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ABSTRACT OF DISSERTATION

SPECTROSCOPY AND STRUCTURES OF METAL-CYCLIC HYDROCARBON
COMPLEXES

Metal-cyclic hydrocarbon complexes were prepared in a laser-vaporization
molecular beam source and studied by single-photon zero electron kinetic energy (ZEKE)
and IR-UV resonant two-photon ionization (R2PI) spectroscopy. The ionization energies
and vibrational frequencies of the metal complexes were measured from the ZEKE
spectra. Metal-ligand bonding and low-lying electronic states of the neutral and ionized
complexes were analyzed by combining the ZEKE measurements with density functional
theory (DFT) calculations. In addition, C-H stretching frequencies were measured from
the R2PI spectra.

In this dissertation, metal complexes of 1, 3, 5, 7-cyclo-octatetraene (COT),
toluene, p-xylene, mesitylene, hexamethylbenzene, biphenyl, naphthalene, pyrene,
perylene, and coronene were studied. For each metal-ligand complex, different effects
from the metal coordination have been identified. Although free COT is a nonaromatic
molecule with a tub-shaped structure, the group III transition metal atoms (Sc, Y, and La)
donate two electrons to a partially filled & orbital of COT, making the ligand a dianion.
As a result, metal coordination converts COT into a planar, aromatic structure and the
resulting complex exhibits a half-sandwich structure. For the Sc(methylbenzene)
complexes, the benzene rings of the ligands are bent and the © electrons are localized in a
1, 4-diene fashion due to differential Sc binding with the carbon atoms of the rings. Due
to differential metal binding, the degenerate d orbitals split and the Sc-methylbenzene
complexes prefer the low-spin ground electronic states. In addition, as the number of
methyl group substituents in the ligand increases, the ionization energies (IEs) of the Sc-
methylbenzene complexes decrease. However, Ti, V, or Co coordination does not disrupt
the delocalized n electron network within the carbon skeleton in the high-spin ground
states of the metal complexes. For group VI metal (Cr, Mo, and W)-bis(toluene)
complexes, methyl substitution on the benzene ring yields complexes with four rotational
conformers of 0°, 60°, 120°, and 180° conformation angles between two methyl groups.
In addition, variable-temperature ZEKE spectroscopy using He, Ar, or their mixtures has
determined the totally eclipsed 0° rotamer to be the most stable. When there are two
equivalent benzene rings, the metal (Ti, Zr or Hf) binds to both the benzene rings of
biphenyl, or the metal (Li) binds to one of the benzene rings of naphthalene. On the other



hand, the metal (Li) favors the ring-over binding site of the benzene ring with a higher ©
electron content and aromaticity in pyrene, perylene, and coronene.

KEYWORDS: PFI-ZEKE Spectroscopy, IR-UV R2PI Spectroscopy, metal-cyclic
hydrocarbon complexes, lonization Energy, Density Functional Theory
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CHAPTER 1. INTRODUCTION

Metal-ligand interactions are crucial in chemical synthesis, catalysis, and
molecular biology. For example, the bindings on many metal oxide surfaces are
controlled by the ionic metal interactions.'” The film deposition of microelectronic
materials are composed of metal-containing plasmas.’ In biological systems, the
particular metal ion transports through cell membrane according to the selectivity
governed by metal-ligand electrostatic interactions.” In addition, metals are commonly
found in the active sites of enzymes, and the structures and functions of the enzymes are
influenced by the metal binding sites, strengths, and mechanisms.**

Among various metal-ligand complexes, the compounds involving transition
metal-benzene or aromatic fragments have been recognized as essential reagents in the
homogeneous catalysis of organic reactions and have been studied rigorously.”® Two of
the most accredited metal-ligand 1:2 sandwich complexes are the ferrocene”* and
chromium-bis(benzene)’ which have exceptional stabilities by satisfying the 18-electron
rule. The metal-bis(benzene) complexes have structures such that a metal center is
sandwiched by two benzene ligands. In the sandwich structures, metal binding to the
ligand by six-fold symmetry (n°) is quite common and other binding modes (n* or n*)
also exist.”!" These complexes have gathered extensive attention, and the studies on
these complexes have become captivating areas of research in organometallic chemistry.
In addition, the metal-benzene complexes have been used as the prototypes to study the
interaction between metal and aromatic surfaces, such as polycyclic aromatics, graphite
surfaces, and carbon nanotubes.

The systems in this dissertation are designed to investigate the interactions
between the metals and various ligands derived from benzene. In current work, the
metals from the main and transition groups have been coordinated to the m electron
network of the ligands. The ligands vary from non-aromatic cyclo-octatetraene (COT),
aromatic toluene, p-xylene, mesitylene, and hexamethylbenzene, to polycyclic aromatic
hydrocarbons (PAHs) consisting of 2-7 benzene rings fused or connected together by C-C
bonds (biphenyl, naphthalene, pyrene, perylene, and coronene). This work investigates

how each metal with different identity coordinates to various ligands and how such



interaction can affect the molecular and electronic structures of the resulting complexes.
More specific background and motivation to study individual complex is presented in
each chapter.

Recently, many studies in organometallic chemistry have expanded into the gas

11,12
phase systems.

These systems do not experience the interference from solvents or
counterions, hence the fundamental metal-ligand interactions can be illustrated. The
structures, interactions, and thermodynamics of metal containing molecules in the gas
phase are widely investigated by the spectroscopic techniques. The following section
discusses briefly photoelectron and photoionization spectroscopic techniques used in this

work.

1.1. Spectroscopy

The photoelectron spectroscopy (PES) measures the energy of electrons emitted

1314 When a neutral molecule absorbs a

from the sample by the photoelectric effect.
photon (4v) with fixed energy greater than or equal to the ionization energy (IE), an

electron with kinetic energy (KE) will be ejected.

M+hv>M +¢ (1.1)

By energy conservation, the IE of a neutral molecule can be determined by the energy

difference of the initial photon and kinetic electron.

IE = hv - KE (1.2)

Therefore, the first IE of the molecule is the minimum energy required to ionize the
neutral molecule. Based on the Koopmans’ theorem, this IE equals the negative of the
molecular orbital energy. Hence, the PES spectrum can provide the information about the
bonding character of molecular orbitals. Moreover, the conventional PES method does

not require a tunable light source and is quite easy to implement. However,



photoelectrons with small kinetic energy differences are often hard to separate. This
limits the practical resolution of the PES method.

To improve the resolution of PES, Muller-Dethlefs, Sander, and Schlag developed
zero electron kinetic energy (ZEKE) spectroscopy.'” In the ZEKE method, only the
photoelectrons with near-zero kinetic energies are detected and a tunable light source is
used for the experiment. Therefore, the incident photon energy equals the ionization
threshold of the molecule. In principle, the spectral resolution of the ZEKE technique is
only limited by the bandwidth of the photon source. In practice, the ZEKE spectra of
metal complexes have a resolution of a few wavenumbers. '®

The time-delayed pulsed field ionization (PFI)-ZEKE technique provides high
collection efficiency for the ZEKE electrons and is easy to apply. In this technique,
neutral molecules are initially photoexcited to high-lying (n > 150) and long-lived
Rydberg states. After a short time delay, a small electric field is applied to ionize the
molecules and the resultant ZEKE signal is then measured. During the delay, electrons
from direct photoionization are removed by a small electric field. Since the ZEKE signal
is detected from the field ionization of the Rydberg states just below the ionization
continuum, the IE from the PFI-ZEKE spectroscopy is slightly red shifted. The

ionization energy shift (AIE, cm™) induced by the field can be calculated by the relation

AIE = C E¢'?, (1.3)

where Er in Vem™ is the field strength. The constant C can be determined by plotting the
IE values against various ionization fields and extrapolating to zero field strength.
ZEKE spectroscopy can provide very accurate IE measurement of the complex.

