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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 structures 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: CsHsNb(CO)s,
CH;Mn(CO)s, MnRe(CO)yg, CsHsMo(CO);H, CsHsW(CO);H, CsHsNiCsHss,
CsH4(CH3)FeCsH;s and (CsH4(CHj3)),Fe. High-resolution rotational spectra and structural
parameters were obtained for three organic molecules in the singlet electronic state:
ortho-benzyne (CsHy) and the keto-enol tautomers, 2-hydroxypyridine and 2-pyridone
(CsHsNO). 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, biclogy
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 metal-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 useful 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 (PBFTMS)
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 functional
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 learn 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:
CsHsNb(CO)4, CH3Mn{(CO)s, MnRe(CO);p, CsHsMo(CO)sH and C5H3W(CO)3H,
CsH4(CH;)FeCsHs, (CsH4(CHs))Fe and CsHsNiCsHs.

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 useful information about a molecule chemical and physical
property. One of the most useful pieces of information 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
intermolecular 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 quadrupole 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 fruitfully to probe the molecular structures and electronic
properties of organometallic molecules. These earlier studies have provided thorough
information about the gas phase molecular geometry, electronic charge distributions,
metal-ligand 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
complexes3 . 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, fluxional complexes and complexes that
exhibit structural isomerism are particularly attractive organometallic molecule systems
for study using PBFTMS. Although fluxional complexes are more challenging to study
due to their spectral complexity, rotational spectra of several fluxional organometallic
complexes have been analyzed successfully 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 CsH;sNiCs;Hs, CsHa{CH;3)FeCsH; and
(CsH4{CHj3)),Fe complexes behave somewhat like fluxional complexes. The measured
rotational spectrum of CsHsNiCsHs, for example, shows strong evidence of fluxionality,
due largely to torsional motion of the allyl ligand with respect to the cyclopentadienyl

ring. The (CsH4(CH;))»Fe 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 CsHy(CH;) and CH; ligénds. In contrast, the structures of
CsHsNb(CO)4, CH3Mn(CO)s, MnRe(CO)1y, CsHsMo(CO);H, CsHsW(CO);H and the EQ
isomer of (CsH4(CH3)),Fe 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 deriving 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)yy,
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 metal 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 ML&6 is a structurally and electronically stable complex for
some metals. This stability is achieved by minimizing metal-ligand steric interactions
and electron-electron interactions. The focal concept of raising and lowering the energy
of d-electrons (eg and t,, 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 n-donor
ligand types tend to increase the total energy by raising the energy of molecular d-orbital.
For example, the common n-ligand found in most organometallic molecules is the
carbonyl, CO. The carbonyl ligand can serve either as n-donor or n-acceptor. The
carbony! ligand has the electronic configuration
(1625 (3" (4o ) (1D} (56 Y (1ID)*(66y*. The filled (1T)* can donate
electrons, whereas the unfilled (1IT)* can accept electrons into the t, metal orbitals (see
FIGURE 1.3). Itis 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 (o) 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 organometallic 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-
CgHy, 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 “H 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
quadrupole 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 ifs existence as a transient molecular
intermediate has been confirmed 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 accuracy 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 hyperfine
spectra and provides Density Functional Theory calculations of "N electric field
gradients for 2-pyridone, (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 *H 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 (DFT) 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 (CsHs-T1), cyclopentadienyl thallium benzene (CsHs-Ti-
CgHy) and cyclopentadienyl thallium acetylene (CsHs-T1-C,H;) complexes. At present,
there are very few theoretical and experimental studies available for the above weakly
bound complex systems. The interaction between CsHs-T1 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 methed 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.



CHAPTER 2
EXPERIMENTAL METHODS

L 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. All 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 rule 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 also be
discussed in Chapter 3. The current chapter focuses primarily on several important

aspects of instrumentation, spectrometer operation and experimental design.

NSFORM MICROWAVE SPECTROMETER

II. FOURIER TRA

1. Microwave spectrometer

The Fourier transform pulsed-beam microwave spectrometer used throughout this
experiment was constructed in the Kukolich laboratory in 1982-1983. The origin of the
instrumentation 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 vacuum 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 mirror 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 2.1 showing the Fabry-Perot cavity
is shown in FIGURE 2.2.
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By moving the mirror to a specified position, provided that the mirror separation
distance is equal to integral number of half wavelengths (d=nA/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 ¢/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 screen. 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, t, = 1/e, with a load factor Q = v/Av, = 10* for a cavity mode at
10 GHz, is estimated to be about t.= 0.2 ps. This 1. is smaller than T, the decay time of
the sample polarization, a condition required for this type of spectrometer configuration.

The cavity bandwidth, Av, = 1/(2n1,), 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°-107 torr. This low pressure
is achieved and maintained by simultaneously running 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 baftle 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

miorr.

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 freguency 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 YIG-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 frequéncy 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, vi MHz, a local oscillator,
vL = v -20 MHz, and an internal frequency reference, v, =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 fundamental 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 (v. = v, -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 = | 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, vy, 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 N, cooled Mitek low noise
preamplifier. The resulting molecular signal is mixed with the local signal, producing an
intermediate frequency of [(vs- vi) + 20 MHz]. The amplified frequency 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, | vs v i , and is subsequently
amplified 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 seguence

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 us-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 - vy).

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 us 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
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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 is
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.

IIL. 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 functional 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 6-311G(d,p),
the 6-311G++(d,p) and Aldrich SVP basis sets. The above functional 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 are 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 lllinois 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 Bumgarner’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 Output=Pickett when
doing geometry optimization. Examples of var and inf 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 synthetic 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-finger 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 organometallic complexes
described in this work.

3. Experimental conditions

Experimental conditions vary for different molecules. 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 aim. 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 2 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 (triflurobenzene has strong permanent dipole moments).

Once calibration is set, triflurobenzene 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 previous
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 exiremely volatile sample, the sample
needs to be cooled with ice or 2 mixture of ice and ethanol. The sample puise 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 1200 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 further 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
within10-20 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 are 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 Bumgarner (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
B¢ (about 1.0%) in sample and metal isotopomers (usually much >1.0%) is relatively
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
isotopomers are in most cases very weak, especially for ¢, and often require up to 1000
shots or more of signal averaging. When the measured rotational constants of the normal
(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,
13C and metal isotopomers. The frequency predictions for "°C 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 GNUPLOT (freely available program). A stick plot of the experimental
spectrum is very useful 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 guadrupole 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 symmetric 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 careful 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 are SPFIT and FITSPEC programs. The SPFIT program is a powerful
program used widely for fitting molecular spectra, and is freely available at
http://spec.jpl.nasa.gov/. The SPFIT program is accredited to H.M. Pickett. The SPFIT
fitting program requires two input files, a par and a /in file. SPFIT is widely used to fit
rotational spectra of many types of molecules, although it can be difficult to use.
Examples of par and lin files with some explanation can be found in appendix A. A par
is an input file with specified fitting parameters, while a /i is an input file containing
transition frequencies 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 of par 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 fir output files, and that SPFIT errors must therefore be converted to standard

errors. A standard error conversion program, PIFORM, can be obtained from
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http://info.ifpan.edu.pl/~kisiel/ and the Kukolich 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

I. (RMS ERROR)Y*SQRT(N.lines/ (N.lines-N.fittedconsts))
The total RMS ERROR will then be

2. SQRT((N.lines-N. fittedconsts)/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 (Sum[({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 Prolate r a 110
A-Reduced Oblate 1 a 1-10
S-Reduced Prolate I s 11 0

S-Reduced Oblate I s1-10
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The FITSPEC program is designed for fitting spectra of symmetric and
asymmetric 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. Bumgarner 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
linois fitting program in Flagare research group and modified by S. G. Kukolich. The
QFHY program consists of three programs qthy.f (Hyperfine), fitb3.f (Functional
Hamiltonians), and icsubx1.f (least-squares routine). The use of this program only
requires some small modifications of gthy.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 careful 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 turned 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 from 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.t, along with a set of
experimental rotational constants from 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 from the structural fit program are given in chapters 4 and 5.

