqyy, eQqzz components relative to the pyridine bond axis 

system. The results of this transformation are shown in TABLE iO.6 and are compared 

to the eQqxx, eQqyy, eQqzz components of pyridine"' and 2-tluropyridine^". The '"'N 

quadrupole coupling constants for 2-hydroxypyridine are similar to pyridine and 2-

tluropyridine, whereas the quadrupole coupling constants for 2-pyridonc, however, 

are markedly different. The differences suggest that the 2-pyridone nitrogen-bonding 

environment differs from the 2-hydroxypyridine. The sign reversal observed between 

(Z)-2-hydroxypyridine (eQqzz = -3.620(3) MHz) compared to 2-pyridone (eQqyy = -

2.765(4) MHz) suggests that the charge distributions are oriented differently in the ring. 

Clearly, because the ring environment is very similar, the orientation of lone pair 

electrons alone would affect the way electronic charges distribute along the bond axis. 

The previous microwave experiment''^ suggested that 2-pyridone may contain a pyrrole-

type of nitrogen (sp ' hybrid), where the nitrogen lone pair electrons lie perpendicular to 

the ring system and that 2-hydroxypyridine contains a pyridine-type of nitrogen (sp~ 

hybrid). Our analysis of the nitrogen p-orbital population (nx, ny, n^) and a and n ionic 

characters (i„ and i^) for 2-hydroxypyridine and 2-pyridone provided further evidence, 

which supported such a conclusion. 

From TABLE 10.6, we can see that nx, the occupation number of electrons in the 

nitrogen px orbital (lies in the molecular plane) are quite similar raging from 1.20-1.33 for 

2-hydroxypyridine, 2-tluropyridine, and pyridine. Good agreements also are seen for the 

electron occupation numbers nz (lies in the molecular plane) and ny (lies perpendicular to 

the molecular plane) for 2-hydroxypyridine, 2-fluropyridine, and pyridine. For these 

three compounds, the electron occupation number nz is about 1.7, which is significantly 

larger compared to n^ and ny occupation numbers. These results show that the nitrogen-

bonding environment for 2-hydroxypyridine is similar to pyridine and 2-fluropyridine. 

The larger n^ occupation number observed for 2-hydroxypyridine, pyridine, and 2-

flurop3/ridinc corresponds to the nitrogen lone pair electrons in pz orbital, which lies 

along the molecular plane. Thus, the nitrogen-bonding environment obtained for 2-

hydroxypyridine is consistent with sp hybrid orbital. The occupation numbers, nx, ny, nz. 
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for 2-hydrox\'pyricline are slightly larger than the values for 2-tluropvTidine, and this 

difference is likely attributed to the difference in the electronegativity between the 

fluorine and oxygen atoms. The higher electronegativity associated with fluorine atom 

substituent should decrease electron density in the ring and negative charge on the 

nitrogen. The negative charge on nitrogen, C", calculated for 2-tluoropyridine and 2-

hydro.xypyridine provided direct evidence of the electronegativity effect. The negative 

charge on the nitrogen atom of 2-hydroxypyridine is C" = 0.92. This C" = 0.92 value is 

larger than the 2-fluropyridine value (C" = 0.55) due to smaller electronegativity 

associated with the oxygen atom. 

The nitrogen-bonding environment obtained for 2-pyridone is consistent with an 

sp" hybrid orbital. This picture is clear if we examine the electron occupation numbers 

for 2-pyridone and compare them to the numbers of 2-hydroxypyridine. The Ux and ny 

values, corresponding to electron occupation numbers in px and p^ orbitals that lie in the 

molecular plane, are essentially the same in magnitude for 2-pyridone. These occupation 

numbers n, and n^ for 2-pyridone, although slightly larger, are nearly about the same 

magnitude as n^ and Uy values of 2-hydroxypyridine. For 2-pyridone, the value Uy = 1.74, 

which corresponds to electron occupation number in the py orbital that lie perpendicular 

to the molecular plane, is about the same magnitude as n^ values of 2-hydroxypyridine, 2-

tluropyridine. and pyridine, which corresponds to electron occupation number in pz 

orbital that lie in the molecular plane. We demonstrated in the previous paragraph that 

the largest occupation number (n^) observed for 2-hydroxypyridine, 2-fluropyridine, and 

pyridine must correspond to the occupation number of nitrogen lone-pairs electrons. The 

largest occupation number ny for 2-pyridone suggest that the nitrogen lone-pairs occupied 

the py orbital, which lies perpendicular to the molecular plane. Clearly, the sign reversal 

observed in quadrupole coupling constants for 2-hydroxypyridine and 2-pyridone is 

dependent on where the nitrogen lone-pair electrons are located spatially. 
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TABLE 10.5. Measured hyperfine transitions for (Z)-2-hydroxyp>Tidine, 
with fit residuals. Frequencies are given in MHz. Experimental 
measurement errors are in parentheses. The standard deviation for the fit, 

cj(fit)=0.0055 MHZ. 

J K, Kc F ^ J' K'. F' Observed Observed-
Calculated 

0 0 0 1 1 0 1 1 4643.6609(42) -0.0146 

0 0 0 - 1 1 0 1 2 4643.7082(22) 0.0097 

1 1 1 2 2 0 2 3 6061.8081(77) 0.0009 

0 0 0 1 1 1 1 1 7700.5475(22) 0.0000 

0 0 0 1 1 1 I 2 7701.2308(26) -0.0014 

0 0 0 1 1 1 1 0 7702.2619(28) 0.0022 

1 1 1 2 2 1 2 2 8395.3126(48) -0.0034 

I 1 1 0 2 1 2 1 8395.4615(129) -0.0067 

1 1 1 1 2 1 2 2 8396.0075(29) 0.0065 

1 1 1 2 2 1 2 3 8396.0706(30) -0.0037 

1 1 1 1 2 1 2 1 8397.1802(46) -0.0003 

1 0 1 1 2 0 2 2 9119.1619(101) 0.0073 

1 0 1 2 2 0 2 3 91193473(79) 0.0063 

1 1 0 1 2 1 1 1 10177.6001(63) 0.0020 

1 1 0 2 2 1 1 3 10178.7124(91) -0.0009 

1 1 0 2 2 1 I 2 10179.4444(82) -0.0027 

2 1 2 3 3 0 3 4 10960.6113(96) -0.0028 

2 1 2 2 3 0 3 3 10960.9121(49) 0.0053 

1 0 1 1 2 1 2 2 11452.8798(46) 0.0070 

1 0 1 2 2 1 2 3 11453.6029(53) -0.0053 

2 0 2 2 3 0 3 3 13294,6233(107) -0.0017 

2 2 1 3 3 2 2 4 13931.0853(48) -0.0038 
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TABLE 10.6. Measured hyper fine transitions for 2-pyridone, with fit 
residuals. Frequencies are given in MHz. Experimental measurement 

errors are in parentheses. The standard deviation for the fit, cy(fit)=0.0040 
MHZ. 

J Ka K. F > J' K', K'e F' Observed Observed-
Calculated 

0 0 0 1 1 0 1 0 4661.5423(22) 0.0015 

0 0 U 1 1 0 1 2 4662.2167(27) 0.0026 

0 0 0 1 1 0 1 1 4662.6644(29) 0.0014 

1 1 1 2 2 0 2 3 6283.3852(87) 0.0007 

1 1 1 1 2 0 2 2 6283.6474(75) 0.0002 

0 0 0 1 1 1 1 0 7511.9399(28) -0.0034 

0 0 0 1 1 1 1 2 7512.5152(59) 0.0006 

0 0 0 1 1 1 1 1 7512.8964(59) 0.0011 

1 1 I 1 2 1 2 1 8398.9193(44) -0.0008 

1 1 1 2 2 1 2 3 8399.8011(44) 0.0064 

1 1 1 0 2 1 2 1 8399.8631(57) -0.0089 

1 1 1 1 2 1 2 2 8400.3071(17) 0.0042 

1 1 1 2 2 1 2 2 8400.6859(37) 0.0023 

1 0 1 1 2 0 2 1 9132.8829(59) 0.0042 

1 0 1 2 2 0 2 3 9133.6906(88) 0.0056 

1 0 I 1 2 0 2 2 9133.8762(124) -0.0032 

1 0 1 0 2 0 2 1 9134.0097(33) 0.0089 

1 0 1 2 2 0 2 2 9134.3298(40) 0.0014 

1 1 0 0 2 1 1 1 10248.1650(63) 0.0035 

1 1 0 2 2 1 1 2 10248.7666(36) -0.0045 

1 1 0 2 2 1 1 3 10249.1788(60) -0.0003 

1 1 0 1 2 1 1 2 10249.5957(93) -0.0051 

1 1 0 1 2 1 1 1 10250.2356(43) 0.0000 

2 1 2 3 3 3 4 11155.2746(70) -0.0028 

I 1 2 2 1 2 3 11250.0948(33) -0.0003 

2 1 2 3 3 1 3 4 12490.7033(55) -0.0015 

2 1 2 2 3 1 3 3 12490.9023(100) 0.0000 
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TABLE 10.7. Rotational parameters obtained from fitting the observed 
hyperfine transitions (TABLES 10.5 and 10.6) using SPFIT for 2-
hydroxypyridine and 2-pyridone. All fit parameter values are given in MHz. 
Standard error is la. 

Parameter (Z)~2~ 
hydroxypyridiiie 

This work 

2-pyridone 
This work 

(Z)-2-
hydroxypyridine 

Ref. 215 

2-pyridone 
Ref.215 

A 5824.9554(27) 5643.7580(18) 5824.9459(44) 5643.7585(15) 

B 2767.5319(12) 2793.46893(71) 2767.5307(20) 2793.47174(98) 

C 1876.16268(90) 1868.81993(51) 1876.1647(17) 1868.8234(99) 

eQqaa -0.076(11) 1.4962(38) 0.4(3) -

eQqbb -2.2828(64) 1.2691(40) -2.3(3) -

eQqcc 2.3588(64) -2.7653(40) 1.9 -2.8(2) 

C(flt) 
0.0055 0.0040 0.067 0.076 

-0.0026 -0.0342 -0.003 -0.035 

*Inertial defect, A= Ic-Ia-Ib where B (MHz>=505379.05 (MHz)/Ib (|.iA^) conversion formula is 
used. 
Ref.215 Frequencies fit with the Watson s-reduced Hamiltonian with rotational constants and 
quartic distortion terms. For eQqcc= 1.9 MHz, no error bar was given. 
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TABLE 10.8; Comparison of experiments to calculations: the diagonal 
elements of quadrapole coupling constants in pyridoae and 2-
hydroxypyridine. Calculations were done using Q('"^N) = 0.01941(2)"^. 
All values are reported in MHz. 

EXPERIMENTS 

Molecules eQqa. eQqbb eQqcc Source 
Pyridone 1.496(4) 1.269(4) -2.765(4) This work 

2-hydroxypyridine -0.076(1) -2.283(6) 2.359(6) This work 

l-D, 2-Pyridinone 1.511(2) 1.249(5) -2.749(5) This work 

(Z)-2-D,hydroxypyridine -0.1465(4) -2.2045(4) 2.3510(4) This work 

Pyridone - - -2.8(2) Ref. 215 

2-hydroxypyridine 0.4(3) -2.3(3) 1.9 Ref. 215 

B3LVP/6-3H-+G(d,p) 

Pyridone 1.430 1.275 -2.705 This work 

2-hydroxypyridine 0.047 -1.941 1.894 This work 

B3LYP/6-311++G(d,p) 

Pyridone 1.509 1.321 -2.831 This work 

2-hydroxypyridine -0.0449 -2.214 2.259 This work 

B3PW91/6-311++G(d,p) 

Pyridone 1.490 1.263 -2.753 This work 

2-hydroxypyridine -0.0374 -2.159 2.196 This work 

B3PW91/6-311+G(df,pd) 

Pyridone 1.397 1.218 -2.615 This work 

2-hydroxypyridine -0.115 -2.185 2.300 This work 

l-D, 2-Pyridinone 1.458 1.271 -2.729 This work 

(Z)-2-D,hydroxypyridine -0.119 -2.283 2.403 This work 

Note: all theoretical values of the electric field gradients obtained from calculations had sign 
opposite to experiments and were multiplied by -1. 
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TABLE 10.9; Comparisons of experiments to calculations: the diagonal 
elements of quadrapole coupling constants in pyrrole and pyridine. 
Calculations were done using Q{ '"^N) = 0.01941(2)"^ All values are 
reported in MHz. 

EXPERIMENTS 

Molecules eQqaa eQqbb eQqcc Source 

Pyrrole 1.45(2) 1.21(2) -2.66(2) Ref. 229 

1.412(3) 1.292(4) -2.704(2) Ref. 230,231 

Pyridine -4.88(4) 1.43(3) 3.45(2) Ref. 229 

-4.908(3) 1.434(3) 3.474(3) Ref. 232,233 

B3LYP/6-31++G(d,p) 

Pyrrole 1.585 1.197 -2.782 This work 

Pyridine -4.301 1.536 3.025 This work 

B3LYP/6-3imG(d,p) 

Pyrrole 1.589 1.295 -2.884 This work 

Pyridine -5.038 1.553 3.484 This work 

B3PVV91/6-311++G(d,p) 
Fyrrole 1.545 1.277 -2.821 This work 

Pyridine -4.957 1.551 3.406 This work 

B3PW91 /6-311+G(df,pd) 
Pyrrole 1.475 1.197 -2.672 This work 

1.415 1.215 -2.630 Ref. 228 

Pyridine -4.949 1.444 3.505 This work 

-4.908 1.450 3.458 Ref. 228 

Note: ail theoretical values of the electric field gradients obtained from calculations had sign 
opposite to experiments and were multiplied by - i. 
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TABLE 10.10. Comparison of the quadrupole coupling constants in the bond axis 
system and Ti-orbital occupation for pyridine, 2-fliiropyridine, 2-hydroxypyridine, and 2-
pyridinone. The molecules lie in the x-z plane and the y-axis is parallel to the inertia! c-
axis. Angle for tensor transformation is 31.56 degrees'^. Values for eQq are in MHz. 
Nitrogen p-orbital populations are nx, %, n^. The ionic sigma and pi characters denoted 
as ifj and 1,1 respectively. Negative charge on nitrogen C is in e unit. 