This measurement can be used to complete the thermodynamic cycle.
IE(M) — IE(M-L) = Dy'(M'-L) — Do(M-L), (1.4)
where IE(M) and IE(M-L) are ionization energies of metal and metal-ligand complex,

and Dy'(M'-L) and Dy(M-L) are ionic and neutral bond strengths of the complex,

respectively. For many unsaturated metal complexes, the metal-ligand bond strength of



1718 The neutral

the cation is much better characterized than that of the neutral molecule.
metal-ligand bond strength can be calculated by using the measured ionic bond strength
and known IE of the metal atom.

In addition to accurate measurement of the [E, ZEKE spectroscopy enables the
measurement of low frequency metal-ligand vibrations. The vibrationally resolved
ZEKE spectrum provides direct evidence of the equilibrium geometry changes upon
ionization. Hence, these vibrational modes can be used to understand metal-ligand
bonding. The simulation calculated from the quantum chemical calculations in
combination with the Franck-Condon principle can be used to compare with the
experimental spectrum to analyze and determine the structure of the metal containing
complexes.

In addition to the PFI-ZEKE spectroscopy, resonant two-photon ionization (R2PI)
spectroscopy using UV and IR has been implemented to measure the high-frequency
vibration modes of the neutral complex. In many cases, R2PI provides spectroscopic
information that is unavailable to single-photon spectroscopic methods. The R2PI
method involves a first photon (IR) absorption to an excited vibrational level followed by
a second photon (UV) absorption which ionizes the complex. An ion will result if the
two-photon energies exceed the ionization threshold energy of the complex. Since PFI-
ZEKE method can provide very accurate IE of the complex, R2PI method can be easily
implemented by fixing the UV below the IE. The UV alone does not ionize the complex,
and IR plus UV results in the ion signal. The R2PI spectrum is obtained by measuring
the mass-selected ion signal as the photoexcitation IR laser is scanned.

Mass analyzed threshold ionization (MATTI) spectroscopy is quite similar to the
ZEKE technique. Instead of collecting the ZEKE electrons, ions are collected in MATI.
The MATI method typically provides similar resolution as ZEKE spectroscopy with the
advantage of mass selectivity. However, MATI technique requires much higher
electrical field to separate the directly photoionized ion from the MATI ion. Therefore, a
larger Stark effect is expected. In Chapter 5, the MATI technique has been used to
identify the atomic transitions. Prior to the MATI measurement, the presences of these

atomic transitions were suspected from the spectral analysis due to their exceptionally



narrow bandwidths (< 2 cm™ in our experimental setup). In comparison, the typical

linewidths of the ZEKE spectrum in Ar carrier gas is about 5 cm™.

1.2. Quantum Chemical Calculations

The computational studies are used to compare with and analyze the experimental
spectrum. From the computational analysis, the isomers can be identified by geometry
optimization and characterized through vibrational frequency calculation. Geometry
optimization is the process to determine stationary points on a potential energy surface.
The stationary point is the geometry when the first derivative of the energy with respect
to all displacements of the nuclei is zero. When the change in the displacement of the
stationary point leads to an increase in total energy in all the directions, it is a local
minimum on the potential energy surface as the function of the coordinates of all the
nuclei. The local minimum with the lowest energy is the global minimum which is the
most stable isomer. When the coordinate change leads to a decrease in energy along one
direction, the stationary point is a transition state. The vibrational frequencies can be
predicted by calculating the second derivatives with respect to all atomic coordinates and
used to characterize the stationary points. If the frequencies are all positive (real), the
stationary point is a local minimum. When there is an imaginary (negative) frequency,
the stationary point is a transition state. Many methods are available for these
calculations and some of the computational methods will be introduced briefly in

following subsections.

1.2.1. Ab Initio Calculations

In quantum mechanics, the total energy (E) of the molecule can be determined

with known wavefunction () by solving for the time-independent Schrédinger equation.

Hy =Ey, (1.5)



where H is the Hamiltonian operator. The method involves the Born-Oppenheimer
approximation which allows the electronic and nuclear motions to be separated by
freezing the slowly moving nuclei in place compared to the fast moving electrons during
the calculation.” This approximation greatly simplifies the underlying Schrodinger
equation. The ab initio method has the advantage that the converged result will be the
most accurate and precise of all the currently available methods in molecular modeling,
when all the approximations are sufficiently small and there are enough set of basis
functions. However, in practice, it is feasible only for small and simple chemical systems.
For example, the Schrodinger equation can be solved accurately for the hydrogen atom.
The results are given in the forms of the wave function for atomic orbitals and the relative
energies of the various orbitals. For larger systems, approximations need to be made for

practical reasons such as computational time and memory usage.

1.2.1.1. Hartree-Fock Theory

The simplest type of the ab initio electronic structure calculation is the Hartree-
Fock (HF) method. In the HF method, the best possible solution is at the HF limit, which
is the limit of the HF energy as the basis set approaches completeness. In the quantum
calculations for molecules, the molecular orbitals are formed as a linear combination of
atomic orbitals (LCAO). The solutions of the HF equation are the atomic orbitals
(wavefunction for one-electron in the atom). Since Slater-type orbitals (STOs) are
similar to atomic orbitals of the hydrogen atom, they are used as basis function. However,
for fast calculation of two electron integral, Gaussian-type orbitals (GTOs) are used. A
number of GTOs are summed up with different exponents and coefficients to
approximate the shape of STOs.

The solution from the HF method is found by the iterative self-consistent-field
(SCF) method. A set of approximate orbitals are used to initialize the calculation for the
first cycle. The solution of the first orbital is used to construct a new orbital for the next
cycle. The corresponding energies from SCF cycles are compared, and the best solution
is determined to have the lowest electronic energy. These HF orbitals are optimized until

the change in the electronic energy between two cycles lies below a threshold. The basis



of this method is that all the electrons in the system are treated to be delocalized over an
entire molecule with a smooth distribution of negative charge. Since the HF method
neglects the electron correlation, it cannot reach to the exact value. Therefore, a number

of new approaches have been devised.

1.2.1.2. Moller-Plesset Perturbation Theory

Moller-Plesset perturbation theory (MP)*® improves the HF method by adding
electron correlation effects as a small perturbation, usually to the second (MP2), third
(MP3), and fourth (MP4) order. Since the exactly solvable portion of the Schrédinger
equation corresponds to the HF Hamiltonian operator, it is known as post-HF ab initio

method. In perturbation theory, the total Hamiltonian operator (H) is expressed in a form

H=H,+ A\H,, (1.6)

where H is the HF Hamiltonian operator, H; is the difference between the exact
electronic and HF Hamiltonian operators, and A is a perturbation parameter. The

wavefunction and energy of the system is expressed as power series of A as

W =yo+ Ay A%y L+ Ay (1.7)
and
E=E)+AE; +A’E, + ... + A"E,, (1.8)

where v, and E, are the nth order corrections to the wavefunction and energy,
respectively. The computer time, memory, and disk space increase rapidly with the size
of the system being studied increase. This is because large sets of the wavefunctions are
involved in the calculation. Therefore, it is hard to tackle the large and complex systems

with post-HF methods.