4. Kraitchman analysis

Kraitchman analysis of asymmetric-top molecules is a program written by D.J.
Pauley and P. Cassak for the calculation of molecular bond Iengths (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 symmetric 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 from
Kraitchman analysis, allowing one to construct a molecular geometry. However, because

the center of mass coordinates obtained from the output do not contain signs, known



atomic coordinates, either from the x-ray data or theoretical calculations, are often

required to complete the analysis of molecular geometry.
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CHAPTER 3
THEORY AND EQUATIONS

L. INTRODUCTION

This chapter describes essential theoretical concepts needed 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 Herzberg, Gordy, Cook, Town, Schalow, and Kroto™ 101112

. 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.

1. ROTATIONAL HAMILTONIAN
A. Svmmetric Top Molecules

The rotational energy of rigid symmetric molecules can be obtained by solving
Hamiltonian: H¥(rotation) = EW(rotation). The Hamiltonian operator for symmetric top
without distortion terms system can be written in a short form as

H=AJ2+BJ +CJ} (3.1
The rotational constants A = hZ/ZEa, B=h" /21, and C = h%/21.. The sum of components
of angular momentum J,7, Jp%, J .%, in the principal axis gives the total angular momenturm.

The total angular momentum is thus expressed as

P=12+3+17 (3.2)
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The symmetric top rotor basis function involves three good quantum numbers and can be
written as

[JKM) (3.3)
where J is the total angular momentum, K is the projection of J onto the symmetry axis of
a symmetric top molecule, and M is the projection of J onto the laboratory axis. Fora
symmetric top molecule, two principal moments of inertia are necessarily equal. In the
prolate top (I, <1, = L), a rotational constant B equals C, allowing equation 3.1 to be

expressed as

H=AJ2+B({ +125 (3.4)
H=AJ>+B(J* -1 (3.3)
H=BF+(A-B)J,’ (3.6)

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 are given

in TABLE 3.1 below.

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

basis function, [JKM).

In the molecular frame (xyz),

GKMPIKM) = J(J+1)

JKMITIKM) =K

(JKEIMPHIKM) = [J(+1) —k(kF1)]"?
In the laboratory frame (XYZ),

(JKMTIKM) = J(J+1)

JKM)ZIKM) =m

JKEIMITHIRMD = [J(0+1) —m(m*1)]"?

where ' =J, + iy
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Using results in TABLE 3.1, the rotational energy of the prolate symmetric fop can be
obtained in the diagonal form as follow
E = BUKMJHIKM) + (A — B)XIKM] LATKM) G.7
E=BI(J+1)+ (A -BK? (3.8)
For the oblate symmetric top, I, > I, = I, 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=BJJ+1)+(C-BX’ (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? — DJ*(J+1)* -DycJ(J+1K? — DgK* (3.10)
E = BJ(J+1) + (C = B)K? = DA (J+1)? ~DyJ(J+1DK* — DK? (3.1D)

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).

B. Asvmmetric Top Molecules

Rotational Hamiltonian for the asymmetric top molecules are more complex
compared to the symmetric top molecules and Schrodinger equation, H¥(rotation) =
EW(rotation) cannot be solved directly. Hamiltonians for the asymmetric top molecules
are usually written in two forms. One form of the eguations 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 = B(A+C)J? + Y%(A-C)H(x) (3.12)

H(x) = J* + xJy” =1 (3.13)
where ray asymmetry 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



H = Y%(By+B,)J* +[B,~4(B+B)[J, +%(B-B)(T+I?)
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(3.14)

where By, By, and B, are the rotational constants along the principal axis, Jy, Iy, I, of the

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

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

TABLE 3.2: Six possible different representations can be found for an asymmetric top

rotor depending on how X, y, z identified with a, b, ¢ axis.

axis r I ar I i r
X b c a c a b
y c a b b c a
z a b c a b c

The I' (x near -1, prolate limit) and IIT' (x 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.

(JX|HJK) = (BB (J+1)+B,-1/2(B,+B,)K* (3.15)
(JKE2[H|TK) = Y(B,-By) {[JI+1)-k(kEDIXII+D-(EDEED ' (3.16)

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

combination of symmetric top basis functions

{ijasym = ZaJK“?JE& (317)
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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 (C;) 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 species 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 C' cy° Gy’
A 1 1 1 1
B 1 1 -1 -1
By 1 -1 1 -1
B, 1 -1 -1 i

The symmetric top basis functions (Wk. ) 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) symmetry point group. The

Wang linear combinations of symmetric top wavefunctions are show below

1707 =1J0) (3.18)
Ky = 142 {JIK) + | -K)}, (K>0) (3.19)
TK) = 1A {JKD) - 7 -K)}, (K>0) (3.20)
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Selving equations 3.15 and 3.16 using the Wang linear combinations of symmetric top
wavefunctions (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', B, 0", and O showing

below, in equation 3.21
Eaym = [E']+[E]+[0"]+[0] (3.21)

The submatrices E* and E group the even J together. The submatrices O* 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 guantum

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

(JK/HJK) 0 2 4 6
0 E00 \V2E02 O 0
2 V2E02  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

(KIHJK) 2 4 6
2 E22 E24 0
4 E24 E44 E46

6 0 Ed6 E66
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The odd Wang symmetric submatrix [O"] (K=1, 3, 5) is

(JK|HJJK) 1 3 5
1 Ell+E-11 EI3 0

3 E13 B33  E35
5 0 B35  B55

The odd Wang antisymmetric submatrix [0 (K= 1, 3, 5) is

JK[HJK) 1 3 5
1 El1-E-11 EI3 0

3 E13 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, ¢) symmetry point group and this is shown in TABLE 3.4 below.



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.
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TABLE 3.4: Symmetry species of asymmetric top energy levels identified in the J.ye, and

Joas Submatrices for I and TIT' representations.

Representation r ur
Submatrix Jeven Jodas Jeven Jodd
E’ Alee) Ba(eo) Afee) B.(oe)
E Ba(eo) Alee) B.(oe) Afee)
O+ B.(oe) By(00) Ba(eo) By(00)
O By(00) B.(oe) Bu(00) B.(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, ¢ axis, for an allowed transition, the transition

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

M=Plpf¥)#0=A

where i, transforms as B,, pp transforms as By, and i transforms as B,. Three types of

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

shown in TABLE 3.5.

(3.22)



68

TABLE 3.5: Three types of rotational transition and selection rules obtained from

equation 3.22 for asymmetric top molecules.