Parameter Pyridine" 2-fIuropyridine*' 2-hydroxypyridiiie 2-pyridinone 

eQq^x 1.43 1.81(5) 1.2612(4) 1.6335(7) 

®QQyy 3.45 2.82(5) 2.359(6) -2.765(4) 

eQqzz -4.88 -4.62(5) -3.620(3) 1.1315(6) 

nx(Px) 1.22 1.20 1.33 1.37 

HyCPy) 1.08 1.13 1.26 1.74 

nz(Pz) 1.71 1.71 1.76 1.40 

0.21 
io(NC)=0.37 

io(NC) 0.22 0.21 0.33 
io(NC)=0.37 

%(NH)=0.43 

in 0.03 0.13 0.26 Tie = 0.26 

C 0.52 0.55 0.92 0.91 

®all values obtained from ref. 21 
Vitrogen qudnipole coupling constants obtained from ref. 26 
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TABLE 10.11 Measured hyperfine transitions for deuterated (Z)-2-
hydroxypyridine, with fit residuals. Frequencies are given in MHz. 
Experimental measurement errors are in parentheses. The standard 

deviation for the fit, <j(fit)=0.0062 MHZ. 

J Ka Kc F -> J' K'a K'c F' Observed Observed-Calculated 

3 0 3 3 3 1 2 4 6686.5713(6) 0.0000 

3 0 3 4 3 1 2 4 6686.1021(11) -0.0017 

0 0 0 1 1 1 1 1 7609.6387(8) -0.0001 

0 0 0 1 1 1 1 2 7610.2905(11) 0.0008 

1 1 1 2 2 1 2 2 8159.6764(5) 0.0125 

1 1 1 2 2 1 2 3 8160.4173(9) -0.0025 

1 0 1 1 2 0 2 2 8855.6264(5) -0.0112 

1 0 1 2 2 0 2 3 8855.8036(14) -0.0071 

1 0 1 1 2 0 2 1 8855.9926(3) 0.0003 

1 1 0 1 2 1 1 1 9850.8223(5) -0.0035 

1 1 0 2 2 1 1 3 9851.9283(7) 0.0095 

1 1 0 2 2 1 1 2 9852.6172(5) 0.0011 

2 1 2 3 3 1 3 3 12152.8066(7) -0.0048 

2 1 2 3 3 1 3 4 12153.6523(4) -0.0073 

2 0 2 2 3 0 3 3 12936.5115(4) 0.0076 

2 0 2 3 3 0 3 4 12936.7484(7) 0.0049 
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TABLE 10.12. Measured hyperfine transitions for deuterated 2-pyridone, 
with fit residuals. Frequencies are given in MHz. Experimental 
measurement errors are in parentheses. The standard deviation for the fit, 

(J(fit)=0.0046 MHZ. 

J Ka Kc Fi F —^ J Ka Kc Fi F Observed Observed-Calculated 

1 1 1 1 2 2 1 2 1 2 8296.7250(8) -0.003 

1 1 1 2 3 2 1 2 3 4 8297.6192(5) 0.002 

1 1 1 1 2 2 1 2 2 3 8298.1083(7) 0.002 

1 1 1 1 1 2 1 2 2 2 8298.1842(7) 0.003 

1 1 1 2 3 2 1 2 2 3 8298.5125(9) -0.002 

1 0 1 1 2 2 0 2 1 2 9029.4063(9) 0.004 

1 0 1 2 2 2 0 2 3 3 9030.2300(15) -0.005 

1 0 1 1 2 2 0 2 2 3 9030.4273(19) -0.001 

1 0 1 2 3 2 0 2 2 3 9030.8880(10) 0.015 

1 1 0 0 1 2 1 1 3 2 10185.5820(1) 0.001 

1 1 0 0 1 2 1 1 1 2 10185.7578(12) 0.006 

1 1 0 2 3 2 1 1 3 4 10186.7677(10) -0.006 

1 1 0 1 1 2 1 1 2 2 10187.1084(4) -0.001 

1 1 0 1 2 2 1 1 2 3 10187.1977(2) -0.005 

2 1 2 3 4 3 0 3 4 5 11179.0801(9) 0.000 

2 1 2 1 2 3 0 3 2 3 11179.2476(6) 0.000 

2 1 2 3 3 3 1 3 4 4 12326.1182(6) -0.004 

2 1 2 2 3 3 1 3 3 4 12326.3164(11) -0.004 
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TABLE 10.13. Rotational parameters obtained from fitting the observed 
hyperfme transitions (TABLES 10.10 and 10.11 ) using SPFIT for deuterated 
2-hydroxypyridine and 2-pyridone. All fit parameter values are given in 
MHz. Standard error is la. 

Parameter (Z)-2- deuterio 
hydroxypyridine 

This work 

1- deuterio, 2-
pyridone 
This work 

(Z)-2-deuterio 
hydroxypyridine 

Ref. 215 

1-deuterio, 2-
pyridone 
Ref.215 

A 5781.54037(52) 5413.83792(73) 5781.4898(44) 5413.8498(44) 

B 2674.43983(11) 2782.83621(12) 2674.4450(29) 2782.8321(24) 

C 1828.64177(69) 1838.30652(82) 1828.6362(24) 1838.3102(29) 

eQqaa(N) -0.1825(20) 1.5107(15) - -

eQqbb(N) -2.3519(56) 1.2488(50) - -

eQqcc(N) 2.5344(56) -2.7595(50) . 

eQqaa(D) . -0.1097(65) . 
-

eQqbb(D) - 0.3539(63) - -

eQqcc(D) . -0.2442(63) - . 

a(fit) 0.0062 0.0046 0.061 0.104 

ACfiA^I -0.010 -0.040 -0.010 -0.040 



325 

TABLE 10.14. Measured rotational transitions of possible 2-pyridone;2-
hydroxypyridine H-bonded dimer. The assigned transitions are tentative. 
Values are in MHz. 

JKaKo J'K'K', Measured transitions 

uo 

11 

2] 1 

-12 

>13 

221 

-20 

322 

321 

422 

5327.0553(25) 
5327.5943(41) 

5327.9102(27) 

5328.0592(76) 

5328.1996(25) 

5328.2761(67) 

5328.4432(56) 

5329.1251(20) 

5521.6372(34) 

5522.7270(32) 

5522.9651(26) 

5978.4892(84) 
5978.7178(26) 

5978.3768(22) 

6061.8074(42) 

6062.2849(37) 

6062.6093(54) 

6858.3934(68) 
t 

f 6858.7827(89) 

1 514 625 7511.9445(45) 
1 5 
1 

7512.5156(69) 

7512.9000(75) 
220 331 8774.1657(59) 

8774.5592(69) 
: 

8776.0664(77) 
; 

422 532 9802.1228(57) ; 

9802.4301(67) i 
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CHAFIER 11 

DFT and MP2 Calculations of Cyclopentadienyi Thallium 
mono-ligand Complexes 

ABSTRACT 

Density functional theory (DFT) and ab-initio calculations were used to study the 

geometry of the cyclopentadienyi thallium (C5H5TI), cyclopentadienyi thallium 

benzene (CsHsTlCgHe), and cyclopentadicnyl thallium butadiene (C5H5TIC4H6) 

complexes. DFT calculations were done using the following combination of non-local 

exchange and correlation ftmctionais: B3LYP, BPW91, and MPW1PW91. Calculations 

showed that C5H5TI structure using modified Perdew-Wang exchange and correlation 

functional, MPW1PW91, gave better values of the C5H5-TI bonding distance compared 

to BFW91 and B3LYP lunctionals. Becke's exchange functionals appeared to 

overestimate the C5H5-TI bond length by as much as 0.1 A even when larger basis sets 

were used. However, all DFT calculations produced Tl-C(Cp) bond distances that are 0.1 

A or greater than the experimental values. MP2 calculations employing semi-relativistic 

thallium core potential (21-VE) were done, and this method produced structural 

parameters of C5H5TI that agreed best with the experimental data. MP2 was selected as 

the best method and used to calculate the one-dimensional potential energy surface of 

C5H5TI, and predicted the geometry of cyclopentadienyi thallium benzene (CjHsTlCeHe), 

and cyclopentadienyi thallium butadiene (C5H5TIC4H6). Two distinct structural isomers 

of C5H5TIC4H6 were found. 
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I. INTRODUCTION 

Cydopentadienyl thallium complex (C5H5TI) is an example of a 'half-sandwich' 

complex that is stable at room temperature. The open coordination geometry of this 

complex provides an ideal molecular system for studying the effect of metal-Iigand weak 

bonding interactions using microwave spectroscopy, ab-initio, and DFT calculations. 

Microwave spectroscopy study of CsHsTl^^'^ and theoretical study of the C5H5TI dimer 

complexes"^^ have been reported previously. The experimental and theoretical studies of 

Van der Waals interactions between C5H5TI and common organic ligands such as 

benzene and butadiene on the contrary have never been previously studied. The 

following types of weakly bound complex systems; C^HsTl-CftHo and C5H5TI-C4H5 

represent an interesting system to investigate metal-ligand weak bonding interactions in 

organometallic systems. Benzene, butadiene, and acetylene ligands are important 

functional ligands that have been known experimentally to interact weakly with a wide 

variety of inert atoms and molecules to form stable but weakly bound complexes. 

Because Van der Waals interactions arc weak bonding interactions, these C.VHsTI-ligand 

complexes may display some interesting physical and chemical properties. For instance, 

it is experimentally known that many weakly bound complexes exhibit large amplitude 

internal motion and vibration predissociation, which are not commonly found in a stable 

metal-ligand complex. The fundamental question, which is central to the understanding 

of the chemical reaction, is how C5H5TI influences the electronic structures, geometry, 

and energy of a ligand. Recent experimental and DFT studies of a rhenium complex, 

(C2H2)(CH3)Re02, demonstrated that the third row transition metals can have significant 

effects on the electronic structure, bond lengths, and bond angles of ligand. In the case of 

rhenium for example, the rhenium metal forces partial sp^ hybrid on acetylene electronic 

structure . 
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The present study investigates C5H5TI and CsHsTl-ligand bonding interactions 

using Density Functional Theory (DFT) and second-order M0ller-Plesset (MP2) 

calculations. The following proposed systems were investigated: cyclopentadienyl 

thallium benzene (CsHsTl-CeHe) and cyclopentadienyl thallium butadiene (C5H5TI-

C4H6) complexes. The existence of these weakly bound complexes has never yet been 

observed by any experiments. 

II. STRUCTURAL BACKGROUND 

The gas phase structure of cyclopentadienyl thallium (C5H5TI) had been measured 

previously by B. J. Drouin et al. using a pulsed beam Fourier transformed microwave 

spectrometer^^^. Analysis of the normal and deuterium-substituted rotational spectra 

allowed the determination of the following structural parameters: the T1-C(C5H5) centroid 

bond distance = 2.413(3) A, C-C (C5H5) =1.421(10) A, C-H =1.082(9) A. and the angle 

C-H = 0.9(2) degree. In the present computational study, the experimental C5H5TI 

structures are used as a guide to evaluate the accuracy of theoretical methods. 

Theoretical methods that produce structural results that agree best with the experimental 

C5H5TI structure will be selected and used to optimize the structures and energies of 

C5H5TI-C5H6 and C5H5TI-C4H6. These Van der Waals complexes, CsHsTl-CeHg and 

C5H5TI-C4H6, to our best knowledge, have not been previously studied by any theories or 

experiments. 



FIGURE 11.1: The optimized structure of C5H5TI from MP2 calculation. 
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FIGURE 1 i.2: The optimized stracture of CsHsTl-CaHg from MP2 calculation. 
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FIGURE 11.3; Two optimized structural isomers of C5H5TI-C4H6 from MP2 caiculations. 
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IIL COMPUTATIONAL METHODS 

All density functional theory and calculations were performed on TINTIN 

IBM AURA sgi super computer clusters using the GAUSSIAN 98 at the University of 

Arizona CGF (computing graphic facilities) and GAUSSIAN 03 programs, respectively. 