1.2.1.3. Density Functional Theory

Density functional theory (DFT) is a computationally affordable quantum
mechanical theory. This is because DFT has simpler equations compared to traditional
ab initio methods based on complicated many-electron wavefunctions. In the traditional
ab initio methods, the wavefunction depends on the spatial and spin coordinates of all
electrons. However in the DFT method, the wavefunction has been simplified through
the use of the electron density functional and hence given the name, "density functional
theory". In addition, the accuracy of the DFT is quite comparable to some of the post-HF
methods, such as the MP perturbation theory. Therefore, DFT is widely used to
investigate the electronic structure of many-electron systems and is one of the most
popular and versatile methods in computational chemistry.

In DFT, the total energy of the molecular system is expressed as

E[p(r)] = T[p] + Enc[p] + Ece[p], (1.9)

where T[p] is the kinetic energy, and E,.¢[p] and E..[p] are the potential energies from
nuclear-electron attraction and electron-electron repulsion, respectively. p(r) is the
electron density as a function of the three spatial coordinates. The kinetic and electron-
electron interaction energies are the same for any N-electron system (universal
functionals), however the nuclear-electron attraction energy is system dependent (non-
universal functional).

In DFT method based on the Kohn-Sham (KS) formulation,”' most of the electron
kinetic energy (kinetic energy functional of such a system) is calculated and known
exactly. On the other hand, the remaining exchange-correlation part of the total-energy
functional remains unknown and must be approximated in molecular calculations. These
unknown components of the electron energy, which includes the external potential and
the effects of the Coulombic interactions between the electrons, are combined into a
single term called the exchange-correlation energy. This term is a functional of the
electron density. The KS method provides the exact wavefunction of only the non-

interacting electron model system. Therefore, even though orbitals and orbital energies



from KS method are typically quite close to those of the real system, the functional of the
electron density needs to be calculated.

For chemical applications, many exchange-correlation functionals have been
developed. The exchange part of the energy can be expressed as hybrid functionals by
including a component of the exact exchange energy calculated from the HF theory. The
accuracy of the calculation can greatly improve if the approximations used in the theory
are refined to express the exchange and correlation interactions better. In DFT, the
combination of the exchange functional from Becke’s three parameter hybrid functional
(B3)* with the gradient-corrected correlation functionals derived by Lee, Yang, and Parr
(LYP)* and by Perdew (P86)*** are two of the most popular hybrid functionals. The
results obtained from these functionals are typically sufficient in accuracy for most
molecular systems. The accuracy is roughly comparable to that of the MP2 method at a
much lower cost and these methods are used to analyze for the molecular systems studied
in this dissertation.

Unfortunately, since the explicit form of the functional is not known exactly, DFT
lacks a systematic improvement for this approximate functional. This is quite different
from the traditional wavefunction-based methods. Hence, in the current DFT approach, it
is not possible to estimate the error of the calculations without comparing them to other
methods or experiments. In this dissertation, the calculations from the DFT methods are

compared with the experimental values to determine the reliability of the calculations.

1.3. Franck-Condon Spectral Simulations

1.3.1. The Franck-Condon Principle

In ZEKE spectroscopy, the intensities of the vibronic transitions are governed by
the Franck-Condon (FC) principle.**® According to the principle, the intensity of a
given vibronic transition is proportional to the square of the transition moment integral.

The transition moment integral, M., can be expressed as



Mev = JI\V*e'V' o We”v” dT, (110)

where ey and \V*e'v' are vibronic wavefunctions of the initial and final states,
respectively, and p is the molecular dipole moment operator. The dipole moment
operator is determined by both charges and locations of the electrons and nuclei and can

be expressed as two parts consisting of the electronic p. and nuclear py dipole operators.

B = He T uN (1.11)
According to the Born-Oppenheimer approximation'’, the nuclei are stationary compared

to the movements of the electrons, and the electronic and nuclear dipole moment

operators are independent to each other.

Mev = f\lf*e' Yy (He+ HN) Wer Yy dT

= I\V*e' He Wer dre f\lf*v' Yy d’CN

+ I\V*e' \Ve” dre f\lf*v' N \Vv" d‘CN (112)

Since the electronic wavefunctions of two different states are orthogonal, the last term is

zero. Therefore, the transition moment integral equation can be simplified.

M., = .[\If*e' He We dr. I\V*v' Yy dtx (1 13)
where the first term in the product corresponds to the electronic transition moment

integral and the second term is the vibrational overlap integral. The intensity (I) of a

vibronic transition is proportional to the square of the transition moment integral.

I e'viee'v" € HW*e‘ He We dTe|2 |I\V*v' Yy dTle (1 14)
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The essential strengths of an electronic transition are measured by the first term, whereas
the second term determines the intensity distribution among the vibrational bands and
called Franck-Condon factor (FCF).

During an electronic transition, a change from one vibrational energy level to
another will be more likely to happen if two vibrational wavefunctions overlap more
significantly. Since electronic transitions are very fast compared to nuclear motions, the
largest overlap of the wavefunctions can be achieved when there is a minimal change in
the nuclear coordinates. Therefore, the relative intensities of the vibronic transitions can
be used as a guide to determine the structural difference between two electronic states
(the initial neutral to the final ionic states in the ZEKE experiment). For example, if a
ZEKE spectrum contains a strong 0-0 transition and a short vibrational progression, this
indicates that the structural change between the neutral and ionic states is small.
Conversely, if there is a long vibrational progression with a weak 0-0 band, there is a
large structural change upon ionization. The structural comparison can be visualized by

comparing the experimental ZEKE and simulated spectra.

1.3.2. Multidimensional Franck-Condon Factors

The simulated spectrum is obtained by the calculations of the multidimensional
FCFs of the vibronic transitions from the neutral to the ionic states. The calculations use
the theoretical equilibrium geometries and harmonic vibrational frequencies and normal
modes of the neutral and ion. The normal modes of the ion may be displaced and rotated
from those of the neutral states, known as Duschinsky effect.”” A linear and orthogonal
transformation between the normal coordinates of the neutral and ionic states are
assumed in the Duschinsky transformation, however this transformation is typically non-

linear and non-orthogonal according to the axis-switching effect.**>*

Many attempts
were made to determine the exact expression for the calculation of the multidimensional
FC overlap integrals.”>° The FCF program, used in this dissertation, treats the axis-
switching effects by applying a zeroth order Eckart matrix, and off-diagonal elements are
diminished with each rotation. More mathematical and computational details can be

found in Shenggang Li's Ph.D. dissertation.”’ The FCF program (v2.3) used for the
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studies is improved by Li and Clouthier’' from the original version®>>. The FCF
program has run in MS-DOS command prompt, operated by Windows XP.

The PreFCF program (v2.3) is used to obtain an input file (fcf.inp) which contains
the atomic masses, equilibrium geometries, harmonic vibrational frequencies, and normal
coordinates of the neutral and ionic complexes. Through the usage of the program, the
input parameters including temperatures, vibrational energies, active modes and quanta,
spectral range and linewidths, and display threshold of the simulation can be adjusted to
compare with the experimental spectrum clearly. A Boltzmann distribution and a
Lorentzian line shape are considered to simulate the spectrum at a finite temperature and

experimental linewidth, respectively.