Type of transition Symmetry notation AKX, AK, notation
a-type A— B, AK,=0,22
Ha# O By B AK, =1, 43
b-type A— By AK, =1, £3
bp# 0 B B. AK, =1, 43
c-type A— B, AK,=4+1,%3
e # 0 B.—> By AK, =40, 42

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-reduced Hamiltonian
derived by Winnewisser'’ and Van Eijck'®. In A-reduced form, matrix elements with |Ak]
> 2 are eliminated. In S-reduced form, all J, 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=H; + He® + Hy®. The first term
H, is the rigid Hamiltonian given in equation 3.14. The second term Hy'* is the quartic
distortion terms, and the third term is the sextic distortion term. The derivations of these
Hamiltonians are bevond the scope of this thesis. The A and S-reduction Hamiltonians

are shown in TABLE 3.6 below.



TABLE 3.6: A-reduced and S-reduced Hamiltonians for asymmetric top molecules.

Higher order effects Hy® and Hy"'? are not included in this table.
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A-reduced Hamiltonian, HA=H, + B Y +H®

H, = %(B,+By)J* + [B,- %(BAB)W.” + (BB -1,Y)
Ho® = A% - Awd2 - AL - 28702 =15
k[0 = I + (51,91
H® = @J° + Opd T, + 0L + @ L° + 2003° (07 -1,
IO = 37 + 3210
k1. (010 + 055

S-reduced Hamiltonian, H® = H, + H¢® + H®

H; = Y(BAB)F + [B,- Y(B+By)11,” + 4(B-By)(J >+ %)

Hd¥ = DiJ* - D7 - DiJ, — P02 1) +da (04 +1Y

Hd® = Hd® + Hud*J;” + HiolJ,* + HeLS + b J'02 +12)
ol (1 I (100

[Il. ROTATIONAL HAMILTONINAN WITH NUCLEAR QUADRUPOLE
COUPLING TERM

The quadrupole 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 2. These nuclet are spherically non-symmetric and possess

guadrupole 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 quadrupole moments. The electric field gradient along, say, the z-axis is
expressed as q; = GZV/ﬁzz, where V is the electric potential sums over all electron and
nuclei that is V = Z(e/r;) + Z(Z;e/R;). 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 quadrupole interaction term is

written as follows

H= Hmtation + Hcentrifugal distortion T Hquadmpole interaction (323)

The general Hamiltonian for the quadrupole interaction in terms of [ and J have first been

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

Hp = (eQqy/(2J2I-DIQ2I-1)x(B(1-3) + 3/2(1-3) « T2-J%) (3.24)
1J = %(F - F 19 (3.25)
F = (J+ 1) (3.26)
F=J+LJ+1-1,J+1-2,.. JJ-1 (3.27)

where F denotes the total angular momentum and eQq;y is a nuclear quadrupole coupling

constant.

A. Linear and Symmetric top molecules

The electric field gradients q; 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, v, z- the bond axis of the nuclear coupling tensor) coincides with the principal
inertial axis system (a, b, ¢) as dictated by the axis of symmetry, Laplace condition is
satisfied and qu = Gyy = -1/2qy. For linear molecules, the a-axis coincides with the z-
axis and the first order perturbation gives (q; relates to g, bond axis by rotation tensor)

Qi = - (Qm)J/(2I+3) (3.28)
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For symmetric top molecules, the symmetry axis usually coincides with the z-axis and the
first order perturbation gives

Qr = Gux(QIF3NX[BKHI+1)) -1] (3.29)
The selection rules for hyperfine transitions are AJ = =1, AK = 0(symmetric top),

AF =0, x1, Al=0.

FIGURE 3.2: Hyperfine splittings in a symmetric top molecule for 1 =3/2. Strong

hyperfine transitions occur when AF = AJ =+1.

F=3/2
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B. Asvmmetric top molecules

The quadrupole coupling constants in asymmetric top molecules are more
complicated to measure compared to linear and symmetric-top molecules. Bragg and
Golden have derived the q; in terms of Ray's asymmetry parameterlg. The expression in a
compact form is expressed as follow

Q= (/I DQRIF3NXE qeeTK K TK LK) (3.30)

where g, denotes the field gradients along the principal axis on inertia and gg = aa, bb,
or cc. The total angular momentum is J.

Because in asymmetric top molecules, the principal inertial axes do not
necessarily coincide with the principal axes of quadrupole coupling tensor, the
experimentally observable eQqu,, €Qqub, €Qqcc must be rotated into the bond axes system
to obtain €Qqgxx, €Qqyy, €Q4,,. Because the off-diagonal elements, €Qqus, €Qqac, etc are
not directly observable in experiment for the first-order quadrupole coupling, even for
nuclei with large quadrupole moment, the angle of tensor rotation usually cannot be
obtained without isotopic 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

€Qqec = €Qqyy (3.31)
Q0 = eQSin?0,, + €Qq,c0870,, (3.32)
qubb = qu.‘(XCOSQeZB + quzzSinzgza (333)

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

molecular structure and the inertial a, b, ¢ axes {see o-benzyne, Chapter 9).
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IV. SUPERSONIC PULSED JET EXPANSION THROUGH A PIN-HOLE NOZZLE
The expansion of gas pulse through 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 F lygarel. 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) = pa(D¥/r)cosd (3.34)

where pn is the density of gas after expansion through the nozzle and D is the nozzle
diameter. For a perfect gas expanding through a nozzle at supersonic speed, p, is related

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

Pa = Pol((y + Y2M?T0 7Y (3.35)

where 7y 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)
ala, = (T/T)"* = ((y + D2y (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 p, = 2.69x10"°

molecules/cm® at 1 atm and 300 K, then p, = 1.7x10" molecules/cm’. Substituting p, =
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1.7x10"° molecules/cm® to equation 3.33 for anozzle with D=1 mm, r= 17 cmand 8 =
0, the density of molecules at the cavity center is p(r, 8) = 6.0x10"* molecules/cm’.
The average velocity of static gas behind the nozzle at zero flow velocity is

described by Maxwellian distribution as given below
Vo = (8kT/mm)"* (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 function of

temperature is
v =[Qyh-1)kT,/m)( 1- T,/TH]"? (3.40)

If all internal energy is converted to directed mass flow where 7, = 7, the terminal

velocity the gas travel is
vi=[yiy-D(KT/m)] (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 = poa,Aqst,{0.31) (3.42)

where A, is the nozzle area and t, is the valve pulse time.



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 dipole 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 °C
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 Methylferrocene.
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 smalier than those

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

the carbon atoms indicated.

L 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
Chloroferrocene® 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 methy! substitutions decreased the binding energy of the inner
shell electron of the iron atomic orbitals (2P3/2). 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 crystal structure of
1,1°-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 botiom 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 methylferrocene 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.

1. EXPERIMENTAL

Methylferrocene was synthesized using the method reported by Bhattacharyya®’.
All reagents were available commercially. In the preparation, ferrocenyl aldehyde was
reduced to methylferrocene using titanium (IV) chloride and triethyisilane. 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. The product was analyzed with a mass spectrometer and 'H
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 ’C 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 **Fe and °C
isotopomers. Only sixteen transitions of >*Fe isotopic species were observed. The °C
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.

1. 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, K, and K,. TABLE 4.2. Shows a listing of
transitions for the measured °C 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 difference in iron mass. Four sets of

rotational constants were obtained for °C isotopomers after fitting the observed
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frequencies. Despite a small number of data on B¢ 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 spectral parameters (A, B,
and C rotational constants) that are used to determine the final geometry of
Methylferrocene.