Beginning with various DFT functional and basis, the C5H5TI structure was optimized 

using different exchange correlation functionals, effective core potentials, and basis sets 

in order to predict C5H5TI structure that agrees best with the experimental structure. The 

following non-local Becke's three-parameter and modified Perdew Wang's exchange 

functionals, and Lee, Yang, Parr, Perdew, and Wang's correlation functionals were used: 

BSLYP^"", BPW91, B3PW91, MPW1PW91^^^'^^^'-^^'^'^1 Various basis sets were 

chosen for carbon and hydrogen atoms including are Pople's 6-31IG, and the 6-

31IG with diffiision polarization functions p, d, and , Dunning's correlation 

consistent triple zeta basis set cc-pVTZ"""^, and Aldrich basis sets SVP and TZV'"*'^" 

There are two basis sets with the effective core potentials (ECP) available in Gaussian 

98 for the thallium atom, which arc the Los Almos double zeta basis set, LANL2DZ^^'' 

and Stuttgart/Dresden SDD^^' basis sets. In addition, the shape consistent relativistic 

effective potential (REFs) derived for thallium was used in DFT calculations; this REPs 

potential was obtained from Christiansen and Wildman^^'^. For computational 

compatibility on Gaussian 98, the spin-orbit was deleted from REP basis set and assumed 

to be very small. The REPs replaces 68 thallium electrons leaving 5d, 6s, and 6p 

electrons in the valence subshells. The thallium basis set was adjusted to make 

the thallium basis set equivalent to the carbon basis set by free up the outer components 

of thallium s, p, and d orbital. The calculation involving thallium relativistic effect was 

done at MPWlPW91/cc-pVTZ/REPs level. The calculated C5H5TI stracture and bond 

lengths were compared to the gas phase C5H5TI experimental values. The calculation 

performed at MPWlPW91/cc-pVTZ/SDD level provided results that are comparable to 

the experimental C5H5TI structure. The 1)681' DFT functional with large basis sets, 

however, still produced Tl-C(Cp) bond lengths that are longer than the experimental 

values. MP2 calculations using semirelativistic thallium core potential (21-VE)^'''' and 
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S VP basis set for carboB and hydrogen atoms were used to optimize the structures of 

C5H5TI complex. The structural results obtained from MP2 using 21-VE core potential 

calculations gave structural results that best agreed with the experimental C5H5TI 

structure. Thus MP2 was selected as the better and more suitable method for studying the 

structures and energies of CsHsTl-CeHe and C5H5TI-C4H6. The results obtained from 

these calculations are given in TABLE 11.1. As a standard procedure for structural 

optimization, the frequency analysis was performed for all the complexes to verify that 

there are no imaginary frequencies and that indeed the structures were at least at the 

minimum of potential energy surface. 

IV. COMPUTATIONAL RESULTS AND DISCUSSION 

The optimized structure of C5H5TI obtained from various methods was compared to 

the cxperim.ental gas phase Cp-Tl structure (TABLE 11.1). The thallium-carbon bond 

length using Beck's non-local exchange functionals gave longer C5H5TI bond length 

comparing to the modified Perdew Wang exchange functionals. However, both methods 

did not produce the C5H5TI bond lengths that agree well with the experimental value. 

The best DFT method of calculation without relativistic effective potential is 

MPW1PW91 /cc-pVTZ'SDD and the calculated C5H5TI thallium-carbon bond length is 

2.755 A. FIGURE 11.1 shows the D.FT optimized structure cyclopentadienyl thallium. 

This best calculated DFT value is, however, about 0.34 A longer than the experimental 

value. The C5H5TI structure obtained from MP2 calculation was in better agreement 

with the experimental structure. The ri^ Tl-C(Cp) bonding distance obtained from MP2 is 

2.68 A, which is in good agreement with the experimental value of 2.69 A. The one 

dimensional potential energy surface of C5H5TI was calculated and the results are shown 

in TABLE 11.2 and FIGURE 11.4. This surface was obtained from a single point energy 

optimization as a function of t]^ Tl-C(Cp) bonding distance and the geometry constrained 

to Csv symmetry. 
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The structure of C5H5TI-C6H6 and C5H5TI-C4H6 complexes were calculated using 

MP2/T1(21-VE)/C,H (SVP )level of calculations (see FIGURES 11.2-11.3). The 

Gaussian 98 com file with thallium basis sets and core potential are given below (with 

C5H5TIC6H6 z-matrix). More detailed explanation about this thallium basis set and core 

potential can be found in reference 230. To calculate the enthalpy of reaction and Gibbs 

free energies for the two complexes, the structures of two ligands, C6H6 and C4H6, were 

optimized, using the same functional and basis sets as C5H5TI, to obtain MP2 energies 

(See Table 11.6). The enthalpy of reactions for CsHsTlCeHe and C5H5TIC4H6 can be 

estimated using the following formula; (Caution-this is done without correction to 

products Hcorr and Gen-) 

ENTHALPY OF REACTION: C5H5TI + CgHe o CsHsTl-C^Ht, 

ArH°(298K) = (2(50 + Hcorr)products " ^(So + Hcorr)reactants)*627.5095 kcal/mol 

= (-596.2290936 + Fioorr) - (-364.800926+ -231.210227 >*627.5095 

= -136.76 kcal/mol 

GIBBS FREE ENERGIES OF REACTION; C5H5TI + C^H/, C5> CjHsTl-C,,^^ 

A,G°(298K) = (S(so + GcoiT)products ~ 2:(£o + Gcorr )reactants)*627.5095 kcal/mol 

= (-596.2290936 + Gcorr) - (-364.837035+ -231.243292)*627.5095 

= -93.35 kcal/mol 

ENTHALPY OF REACTION; C5H5TI + C4H6 «:> C5H5TI-C4H6 (T12) 

ArH°(298K) = (I(£o + Hcoir)products " ^(go + Hco,T)Teactaiits)*627.5095 kcal/mol 

= (-520.2426721 + Hcorr) - (-364.800926 + -155.247399)*627.5095 

= -121.95 kcal/mol 

GIBBS FREE ENERGIES OF REACTION; C5H5TI + C4H6 <=> C5H5TI-C4H6 

ArG°(298K) = (S(&j + Gcorr)products " I(£o + Gcorr)reactants)*627.5095 kcal/mol 

= (-520.2426721 + Geon-) - (-364.837035 + -155.278496)*627.5095 

= -79.78 kcal/mol 



Gaussian Input File for C5H5TI with V-2i Semirelativistic Thallium Potential 

%mem=40000000 

%Chk=tIcpbz.clik 

#P mp2(semidirect) Opt(Maxcyc=50) Freq 

SCF{symm,mtrep,tight,Maxcycle=300) gfinput gen pseudo=read 

TlCpBz 

0 1 

T! 

XI T12.413 

CI XI 1.209 T190.0 

C2X1 1.209 T1 90.0 CI 72.0 

C3X1 1.209 T190.0 CI 144.0 

C4X1 1.209 T190.0 CI -144.0 

C5X1 1.209 T190.0 CI -72.0 

HI CI 1.082X1 180.0 T1 90.0 

H2C2 1.082X1 180.0 T190.0 

H3C3 1.082X1 180.0X190.0 

H4C4 1.082X1 180.0 T190.0 

H5C5 1.082X1 180.0 T190.0 

X2T13.400 CI 153.7 Hi 0.0 

C6X2 1.392 T190.0 XI 0.0 

C7X2 1.392 T190.0C6 60.0 

C8X2 1.392 T190.0 C7 60.0 

C9X2 1.392 T1 90.0 C8 60.0 

C10X2 1.392 T1 90.0 C9 60.0 



Gaussian Input-Continued 

Cil X2 1.392 T190.0 CIO 60.0 

H6C6 1.090X2 180.0 T190.0 

H7 C7 1.090 X2 180.0 T190.0 

H8 C8 1.090 X2 180.0 T190.0 

H9 C9 1.090 X2 180.0 T190.0 

HIOCIO 1.090X2 180.0 T190.0 

HI 1 Cil 1.090X2 180.0 T190.0 

t l O  

s 3 1.0 

40.574052000 -0.51245465230E-01 

31.151650000 0.46641292780 

26.951526000 -0.64330516450 

s 2 1.0 

16,207360 -.17118380240992 

5.739103 0.42614965559353 

s 1 1.0 

2.867448 1.00 

s 1 1.0 

1.232208 1.00 

s 1 1.0 

0.301547 1.00 

s 1 1.0 

0.161345 1.00 

s 1 1.0 

0.064096 1.00 



Gaussian Inpnt-Continued 

s 1 1.0 

0.022000 1.00 

s 1 1.0 

0.010000 1.00 

p 2 1.0 

39.130985 5.979754211792427E-003 

26.883236 2.377319719122137E-002 

p 2 1.0 

16.168218 5.7047! 6480649523E-002 

9.858356 4.842256184263729E-002 

p 1 1.0 

6.156170 1.00 

p 1 1.0 

2.902270 1.00 

p 1 1.0 

1.449985 1.00 

p 1 1.0 

0.658153 1.00 

p 1 1.0 

0.198485 1.00 

p 1 1.0 

0.075444 1.00 

p 1 1.0 

0.029385 1.00 

p 1 1.0 

0.010000 1.00 



Gaussian Input-Continued 

d 2 1.0 

35.291187 1.062419094706482E-003 

15.199243 1.898550052032525E-002 

d 1 1.0 

10.813840 1.00 

d 1 1.0 

9.546506 1.00 

d 1 1.0 

1.821229 1.00 

d 1 1.0 

0.748542 1.00 

d 1 1.0 

0.272317 1.00 

d 1 1.0 

0.054117 1.00 

f 1 1.0 

1.0 1.0 

f 1 I.O 

0.36 1.0 

f 1 1.0 

0.14 1.0 

f 1 1.0 

0.06 1.0 

c 0 



Gaussian In^ut-Continued 

svp 

***• 

hO 

svp 

**** 

t l O  

OTl 4 60 

G COMPONENT 

1 

2 2.562307 -3.902810 

S-G PROJECTION 

3 

2 2.562307 3.902810 

2 12.204159 281.284979 

2 8.316912 62.433015 

P-G PROJECTION 

3 

2 2.562307 3.902810 

2 9.285243 216.838152 

2 5.484887 13.985499 

D-G PROJECTION 

3 

2 2.562307 3.902810 

2 7.976066 89.777359 

2 4.483813 25.895445 
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Gaussian Imput-Continued 

F-G PROJECTION 

3 

2 2.562307 3.902810 

2 5.596261 36.927827 

2 2.837663 6.810050 

VII. CONCLUSIONS 

It is clear that the Becke's exchange function overestimated the C5H5TI bond lengths 

as much as 6% compared to the experimental value. These results supported the 

argument by Zhang et al. and Wesoloski et al that the Becke's exchange functional cannot 

accurately evaluate the weak bonding interaction because of its erroneous asymptotic 

behavior at low density^^^. The results from MPWlPW9i gave results that agreed better 

to the experimental structure but not better than MP2. The C5H5TI bond lengths obtained 

from MPW1FW91 without the relativistic potential were off by about 1.0 A. All DFT 

calculations of heavy metal complexes without relativistic potential appeared also to 

overestimate the Tl-C(Cp) bond distance by about 0.1 A. The REPs relativistic 

potential, however, did not work well with these systems. MP2 with 21 -VE potential 

calculations produced the best results and were used to calculate the stractures of 

C5H5TIC6H6 and C5H5TIC4H6. The enthalpy of formation for the C5H5TIC6H6 and 

C5H5TIC4H6 were calculated using the MP2 energies obtained for CsHsTlC^H;,, 

C5H5TIC4H6, C5H5TL CeHe, and C4H6. This procedure allows fairly good estimation of 

the enthalpy of reactions for the CsHsTlCgHs and C5H5TIC4H6 complexes. The Gibbs 

free energies of reactions AGr for C5H5TIC4H6 and CsHsTlCgH^ are both negative, 

suggesting the formation of product is favorable. Caution, however, must be taken for 

these values since Hcon- and Gcon- were not calculated for the products (C5H5TIC4H6 and 
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CsHsTIC/jHf,). The correction terms, however, are probably very small. The MP2 

frequency and thermodynamics calculations require several GB of allocation storage for 

integral. Currently, we do not have such allotted space for MP2 frequency calculations 

for these large complexes. 

TABLE 11.1. Gaussian 98 DFT Calculations of Tl-C(Cp) and Tl-Cp(centroid) bond 

lengths for the C5H5TI complex. 

DFT Method 
TI-C(Cp) bond 

length (A) 
Tl-Cp ccntroid bond 

length (A) a.u. 

B3LYP/6-311G/LANL2DZ 2.850 2.578 -245.16 

BPVV91/6-311G/LANL2DZ 2.838 2.562 -245.40 

B3PW91/6-311G/LANL2DZ 2.808 2.533 -245.12 

B3PW91/6-31 lG9(d)/LANL2DZ 2.785 2.510 -245.16 

B3PW91/6-311G9(3df, 

3p(l)/LANL2DZ 
2.770 2.495 -245.19 

B3PVV91/6-31 lG(d)/SDD 2.774 2.498 -195.50 

B3PW91/cc-pVTZ/SBD 2.760 2.484 -195.53 

MPW1PW91/SVP/SDD 2.771 2.494 -195.35 

MPW1PW91/TZV/SDD 2.768 2.490 -195.49 

M PW1PVV91/6-311 G(3df, 3pd)/SDD 2.760 2.485 -195.55 

MPWlPW91/cc-pVTZ/SDD 2.755 2.479 -195.55 

MPWlPW91/cc-pVTZ/REPs 

Relativistic potential (REPs) 
2.762 2.487 -245.21 

MP2/svp(C,H)/21-VE(Tl) 2.667 2.393 -364.89 

Microwave Experimental value 2.689 2.413 

Notation; Method/ C, H basis set/ T1 basis set and core potential 
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TABLE 11.2: MP2 energy for C5H5TI complex as a fonction of CsHs-Tl r\5 bonding 
distances. Geometry is restricted to Csv point group symmetry. Energy is given relative 
to -365 a. 11. (MP2). 