1.4. The Scope of the Dissertation

The aim of this dissertation is to determine the structures of the metal-ligand
complexes and investigate the interactions between the metals and various types of
ligands. The ligands used in this study are aromatic or non-aromatic cyclic hydrocarbons,
and the metals include either transition metals or Li. From the experiment, accurate IE of
metal-ligand complexes are measured along with metal-ligand and/or ligand-based
vibrational frequencies of the neutral and ionic complexes. From the IE of the complex,
bond energy differences between the neutral and ionic species can be determined. The
vibrational frequencies measured by PFI-ZEKE spectroscopy provide structural
information which is used to identify the metal binding modes by comparing with
theoretical calculations.

The experimental setup and computational methodologies are presented in
Chapter 2. Since various metals and ligands are involved, the methods for preparing the
metal complexes are varied. The detailed methods to introduce metal and ligand and how
to analyze produced complexes are described in each chapter. For the theoretical part,
quantum chemical calculations are performed to simulate the spectrum and compared
with the experiment to determine the structures of the complexes. The complexes
presented in this dissertation can be categorized into six different groups. Chapter 3

presents the complexes of the group III transition metals (Sc, Y, and La) with a non-
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aromatic hydrocarbon molecule, cyclo-octatetraene (COT). The metal coordination
effect on the non-aromatic and bent ring of the ligand is investigated in this chapter. In
Chapter 4, Sc metal complexes with methylbenzene ligands are studied to identify the
methyl substitution effects on the benzene ring. From this study, how the Sc metal
coordination can disrupt the delocalized & electrons in the methylbenzene ligands has
been investigated. Additionally, methyl substitution effects upon different metal
coordination are studied in Chapter 5. This includes Ti, V, and Co complexes of
hexamethylbenzene. Chapter 6 discusses the rotational isomers and isomer conversion of
group VI transition metal (Cr, Mo, and W)-bis(toluene) sandwich complexes. In Chapter
7, the transition metal group IV (Ti, Zr, and Hf) complexes with the aromatic ligand,
biphenyl is considered. This is a continuing study of Sc-biphenyl complex with
clamshell structure studied by Bradford R. Sohnlein.”* In chapter 8, the interactions
between the PAHs and Li metal atom are investigated. PAHs have two or more benzene
rings fused together linearly or non-linearly (naphthalene, pyrene, perylene, and
coronene). The preference of metal binding to the benzene ring with higher aromaticity
and & electron density has been determined. Lastly, Chapter 9 summarizes the IEs of the
metal complexes and metal-ligand stretching frequencies of the metal- complexes studied
in this work. In addition, the accuracy of theoretical data has been determined by
comparing with the experimental measurements. The experimental and theoretical
studies on these metal-ligand complexes can be used as simple models to refine the
understanding of the structures and bonding schemes in metal-ligand systems.
Furthermore, this information can be applied to more complex systems that involve

multiple metal-ligand interactions that occur throughout chemistry.

Copyright © Jung Sup Lee 2010
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CHAPTER 2. METHODOLOGY

2.1. Experimental Procedure

2.1.1. Complex Formation and Detection

Metal-ligand complexes in a supersonic jet are studied by PFI-ZEKE
spectroscopy. The schematic diagram of the home-built laser-vaporization cluster beam
ZEKE spectrometer is displayed in Figure 2.1. It consists of two vacuum chambers,
pumped by two main vacuum pumps backed by several mechanical pumps, and various
electronic devices. The metal-ligand complexes are produced by the interaction of metal
atoms with the organic ligand of interest in a cubic chamber called source chamber, and
the lengths of each sides are fourteen inches. It houses the metal cluster source and is
evacuated down to ~ 107 Torr by an oil diffusion pump (2200 L/s, Edwards Diffstak
250/2000M), backed by a two-stage mechanical rotary pump (40 L/s, Edwards E2M40).
The pressures in this chamber and the foreline are measured by an ion gauge (Edwards
AIM-S-NW26) and an active pirani gauge (Edwards APGX-L-NW25), respectively, which
are controlled by an active gauge controller (Edwards D386-51-800).

The complex mixture is carried by the intense gas pulses, delivered by a
homemade piezoelectric pulsed valve.”> The inert gases, such as He, Ar, (Ultra High
Purity, Scott-Gross) or He/ Ar mixtures of appropriate ratio, are used with the backing
pressure varying from 20 to 80 psi, depending on the experiments. The metal atoms are
generated by laser vaporization of an appropriate rod by a second harmonic output from
the pulsed neodymium doped yttrium aluminum garnet (Nd: YAG) laser (Continuum
Minilite II, 532 nm, 3 ~ 5 mJ). The metal rod is translated and rotated by a motor-driven
mechanism (Micro Motor Electronics 1516E012S) to ensure each laser pulse ablates a
clean and fresh surface, and hence stabilizes the metal vapor production throughout the
experiment. To increase the production of metal atoms, a 30 cm focal length lens is used
to focus the laser beam onto the surface of the metal rod. In addition, the speed of motor

rotation is adjusted to maximize the signal, since it can also affect the stability and
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amount of the metal vapor. The methods of ligand introduction depend on individual
organic compounds. Vapor of a liquid ligand is introduced at room temperature through a
stainless-steel capillary (inner diameter of 0.053") to a small collision chamber (~ 1.5 mL)
downstream from the ablation source, prior to expansion into the vacuum chamber. The
amount of the ligand vapor introduced to the chamber is controlled by a main gas valve
and a needle valve. Ligands in the solid state are placed inside a copper oven where they
are heated to an appropriate temperature by a heating cartridge with temperature being
controlled by a thermo-controller (Omega CN2110). Water circulating copper tubing is
bound around the face plate surface of the piezoelectric pulsed valve to protect the valve
from overheating. To make metal complexes of PAHs, the rods made of metal and ligand
powders are directly vaporized by the ablation laser. Typically, the rods made of soft
metal and PAH powders are strong and last long in the laser ablation. The methods to
prepare the mixture rods will be discussed in Chapter 8 with more details. The metal
complex mixture vapors are expanded through a nozzle (2 cm in length with inner
diameter of 2 mm) into the vacuum to form a supersonic jet. The supersonic expansion
converts the rotational and vibrational internal energies of the molecular species to
translational energy along the molecular beam axis. Consequently, the vibrational
temperatures of molecules are reduced, improving the spectral resolution and simplifying
the spectrum. The temperature of the molecule can be further reduced by the use of
heavier carrier gas, Ar, which can reduce the vibrational temperature to about SOK. The
vibrationally cooled molecular beam is collimated and selected at about a few centimeters
downstream from the nozzle by a skimmer (inner diameter of 2 mm). The molecular
species pass through a pair of deflection plates to remove residual ionic species which are
produced by laser vaporization. One of the plates is charged with +500 V from a dc high
voltage power supply (Stanford Research Systems PS350), while the other is grounded.
Thus, only neutral molecules enter the spectroscopy chamber and are ionized for the
detection. The source and spectroscopy chambers are separated by a gate valve (MDC
GV-2000V-P). The gate valve is electrically controlled and will close when an
unexpected high pressure is detected by the ion gauge in the spectroscopy chamber (i.e.
beyond the pressure set point for the ion gauge). This function works as a protection for