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 Cs 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)(r)),
2) The Cp(C-C) bond lengths of the two cyclopentadienyl (Cp) rings(r;), and 3) the C-
C(CHs;) bond length(rs;). The initial Cp(C-C) and Fe-Cp values were obtained from the
chloroferrocene 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(Cs-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 fif 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 °C 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 >*Fe and "’C were available. A fourth variable parameter, which would allow
bending of the C-CH; bond out of the Cp carbon plane, was not included, as an adjustable

parameter in the structure fitting program. In order to accurately fit this fourth parameter,
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additional rotational constants from (Cp)]C-”CHg 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
functional were used: BPW91 and B3PW091. Sufficiently large basis sets were selected
for carbon and hydrogen atoms. MacLean-Chandler (621111,52111) basis sets for
second-row atoms 6-311G(d,p) with polarization functions basis sets were sufficiently
large®®. The Los Almos double zeta basis set, LANL2DZ>>” *33 was used as the basis for
iron and pseudopotentials (ECP). DFT calculations without ECP were also done using 6-
31 E+G(d,p}3 ® diffuse 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. 1t 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 Cs symmetry for the Cp groups is preserved 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 1,1’ -dimethylferrocene showed
that the cyclopentadienyl rings are eclipsed and two methyl groups are in a cis
conformation. The 1’ Fe-C bonding distances are not all equal in the x-ray structure due
to a tilting 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 (C,-C;; and C¢-C,2) obtained from x-
ray diffraction are 1.491(10) and 1.501(9) A respectively. The gas-phase structure of
methylferrocene shows C-CH; carbon-methyl 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 ° 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 chloroferrocene 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 methylterrocene. One of the useful pieces of information
obtained from the DFT calculation is the tilting angle of the methy! group. The DFT
calculation showed that the methyl symmetry axis tilted away from the CH;-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
eclipsed, 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 =-
like interactions and steric hindrance with nearby hydrogen atoms could be significant
contributing factors. Hehre, Pople, and Devaquet have used the n-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 n° 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 diffraction 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
0.001-0.003 A around the experimental value. The calculation using BPWO1 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
methylferrocene. 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-CH; 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(x0.01) A, which indicates more

variation in Fe-C bonding distances and an even more compact structure compared to



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 *°Fe and **Fe isotopomers of

methylferrocene. Frequencies are given in MHz; experimental uncertainties (15} in
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parentheses.
P oo Jipico *Fe Spe
3e3 24 4756.3094 (25)
353 2p 5142.9853 (%) 53142.7892 (7)
35 Zgz 5278.7182 (T) 52794019 (19
32 2t 5349.7360 (9)
3 2 5420.7318 (9)
3 23 5420.7617 (13)
3 2y 5534.2586 (1) 5534.8239 (15}
30 24 5534.2791 (18) 5534.8450 (30)
23 11 5603.7948 (16)
3 2 5664.4852 (11)
220 1 5753.3971 (09)
4oq 35 6582.1229 (37)
4y, 315 6838.1578 (17) 6839.1109 (15)
Aoy 33 6967.8960 (11) 6968.8631 (27)
43 32 7118.6549 (29)
45, 3y 7165.2616 (38)
4y 33 7174.8323 (22)
4y 303 7223.9281 (17) 7225.0895 (29)
35 » 7255.7789 (29)
4y, 3 7283.5961 (12)
4y, 3, 7283.6305 (9)
4y 31 7353.6377 (12) 7354.4193 (21)
dy3 31z 7353.6651 (12) 7354.4479 (22}
35 20 7738.9115 (36)
Sos 4y, 8368.1255 (36) 8369.1725 (61)
5,5 41 8522.8936 (27) 8524.0978 (41)
Sos 4y 8624.1586 37) 8625.4048 (31)
5. e 8778.9240 (16) 8780.3282 (47)
413 3 8846.1764 (43
33 22 8847.0861 (28) 8848.4423 (61)
3a0 25 8867.0219 (28)
5, s 8875.5720 (41)
54 4y 8956.8454 (29)
54 4y 8957.7910 (36)
555 43 8964.0500 (36)




(TABLE 4.1-Continued)
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Proxe Jxpko *Fe Sre
53 43 £996.5707 (45)
Sxn 43 8996.6103 (55)
514 dy3 9146.6361 (30)
51 43 9146.6642 (23)
523 43 9166.6627 (31)
523 42 9166.7102 (39)
4y 313 9880.4342 (29
6o6 Sis 10110.3309 (47)
615 515 10197.3655 (39)
606 Bos 16265.0961 (30) 10266.6091(25)
616 Sos 10352.1242 (34)
52 43 10362.0887 (19)
43 3u 10591.5377 (40)
43 3 10591.6032 (33)
635 54 10618.1195 (39)
43 3 10692.1056 (13)
634 833 10761.5441 (25)
633 55 10843.7707 (23)
633 53 10843.8276 (41)
615 54 10962.5999 (36)
615 5.4 10902.6238 (41)
624 55 11048.2813 (17)
624 53 11048.3322 (16)
625 54 11833.5628 (39)
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TABLE 4.2: Measured transition frequencies for the °C isotopomers of methylferrocene.

Frequencies are given in MHz; experimental uncertainties (15) in parentheses. See Fig.

4.1 for atom numbering scheme. C7,Cyq refers to a SINGLE B substituted isotopomers,

with the C at either position 7, or 9.

Jxpike L ke Be
CrCao

2¢ 313 5118.4949(36)
202 303 5252.9147(3T;
33 41 6807.4767(58}
4o4 Ses 8587.1610(31)
4o 555 8746.6468(35)
Cs,Cy

2 315 5114.3464(30)
22 33 5251.2649(32)
313 414 6800.4394(23)
doq Sos 8573.4560(61)
4oy Sis 8718.7297(49)
CoCs

2 313 5112.7889(45)
2p 303 5247.3598(52)
31 4y 6795.7350(54)
303 4o 6928.3897(17)
3 443 7304.2262(43)
3 413 7304.2534(54)
4pq Ses 8576.9916(29)
404 515 8735.0140(52)
C5,Cy

2 35 5102.5074(15)
292 343 5237.8992(26)
35 41 6786.0410(19)
303 404 6915.7597(29)
3 dp3 7061.1138(135)
312 43 7292.8324{41)
30 43 7292.5666{77)
4gq Sos 8561.8133(25)
44 515 8721.8754(36)




TABLE 4.3: The spectral parameters for “°Fe, >*Fe, and °C 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 Ay, 8y,

and Ay are in KHz. Standard deviation for the fit (og) is in kHz. The listed error limits

are (10).

Parameter *Fe >Fe 13C(C3,C4)

A 1592.6050 (6) 1592.8560 (4) 1588.4912 (63)

B 957.2565 (4) $57.3378 (3) 948.7928 (5)

C 825.9892 (4) 826.1162 (3) 819.9206 (4)

A 0.049 (5) 0.031 (5)

A -0.060 (20)

8; 0.013 (4)

Ot 5.2 2.2 2.8

Parameter l:’C(Cg,C.)) BCCs,Cy) 13C(C7,Cw)

A 1877471 (11) 1583.473 (1) 1585.610 (13)

B 954,202 2y 950.147 (10) 950.785 (2)

C 820.9488 (7) 821.7577 (6) 822.7962 (8)
2.6 4.3 2.9

Ot

.
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TABLE 4.4: The result of the structural fit I. for methylferrocene using the measured

rotational constants given below. Three structural parameters were varied and the fit

converged in five iterations. The rotational constanis A, B, and C are in MHz. Standard

deviation of Fit L. (og) is 0.061 MHz. The best-fit parameters are given in TABLE V.