5 bonding distance MP2 Energy (a.u.) Relative Energy 

1.9668 -364.7092506 0.2907494 

2.0668 -364.7708843 0.2291157 

2.1668 -364.8158184 0.1841816 

2.2668 -364.8474700 0.1525300 

2.3668 -364.8686453 0.1313547 

2.4668 -364.8816409 0.1183591 

2.5668 -364.8883373 0.1116627 

2.6668 -364.8902803 0.1097197 

2.7668 -364.8887363 0.1112637 

2.8668 -364.8847222 0.1152778 

2.9668 -364.8790251 0.1209749 

3.0668 -364.8722288 0.1277712 

3.1668 -364.8647513 0.1352487 

3.2668 -364.8568886 0.1431114 

3.3668 -364.8488530 0.1511470 

3.4668 -364.8408011 0.1591989 
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FIGURE 11.4: A plot of one-dimensional potential energy surface as a function of t]5 

C5.H5-TI bonding distances. 
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TABLE 1L3: Atomic coordinates for C5H5TI obtained from the MP2 
calculation. A=4.4010238 B=L5003807 C=L5003807 GHz. 

Atom X Y Z 

T1 0.000000 0.000000 -0.718628 

C 1.211864 0.000000 1.656901 

c 0.374487 1.152551 1.656901 

c -0.980418 0.712316 1.656901 

c -0.980418 -0.712316 1.656901 

c 0.374487 -1.152551 1.656901 

H 2.302516 0.000000 1.700375 

H 0.711517 2.189823 1.700375 

H -1.862775 1.353385 1.700375 

H -1.862775 -1.353385 1.700375 

H 0.711517 -2.189823 1.700375 
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TABLE 1L4: Atomic coordinates for C5H5TIC6H6 obtained from the MP2 
calculation. A-1.7195809 8=0.4114167 C=0.4114141 GHz. 

Atom X Y Z 

T1 0.0060141728 0.000000 0.2684612404 

C 1.215329164 0.0000000005 2.6886276 

c 0.3785183526 1.1517661086 2.6885661833 

c -0.9754587013 0.7118269123 2.6884641269 

c -0.975487006 -0.7118269132 2.6884641269 

c 0.3785183536 -1.1517661082 2.6885661833 

H 2.3059712094 0.000000001 2.7344373561 

H 0.7155512288 2.189032601 2.7342181661 

H -1.8578175638 1.3529013604 2.7338615867 

H -1.8578175626 -1.3529013621 2.7338615867 

H 0.7155512308 -2.1890326003 2.7342181661 

C -1.4173011396 -0.0000000006 -2.7586399002 

C -0.7162305766 1.2142827824 -2.7605971456 

c 0.6858937335 1.2142758081 -2.7645699363 

c 1.3869517436 0.0000000006 -2.7665837632 

c 0.6858937346 -1.2142758075 -2.7645699363 

c -0.7162305755 -1.214282783 -2.7605971456 

H -2.5103235757 -0.0000000011 -2.7627182028 

H -1.2627495142 2.1608558789 -2.7662224148 

H 1.2323746731 2.16084794 -2.7733260599 

H 2.4799343834 0.0000000011 -2.7769245418 

H 1.232374675 -2.1608479229 -2.7733260599 

H -1.2627495123 -2.1608558801 -2.7662224148 
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TABLE 11.5: Atomic coordinates for the two isomers of C5H5TIC2H4 
obtained from the MP2 calculations. 

Standard orientation; C5H5TIC2H4 (TI-1) 

Center Atomic Atomic 
Number Number Type 

Coordinates (A) 
X V L 

1 SI 0 -.069515 -.010317 -.082844 1 81 0 -.086845 -.000893 -.298349 

2 6 0 -2.512339 -1.154964 -.161683 2 6 0 -2.227138 -1.142133 .847012 

3 6 0 -2.357624 -.651648 1.160805 3 6 0 -1.947037 .030564 1.607721 

4 6 0 -2351242 .772385 1.091692 4 6 0 -2.244359 1.162764 .794355 

5 6 0 -2.501624 1.146527 -.273298 5 6 0 -2.704306 .6S9123 -.466367 

6 6 0 -2.599585 -.044174 -1.047668 6 6 0 -2.693571 -.733485 -.433898 

7 1 0 -2.597413 -2.206695 -.441464 7 1 0 -2.146302 -2.170935 1.203045 

S 1 0 -2310025 -1.248924 2.073363 8 1 0 -1.622455 .056928 2.649786 

9 1 0 -2.297566 1.454786 1.942105 9 1 0 -2.178656 2.207850 1.102853 

10 I 0 -2.577601 2.166902 -.653712 10 1 9 -3.047840 1308783 -1.296806 

11 1 0 -2.764652 -.095685 -2.125548 11 1 0 -3.027958 -1.395425 -1.234903 

12 6 0 3.252985 .748935 .586070 12 6 0 3.101943 .735250 .822234 

13 6 0 2.893146 1.541386 -.448787 13 6 0 2.906596 1.532144 -.252547 

14 6 0 3.258215 -.718327 .593291 14 6 0 3.098526 -.732436 .824454 

15 6 0 2.916338 -1.523692 -.437654 IS 6 0 2.908928 -1.531628 -.249632 

16 1 0 3.549607 1.233131 1.521928 16 1 0 3.254361 1.215062 1.794191 

17 I 0 3.548650 -1.191119 1.536924 17 1 0 3.241017 -1.210000 1.799036 

18 1 § 2.602313 1.133118 -1.420167 18 1 0 2.762756 1.127406 -1.257705 

19 1 0 2.634676 -1.127281 -1.416619 19 1 0 2.776827 -1.129127 -1.257300 

20 1 0 2.911785 2.628727 -352852 20 1 0 2.914781 2.619081 -.151119 

21 1 0 2.941299 -2.609834 -330242 21 1 0 2.910402 -2.M8281 -.144810 

Rotational constants (GHZ): 
A- 2.2I9632H 
B= 0.5091568 
CMI.47«»892 

Standard orientation: C5H5T!C2H4 {Tl-2) 

Center Atomic Atomic 
Number Number Type 

Coordinates(A) 
X V z 

Rotational constants (GHZ): 
A- 1.9739277 
B= 0.5211786 
C= 0.5025407 
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TABLE 11.6: MP2 energies for C5H5TI, C5H5TIC6H6, and CsHsTlC^Ha and 
binding energy for C5H5TIC6H6, and C5H5TIC4H6. ^Conversion factor: 1 a.u = 
627.5095 kcal/mol 

MP2 Knergy (a.u.) C5H5TI C.Ho C5H5TI-C6H6 

So 
Electronic -364.8902803 -231.3165593 -596.2290938 

£ZPE 
Zero-point correction .082962 .100830 -

Etot Thermal correction to Energy .088410 .105388 -

HcOtT Thermal correction to Enthalpy .089354 .106332 -

^COIT Thermal correction to Gibbs Free 
Energy 

.053245 .073267 -

Co + SzPE 
Sum of electi'onic and zero-point 
Energies 

-364.807318 -231.215729 -

So + Etot 
Sum of electronic and thermal 
Energies 

-364.801870 -231.2! 1171 -

Co Hcorr 
Sum of electronic and thermal 
Enthalpies 

-364.800926 -231.210227 -

£0 + Gcotr 
Sum of electronic and thermal Free 
Energies 

-364.837035 -231.243292 -

MP2 Energy (a.u.) C5H5TI C4H6 C5H5T1-C4H6 

Co 

CzPE 

Electronic 

Zero-point correction 

-364.8902803 

.082962 

-155.3379448 

.085533 

-520.2426905(11-1) 
- 5 2 0 . 2 4 2 6 7 2 1 ( 7 1 - 2 )  

E(ot Thermal correction to Energy .088410 .089602 -

^corr Thermal correction to Enthalpy .089354 .090546 -

^corr Thermal coiTCCtion to Gibbs Free 
Energy 

.053245 .059449 -

Cfi + CzPE 

Sum of electronic and zero-point 
Energies 

-364.807318 -155.252411 -

Co EjQt 
Sum of electronic and thermal 
Energies 

-364.801870 -155.248343 -

£0 + Hcorr 
Sum of electronic and thermal 
Enthalpies 

-364.800926 -155.247399 -

Co + Gcorr 
Sum of electronic and thermal Free 
Energies 

-364.837035 -155.278496 -



TABLE 11.7: Optimized parameters obtained from MP2 calculations for C5H5TI, 

C5H5TiC4H6, and C5H5TIC6H6 (Cp = C5H5). Bond lengths are in angstroms. 

Parameter C5H5TI C5H5TI CsHsTiCA (Tl-1) C5H5TIC4H6 (Tl-2) C5H5TIC6H6 
Microwave 

(Cp)C-H 1.082(9) 1.092 1.092 1.092 1.092 

(Cp)CrC, 1.421(10) 1.425 1.423 1.426 1.424 

(Cp)C2-C3 1.421(10) 1.425 1.426 1.425 1.424 

(Cp)C3-C4 1.421(10) 1.425 1.424 1.423 1.424 

(Cp)C4-C5 1.421(10) 1.425 1.423 1.423 1.424 

(Cp)C5-C, 1.421(10) 1.425 1.424 1.423 1.424 

tV(Tl-C,) 2.699(3) 2.667 2.699 2.682 2.705 

TI'(T1-C2) 2.699(3) 2.667 2.682 2.664 2.706 

tl'(Tl-C3) 2.699(3) 2.667 2.6S3 2.684 2.707 

n'(Ti-C4) 2.699(3) 2.667 2.700 2.712 2.707 

TI'(T1-C5) 2.699(3) 2.667 2.708 2.711 2.706 

(butadiene moiety) (butadiene moiety) (benzene moiety) 

ti'(T1-C6)= 3.473 ti''(T1-C6>= 3.459 ti'(T1-C6)= 3.345 

ri'*(Tl-C7)= 3.364 TI''(T1-C7)= 3.363 ri\Tl-C7)= 3.342 

n^Cn-Cg)" 3.469 ri\T!-C3)= 3.456 r|''{Tl-C8)= 3.337 

TI''(T1-C<,)= 3.366 n\Tl-C9>« 3.365 ri''(Tl-C9)= 3.334 

C«H^C6-C7>- 1.352 C4H6(C6-C7)= 1.352 ri\TI-Cio)= 3.337 

C4H6(Cf,-Cs)= L467 C4H6(C6-C»)= 1.468 r|''(Tl-Cu)= 3.342 

C4H6{C8-C9)= 1.352 C4H6(C8-C,)= i.352 C5H5(C«-C7)= i.402 

C5H5(C7-Cs)= 1,402 

C5H5(Cs-C9)= 1.402 

C5H5(C.rCio)= 1.402 

C;H<Ciu-C,i>- 1.402 
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CHAPTER 12 

ROTATIONAL SPECTRUM OF CgHsNiCaHs 

I. INTRODUCTION 

The u-allyl nickel complex is one of many useful organometallic systems in 

organonickel chemistry. Many 71-allyl nickel complexes play significant roles in the 

catalytic reactions of olefin. For example, n-allyl nickel quinone complexes are known to 

function as catalysts for polymerization of butadine . Historically. NMR and IR 

spectroscopy"" were two most useful spectroscopic techniques to investigate the spectra 

and comformational properties of these important 71-allyl nickel systems. In the present 

study, microwave spectroscopy is used for the first time to investigate the rotational 

spectrum of the CsHsNiC ̂ Hs complex. The measured, but unassigned, rotational 

spectrum of CsHsNiCsHs suggests that this complex is a tluxional complex. DFT 

calculations were carried out and the results suggest that several confonners existed on 

the allyl torsional potential energy surface. 

II. EXPERIMENT 

The cyclopentadienyl nickel allyl complex was purchased fi-om Aldrich chemical 

and used without fiirther purification (>90% purity). The sample was placed in a glass 

sample cell, which connected directly to a pulse valve, located inside the sample 

chamber. The sample is liquid at room temperature and does not have to be heated prior 

to pulsing into the microwave cavity. The sample temperature was maintained at 25 °C, 

the ambient temperature inside the laboratory. The sample was pulsed into the 

microwave cavity at the rate of 1 -2 Hz using Neon as a carrier gas. The backing pressure 

of Neon was steadily maintained between 0.7-0.8 atm. The pressure inside the 

microwave chamber was maintained at about 10'^ torr. The rotational fi-equencies were 

measured in the range of 4-12 GHz using a pulse beam Fourier transform microwave 

spectrometer similar to the Flagare-Balle type spectrometer. The observed R-branch 

transitions included both a- and c-type dipole transitions (TABLE 12.2) 
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III. DFT CALCULATIONS 

Density fiinctionai theory (DFT) calculations were used to calculate the structure 

and torsional potential energy surface of CsHsNiCsHs. We selected the B3PW91 hybrid 

functional of Beck, Perdew, and Wang and the 6-311G++(d,p) basis sets for this 

complex. From our previous experience with gas-phase structures of the transition metal 

complexes, B3PW91 level of calculations can predict structures and rotational constants 

quite accurately. All DFT calculations in this study were performed on lBM-640 cluster 

computer (TINTIN) using the Gaussian 03 programs at the University of Arizona. The 6-

311 G++(d,p) basis sets, including diffuse and polarization functions, were selected for 

nickel, carbon, and hydrogen. The geometry of CsHsNiCiHs was optimized using the 

Bemy algorithm with redundant internal coordinates. Frequency analyses were done 

following the geometry optimization to check that the local energy minima obtained were 

at stationary points. For the torsional energy potential surface calculation, geometry 

optimization for the different possible conformations of CsHsNiCiHs arising from 

rotation of the allyl ligand, relative to the cyclopentadienyl ring about, the nominal C5 

axis were performed for different values of the dihedral angle, in increments of 18 

degrees. Beginning with the optimized C.sHsNiCjHs structure (Allyl-O, FIGURE 12.1), 

which we assigned dihedral angle at 0 degree relative to the dummy atom, the allyl ligand 

was rotated the total of 360 degrees in 18 degrees increments and the energies for 

different structural isomers were calculated. This procedure led to five local mimima on 

this torsional potential energy surface. The local minima were found at 0, 72, and 144 

degrees. The structures found at the 36, 108 and 180 degree dihedral angle are transition 

states, with the highest energy. The structural parameters for the two fully optimized 

structures are shown in FIGURES 12.1 and 12.2. The atomic coordinates are given in 

TABLES 12.1 and 12.2. The CsHjNi-CsHs torsional potential is shown in FIGURES 

12.3. 
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IV. DATA ANALYSIS AND RESULTS 

Ninety-five R-branch transitions were observed for the CjHsNiCsHs complex. 