the detector in the spectroscopy chamber.
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The ZEKE spectrometer is housed in the spectroscopy chamber. The chamber
consists of a two-field, space-focused, Wiley-McLaren time-of-flight (TOF) mass
spectrometer with a 34 cm long flight tube and a dual microchannel plate (MCP) detector
(Burle 25/12/12 D EDR 40:1 MS) to detect ions and electrons. The entire spectrometer is
encased in a cylindrical, double-walled, p-metal shield to block any external magnetic
fields. The p-metal contains about 75 % nickel and 15% iron with small amount of
copper and molybdenum. This metal alloy is very effective at screening static or low-
frequency magnetic field due to its high magnetic permeability. The chamber is
evacuated by two turbomolecular pumps (450 L/s, Seiko Seiki STP451), each backed by
a two-stage rotary mechanical pump (3.95 L/s [237 L/min], Edwards RV12). The
pressure in the chamber reaches to ~ 10™ Torr in standby condition and increases to 10°
6~107" Torr, when the molecular beam is introduced. The vibrationally cooled molecular
species in the spectroscopy chamber are photoionized by the frequency doubled output
from a dye laser (Lumonics HD-500) pumped by the second or third harmonic of a
second Nd:YAG laser (Continuum Surelite II). The output of a tunable dye laser is
frequency doubled by an angle-tuned BBO (beta-Ba;B,0,) crystal in an autotracker
(Lumonics HyperTRAK-1000). The frequency of the laser is controlled by a personal
computer unit, which is interfaced with the dye laser. The ionized species are extracted
and accelerated upwards towards the MCP detector by a dc voltage applied on a pair of
cylindrical metal cans. Four one-inch diameter holes are on four perpendicular sides of
the outer can, where the molecular beam and the photoionization laser beam pass through
the chamber and are perpendicular to the flight tube. For the homogenous electric field,
the holes at the bottom of the extraction cans are covered with a gold mesh of 95 %
transmittance. Each MCP consists of several million independent channels. If two or
more MCPs are operated in series, a single input event will generate a pulse of 10° or
more electrons at the output. Incident electrons or ions enter and hit a channel wall,
emitting secondary electrons. These electrons are accelerated by an electric field applied
by a voltage across the ends of the MCP. They in turn strike the channel surface,
producing a large amount of tertiary electrons. This process is repeated many times along
the channel, producing several thousand electrons emerging from the rear of the plate.

The similar electron amplification occurs in the second plate. Higher electron
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acceleration induces stronger electron collision to the wall, higher production of
secondary electrons, and in turn, higher amplification of the signals. To detect ions, a dc
potential of -1950 V is applied to the input of the voltage divider unit by a high voltage
power supply (Stanford Research Systems PS350). The voltages on each MCP and anode
are measured and indicated in Figure 2.2. From this setup, each of MCP is provided with
about -900 V, and the signal amplification of 10° to 10" is achieved. The augmented
analog signal from the detector is further amplified by a preamplifier (Stanford Research
Systems SR445), averaged by a boxcar integrator (Stanford Research Systems SR250),
and digitally converted by an analog-to-digital converter. The resulting digital output is

stored in a personal computer.

2.1.2. Timing Sequence and Ion Characterization (Time-of-Flight Mass Spectrometry)

In a pulsed experimental scheme, the synchronization of each event is crucial. A
pulsed delay generator (Stanford Research Systems DG535) is used to control the timing
of the gas, two laser, and electronic pulses. First of all, the home-made pulsed valve
driver, which controls the piezoelectric disk, is triggered. This driver controls the time,
width, and voltage magnitude of the gas pulses. After 10 - 100 us of delay, the flashlamp
of the vaporization Nd:YAG laser (Minilite) is triggered. This delay is due to an
operation time of the piezoelectric pulsed valve. The vaporized metal atoms carried in
the carrier gas mixes with the vapors of an organic ligand. The mixtures collide with
each other to form various products. After the supersonic expansion, the cooled
molecular species are photoionized by a frequency doubled UV laser. The second
Nd:YAG laser is used to pump the dye laser, which in turn doubles its frequency by a
doubler. Therefore, there is almost no time delay between the pump laser beam and
frequency doubled UV laser beam. The flashlamp of the second laser is triggered after
triggering the flashlamp of the vaporization laser, and the time delay varies depending on
the carrier gases (200 - 300 us with He and 700 - 900 us with Ar). In the ZEKE
experiments, a ~3 us time delay for the pulsed electric field is applied after the UV
photoexcitation. The oscilloscope (Tektronix Digital Phosphor Oscilloscope TDS3000) is
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triggered by the same trigger used for the pulsed electric field to monitor the appearance
of the various ionized molecular species. The ion signals are displayed as a function of
the flight time.

Since a single extraction field is used to extract and accelerate the cations with +1
charge, the kinetic energies of all ions during the flight from the ionization region to the
front of MCP are the same. Therefore, the various mass to charge ratios can be
determined by their relative flight times (TOF mass spectrometry). For example, an ion
peak at 3.66 us appears in the mass spectrum only when an aluminum rod is ablated in
the source chamber. This peak corresponds to the signal of the aluminum cation. The
flight time comparison with the aluminum peak can be used to calculate the mass of the
molecular cations present in the molecular beam, hence the identification of the species

can be achieved. The mass of the molecule can be calculated by the following formula.

Time (1)

2
m] X Mass (2) (21)

Mass (1) = [

The more reliable way is to use the time of the metal atomic ion as a reference to define
the masses of the ion peaks in a particular metal system. Since only the metal and ligand
vapors are introduced into the chamber, the identification of molecular species is often

straightforward through the mass determination.

2.1.3. PIE Spectroscopy

Prior to ZEKE measurements, the ionization thresholds are estimated by
photoionization efficiency (PIE) spectroscopy. When the incident laser energy exceeds
the IE of a molecule, the molecule ionizes. A PIE spectrum is obtained by recording the
intensity of a mass-selected ion signal, while scanning the photoionization laser
wavelength. The onset between the baseline and sharp increase of the ion signal indicates
the first ionization threshold of the molecule. Since a dc electric field is applied in the
ionization region, the IE value estimated from the PIE spectrum is shifted by the Stark

field effect. Usually +2500 V and +1700 V are applied to outer (1) and inner (2) cans,
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respectively (can numbering denoted in Figure 2.1). These two cans are separated by an
inch. The more positive voltage in the outer pushes the cations into the acceleration
region. This field is used for both ionization and extraction of the molecules. Therefore,
the ionization threshold estimated from the PIE spectrum is reduced by this electric field.
The field induced shift is measured to be 6.1 x E"> where Eg is the electric field strength
of 320 Vem™ (+800 V = 2.5 cm). Therefore, about +110 cm™ correction is applied to the
IE value measured from the PIE spectrum. However, a delay between the ionization laser
and the extraction field by about 20 ps in He carrier gas (40 ps in Ar) can eliminate the
need for the field correction. This pulsed field acts only as an extraction field, and the
molecule is ionized by UV. Therefore, the field-free PIE spectrum can be recorded. The
PIE spectra of La;O,, metal oxide cluster obtained with dc (a) and pulsed (b) extraction
fields are presented in Figure 2.3. From the figure, it is clear that the PIE spectrum with
the dc field underestimates the ionization threshold by +110 cm™, as discussed earlier.
Since PIE spectroscopy records the total ion signal at each laser wavelength, its spectral
resolution is typically low, rarely with resolved vibrational structures. Therefore, the
ionization threshold obtained from the PIE spectroscopy is generally used to simplify the

search for and correlate with the ZEKE signal.