Isotopes Parameter Measured Caleculated Deviation
species
He A 1592.605 1592.507 0.098
B 957.2565 957.2303 0.0262
C 825.9892 825.9353 0.0539
SFe A 1592.856 1592.867 -0.011
B 957.337 957.3896 -0.0526
C 826.1162 826.1508 -0.0346
BC(Cs,Cy) A 1588.4912 1588.4154 8.0758
B 948.7928 948.871 -0.0782
C 819.9206 819.9483 -0.0277
BCCs,Co) A 1577.4714 1577.5727 -0.1013
B 954.2022 954.169 0.0332
C 820.9488 820.9538 -0.005
BC(C,,Cs) A 1583.473 1583.5742 -0.1012
B 950.1465 950.117 06.0295
C 821.7577 821.7529 0.0048
BOCrLCw) A 1585.6098 1585.57 0.0398
B 950.7846 950.7478 0.0368
C 822.7962 822.784 0.0122




TABLE 4.5: Adjustable parameters obtained, after five iterations, from the various

structural fit programs (see text). The value in parentheses denotes standard deviation

(26). The parameter 1 is the averaged distance from the Fe atom to a Cp carbon atom.
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Adjustable Fit L. Fit 1L, Fit 101,
Value (A) Value (A) Value (A)

Parameters, §;

I'\(Fe-C) 2.05162(15) 2.64095(18) 2.05723(12)

I(C-C) 1.42886(16) 1.42888(16) 1.44123(13)

T':(C-CHy) 1.5153(9) 1.543(0) 1.4957(7)*
. 0.061 MHz 0.067 MHz 0.049 MH

o(Fit) z

*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) methylferrocene (3 parameter fit),

b) chioroferrocene (10 parameter fit), ¢) dimethylferrocene. The parentheses denote

standard deviation, . Distances are in angstroms, (A). *Fixed bond angles

Bond length (a) (b) (©
r{C-X) 1.5135(5) 1.723(12) 1.491(16)

. - 1.501(%)
r{Ci-Cy) 1.42887(8) 1.425(13) -
r{CrCs) 1.42887(8) 1.433(12) -
r{C-Cy) 1.42887(8) 1427017 -
r{CyCs) 1.42887(8) - -
r(CsCy) 1.42887(8) 1.432(5) -
r{Cr-Cy) 1.42887(8) 1.432(5) -
r{CsCy) 1.42887(8} 1.432(5) -
T(CQ-CM) 1.42887(8) - -
r(Fe-Cy) 2.65016(7) 2.617(10) 2.062(6)
r(Fe-Cy) 2.05016(7) 2.041(8) 2.842(6)
r{Fe-Cy) 205016(7) 2.842(19) 2.834(6)
r(Fe-Cy) 2.05016(T) - 2.02%(6)
r{Fe-Cs) 2.85016(7) - 2.046(5)
r{Fe-Cy) 2.05016(7) 2.048(5) 2.049(5)
r{Fe-Cy) 2.65016(T) 2.048(5) 2.047(5)
r{Fe-Cg} 2.05016(7 2.048(5) 2.542(6)
r(Fe-Cy) 2.85616(7) - 2.041(6)
r{Fe-Cyg) 2.85016(7) - 2.83%(5)

Bend angle* Bond angle Bond angle
(@ (b) (©

LFe-Ce-Cyy 126.0 - 128.4(4)(Fe-C-Cyy)
ZCpCeCyy 126.0 - 127.3(84{C-C-Cy)
LCCe-Cyy 126.9 - 125.8(3(Cs~Ci-Cy)
LCrCrC 108.0 107.8¢9) -
LT Cy 108.6 108> -




TABLE 4.7: Gaussian 98: Full geometry optimization results for methylferrocene. These
were Density Functional Theory calculations using (a) BPW91/6-311G(d,p)/Lanl.2DZ.
(b) B3PW91/6-311G(d,p)/Lani2DZ. (c) B3PW9%1/6-311+G(d,p). (d) Microwave
(ferrocenyl symmetry Csy). (e) Microwave (ferrocenyl symmetry C;)

Parameter {a) &) {c) (& (e)

C-C5 1.436 1.425 1.425 1.429 1.427
Cr-C; 1.436 1.425 1.425 1.429 1.427
Cs-Cy 1.436 1.425 1.425 1.429 1.427
Cy-Cy 1.436 1.425 1.425 1.429 1.427
Ce-Cy 1.440 1.428 1.428 1.429 1.423
CrCy 1.436 1.424 1425 1.429 1.427
CoCo 1.436 " 1.424 1424 1.429 1.428
Co-Cig 1.436 1.424 1.425 1.429 1.427
CeCyo 1.441 1.428 1.428 1.429 1.423
Ce-Ciy 1.501 1.494 1.496 1.515 1.535
Fe-C, 2.050 2.647 2.048 2.050 2.048
Fe-C, 2.049 2.047 2.049 2.850 2.0647
Fe-C, 2.050 2.048 2.050 2.050 2.046
Fe-C,4 2.050 2.048 2.0650 2.050 2.046
Fe-{;s 2.049 2.847 2.049 2.6590 2.047
Fe-Csg 2.056 2.054 2.057 2.050 2.039
Fe-C, 2.049 2.046 2.047 2.050 2.050
Fe-Cy 2.846 2.043 2.045 2.050¢ 2.051
Fe-Co 2.046 2.643 2.045 2.050 2.851
Fe-Cyg 2.049 2.846 2.047 2.050 2.050
<(C;-Fe-Cq 107° 187° 197° 108° 107°
<Cy-Fe-Cq 106° 197° 167° 108° 97°
<Fe-CgCyy 13¢° 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 n° Fe-C bond lengths and the cyclopentadieny!

ring C-C bond distances. Standard deviation, o, is given in parentheses. The distances

are in A.
Parameters Methyl- Methyi- Dimethyl- Chioro- Ferrocene

ferrecene ferrocene ferrocene ferrocene Electron
Microwave B3PW91 X-ray Microwave Diffraction

HE] 2.05016 2.049* 2.042* 2.044* 2.064

Fe-C (£0.00607) {£0.003) (£0.009) (£0.01) (£0.003)

Cp 1.42887 1.426% 00 e 1.425* 1.448

C-C (£6.00068) {+0.001) {#0.004) (10.062)

{Cp) 1.5153 1.496 1.496* oo N —
{£0.0605) {+0.000) (0.867)

C-CH;




TABLE 4.9: Cartesian Atomic Coordinates (A) in the Principal Axis System obtained

95

From the Least-Square Fit to the Measured Rotational Constants for Methylferrocene (Fit