The measured transition frequencies were subsequently plotted as a 'stick plot' spectrum. 

From the stick plot spectrum, there were numerous transitions observed near the 8.0 GHz 

regions, many of which did not appear in the simulated 'rigid' spectrum. At this stage of 

analysis, we suspected that these transitions near 8.0 GHz were impurity and likely not to 

belong to CsHsNiCsHs transitions. Both the experimental and simulated spectrum 

showed strong R-branch transitions (low J) in 5, 7, and 10 GHz regions. Despite good 

spectral agreement between simulation and experiment, the measured transitions could 

not be fit with distortable Hamiltonian. 

FIGURE 12.1. The optimized CI structure of CsH.sNiCiHs complex, with 
allyl ligand at 0 degrees (Ally 1-0), rotation obtained from DFT calculations 
using b3pw91/6-311++G(d,p). 



FIGURE 12.2. The optimized CI  structure of C5H5MC3H5 complex, with 
ally! ligand at 180 degrees (Allyl-180, transition state), rotation obtained 
from DFT calculations using b3pw91/6-311++G(d,p). 
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FIGURE 12.3. The two fully optimized conforaiers of CsHsNiCsHs 
complexes found on the torsional potential energy surface. The two 
structures were obtained from DFT calculations using b3pw91/6-
31 H+Ofd^p). Allyl-0 and Aliyl-180 is the most energetically stable 
structure. 

/ 
Allyl-180 Al iyW 
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FIGURE 12.4. The torsional potential energy surface of CsHsNiCsHs 
complexes obtained from DFT calculations using b3pw91/6-311++G(d,p). 

1.0003000 1 

(.0002500 -

1 0.0002000-

i.0001500-

s 
1 
X 1.0001000 -

L0000500 • 

L0000000. 
0 150 200 50 100 250 300 350 400 

Torsional Angles  



355 

TABLE 12.1 The optimized atomic coordinate and rotational constants for 
CsHsNiCiHs, with 0 degree rotation (Allyl-0), obtained from the b3pw91/6-
311 ++G(d,p) level of calculation. 

Center Atomic Atomic Coordinates (Angstroms) 
Number Number Type X Y Z 

1 6 0 -1.846039 -1.201216 -.189567 
2 6 0 -2.121141 .000008 .501860 
3 6 0 -1.846028 1.201230 -.189565 
4 6 0 1.456757 -1.139574 -.359790 
5 6 0 1.497392 -.000559 -1.207203 
6 6 0 1.456798 1.139223 -.360877 
7 6 0 1.526265 .700328 1.007533 
8 6 0 1.526320 -.699440 1.008191 
9 1 0 -1.855406 -2.143792 .348714 
10 1 0 -2.044437 -1.272392 -1.256887 
11 1 0 -1.855385 2.143806 .348717 
12 1 0 -2.044424 1.272410 -1.256886 
13 1 0 1.444723 -2.170573 -.685336 
14 1 0 1.501003 -.001073 -2.287373 
15 1 0 1.444784 2.169924 -.687364 
16 I 0 1.536664 1.344736 1.875283 
17 1 0 1.536736 -1.343037 1.876542 
18 28 0 -.259812 -.000001 -.039803 
19 1 0 -2.291463 .000007 1.575567 

Rotational constants (GHZ): 2.9483575 1.3530484 1.2371238 
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TABLE 12.2 The optimized atomic coordinate and rotational constants for 
CsHsNiCaHs, with 180 degree rotation (Allyl-180), obtained from the 
b3pw91 /6-311 ++G(d,p) level of calculation. 

Center Atomic Atomic Coordinates (Angstroms) 
Number Number Type X Y Z 

1 6 0 -1.844349 -1.200093 -.200627 
2 6 0 -2.125083 .000028 .491069 
3 6 0 -1.844299 1.200132 -.200642 
4 6 0 1.469561 1.137372 .401698 
5 6 0 1.535909 -.001226 1.239470 
6 6 0 1.469408 -1.138149 .399302 
7 6 0 1.493764 -.701870 -.973120 
8 6 0 1.493675 .703844 -.971645 
9 1 0 -1.857446 -2.143405 .336249 
10 1 0 -2.037374 -1.269153 -1.268965 
11 1 0 -1.857364 2.143447 .336231 
12 1 0 -2.037325 1.269194 -1.268980 
13 1 0 1.460332 2.167589 .730167 
14 1 0 1.547735 -.002357 2.319773 
15 1 0 1.460134 -2.169026 .725696 
16 1 0 1.495758 -1.345927 -1.840781 
17 1 0 1.495625 1.349695 -1.837975 
18 28 0 -.259107 -.000012 -.032402 
19 I 0 -2.306583 .000036 1.562816 

Rotational constants (GHZ): 2.9506047 1.3533747 1.2374180 
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TABLE 12.3. The energy (a.u.) obtained from DFT calculation as a ftinction 
of torsional angles for the CsHsNiCjHs complex. Torsional barriers height is 
about 52.67 cm"^ (1 a.u. = 2.1947x10^ cm'^). 

Torsional angle Energy (a.u.) Relative Energy 
0 -1819.0862309 0.0000000 

18 -1819.0860831 0.0001478 
36 -1819.0859847 0.0002462 
54 -1819.0860831 0.0001478 
72 -1819.0862302 0.0000007 
90 -1819.0860831 0.0001478 

108 -1819.0859901 0.0002408 
126 -1819.0860886 0.0001423 
144 -1819.0862304 0.0000005 
162 -1819.0860831 0.0001478 
180 -1819.0859884 0.0002425 
198 -1819.0860831 0.0001478 
216 -1819.0862302 0.0000007 
234 -1819.0860831 0.0001478 
252 -1819.0859901 0.0002408 
270 -1819.0860886 0.0001423 
288 -1819.0862304 0.0000005 
306 -1819.0860831 0.0001478 
324 -1819.0859884 0.0002425 
342 -1819.0860831 0.0001478 
360 -1819.0862302 0.0000007 
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TABLE 12.4. Measured transition frequencies for CsHsNiCsHs. The 
frequencies are given in MHz. 

Measured transition Measurement error N 
4939.2011 0.0051 8 
4969.7541 0.0028 5 
4971.6277 0.0014 5 
5084.3117 0.0032 9 
5095.1749 0.0023 6 
5096.8153 0.0024 14 
5098.4915 0.0016 16 
5153.0513 0.0034 8 
5153.8642 0.0043 5 
5154.4075 0.0031 10 
5217.5824 0.0013 21 
5219.3520 0.0053 7 
5220.0941 0.0012 20 
7391.3456 0.0026 10 
7537.1088 0.0026 10 
7539.1396 0.0022 10 
7557.2906 0.0061 7 
7558.4318 0.0074 6 
7559.5296 0.0029 12 
7719.8932 0.0025 10 
7721.7011 0.0024 10 
7723.5520 0.0019 12 
7725.3514 0.0014 13 
7730.0799 0.0035 9 
7734.0679 0.0033 10 
7736.3754 0.0060 11 
7740.9634 0.0025 13 
7742.1400 0.0056 8 
7743.7311 0.0015 9 
7764.7703 0.0029 5 
7770.0197 0.0054 5 
7776.1013 0.0040 8 
7784.3223 0.0019 10 
7785.7513 0.0016 12 
7788.3286 0.0032 16 
7790.9651 0.004! 12 
7792.8131 0.0040 11 



TABLE 12.2-Continued 
7793.6012 0.0027 10 
7796.1944 0.0041 11 
7799.0300 0.0027 12 
7801.6749 0.0032 13 
7801.6757 0.0033 14 
7803.9497 0.0039 14 
7806.5835 0.0056 14 
7818.9423 0.0043 8 
7819.3907 0.0050 6 
7821.5915 0.006! 11 
7825.7056 0.0034 6 
7828.3655 0.0025 10 
7834.5480 0.0097 8 
7834.8030 0.0097 11 
7836.2978 0.0059 12 
7836.6407 0.0020 6 
7837.7246 0.0087 11 
7840.2434 0.0034 10 
7840.3638 0.0023 11 
7899.6915 0.0045 7 
7903.1284 0.0030 11 
7990.0264 0.0033 10 
8011.2270 0.0024 10 
8016.9773 0.0016 10 
8018.0567 0.0015 14 
8018.3004 0.0016 16 
8018.7339 0.0028 7 
8020.2026 0.0026 8 
9901.8374 0.0024 10 
9903.1524 0.0033 8 
10006.5180 0.0067 9 
10109.4045 0.0050 8 
10110.0932 0.0053 8 
10152.8156 0.0061 7 
10182.1589 0.0047 6 
10185.4304 0.0017 10 
10188.7719 0.0016 14 
10231.5973 0.0079 7 
10234.0481 0.0046 9 
10236.5254 0.0023 10 
10279.1160 0.0050 8 
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TABLE !2.2-Conlmued 
10303.7325 0.0064 6 
10349.7101 0.0021 12 
10353.1951 0.0015 12 
10362.8484 0.0035 9 
10366.2544 0.0033 10 
10387.8940 0.0065 8 
10391.3814 0.0085 11 
10439.3448 0.0045 5 
10440.0692 0.0040 5 
10443.3261 0.0019 4 
10458.4050 0.0033 5 
10459.0853 0.0080 6 
10462.2376 0.0080 8 
10462.9521 0.0071 7 
10433.4317 0.0039 4 
10466.4493 0.0036 3 
10470.5907 0.0084 6 



TABLE 12.5. R-branch transition frequencies predicted using DFT 
rotational constants. The values are given in MHz. 

Frequency Intensity Transition Dipole 

4012.234 0.242 5(4,  2)- 6( 3,4) C 
4028.848 0.243 5(4,  1)- 6(3,3) C 
4301.406 1.000 0(0,  0)- 1(1,0) C 
4474.267 0.291 9(7,  3)- 10( 6, 5) c 
4474.273 0.291 9(7,  2)- 10( 6, 4) c 
4615.952 1.498 3(1,2)- 3( 2, 2) c 
4650.918 0.289 4( 3,  2)  - 5( 2,  4) c 
4805.938 0.312 3( 2, 2)- 4(1,4) c  
4856.768 0.294 4(3,1)- 5( 2, 3) c 
5064.420 1.500 1(1,1)- 2(1,2) A 
5139.792 0.747 2(1,2)- 2(2,0) c  
5174.254 1.998 1(0, 1)- 2( 0,  2) A 
5191.221 0.323 8( 6, 3)- 9( 5, 5) C 
5191.355 0.323 8( 6, 2)- 9( 5, 4) c 
5296.269 1.500 1(1,0)- 2( 1,  1) A 
5910.374 0.364 7( 5,  3)- 8(4, 5) C 
5913.016 0.829 2(1,1)- 3( 0, 3) C 
5913.044 0.364 7( 5,  2)- 8( 4,  4) c 
5933.441 0.434 3( 2,1)- 4(1,3) c  
6620.576 0.417 6(4, 3)- 7( 3, 5) c 
6661.636 0.418 6(4,  2 )- 7(3,4) c 
7007.503 1.500 1(0,  1)- 2( 1,  1) c 
7086.413 0.469 4(2, 3)- 5(1,5) c 
7194.827 0.481 5( 3, 3)- 6( 2,  5) c 
7592.918 2.666 2(1,2)- 3( 1,3) A 
7593.110 0.498 5( 3, 2)- 6( 2,4) c 
7746.265 2.993 2( 0, 2)- 3(0,  3) A 
7770.517 1.667 2(2,  1) - 3( 2, 2) A 
7794.768 1.667 2(2,  0)- 3( 2,1) A 
7803.563 0.486 9( 6,  4) - 10( 5, 6) C 
7803.962 0.486 9( 6,  3)- 10( 5, 5) C 
7940.492 2.666 2(1,1)- 3(1,2) A 
8273.294 1.122 3(1,2)- 4( 0,4) C 
8287.812 1.481 4(2,  3)- 4(3,1) c 
8324.435 2.022 5( 2,  4) - 5(3,2) c 
8527.457 0.542 8( 5, 4) - 9( 4, 6) c 
8534.341 0.542 8( 5,  3) - 9(4, 5) c 
8673.829 3.122 8(  2 ,  7 ) - 8( 3,  5) c 
8729.442 0.752 4(  2, 2) - 5(1,4) c 