2.1.4. ZEKE Spectroscopy

In ZEKE spectroscopy, the electrons are detected rather than the cations. The
metal complexes are produced and the production is optimized in the same way as for the
PIE experiment. However, the polarity of voltages applied to the extraction cans needs to
be changed to detect the electron signal. The specific scheme to generate and detect the
ZEKE electron is displayed in Figure 2.4. The neutral complexes are photoexcited to
high-lying Rydberg states by UV laser. These excited neutral complexes are a few
wavenumbers lower in energy than the ionization threshold. Electrons from directly
photoionized molecules are repelled by a small dc field of -0.06 Vem™, whereas,
photoexcited molecules in high-lying Rydberg states remain undisturbed. After about
3 ps of time delay, a pulsed electric field of -1.2 Vem™ (-3 V + 2.5 cm) is applied to the

outer can (1), whereas the inner can (2) is grounded during the experiment. Since a large
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proportion of prompt electrons with kinetic energies are collected within about 100 ns
from photoexcitation, the short time delay (~3 ps) is enough to distinguish ZEKE
electrons from the kinetic electrons. The pulsed field is provided by a pulsed digital
delay generator. The energy shift from the small pulsed electric field (~1 V cm™) has
been shown to be much smaller than spectral linewidth.® The pulsed field ionizes the
photoexcited species to release electrons with near-zero kinetic energy and extracts
electrons towards the detector with positive voltage (+2050 V). Voltage divider for
electron detection is displayed in Figure 2.5. In order to collect the electrons, the
reversed polarity is applied on each MCP and a large positive potential is applied to the
anode to attract the amplified electron signal. In addition, small dc voltage of +5 V is
applied to the TOF tube to help guide the ZEKE electrons to the detector. To simplify the
search and maximize for the ZEKE signal, all experimental parameters are first optimized
in the ion detection mode. To obtain a ZEKE spectrum, the ZEKE electron signal is
recorded as the wavelength of the photoexcitation laser is scanned from a few hundred
wavenumber below the ionization threshold to a higher energy region to find the ZEKE
signal. With the identified ZEKE signal, whole range of spectrum is scanned until no
further signal is detected. After each experiment, the laser wavelengths are calibrated

against vanadium or titanjum atomic transitions.>’

2.1.5. IR-UV R2PI Spectroscopy

In the IR-UV R2PI experiment, an infrared optical parametric oscillator/amplifier
(IR OPO/A) laser (LaserVision) is used for vibrational excitation. The schematic
diagram of IR OPO/A is shown in Figure 2.6. The IR laser is pumped by a seeding
Nd:YAG laser (1064 nm, Continuum Surelite IIT) and converts the fixed frequency into
tunable radiation in the mid-infrared range. First, about 550 mJ of horizontally polarized
1064 nm laser beam (purple color in the figure) is separated by a beamsplitter (M1) into
two beams. One of the beams is directed to a KTP crystal (KTiOPOys, potassium titanyl
phosphate) for frequency doubling. The resultant 532 nm light is reflected by three
mirrors (M2, M3, and M4) and acts as a pump laser (green color) for the OPO stage. The

OPO consists of a back mirror, a diffraction grating, and a tuning mirror. The back mirror
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reflects both the 532 nm pumping and resonated wave, and permits fine adjustment of the
cavity length. The diffraction grating is placed at grazing incidence relative to the cavity
axis. The tuning mirror orients to reflect the diffraction of the resonated wave. The angle
tuning of a single set of these nonlinear crystals produces continuous generation of a
tunable laser (near-IR output ranging from 710 to 880 nm, blue color). The near-IR
signal outputs exit the OPO and enter to the OPA stage. The remaining 1064 nm output
beam is directed through a 1064 nm attenuator, M5, and M6 until they recombine with
the output beam from OPO. The combined beam is then directed into a 1064 nm pumped
OPA stage with four KTA crystals (KTiOAsOj, potassium titanyl arsenate) for different
frequency mixing. In the OPO stage, the oscillator wavelength is from 710 to 880 nm
[A(Osc)], and the pump wavelength is 532 nm. This makes the idler laser pulse from the
OPO [MOPO)] to be 2122 to 1345 nm.

A(OPO) = —————— (2.2)

Then, the idler [A(OPO)] is sent to the OPA and mixes with the 1064 nm pump for
differential frequency mixing. This produces the laser wavelength [A(OPA)] of 2134 to
5089 nm (4686 to 1965 cm™).

1

T 1
1064 ~ A(0PO)

L(OPA) =

(2.3)

All the crystals including OPO and OPA crystals are each controlled by a dc servo motor
connected to an integral modular DSP (digital signal processing) controller. The control
program, named MDRIVE with the parametric converter, is operated in Microsoft
Windows operating system with a Pentium III host computer. Each motor can be
calibrated individually to 10™ order polynomial expansion of position as a function of
wavelength. To turn on the OPO/A laser, the pump laser needs to warm up about 20

minutes to have a constant full power. Then, the 532 nm attenuator needs to be turned
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slowly to the optimal angle of 23 degrees on the waveplate. It takes another 20 minutes
to warm up the OPO stage before the 1064 nm attenuator is turned to 45 degrees for
maximum transmission. During the operation, each motor is controlled individually for
the maximum power of mid-IR. To turn it off, the opposite step is applied and both of
attenuators need to be turned to zero degree position before the pump laser can be turned
off. The IR OPO/A laser provides pulse energies of ~1-26 mJ in the range of 2200-
4500 cm " and linewidths of ~2.0 cm™'. The linewidths of the beam can be reduced as
narrow as ~0.2 cm ™' when it is pumped with the injection seeder (Continuum FLSE-10-1-
1064.175-001). However, the measurements with the injection seeder on or off make no
significant difference in the linewidth of the resonant IR-UV photoionization spectra.
Since the use of the seeder results a lower mid-IR power output, all of R2PI
measurements are carried out without the seeder. Experimental investigations have found
that the optimal signal and spectral linewidth for the molecular systems can be achieved
with the IR pulse energy of 6-10 mJ. After each experiment, the IR laser wavelengths
are calibrated with the photoacoustic spectra of H,0.*®

To record the R2PI spectrum, the IR laser beam is introduced from the opposite
side of the chamber from the UV laser. The IR beam counterpropagates with the UV
beam, and both laser beams are perpendicular to the molecular beam. The general
scheme of R2PI spectroscopy is displayed in Figure 2.7. Typically, the IR is fired about
100-120 ns prior to the UV laser. The resultant ion signal is detected in the same
time-of-flight spectrometer as that used in the ZEKE experiment. The UV laser
wavelength is fixed about 400 cm™ below the IE of the complex in interest, whereas the
IR laser wavelength is scanned in the range of 2700- 4500 cm™ to search for a C-H, N-H,
or O-H stretching vibration. Since UV laser alone cannot ionize the neutral molecule,
only when the IR light is in resonance with an active IR mode of the complex can the
neutral complex be ionized and detected. The IR-UV photoionization spectrum provides

high-frequency vibrational modes of the neutral complex.
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2.2. Theoretical Calculations