).
Atom a b ¢
Fe -$.169%15 -0.153865 -5.064495
1 -1.372537 1.509005 0.001748
C2 -1.630891 0.706474 1.157926
C3 -2.046153 -0.588690 0.713423
C4 -2.045176 -0.586374 -0.717629
Cs -1.629298 8.710217 -1.157368
Hi -1.023535 2.530194 6.003656
H2 -1.510341 1.015296 2.183549
H3 -2.292316 -1.425289 1.343840
H4 ~-2.286801 -1.409348 -1.354016
s -1.506278 1.925625 -2.180678
6 1.781503 $.510074 8.000687
C7 1.518699 -3.301569 1.153818
C8 1.097097 -1.596773 $.714997
C9 1.697533 -1.596349 -3.745281
Cid 1.51939¢6 -0.300884 -1.153085
Hs 1.606052 0.819909 2.174420
piiel $4.803554 -2.421921 1.348921
HS8 0.807463 -2.411455 -1.346500
HY 1.634328 $.010914 -2.173365
i1 2.229962 1.936952 6.0600958
Hid 2.336763 2272519 1.030393
Hil 3.186463 2.06199%¢ -§.51345%
Hiz 1.487862 2.543642 -0.513783
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FIGURE 4.2: The averaged Fe-C bond distances for ferrocene(H), from electron
diffraction work, methyl ferrocene(CH; — this work), and

chloroferrocene(Cl).
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Mliicrowave Spectroscopy Measurements of Rotational spectra, and DFT
Calculations for Two Distinct Structural Isomers of 1,1°-

Dimethylferrocene

ABSTRACT

Microwave spectra were obtained for two distinct structural isomers of 1,1~
dimethylferrocene, an eclipsed synperiplanar isomer(¢=0°, the E0Q isomer), with
A=1176.9003(2), B=898.3343(2), C=668.7469(2) MHz and an eclipsed synclinal isomer
(9=72°, the E72 isomer) with A=1208.7117(14), B=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 EQ
conformer is nearly rigid. The deviations obtained in a similar least-squares fit for the
E72 isomer are significantly larger, indicating possible fluxional behavior for this
conformer. In addition, 7 out of the 26 transitions observed for the E72 isomer
conformer clearly exhibit very small splittings, giving further evidence for internal
motion. DFT calculations for the different possible conformations of 1,1°-
dimethylferrocene arising from rotation of one methyl cyclopentadieny! ligand relative to
the other about the nominal Cs axis by an angle ¢(dihedral angle), were performed using
the B3PW91 functional. The calculations converged and were optimized for five
structures on this torsional potential energy surface corresponding to different dihedral
angles o, 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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L. INTRODUCTION

The characterization of ferrocene as a n-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 observed®.

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

43444546 pxamples, which have recently been used for applications in

47,48

properties
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)-nickel dithiolene complex and ferrocenyl
dendrimers, which possess multiple redox centers, and could function as potential

495051 - Another ferrocenyl derivative, N,N-dimethyl-1-ferrocenylethylamine,

biosensors
has been explored as a ligand for catalytic asymmetric 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 functionalized complexes, especially those that incorporate di-substituted
ferroceny! 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.
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Dimethylferrocene is one of the few simple examples of a di-substituted
ferrocenyl 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 dimethylferrocene and
its various conformers, and only one conformer could be observed in the solid state®®. It
is hoped that the details of the structure and conformational behavior of
dimethylferrocene can serve as a useful model to better understand the chemical, steric,
and conformational behavior of a wide variety of more complex di-substituted ferrocenyl
compounds.

The crystal structure of 1,1’°-dimethylferrocene has been determined
experimentally from x-ray work. For this solid-state structure, the eclipsed,
synperiplanar, conformation (EQ isomer, ¢=0°), is preferred where the carbon atoms for
the two CsHs rings are eclipsed and the methyl groups are cis relative to each other. Ne
other structural conformers have been reported for the solid phase of dimethylferrocene,
and none were previously observed for the gas phase.

The theoretical calculations for the torsional potential energy surface of
dimethylferrocene, 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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FIGURE 4.3: This figure shows a view down the z-axis(nominal symmetry axis
of unsubstituted ferrocene) for five distinet structural isomers of 1,1’-dimethylferrocene.
A) eclipsed synperiplanar isomer (¢=0°, the E0 isomer), B) eclipsed synclinal
isomer{p=72°, the E72 isomer), C) staggered anticlinal {¢=108°, the S108 isomer), D)
eclipsed anticlinal isomer(p=144°, the E144 isomer), and E) the staggered antiperiplanar

isomer{@=180°, the S180 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 o, the relative dihedral angle of the two methyl groups on the cyclopentadienyl
ligands. The relative orientations of the methyl cyclopentadienyl! 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, 1,1°-di-tert-butylferrocene, 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 conformer. For the
dimethylferrocene complex, which has less sterically hindering substituents, several
different conformers 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 synperiplanar isomer(@=0°, the
EO0 isomer), and an eclipsed synclinal isomer (¢=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™, chiorofermcenew,
and methylfermcene‘”, clearly showed that the ns CsHs-Fe, carbon-iron bond distance is
more sensitive to substitution on the cyclopentadienyl! ligand than the C-C bond distances
of the CsHs 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 s CsHs-Fe, carbon-iron bond distance as the
substitution of the two CHj groups. In the present work, we now look, in more detail, at
the effect of two CH; substitutions and the lowest energy conformers associated with the
relative orientations of the methyleyclopendienyl 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(@=0°) is more nearly a rigid rotor, compared with the E72 isomer (¢=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, E144, S108, S180), three of which presumably could exist in the gas phase for
1,1’-dimethylferrocene, only the two conformers, E0 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 1,1°-dimethylferrocene detected in this work.
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I 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-type 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 liguid-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 °C isotopomers of the EO
conformer were obtained in the natural abundance sample. No "*C isotopomers
transitions were obtained for the E72 conformer. Many search attempts were done to
observe other unique *C isotopomers but were only partially successful. Only four
transitions for °C at the C, position were obtained for the EQ 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 (E0) conformer of 1,1°-

dimethylferrocene, indicating the numbering scheme for the carbon atoms.
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Two transitions were obtained for *C at the C; position for the E0 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 frequencies, were carried
out for other two distinct isomers, E144 and S108. 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 S108

isomers.

III. DATA ANALYSIS AND RESULTS

The asymmetric-top rotational spectra of 1,1 -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 plot” spectra were generated, by plotting all measured freqﬁencies 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 structural isomers: the EQ
conformer, the E72 conformer and the eclipsed anticlinal (E144) conformer, with
©=144°. The conformer, with ¢=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



obtained from DFT calculations as discussed below. The spectrum of the E0 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” spectrum, we were able to recognize that many of observed
transitions were due to only two structural isomers, the E0 isomer(¢p=0°), and the E72
isomer (¢=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 (SPFITY®. The observed transitions were fit
using Watson’s A-reduced Hamiltonian with three rotational constants and quartic
distortion terms. For the E0 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,
A;. The attempts to fit rotational transitions for the E72 isomer required additional
quartic distortion terms in order to obtain reasonably good fits. Seven parameters A, B,
C, Aj, Ak, Ak, Oy were used in fitting the transitions for 1,2’-dimethylferrocene. The
molecular parameters obtained from the spectral fits for the E0 isomer and the E72
isomers are given in TABLE 4.15. The measured transition frequencies are given in
TABLE 4.20. Ten observed lines could not be successfully 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. § K, K Frequency weight

5747.863% 0.0001
5782.2876¢ 0.0001
6167.8613 6.0001
6140.6544 0.0091
6800.7832 0.0061
6814.8181 0.0001
71745391 0.0001
72697476  $.0001
7515.9538 $.0001
7876.4395 0.0001
8298.7852 $.6001
8369.4573 0.0001
8525.3433 0.6001
8762.6056 0.0001
8904.2819 0.0061
92248793 0.000%
9226.1479 0.0001
9752.4810 0.9001
9843.3969 0.0001
9961.508% 0.0001
16309.3765 0.6001
10748.9388 0.0001
16757.9690 0.0001
11143.9¢65 0.0001
11148.1462 0.0001
11617.3849 0.0001

N GN =3 U U - UGN W e e NN U S R e U U B W W R W W b
W W d & W W d e S W W DWW NS
G2 b ON e RSB U WD R SN S B ke B R U U W S e B e B g
[Z R - R A AN R B - R VS BV Y I R PO R FURS FURE S S PO R R S R S S
B b b W U DR e B W D D e e B b b D b e B Bd CD bed e s
B G Ut b em O L B B b D U UR L2 B ke G B B B ke O LD b e (2

TABLE 4.11: An example of SPFIT dimethylferrocene.par file.