TABLE \2.5-Continued 

9230.720 0.611 7(4 ,  4)- 8( 3, 6) C 
9298.947 0.609 5(2 ,4) - 6( 1, 6) C 
9319.522 0.613 7(4, 3)- 8( 3, 5) c 
9709.702 0.685 6(3,4)- 7(2 ,  6) c 
9773.741 1.965 2( 0. 2)- 3( 1, 2) c 
10088.287 1.552 1( 1, 0) -  2(2 ,0)  c 
10117.237 3.748 3( 1,3) -  4(1 ,4)  A 
10198.121 1.500 1(1 ,1)  -  2(2 ,  1) C 
10355.948 2.999 3(0, 3) - 4(0, 4) A 
10300.770 3.982 3(2, 2) - 4( 2,3) A 
10372.291 1.750 3(3 ,1)  - 4( 3, 2) A 
10373.491 1.750 3(3,0) - 4(3, 1) A 
10393.181 0.730 6(3 ,3)  -  7(2 ,5)  C 
10415.862 3.000 3(2. 1) - 4( 2, 2) A 
10527.381 1.314 4(1 ,3)  -  5(0 ,5)  C 
10579.736 3.747 3( 1, 2) -  4 ( 1 . 3 )  A 
11151.669 0.734 9( 5, 5) -10(4 ,  7) C 
11167.552 0.735 9(5 ,4)  - 10( 4, 6) c 
1 1442.573 0.726 6( 2, 5) -  7(1 ,7)  c 
11509.448 1.129 5( 2, 3) - 6( 1, 5) c 
11839.513 0.819 8(4 ,  5) -  9 ( 3 , 7 )  c 
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FIGURE 12.5. The experimental rotational spectram of CsHsNiCsHs 

obtained from high-resolution microwave measurements. The measured 

transitions, dispiayed here as a stick plot, are the R-branch transition. 
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FIGURE 12.6. The simulated rotational spectrum of CsHsNiC^Hs plotted 

using DFT rotational constants. The simulated 'rigid' spectrum displayed 

only the R-branch transitions. 
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CHAPTER 13 

CONCLUSIONS AND FUTURE DIRECTIONS 

This thesis has presented a detailed investigation of the molecular and electronic 

properties of several fundamentally important organometallic and organic molecules. The 

combination of microwave experiments and theoiy has produced new results that provide 

direct insights into the gas phase molecular structures and electronic charge distributions 

of these molecules. The gas phase molecular structures of many of the molecules 

considered were determined using rotational constants obtained from the analysis of 

microwave spectra. The electronic properties were interpreted in terms of quadrupole 

coupling strengths, by analyzing hyperfine structures observed in the microwave spectra. 

These molecular parameters, which are fundamental properties of molecules, are essential 

for understanding the chemical reactivity and dynamics of metal-ligand bonds. 

A total of eight organometallic and three organic molecules were investigated in 

the current work. The rotational and hyperfine spectra for many of these molecules were 

measured using a high-resolution pulse beam Fourier transform microwave spectrometer 

system. In summary, the molecular structure and deuterium quadrupole coupling 

constants of an important organic molecular intermediate, ortho-benzyne, was 

determined. The nitrogen and deuterium quadrupole coupling constants, N-H and O-H 

coordinates, and p-orbital populations of a model organic tautomer, 2-hydroxypyridine 

and 2-pyridone, were investigated. In addition, the pure rotational spectrum of the 

possible H-bonded dimer 2-hydroxypyridine and 2-pyridone was reported for the first 

time using this technique. 

A wide variety of organometallic molecules were investigated by the current 

study. Many of the studied organometallic molecules included stable and saturated 

complexes composed mainly of d-block transition metal elements like Fe, Mn, Mo, W, 

Ni and Nb. These metals are coordinated by ubiquitous ligands such as carbonyl, 

cyclopentadienyi, hydrogen and methyl ligands. The organometallic complexes presented 

in this thesis are C5H5Nb(CO)4, CH3Mn{C0);, MnRe(CO)io, CsHsMoCCO),^!!, 
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C5H5W(C0)3H, CsHsNiCsHj, C5H4(CH3)FeC5H5 and (C5H4{CH3))2Fe. The high-

resolution rotational spectra, molecular stractures and electronic charge distributions for 

many of the complexes listed above were successfully obtained for the first time using 

PBFTMS techniques. Several of these novel findings have recently been published in 

respectable scientific journals (see Appendix B). 

The rotational spectra and theoretical study of dimethylferrocene have yielded 

new structural results and a consistent picture of the conformational behavior of this 

molecule. Further, the gas phase structure of the eclipsed EO conformer and the rotational 

spectrum of E72 confonner were both obtained. This work suggested that steric and 

electronic interactions, as well as the methyl torsions, contributed significantly in 

determining the lowest energy structural isomers. The rotational spectra of transition 

states structures, the staggered conformers, could not be observed in these experiments 

however. The Density Functional Theory calculations performed here clearly suggested 

that these staggered structures lie at higher energy on the torsional potential energy 

surface and that eclipsed structures arc more energetically stable. 

The current study has also raised several interesting questions. These include 

questions relating to the molecular orbital pictures of EO and the manner in which they 

differ from E72 conformers. Additional questions concern the number of many methyl 

torsional barriers that contribute to the overall energy of the complexes, and the influence 

of the tilt angles of methyl groups. New challenges therefore remain in understanding the 

electronic and molecular structures of the E72 isomer, as this structure has never been 

previously observed experimentally. 

The future direction of this research project, as far as microwave spectroscopy 

experimental work concerned, may include the isotopic study of dimethylferrocene to 

determine the complete gas phase structures of the EO and E72 complexes. This would 

represent a challenging project, but success would certainly yield important structural 

data. The challenge lies mainly in the synthesis of '^C-enriched dimethylferrocene. 

Microwave spectroscopy measurements of '^C-isotopomers of dimethylferrocene in 

natural abundance proved extremely difficult, as was tried with limited success. 
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However, if the ^^C-enriched dimethylferrocene could be s3nithesized, this would allow 

measurement of unique isotopomer transitions, which would allow more accurate 

determination of molecular structure. Better structural data would certainly provide 

flirther insights into iinderstanding the effects of steric hindrance and torsional potential 

barriers in relation to the CH3 and C5H4-CH3 groups. From the present work on 

methylferrocene and dimethylferrocene, a consistent picture however has emerged that 

suggests that for substituted ferrocenyl complexes, both steric and electronic effects play 

a significant role in determining the lowest energy structure in mono- and di-substituted 

ferrocene. There are also other interesting mono-substituted ferrocenes, such as 

vinylferrocene and acetyleneferrocene complexes, which have not been previously 

studied by PBFTMS techniques. These complexes would be interesting subjects of study 

using PBFTMS. Acetyleneferrocene is a particularly attractive system for investigation, 

as the carbon-carbon bond of acetylene is an important functional group that plays major 

roles in ferrocenyl chemistry. 

Studies of the tungsten and molybdenum hydride complexes have yielded 

important structural results. For the C5H5W(CO)3H complex, rotational transitions of the 

normal, five unique ' Y'" and "H isotopomers of C5H5W(CO)3H were obtained in natural 

abundance. This allowed near-complete determination of the gas phase structure of 

C5H5W(C0)3H. The gas phase structure of C5H5W(CO)3H was obtained from 

Kraitchman and structural fitting analysis. These structural results are in very good 

agreement with the structure obtained using DFT calculations. The W-H and Mo-H bond 

lengths in the gas phase were also determined for the C5H5W(C0)3H and 

C5H5Mo(CO)3H complexes. These results clearly showed that the W-H bond length is 

slightly shorter than the Mo-H bond length. The slightly shorter W-H bond length in 

C5HsW(CO)3H might be attributed predominately to lanthanide contraction. 

Unfortunately, no isotopic transitions could be observed in natural abundance for the 

C5H5Mo(CO)3H complex. However, the gas phase structure of C5H5Mo(CO)3H is 

believed not to differ from the CsHsWCCOX-.H structure, because of the similarity 

between the two metal atoms (discussed below). 
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The observed rotational spectrum of C5H5Mo{CO);,H was more complex due to 

the presence of two molybdenum isotopes with a nuclear spin of 5/2 (^^Mo and ^^Mo). 

Some hyperfine transitions believed to derive from the ^^Mo and ^^Mo isotopomers were 

observed, but these have not yet been successfiilly assigned (see Chapter 5). The 

assignment of hyperfine transitions for '"Mo and ' ' Mo-isotopomers are difficult due 

largely to spectral congestion and line overlap. These factors have contributed to the 

13 difficulties in studying C isotopic species in natural abundance. Future research 

focusing on the C5H5Mo(CO)3H complex might include the measurement of '^C-isotopic 

transitions to determine the gas phase structure of CsH.-sMoiCO);,!-!, and determining the 

'"Mo and "^Mo quadrupole hyperfine coupling constants for C.-iHsMoCCObli. One of the 

immediate goals of this future work might involve the synthesis of ' ̂ C-enriched 

C5H5Mo(CO)3,H sample. As there is presently little data about quadrupole the coupling 

constants of'''Mo and '^"^Mo for organometallic systems, microwave measurements of 

''^Mo and quadrupole coupling strengths for CsH sMoCCO):,!-! would be of great 

interest and worth pursuing. In fact, measurements of the '''Mo and "'^Mo quadrupole 

hyperfine coupling constants in C5H5Mo{CO)3H would provide new insights into the 

electronic charge distributions and bonding structures surrounding the Mo center. A 

plausible starting point for the quadrupole part of such a project would begin with carefiil 

inspection and analysis of the measured but unassigned lines documented in the current 

thesis (Chapter 5). 

Another potentially rewarding future project emanating from the current work is 

the study of the rotational spectrum and gas phase structure of the C5H5Cr(CO)3H 

complex. The results from such a study would allow cross and direct comparisons of 

some important structural and electronic properties of Group 6 elements. Molybdenum 

and tungsten share some similar electronic properties. The similarity in the measured Mo

ll and W-H bond lengths observed for both complexes suggests that the chemistry of 

C5H5Mo(CO)3,H and C5H5W(CO)3H should not differ radically in the gas phase 

environment. In fact, the metal and ionic radii of molybdenum and tungsten are known 

not to differ greatly. In comparison, the metal and ionic radii of chromium drastically 
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changes with the oxidation state and spin configuration of the metal. Because the 

chemical bonding environment is the same for these complexes in the gas phase, 

measurements of molecular structure and charge distributions in these metal hydride 

systems are important for understanding the strength and acidity of metal-hydrogen 

bonds in relation to the structure and the M-H bond distance. 

The findings on the rotational spectrum of the manganese rhenium decacarbonyl 

complex MnRe(CO)io, represents the first ever microwave spectroscopic measurement 

for a dinuclear metallic complex. The experimental and theoretical results on the 

MnRe{CO)jo complex have therefore provided unique perspectives into the metal-metal 

bonding environment of this complex in the gas phase. The present study has shown 

conclusively that the MnRe(CO)io gas phase structure possesses a C4V symmetry point 

group and that the Mn-Re bond length is nearly 3.0 A. The complete structure of this 

complex was not determined, due to a limited number of isotopic data. This work 

however has demonstrated that large organometallic complexes can be studied using 

PBFTMS techniques. The more attractive dinuclear system for study, however, would be 

one that possesses no quadrupole moments. Such a system would be a favorable 

candidate for structural investigation. There are several dinuclear complexes that can be 

obtained commercially, for example, cis/trans complexes of {CsH5)2Ni2(CO)2 and 

(C5H5)2Fe2(CO)2 and possibly dihydride complexes such as (C5H5)2W2H2. Some of these 

complexes are currently being studied in the Kukolich laboratory. The less polar 

dinuclear metallic complexes could certainly be studied, although the spectral intensity in 

these systems will probably be weak, even for low J transitions. A system with very large 

quadrupole interactions between two metals could be studied, although these systems will 

increase the spectral complexity. Dinuclear metallic complexes with strong permanent 

dipole moments and weak quadrupole interactions might also be attractive systems for 

studying metal-metal and metal-ligand bond geometry and/'or electronic charge 

distributions in the gas phase. This is truly a new arena for microwave spectroscopy, and 

fixture work on similar dinuclear metallic complexes could potentially yield many 

interesting results, both structurally and spectroscopically. 
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The microwave study of the methyl manganese pentacarbonyl complex, 

CH3Mn(CO)5, remains an ongoing and challenging project. Besides being a very volatile 

complex, the symmetric-top CH3Mn(CO)5 was found to have a very weak dipole moment 

of about 0.15 debye. The rotational spectra for the symmetric-top species of 

CH3Mn(CO)5 was observed, and twelve hyperfine transitions were assigned for this 

complex. The good agreement between rotational constants for the symmetric top species 

obtained in the current work and previous laser infrared spectroscopy provided 

confidence in the assigmnent of transition frequencies for this species. The observation of 

the asymmetric top spectrum was a surprise and the preliminary spectral fit of line centers 

suggested that the asymmetric top species may be the short-lived acyl species. The acyl 

species is an intermediate species, which forms only after the methyl group migrates to 

carbon atom of one of the axial carbonyl ligand. The attempt to fit hyperfine transitions 

was not successful at this stage, due largely to the spectral congestion. The results of line 

center fits are nevertheless encouraging, and the fitted rotational constants are in good 

agreement with calculated values for the acyl species. 