In addition to the experiments, quantum chemical calculations have been used to
help spectral interpretation. The theoretical calculations are used to predict molecular
structures, electronic states, relative energies, and vibrational frequencies. These
theoretical results are then compared with the experimental results for spectral and
structural analyses. The theoretical calculations also include the geometry and
frequencies of the free ligand to evaluate how metal coordination perturbs the ligand
geometry. The geometry optimization and frequency calculations are carried out with the
GAUSSIAN 03 program package installed on the IBM supercomputer located at the
CENTER FOR COMPUTATIONAL SCIENCE in the University of Kentucky. Due to its
relatively low computational costs and reasonable predictions, DFT including B3LYP and
B3P86 is selected to study the complexes. Typically, Pople’s triple-split-valence zeta
basis set is used along with diffuse functions on the heavy elements (carbons and metals)
and polarization functions on the heavy elements as well as hydrogen [6-311+G(d,p)].
The B3LYP/6-311+G(d,p) method was proven to yield good predictions of IEs,
vibrational frequencies, and spectral intensities of metal-aromatic complexes.”***®!" The
heavier metal elements, for which the triple basis set is unavailable, are treated with a
pseudo effective core potential (ECP) basis set, LanL.2DZ (Los Alamos National
Laboratory 2 double zeta).”*** LanL2DZ basis set treats the valence electrons
independently and takes into account the influence of the inert, core electrons as a single,
uniform potential. The DFT methods often yield good prediction on IEs, vibrational
frequencies, and spectral simulations of metal-organic ligand complexes. However,
traditional ab-initio calculation (e.g. MP2) is also carried out to compare with DFT.

The theoretical methods of studying metal complexes can be initiated by
considering the structures of free ligands. The reliability of the theoretical method can be
investigated by comparing the calculated molecular structures of organic ligand with the
experiment. From the minimum energy structures of organic ligands, the possible metal
binding sites are predicted and examined. As initial structures, the metal atoms or ions
are attached to these various binding sites of the ligand and calculated to determine the

ground state structures of the complexes. From the geometry optimization output,
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various information including equilibrium geometry, molecular symmetry, electronic
state, electronic energy, atomic charges, and molecular orbitals can be obtained. In
addition, the structural comparison between the metal complex and the free ligand can
provide the geometrical perturbation induced by metal coordination.

From the optimized structures of the complexes, the frequency calculations are
carried out by taking the second derivatives of the energy with respect to the parameters.
The frequency output files provide valuable information about the vibrational frequencies
and modes and zero-point energies, which are used for the spectral analysis. If the
vibrational mode contains small negative (imaginary) frequency, this indicates that the
particular molecular configuration is at a saddle point on the potential energy surface and
is not a local minimum. For example, methyl substituted benzene with freely rotating
methyl groups may have several transition states from different methyl group angles with
respect to the plane of the phenyl ring and each other. In such a case, different initial
structures with various methyl torsional angles should be considered in the geometry
optimization to determine the lowest energy structure. Similarly, reducing the molecular
symmetry or exploring different electronic states by orbital switching may help to find
minimum energy structures.

In the theoretical methodology, the complex multiplicities also need to be
considered along with the structural investigation. Typically, the IEs of the ligands are
much higher than those of metals. Therefore, the molecular multiplicities of the metal
complexes depend on the electronic configuration of the metals. Studied systems
involved in this dissertation contain both transition and main group metal elements. The
main group elements, Li have very simple electronic configuration. On the other hand,
the transition metals have the d orbitals, which have similar energy with the s orbitals.
Therefore, numerous ways for the electrons to occupy the molecular orbitals are possible,
resulting in the various electron spin multiplicities. As a result, the transition metal
containing complexes consume more computational time, and the calculations are more
complicated. In some cases, previous theoretical or experimental studies related to the
molecular system can help the search for the lowest energy complexes.

From the frequency output files, the ZEKE spectrum of the complex can be

simulated. For the simulation, the multidimensional Franck-Condon factors are
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calculated from the equilibrium geometries, harmonic vibrational frequencies, and
normal coordinates of the neutral and ionized complexes.’>® The Duschinsky effect” is
considered to account for normal mode differences between the neutral and ionic
complexes in the FC calculations. In addition, a Lorentzian line shape with the
experimental linewidth is used to simulate the spectral broadening. Moreover, transitions
from excited vibrational levels of the neutral complexes are simulated by assuming
thermal excitations at specific temperatures using Boltzmann distribution. The best
simulations at specific vibrational temperatures are used to estimate the experimental
vibrational temperatures.

In this dissertation, all of the simulated spectra are shifted to the IEs measured
from the ZEKE spectra, whereas the vibrational frequencies are not scaled for clear
comparison. In addition, the peak intensity in each spectrum is unified by normalizing
the most intense peak. Moreover, the IR intensity of each normal mode is calculated
from the first derivative of the dipole moment at the equilibrium bond distance, and each

IR peak is plotted with the experimental linewidth.
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The resulting ion signal is recorded to find the C-H, N-H, and O-H stretching vibrations.
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CHAPTER 3. METAL COORDINATION CONVERTS THE TUB-SHAPED CYCLO-
OCTATETRAENE INTO A PLANAR AROMATIC MOLECULE: ELECTRONIC
STATES AND HALF-SANDWICH STRUCTURES OF GROUP III METAL-CYCLO-
OCTATETRAENE COMPLEXES

3.1. Introduction

Unlike benzene, 1, 3, 5, 7-cyclo-octatetraene (COT) is a nonaromatic molecule

66-69
However, one or two-

and has a tub-shaped structure in its ground electronic state.
electron attachment to the tub-shaped COT molecule converts it into a planar structure of
Day, or Dgy, symmetry.7°'76 On the other hand, metal coordination may cause a structural
change in the tub-shaped molecule as well. For example, the COT molecule has been
shown to adopt a planar #® binding mode in actinide (Th, U, Np, and Pu) and lanthanide
(La, Ce, Pr, Nd, Sm, Gd, and Tb) complexes77'84 and nonplanar 112, ;74, or ;16 modes (in
addition to the #° mode) in transition metal (Ti, V, Cr, Ni, Zr, Ru, and Hf) complexes.*”"
The diversity of the COT coordination modes has been attributed to the relative small
energy barriers for its ring inversion and -bond shifting.”?

To investigate fundamental interactions between metal atoms and COT, several
gas-phase experimental studies have been reported on the COT complexes of actinide,
lanthanide, and transition metals. For actinide metals, Clark and Green reported in an
early study He (I) and He (II) photoelectron spectra of [M(COT);] (M = Th and U) and
discussed the major bonding interaction to be between COT 7 and metal 64 orbitals.”
For lanthanide metals, Kaya and co-workers reported mass, photoionization, and anion
photoelectron spectra of [Ln,(COT),+;] (Ln=Ce, Nd, Eu, Ho, and Yb) and suggested that
these complexes were in multiple decker sandwich structures, with Ln in +2 or +3
oxidation states and COT in -1, -1.5, or -2 oxidation states.”*®” The formation
mechanism and bonding nature of the lanthanide complexes were further analyzed by
using DFT calculations.” ' Scott er al.'"" reported the mass-selected photodissociation
spectra of Sm, Dy, and Nd ionic complexes, and their observations on the Nd complexes

were consistent with the mass spectrometry of Kaya and co-workers.”*”’ Miyajima et

al."” reported the magnetic moments of [Ln,(COT),,] (Ln = Eu, Tb, Ho, Tm) obtained
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from a Stern-Gerlach magnetic deflection experiment and observed the increase in the
magnetic moments with increasing number of lanthanide atoms. For transition metals,
Jaeger and Duncan'® studied [M(COT)12]" (M =V, Fe, Ni, and Ag) ions, again with
mass-selected photodissociation spectroscopy, and observed various metal-dependent
fragmentation channels. Li ez al.'® reported an anion photoelectron study of
[Fe;2(COT)] and [Co(COT)] complexes. In combination with DFT calculations, they
determined the spin multiplicities of the anions and found that the spin magnetic
moments of these systems retained those of the bare metal atoms or dimer. Vass et al.'®”
studied He (I) and He (IT) photoelectron spectra of several COT-containing Fe and Cr
complexes and proposed an #*-COT binding mode in the Fe complexes and an 7°-COT
mode in the Cr complexes. In addition to the experimental measurements, computational
studies have been reported on the sandwich structures of lanthanide and actinide metal

109,110 .
 and fluxional

complexes,l%'108 half-sandwich structures of alkaline earth metals,
behavior of COT in transition metal complexes.”’