Dimethylferrocenel2; C.Tanjaroon, et al. Thu Aug 07 09:45:50 2003
7 26 10 0 0.0000E+000 1.0000E+010 1.0000E+0GO 1.0000000000

a 1 1 0 25 ..mmesmsmmmm

10000 1.208711704491597E+003 1.00000000E+037 /A

20000 8.064101088023288E+002 1.00000000E+037 /B

30000 7.187178892622455E+002 1.00000000E+037 /C

200 -1.281855403315196E-004  1.00G0000CE+037 /-DJ

1100 3.208105471966132E-004 1.00000000E+037 /-DJK

2000 -2.798335151640506E-0604 1.00000000E+037 /-DK

40100 -6.968402395259625E-005 1.00000000E+037 /-deld
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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 °C isotopomers to rotational constants
for the normal isotopomers. These ratios were used to scale the observed rotational
constants in order predict rotational spectra of **Fe and °C 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 **Fe 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 >*Fe
isotopomers. The observed rotational transitions for the **Fe and °C 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 "°C 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 EQ isomer
was obtained using only four parameters, with a standard fit deviation of only o= 2.9
kHz, it appears that the structure of the EQ isomer is nearly rigid. The three rotational
constants, A, B, C, and one quartic centrifugal distortion constant, A;, are given in
TABLE 4.15. The listed error limits are 1. The A, 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, Ay Ak, Ag, 93, were also determined.

The Ay value obtained for 1,2’-dimethylferrocene is about 0.1 kHz, a factor of 6 larger
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than the Ay value for 1,1’-dimethylferrocene. The Ak and Ag values are nearly three
times the value of A;.  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 o(fit)= 5.9 kHz, about two times larger than the
standard deviation obtained for the EQ 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 EQ 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 “test” 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 C 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 1,1’-dimethylferrocene complex, with the

numbering scheme used for the carbon atoms is shown in FIGURE 4.5. The two
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structural parameters selected as variable parameters in the fit to determine the structure
are the distance from the Fe atom to the center of the Cs ring, {Rr..cp, or Py) and the
radius of Cs ring(Rep, or P2 ). A total of 9 rotational constants obtained from the least-
squares fits for the SR e, 3 “Fe, and B¢ observed transitions, were used in the structural fit.
The initial structure used in the structural 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 15 Fe-C bond distances equal for the top and bottom Cp rings. The carbon atoms of
the CHj; 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 E0 isomer, are cis relative to each
other(¢=0°). For Fit I, shown in TABLE 4.16, the Fe-Cp centroid distance (Re.cp) and
the Cp ring radius (Rcp) were allowed to vary. The structure fitting calculations
converged within three iterations. For Fit I, small corrections (based on the difference
between the theoretical and experimental 15 Fe-C bond distances) were added to 1ns Fe-C
bond distances. These “corrections” were made for all 10 ns 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 II], these same small corrections were
added to the ns Fe-C bonding distance along with a 2.66° tilt angle of the methyl groups
away from xy planes(defined by the Cp ring), for both methy! groups (FIGURE 4.5).
The value for the tilt angle of 2.66° was obtained from previous microwave studies of
methyiferrocene“, 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, IT and III are very similar, we believe that Fit Il 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.in) use for fitting structure of
dimethylferrocene

Pt
[

2915

1.681 1.219
1176.90028 0
898.33429 O
668.74689 0
1177.62601 0
898.3088 0
668.96619 0
1173.32389 0
891.9184 0
666.33427 0

OO DO OO0
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Pi1=1.61%

G , Cp-Fe centroid
Fe bond : distance
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Pi1= 1618

FIGURE 4.5: A sketch showing the effect of methyl tilting and two variable parameters

Py and P,. Cp denotes the cyclopentadienyl ring. Distance is in angstroms.



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 (DFT)**%3 | The
calculations were performed exclusively using the B3PW91 hybrid functional of Beck,
Perdew, and Wang. From our previous experience with gas-phase structures using
B3PW91%% 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 proglrau'ns64 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 Cs axis(z-axis), were
performed for different values of this rotation angle ¢. For most of the calculations, the
two methyl-groups were initially fixed relative to each other at various dihedral angles
from @= 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
¢{dihedral angel) for the five optimized structural isomers of 1,1’-dimethylferrocene.
These structures and the relative energies for the five conformers of dimethylferrocene
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 fully optimized, and these results
are shown in FIGURE 4.3, and TABLE 4.18. The E0, E72, and E144 optimized
structures for 1,1°-dimethylferrocene were obtained without imaginary frequencies:
eclipsed synperiplanar{(@=0°, EQ), eclipsed synclinal(p=72°, E72), eclipsed
anticlinal{p=144°, E144). Two optimized structures for 1,1 ’-dimethylferrocene were

obtained with imaginary frequencies: staggered anticlinal(p=108°, 5108) and staggered



antiperiplanar{p=180°, 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 fully 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{e=0°, E0) structure. Only two of the five
calculated structural isomers were observed in these experiments on 1,1°-
dimethylferrocene, the eclipsed synperiplanar(p=0°, E0), and eclipsed anticlinal{@=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 EQ conformer obtained from the
structural fit are compared with the DFT calculated results. The calculations also indicate
that the Cs 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.

Y%emem=40000060
% Chk=dimeta.chk

#P
B3pw9l

Opt{Maxeye=50) Freg

SCF(symm,intrep,tight,Maxeycle=300)

gfinput gen pseudo=read

BASIS="Hay-Wadt VDZ (a+1) ECP" EO-isomer

01

Fe
X111.6070
C21.201%0.0

C21.20190.6372.8
C21.201%0.03 144.0
C21.20190.63216.0
C21.20190.03288.0
C31.5212180.040.0
H81.0863 106954 0.0

H 81.0863 109.54 120.0
H 8 1.086 3 109.5 4 240.0
H41.021800100
H51.02180.01¢0.0
H61.02180.010.0
H71.02180.010.0
X211.652180.040.0
C161.26190.030.0
C161.26190.4372.0
C161.20190.63 144.0
C161.26190.63 216.0
C161.20 1 90.6 3 288.0
C 17 1.521 16 180.0 18 6.0
H 22 1.086 17 169518 6.0
H 22 1.086 17 109.5 18 120.9
H 22 1.086 17 109.5 18 246.90
H181.016180.510.0
H191.016180.610.8
H201.016180.010.9
H211016180010.90