The question has been raised whether or not the observed hyperfine transitions for 

the asymmetric top species really belong to the acyl species, since these are predicted to 

be transition states. This question has not yet been definitively answered. It seems 

unlikely that observed hyperfine transitions for the asymmetric top species belong to 

dimethylsulfate or methyliodide (methylating reagents), as the rotational constants for 

these organic molecules are much larger. Such hyperfine transitions also seems unlikely 

to belong to the starting material Mn2(CO)io, because the complex is non-polar. To 

answer this question and add confidence to the quality of the work already performed, it 

may be important to try to reproduce the results of the asymmetric top before this work is 

to be published. 

The piano stool complex, cyclopentadienyl niobium tetracarbonyl, was the first 

complex to be studied in the current work. The value of B + C is 2% smaller for the gas 

phase CpNb(CO)4 data than for the x-ray data, indicating a 1% larger structure in the gas 

phase. The results of this microwave study also suggested that the C5H5Nb(CO)4 complex 
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is a symmetric top complex. The observation of a symmetric top spectram for the gas 

phase C5H5Nb(CO)4 may be attributable to the combined effects of the CsHs-ring 

distortion and internal rotation in the gas phase. These may result in a symmetric top-like 

spectrum. Comparison of C5H5Nb(CO)4 rotationai constants to those of C5H5V(CO)4 and 

C5H5Ta(CO)4 suggested that calculated rotational constants for C5H5Ta(CO)4 are larger 

than those for C5H5Nb(CO)4. 

For o-benzyne, this work has provided preliminary results on the structure and the 

nature of the o-benzyne carbon-carbon triple bond length and the deuterium quadrupole 

coupling strengths. This work was done in collaboration with several people at the 

Harvard Smithsonian laboratory, using a state-of-the-art coaxial PBFTMS coupled with a 

discharge nozzle. The transient intermediate, o-benzyne, was synthesized from benzene 

using a discharge nozzle technique. Rotational transitions of the normal o-benzyne, one 

'•'C and two deuterated species were measured and correctly assigned in this work. 

Density Functional Theory (BLYP, BPW91), Moller-Plesset (MP2) and Couple Cluster 

fCCSD(T)) calculations were used to calculate the rotational constants and structures of 

o-benzyne. The preliminary structural results obtained here are in good agreement with 

previous theoretical calculations and experimental NMR data. 

Following this work, Kukolich et al"'^**^recently obtained the complete three-

dimensional structure of o-benzyne. The new results based on the complete analysis of 

unique spectra and anhamonic effects are remarkably consistent with the results 

presented in the current thesis, within the given error limits. The microwave study to 

determine the gas phase molecular structure of o-benzyne therefore appears largely 

complete. Numerous transitions derived from other discharged species were also 

observed in the discharge spectrum of benzene. Many of these transitions were 

unassigned and might possibly represent new carbon chain or ring species. For example, 

the rotational spectrum of one other discharged species of benzene, a phenyl radical, has 

recently been observed and assigned^^^. One potentially rewarding future project might 

involve the analysis of these unassigned transitions, in order to identify new discharged 

species. In addition, theoretical studies of benzene to study various discharged products 
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and their dissociation energies should be an interesting future computational project, and 

may further assist in the experimental identification of new species. These new 

discharged species may include m-benzyne, a molecular isomer of o-benzyne, which was 

not observed in the present study. The detection of o-benzyne certainly implies the 

existence of m-benzyne as a discharge product. However, the equilibrium condition 

suggested by various theoretical calculations is known to favor the formation of o-

benzyne. Microwave measurement of m-benzyne may nevertheless be possible. 

Theoretical studies of m-benzyne suggest that two different structures of m-benzyne 

exist, one as a bicyclic and another as a non-bicyclic form. Future microwave 

spectroscopic studies of m-benzyne may help to clarify these issues. 

The highly resolved hyperfme spectra of (Z)-2-hydroxypyridine and 2-pyridone 

were obtained in the frequency range of 4-12 GHz in the current work. The hyperfme 

splitting patterns for {Z)-2-hydroxypyridinc and 2-pyridone have allowed, for the first 

time, complete determination of the diagonal elements of quadrupole coupling tensor 

and p-orbital population for these two tautomers. Based on the analysis of quadrupole 

coupling constants, this study concluded that the nitrogen atom in (Z)-2-hydroxypyridine 

is sp~ hybridized, whereas for the 2-pyridonc the nitrogen atom is sp^ hybridized. The 

ionic and Ti-characters of nitrogen hybridized bonds were also calculated. In addition, the 

deuterated data obtained for these tautomers allowed accurate measurement of N-H and 

O-H coordinates for the two tautomers. Furthermore, using rotational data from previous 

optical studies, a total of twenty-seven, low J, rotational transitions of the H-bonded 

dimer were observed in the frequency range of 5-10 GHz. The measured transitions of 

the normal H-bonded dimer, however, have been difficult to assign due to possible 

hydrogen atom tunneling and hyperfine splitting. Future studies of the H-bonded dimer 

might involve measurement of rotational transitions of the deuterated dimer, D-bonded 

dimer. A recent optical study demonstrated that the deuterated dimer (deuterated-

hydroxypyridine and deuterated-pyridone) exhibited no tunneling splittings. The study of 

the D-bonded dimer will therefore be very helpful in making spectral assignments of the 
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norniai H-bonded dimer. The deuterated species have been s3mthesized and experiments 

to measure some transitions of the D-bonded dimer are currently being pursued. 

Computational DFT and MP2 studies of the formation of two new weakly bound 

organometallics were also presented as part of the current thesis. The Gibbs free energies 

of reactions, AGr, for C5H5TIC4H6 and C5H5TIC6H6 are both negative, suggesting the 

formation of product is favorable. Caution however must be taken for these values since 

Hcorr and Gcorr Were not calculated for the products (C5H5TIC4H6 and C5H5TIC6H6). The 

correction terms, Hcon- and Gcon, are however believed to be relatively small. The CeH^ 

ligand because of shorter bonding distance to thallium metal is probably more strongly 

bound to the C5H5TI complex than the C4H6 ligand. Future calculation projects will 

involve MP2 frequency calculations for the products, C5H5TIC4H0 and CsHsTlC^H,,. 

The rotational spectrum of CsHsNiCaHs was measured and DFT calculations of 

allyl torsional barriers for this complex calculated. The estimated allyl torsional barrier 

height (allyl group rotation with respect to a fixed carbon atom in the cyclopentadienyl 

ring) is V5 « 50 cm"', which appeared consistent with the observed tluxional spectrum of 

this complex. The simulated rigid spectrum of CsHsNiCsHs appears to match the 

experimental spectrum, at least for the most intense transitions. However, attempts to fit 

the observed transition frequencies to a distortable Hamiltonian failed. Numerous 

transitions not predicted by simulations were observed in the 5, 8 and 10 GHz regions. 

These unpredicted transitions may include transitions derived from other nickel isotopes 

and transitions derived from torsional splitting. The results of this study, although 

preliminary, are puzzling and suggest that CsHsNiCsHs is a floppy complex. This study 

therefore warrants further spectroscopic investigation. Although few lines are predicted 

in 6-7, 8-9 and 11-12 GHz regions, frequency data are definitely needed from these 

spectral regions. The analysis of fluxional spectrum will be a challenging task, but the 

first step has been taken. Further microwave spectroscopic study of the CsHsNiCsHs 

complex is certain to bear fruits and stimulate new ideas. 
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APPENDIX A: 

References below are freely available to public and can be obtained from the follov/ing addresses; 
http://spec.jpl.nasa.gov/ftp/pub/calpgm/spinv.html and http;//www.phl .uni-
koeln.de/vorhersageB/pickett/index.html. The information displays in this appendix are taken directly from 
these sites. 

FITTING WITH SPFIT 

This requires two input file, a par file and a tin file. The output file produces is the fit file. 

FORMAT of the lin file: 

line 1-NLINE [12B,freeform]: QN,FREQ,ERR.,WT 

QN = 12 integer field of quantum numbers. Interpreted in a multiple 13 format as the 
quantum numbers for the line (upper quanta first, followed immediately by lower 
quanta). Unused fields can be used for annotation. The entire field is printed in file.fit 

FREQ = frequency in MHz or wavenumbers 

ERR = experimental error. Minus sign means that the frequency and error are in units of 
wavenumbers. FREQ and ERR will be converted internally to units of MHz. 

WT = relative weight of line within a blend (normalized to unity by program) 

Line in Jin: for asymmetric top molecules 

J' K-r K+1' r K-1" K+l" 0 0 0 0 0 0 freq error weight 

Line in Jin: Asymmetric rotor with a single quadrupolar nucleus 

J' K-1' K+ r F' J" K-1" K+1" F" 0 0 0 0 freq error weight 

Line in Jin (for I.F coupling): Asymmetric rotor with two quadrupolar nuclei 

J' K-r K+r r F J' K-1" K+I" I" F" O O freq error weight 

FORMAT of the par file and var files: 

line 1: title 

line 2 {freeform|: NPAR, NLINE, NITR, NXPAR, THRESH , ERRTST,FRAC, CAL 

NPAR = maximum number of parameters 

NLINE = maximum number of lines 

NITR = maximum number of iterations 
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NXPAR = number of parameters to exclude from end of list when fitting special lines 
(see notes) 

THRESH = initial Marquardt-Levenburg parameter 

ERRTST = maximum [(obs-calc)/error] 

FRAC = fractional importance of variance 

CAL = scaling for infrared line frequencies (only NPAR used by CALCAT) 

line 3; 

Asymmetric top without quadnipole moment 

Third line in .par: 

Reduction-/!, prolate (representation I*); 

^1 10 ,,,,,,,,,,,,,,,,,, 

Reduction-^, oblate (representation III'); 

a 1 ~1 0 ,,,,,,,,,5,5,,,,,, 

Reduction-S, prolate (representation I'): 

® ^ 10 55,555,5, , ,5 ,55555 

Reduction-55 oblate (representation III'): 

s 1 -1 0 555,,5,,,,5555,55, 

Asymmetric top with one nuclei with quadrupole moment 

Values of the spin quantum number have to be rounded up to the nearest integer5 so that the odd half 
integral spins are declared as: '/2=1, 3/2=2, etc. The independent quadrupolar constants are specified as: 

110010000 1.5 Chi.aa ;Prolate 
110040000 0.25 (CM.bb-Chi.cc) 
110030000 l.SChi.cc :Oblate 
110040000 0.25 (Chi.bb-Chi.aa) 
110610000 Chi.ab :Prolate and oblate 
110210000 CM.bc 
110410000 Chi.ac 

Third line in.par (J-type, prolate, spin 3/2): 

a 4 1 0 5, ,5 ,5 , , ,5 , ,55555,  

Third line ia .par (S'-type5 oblate, spin 3/2): 

s 4 -1 0 O -r  1  W J55, , ,5559,5555, . ,  

Asymmetric rotor with two quadrupolar nuclei 

Notes from the single nucleus case above are applicable. Prolate rotor constants: 

110010000 1.5 Chi.aa \ 
110040000 0.25 (Chi.bb-CM.cc) j 
110610000 Cbi.ab ] nucleus i 
110210000 Chi.bc I 
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110410000 CM.ac / 
220010000 l.SChi.aa \ 
220040000 0.25 (ChLbb-Chixc) 1 
220610000 Chi.ab j nucleus 2 
220210000 Chi.bc | 
220410000 Chi.ac / 

Third line in .par {^-type, prolate, spinl=3/2, spiii2=l, and coupling); 

a 34 10 5 5? 
An example of par file is shown below; 

CH3Mn{CO)5 symmetric top calculate Mn quadrapole Sun Feb 01 1 T.04;53 2004 
5 8 10 5 l.OOOOE-016 l.OOOOE+000 l.OOOOE+000 1.0000000000 

10000 7.93152900()bo0002E+002 l.OOOOOOOOE+037 / A / 
20000 7.931529000000002E+002 1 .OOOOOOOOE+037 / B / 
30000 6.951491900GOOOOOE+002 l.OOOOOOOOE+037 / C / 

110010000 3.28300O000OO0000E+00i LOOOOOOOOE+037 / L5xaa 
110040000-1.643000000000000E+001 l.OOOOOOOOE+037 / 0.25(xbb-xcc) 

*Note THRESH should be small when do fitting (l.OOE-018). To vary parameter set variable at 
l.OOOOOOOOE+037 as shown. To fix parameter set variable at l.OOOOOOOOE-037. 

*par file can also be obtained directly from Gaussian 03 calculation and parameter codes also are 
give below. 

Watson-A Watson-S Hyperfine Coriolis (0<->l) 

10000 A 
20000 B 
30000 C 

200-DJ 
1100-DJK 
2000-DK 
40100-delJ 
41000-delK 

300 HJ 
1200 HJJK 
2100 HJKK 
3000 HK 
40200 pMJJ 
41100 phiJK 
42000 phiKK 

400 LJ 
1300 LJJK 
2200 LKJ 
3100 LKKJ 
4000 LK 
40300 Ij 
41200 Ijk 

10000 A 
20000B 
30000 C 

1100-DJK 
2000-DK 
40100 dl 
50000 d2 

300 HJ 
1200 HJJK spin 
2100 HJKK 
3000 HK 
40200 hi 
50100 li2 
60000 h3 

2; 

600001 i Go 
610001 Fab 

spin 1; 11 El 
110010000cM.aa*3/2 200001 iGa 
110020000cM.bb*3/2 210001 Fbc 
il0030000cM.cc*3/2 400001 iGb200-DJ 
110040000chi(b-c)/4 410001 Fca 
110610000chi.ab 
110210000chi.bc 
110410000chi.ac 
110011000chi.k*3/2 
li0010100chi.J*3/2 

220010000cM.aa*3/2 
220020000cM.bb*3/2 
220030000cM.cc*3/2 
etc. 

spin-spm; 
120010000 D.aa*3/2 
120040000 D(b-c)/4 
120610000 Dab 

spin-rotation (nucl.l): 
lOOlOOOOM.aa {+IMJ 
10020000M.bb {+IMJ, 



42100 Ikj 
43000 Ik 
5000 PK 

10030000M.ee {+IMJ 
10610000M.ab {+IMJ 

PREDICTION WITH SPCAT 

This requires var file and int file. Four output files can produced: 1). outfile^main output 
file, 2). cat file=catalog file of predicted frequency, 3). str file= output of transition 
dipoles, and 4). egy file output of energy levels, derivatives, and eigenvectors. 

FORMAT for the var file is similar to par file. An example is shown below: 

Example of var file is shown below : 

CH3Mn(CO)5 symmetric top calculate Mn quadrapole Sat Jan 31 11:43:06 2004 
4 1 50 0 1.0000 E+06 l.OOOOE+OO l.OOOOE+00 1.0000000000 

s "6 10 5 ,,,,,,,,,,,,,,,,,, 
10000 793.1529000000000E+00 9.99999500E-41 / A / 
20000 793.1529000000000E+00 9.99999500E-41 / B / 
30000 6.951491900000000E+02 9.99999500E-41 / C / 

110010000 32.83000000000000E+00 9.99999500E-41 / 1.5xaa 
110040000 -16.43000000000000E+00 9.99999500E-41 / 0.25{xbb-xcc) 

FORMAT for the int file: 

line 1; title 

line 2 [freefornij: FLAGS,TAG,OROT,FBGN,FEND,STRO,STR1,FOLIM,TEMP 

FLAGS = IRFLG*1000+OUTFLG*100+STRFLG*10+EGYFLG 

IRFLG = 1 if constants are in wavenumbers 
IRFLG = 0 if constants are in MHz 
OUTFLG = 0 for short form file, out 
STRFLG = 1 to enable file, str output 
STRFLG = 2 to enable file.str output and print separate entries for each dipole 
EGYFLG > 0 to enable file, eg)' energy listing 
EGYFLG= 2,4 to enable fide, egy derivative listing 
EGYFLG = 3,4 to easMs file.egy eigenvector listing 
EGYFLG > 4 to dump Hamiltonian with no diagonalization 

TAG = catalog species tag (integer) 

QROT = partition iimction for TEMP 

FBGN = beginning integer F quantum (round up) 

FEND = ending integer F quantum (round up) 

STRO, STRl = log strength cutoffs • 
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FQLIM = frequency limit in GHz 

TEMP = temperature for intensity calculation in degrees K (default is 300K) 

line 3-eiid [freeforiii|: IDIP,DIPOLE 

IDIP = dipole identifier (see below) 

DIPOLE = dipole value 

QROT partition function at T, temperature (Gordy & Cook, Ed.2 p.57): 

For a linear top 

Q.r = kT'(hB) = 2.0836E+4 T B ; B/MHz. T/K 

For a (prolate) symmetric top: 

Q.r = 5.34E+06 (T**3/(B**2 A))**(l/2) /sigma ; A,B/MHz, T/K 

For an asymmetric top: 

Q.r = 5.34E+6 (T**3/(A*B*C))**(l/2) /sigma ; A,B,C/MHz, T/K 

Sigma =degree of symmetry (C3, sigma=3) 

Dipole moments are to be specified as: 

1 x.xxx a-dipole/D for state v=0 
2 x.xxx b-dipole/D for state v=0 
3 x.xxx c-dipole/D for state v=0 

111 x.xxx a-dipole/D for state v=l 
] 12 x.xxx b-dipole/D for state v=i etc. 

Example of int file is shown below: 

methylmanganese 
OOil  00001 1314.  0  6  -7.-7.  10.  5 .  

003 0.1562474 / c dipole moment 



FORMAT of cat output tile: 

|F13.4,2F8.4,I2,F10.4,13,17,14,1212]: FREQ,ERR,LGINT,DR,ELO,GUP,TAG,0NFMT,QN 

FREQ = Frequency of the line 

ERE. = Estimated or experimental error (999.9999 indicates error is larger) 
LGINT = Base 10 logarithm of the integrated intensity in units of nin^ MHz 

DR = Degrees of freedom in the rotational partition function (0 for atoms, 2 for linear 
molecules, and 3 for nonlinear molecules) 

ELO = Lower state energy in wavenumbers 

GUP = Upper state degeneracy 

TAG = Species tag or molecular identifier. A negative value flags that the line frequency 
has been measured in the laboratory. The absolute value of TAG is then the species tag 
(as given in line 2 of file.int above) and ERR is the reported experimental error. 

QNFMT = Identifies the format of the quantum numbers given in the field QN. 

QN(12)= Quantum numbers coded according to QNFMT. Upper state quanta start in 
character i. Lower state quanta start in character 14. Unused quanta are blank, quanta 
whose magnitude is larger than 99 or smaller than -9 are shovra with alphabetic 
characters or **. Quanta between -10 and -19 are shown as aO through a9. Similarly, -20 
is bO, etc., up to -269, which is shown as z9. Quanta between 100 and 109 are shown as 
AO through A9. Similarly, 110 is BO, etc., up to 359, which is shown as Z9. 



APPENDIX B: some examples of ADF input files 

ADF input for pyridone 

#! /bin/sh 

STESTBlN/start $TESTBIN/adf «eor 
create H $ADFRESOURCES/IV/H 
xc 
gga biyp 
end 
end input 
eor 

mvTAPE21 t2i.H 
rni [A-Z]* logfile 

STESTBIN/start $TESTBlN/adf «eor 
create C $ADFRESOURCES/lV/C.ls 
xc 
gga blyp 
end 
end input 
eor 

mvTAPE21 t21.C 
nn [A-Z]* logfile 

STESTBIN/start $TESTBIN/adf «eor 
create N $ADFRESOURCES/IV/N. 1 s 
xc 
gga blyp 
end 
end input 
eor 

mvTAPE21 t2i.N 
rm [A-Z]* logfile 

$TESTBlN/start $TESTBIN/adf «eor 
create O $ADFRESOURCES/IV/0.1 s 
xc 
gga blyp 
end 
end input 
eor 

mv TA.PE21 t21.0 
rm [A-Z]* logfile 

STESTBIN/start $TESTBlN/adf «eor 
title pyridinone 

xc 
gga blyp 
end 

geometry 
frequencies 



ADF input for pyndone-Continued 

end 

atoms 
C -0.9434634737 0.0001305166 -0.494169924 
C -0.8661939041 0.000059426 0.9558868685 
C 0.336470098 -0.0001252791 1.6074186452 
C 1.5723195875 -0.0002474233 0.8914359327 
C 1.5234022202 -0.0001737363 -0.4731619321 
N 0.3201185454 0.0000101536-1.1196904304 
H 0.3567918275 -0.0001624689 2.6942101763 
H-1.8109447263 0.0001550691 1.4871718491 
H 2.5252843077 -0.0003937146 1.4053348631 
H 2.4050687529 -0.000252576-1.1043287453 
O-1.9671593433 0.0003308911 -1.1795707342 
H 0.2850375986 0.0000744628 -2.132446798 
end 

charge 0 

fragments 
Ct21.C 
Ht2I.H 
N t21.N 
0t21.0 
end 

endinput 
eor 
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ADF input with relativisic potential for HRe(CO)5 

#! /bin/sh 

STESTBIN/start STESTBIN/dirac <$ADFRESOURCES/Dirac/H 
mi FILE* 

$TESTBfN/start $TESTBIN/dirac <$ADFRESOURCES/Dirac/C.!s 
rm FILE* 

$TESTBIN/start $TESTBIN/dirac <$ADFRES0URCES/Dirac/Re.2p 
rm FILE* 

STESTBlN/start $TESTBrN/dirac <$ADFRES0URCES/Dirac/0.1s 
rm FILE* 

mvTAPEI2tl2re! 

$TESTBIN/start $TESTBlN/adf «eor 
create H $ADFHOME/atomicdata/ZORA/II/H 

relativistic ZORA 
corepotentials ti2rel ++ 
H 1 
end 
xc 
ggabpw91 
end 
end input 
eor 

mvTAPE21 t2LH 
nil [A-Zj* logtile 

STESTBlN/start STESTBIN/adf «eor 
create C $ADFHOME/atomicdata/ZORA/!I/C. 1 s 

relativistic ZORA 
corepotentials tl2rel ++ 
C2 
end 
xc 
gga bpw91 
end 
end input 
eor 

mvTAPE2! t2LC 
rm [A-Z]* logfile 

STESTBIN/start STESTBIN/adf «eor 
create Re $ADFHOME/atomicdata/ZORA/II/Re.2p 

relativistic ZORA 
corepotentials tl2rei ++ 
Re 3 
end 
xc 
gga bpw91 
end 
end input 
eor 



ADF input with relativisic potentia! for \lKe{CO)s-Contmued 

IHVTAPE21 t21.Re 
rm [A-Z]* logfile 

$TESTBIN/start $TESTBlN/adf «eor 
create O $ADFH0MEi/at0micdata/Z0RA/II/0.1s 

relativistic ZORA 
corepotentials tilrel ++ 
04 
end 
xc 
ggabpw91 
end 
end input 
eor 

mvTAPE2! t21.0 
rm [A-Z]* logfile 

STESTBIN/start $TESTBIN/adf «eor 
title Hydride Rhenium pentacarbonyl with zora relativistic 

xc 
gga bpw91 
end 

relativistic ZORA 
corepotentials tl2rel & 
H 1 
C2 
Re 3 
04 
end 

geometry 
frequencies 
end 

atoms 
Re 0.000 0.000 0.000 
C 0.000 0.000 -2.000 
O 0.000 0.000-3.130 
H 0.000 0.000 1.799 
C 1.988 0.000 0.219 
0 3.111 0.000 0.342 
C 0.000 1.988 0.219 
O 0.000 3.111 0.342 
C-1.988 0.000 0.219 
0-3.111 0.000 0.342 
C 0.000 -1.988 0.219 
O 0.000 -3.111 0.342 
end 

charge 0 

fragments 
Ct21.C 
Ht2!.H 



ADF input with reiativisic potential for MRe(CO)s-Continued 

Fe t2LRe 
OtZl.O 
end 

endinput 
eor 
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APPENDIX C: LIST OF RECENT AND FUTURE PUBLICATIONS FROM THIS 

THESIS 

1. The Microwave Spectrum of Cyclopentadienyl Niobium Tetracarbonyl. J. C. 

Earp, D.S. Margolis, C. Tanjaroon, T. E. Bitterwolf, and S. G. Kukolich, J. Mol. 

Spec. (2002), 21 K 82-85. 

2. Measurements of Microwave Spectra and Structural Parameters For 

Methyl ferrocene. David S. Margolis, Chakree Tanjaroon, and Stephen G. 

Kukolich, J. Chem. Phys. (2002), 117,8, 3741-3747. 

3. Microwave Spectra and Structure of o-Benzyne Produced in a Discharged Nozzle. 

S. G. Kukolich, C. Tanjaroon, M.C. McCarthy, and P. Thaddeus, Journal of 

Chemical Physics (2003), 119(8), 4353-4359. 

4. Microwave Spectroscopy Measurements of Rotational Spectra, and DFT 

Calculations of the Structures for 1,1 '-Dimethyl ferrcKene and 1,2'-

Di methyl ferrocene. Chakree Tanjaroon, Kristen S. Keck, and Stephen G. 

Kukolich, Journal of the American Chemical Society (2004), 126(3), 844-850. 

5. The Rotational Spectrum and Theoretical Study of a Dinuclear Complex, 

MnRe(CO)io Chakree Tanjaroon, Kristen S. Keck, Michael H. Palmer, Martyn 

F. Guest, and S.G. Kukolich../. Chem. Phys. 2004, 120( 10), 4715-4725. 

6. Microwave Spectra of CH3Mn(CO)5 Symmetric and Asymmetric Top 

Complexes. Chakree Tanjaroon, Matthew Sebonia, and Stephen G. Kukolich. 

(Manuscript in preparation for submission 2004). 

7. The Rotational Spectra and Gas Phase Metal-Hydrogen Bond of C5H5Mo(CO),?H 

and C5H5W(C0)3H. Chakree Tanjaroon, Kristen S. Keck, Matthew Sebonia, 

Chandana Karunatilaka, and Stephen G. Kukolich (Manuscript accepted Journal 

of chemical physics 2004). 

8. The Gas Phase Structure of C5H5W(CO)3H. Chakree Tanjaroon, Kristen S. 

Keck, Chandana Karunatilaka, and Stephen G. Kukolich (Manuscript in 

preparation for submission 2004). 



386 

APPENDIX B-Continued 

9. Microwave measurements of Quadrapole Coupling Constants and p-orbitai 

populations for 2-Hydroxypyridtne and 2-pyridinone. Chakree Tanjaroon, 

Rangan Subramanian, Chandana Karanatilaka, Davian Pedroza, and Stephen G. 

Kukolich (Manuscript submitted Journal of chemical physics 2004). 
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