Fe &
§ 3 1.00
6.422000060 -B.392788280
1.82600000 0.771264300
0.713560606 6.492022800
S 4 100
6.422000060 8.178687760
1.82500000 -5.419403200
0.7135060060 -0.456818500
0.102100080 1.10350480

S 1196



TABLE 4.13-Continued

0.363000000E-01

P 3100
19.4860060
2.38500000
0.779500086

P 1100

6.746000000E-01

P 1100

0.220000060E-01

D 4 1.00
37.6800000
16.10006000
3.22000000
0.962800000

D 1 1.60
0.226200000

Tk

CHO

SVp
Rkefd

Fe
FE-ECP2 10
d potential

3

1 392.61497879
2 71.17569790
2 17.73202810

s-d potential

RN W

-d potential

[ 3 IR SR - -

126.05718950
138.12642519
54.20988580
9.283795660

8.62890820

83.175%4%00

106.05599380

42.8284937%
8.77018050
8.03978180

1.50690906

-0.4702820008E-01

0.624834100
0.4722542090

1.80000000
1.00066000

8.329000000E-01

8.178741800
$.448765700
0.587636100

1.80060000

-16.00000009
-63.26675180
-10.96133380

3.00000000
18.17291370
339.12311640
317.10680120

-207.342164%96

5.00000000

5.95359366
294.26655270
154.42446350
-95.316424%0
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TABLE 4.14: Gaussian input file for dimethylferrocene used for structural optimization

in the Z-matrix coordinates.

Y%l Proe=4

Yomem=128M B

% Chk=gvdimetaZ.chk

HP

b3pw9l

Opt{z-matrix,Maxcye=50) Freg
SCH(symm,intrep,tight,Maxcycle=300)
gfinput gen pseudo=read

BASIS="Hay-Wadt VDZ (n+1) ECP" El-isomer

61

Fe

X 1 Bl

C 2 B2 1 Al

C 2 B3 1 A2 3

C 2 B4 1 A3 3

C 2 BS 1 A4 3

C 2 B6 1 AS 3

C 3 BT 4 A6 2

H 8 B8 3 AT 4

H 8 B9 3 A8 4

H 8 Big 3 A% 4

H 4 Bi1 3 Ale 2
H 5 Biz 4 All 2
H & Bi3 7 AlZ 2
H 7 Bi4 o Al3 2
X 1 Bis 3 Ald 2
C i6 Bis 1 Als 3
C 16 Bi7 1 Als 3
C i6 Big 1 AL7T 3
C i6 Big 1 Al8 3
C 16 B28 1 Al9 3
[®) 17 B21 18 A20 16
H 22 B22 17 AZl 18
H 22 B23 17 AZ2 18
H 22 B24 17 A23 18
H i8 B25 17 AZ4 16
H 19 Bis 18 A25 16
H 26 B27 21 AZ6 16
H 23 B28 ¢ A27 16
Bl 1.6076G08

B2 1.266606

B3 1.2008000

B4 1.200000

BS 1.200600

B6 1.200000

B7 1.521800

B3 1.086000

B 1.686000

B10 1.9846000

B11 1.000660¢

B1Z 1.900000

B13 1.868000

D1
D2
D3
D4
D5
Deé
b7
D8
b9
Die
bit
Di2
D13
D14
pis
Dis
D17
D18
D19
D2¢
1173}
D22
D23
D24
D2s
D26



TABLE 4.14 continued
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Bi4
BiS
Bié
Bi7
Bi8
B19
B2¢
BZ1
B22
B23
B4
B2S
B26
B27
B28
Al
A2
A3
A4
AS
A6
AT
A8
A9
A1l
All
All
Al3
Al4
AlS
Al
AT
AlS8
Al9
A20
AZ
A22
AZ3
A24
AZS
AZ6
A27
D1
b2
D3
D4
Ds
D6
D7
D8
Do
Dis
ni1
Diz
Di3
Di4
Dis

1.000000
1.656000
1.280060
1.2060060
1.2600600
1.260000
1.200000
1.521066
1.886060
1.086000
1.686000
1.860006
1.600000
1.0600000
1.600000
90.¢00000
90.000000
99.600000
90.606060
90.006000
126.066000
169.500000
109.500060
14%9.500060
126.600000
126.000000
126.0000060
126.000000
143.250087
90.600000
90.000606060
90.600060
90.800000
90.900000
126.000000
109.5006660
109.5660600
109.586000
126.000060
126.0000060
126.000600
126.000000
72.000060
144.060000
-144.060000
-72.000660
186.000060
6.000000
120.000000
-120.000000
180.000660
180.086000
180.000000
180.060600
180.600000
9.006000
72.006069
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TABLE 4.14-Continued

Dié 144.680000
Di7 -144.6000600

D18 -72.000000
D19 180.006000
D20 £.000600

b21 120.060000
D22 -120.660099
D23 180.000560
b4 180.000500
D25 186.600600
D26 180.000000

Fel
S 3 1.60
6.42200000 -$.392788260
1.82600000 8.7712643060
8.713560060 0.492022800
S 4 1.00
6.42200000 0.178687700
1.82600000 -0.419403200
0.713500000 -0.456818500
0.192160000 1.1035643¢
5 1100
0.363000000E-061  1.00606000
P 3 1.00
19.4800000 -0.479282000E-01
2.389000600 0.624884100
0.7795060000 0.472254260

P 1160

0.740000000E-01  1.06000000
P 1100

$.2206000000E-01  1.00000000
D 4100

37.0800000 0.329000000E-01
10.1000000 0.178741800
3.22000000 $.448765700
$.962800000 $.5876361060
D I 160
8.226200000 1.5600063060
gkt
CHO

sVp
REkE

Fe

FE-ECP 2 10

d potential

3

i 392.6149787¢  -16.00000009
2 71.1756979¢  -63.26675180
2 17.73202818¢  -10.96133380
s-d potential

126.85718950 3.06060600
138.12642516  18.1729137D
54.20088586 339.12311640

9.28379666  317.10630120

b B3 b= D U
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TABLE 4.24-Convinued

8.62890820 -207.34216490
¢ potential

166.65599380 5.95355360
42.82849370  294.26655270
877018050  154.42446350

2

P

5

4 83.17584900 5.00000000
i

2

2

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 obiain these structural parameters however, we rely heavily
on resulits of the DFT calculations, since data for only a few of the unique Be
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) conformer, has been experimentally detected for the first
time. The rotational constants for the EO conformer, (A=1176.9003(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 1,17-
dimethylferrocene are: A=1179.414, B=890.591, 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 further
support this assignment (see TABLE 4.17). The experimental distortion constant, Ay is
very small for this conformer {0.0175(20) kHz), indicating a fairly rigid structure. The
calculated rotational constants from the solid-phase structure for I,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
(¢=72°, E72) conformer, so this second experimental conformer 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 centrifugai 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 EO conformer.

The following DFT theoretical rotational constants were obtained for the eclipsed
synclinal {¢p=72°) conformer: A=1217.2576, B=791.8683, C=713.9339 MHz, and the
theoretical rotational constants for staggered anticlinal(¢=108°) conformer are
A=1265.3724, B=740.3962, C=727.3466 MHz. Since these calculated values for the
staggered anticlinal (¢=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, ¢=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 1,1°-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 111, the 15 Fe-C bond distances from the fit would be
significantly longer than the DFT values. So we believe that the ns 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 [11. 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