The previous gas-phase measurements and calculations suggested the conversion
of tub-shaped COT into an aromatic molecule upon metal coordination. However, it
would be desirable to verify this geometric change by high-resolution spectroscopy with
the potential of directly probing the shape of the COT molecule and structures of metal
COT complexes. This is the motivation for the current study. In this chapter, we have
focused on PFI-ZEKE spectroscopy of group III M(COT) (M = Sc, Y, and La) complexes.
By combining the spectroscopic measurements with the molecular orbital treatments and
DFT calculations, we have explored the effects of metal coordination on the
conformation of COT, the metal-ligand bonding and electronic states of the M(COT)

complexes, and the differences between the COT and benzene complexes.”®**¢!

3.2. Experimental and Computational Methods
The metal-cluster beam ZEKE spectrometer used here was described in Chapter 2.
Metal complexes with COT (98%, Aldrich) were prepared in a laser-vaporization cluster

beam source. The metal atoms were produced by pulsed-laser vaporization of a metal rod

(Sc, 99.9%, Alfa Aesar; Y, 99.9%, Goodfellow; La, 99.9%, Alfa Aesar) in the presence of
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He or Ar carrier gas (UHP, Scott-Gross) or a mixture of He and Ar at about 40 psi. These
gases were delivered by a home-made piezoelectric pulsed valve.”> The metal complexes
formed in the collision chamber were expanded into the vacuum, collimated by a cone-
shaped skimmer (4 mm inner diameter), and passed through a pair of charged deflection
plates (+500 V) to remove residual ionic species formed during laser ablation.

The M(COT) complexes in the molecular beams were identified by
photoionization time-of-flight mass spectrometry. Ionization thresholds of the complexes
were located using PIE spectroscopy by recording the mass-selected ion signal as a
function of the ionization laser wavelength. ZEKE electrons were produced by
photoexcitation of the neutral complexes to highly excited Rydberg states, followed by
photoionization of these Rydberg states with a 3 us delayed, pulsed-electric field (1.2
Vem™, 100 ns). A small de field (0.06 Vem™) was applied to discriminate ZEKE
electrons from kinetic electrons produced by direct photoionization. A delay pulse
generator was used to generate the pulsed-electric field for ionization. The dc field
effects on the ZEKE spectral energies were corrected using the relation of AIE =
6.1x EF1/2, where Er in Vem'! is the field strength.111 The ion and electron signals were
detected by a dual microchannel plate detector, amplified by a preamplifier, averaged by
a gated integrator, and stored in a laboratory computer. Laser wavelengths were
calibrated against vanadium or titanium atomic transitions.”’

Molecular geometries and vibrational frequencies were calculated with GAUSSIAN 03
program package.” In these calculations, we have used B3LYP method with the triple-
split-valence basis set 6-311+G(d,p) for C, H and Sc, and the LanL.2DZ basis set for Y
and La atoms (for which the triple-split-valence basis was not available).
Multidimensional FC factors were calculated from the equilibrium geometries, harmonic
vibrational frequencies, and normal coordinates of the neutral and ionized complexes.’*
The Duschinsky effect” was considered to account for normal mode differences between
the neutral and ion complexes in the FC calculations. A Lorentzian line shape with the
experimental linewidth was used to simulate spectral broadening. Transitions from
excited vibrational levels of the neutral complexes were simulated by assuming thermal

excitations at specific temperatures.
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3.3. Results and Discussion

3.3.1. PIE and ZEKE Spectra of M(COT)

Figure 3.1 displays the PIE spectra of three M(COT) complexes seeded in He
carrier. The wavenumbers were corrected by +110 cm™, the energy shift induced by the
dc extraction field of 320 Vem™ applied in the ionization region. Each spectrum begins
with a small and slowly rising signal, followed by a sharp signal onset. The slowly rising
signal originates from ionization of thermally excited vibrational levels of the neutral
complexes. The sharp signal onsets, indicated by arrows, corresponds to the first
ionization thresholds and are measured to be 42200 (200), 40600 (200) and 36600 (200)
cm’ for the Sc, Y, and La complexes, respectively. The ionization thresholds from the
PIE measurements were used to simplify the search for and correlate with the ZEKE
signal.

The ZEKE spectra of the three complexes seeded in He are shown in Figures
3.2(a), 3.3(a), and 3.4(a). These spectra are similar to each other and display a major
progression with intervals ranging from 338 cm™ in Sc(COT), 300 cm™ in Y(COT), and
278 cm™ in La(COT). Superimposed on the high-energy side of each member of the
progression are satellite peaks separated by about 20 cm™ from the main peak.
Additionally, each spectrum exhibits a weak transition at the low-energy side of the first
strong peak, 0-0 transition. The separation of this weak transition from the 0-0 transition
is 318 cm™ in S¢(COT), 270 cm™ in Y(COT) and 256 cm™ in La(COT). The intensities
of these weak transitions and the satellite peaks depend on the conditions of the
molecular beams and decrease with the replacement of He carrier by Ar. Figure 3.2(b)
shows the ZEKE spectrum of Sc(COT) with a 1:1 He/Ar mixture. In this spectrum, the
intensities of the satellite peaks above the 0-0 band and the weak peak below the 0-0 band
decrease due to the reduced vibrational temperatures with the mixture carrier. Therefore,
these transitions are attributed to ionization of vibrationally excited neutral complexes.''*
¢ The adiabatic ionization energies (AIEs) measured from the 0-0 transition are
42263 (5), 40749 (5), and 36643 (5) cm™ for the Sc, Y, and La complexes, respectively.

The AIE value of each complex measured in the ZEKE spectrum corresponds to the
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energy position of the sharp onset in the PIE spectrum, but with a much higher precision
and accuracy.

The ZEKE spectrum of the Sc(COT) is very similar to that of Sc(benzene).®® The
42263 cm™ AIE is close to that of the benzene complex (41600 cm™), the 338 cm™
interval of the main progression is comparable to the Sc'-benzene stretching frequency
(375 cm™) in the ion state, and the 318 cm™ interval is about the same as the Sc-benzene
stretching frequency (324 cm™) in the neutral state. Therefore, it is reasonable to assign
the 338 and 318 cm™ intervals to the Sc-COT stretching excitations in the ionized and
neutral species. The satellite peaks, separated from the 338 cm™ progression by ~20 cm™,
are likely due to the sequence transitions between the first excited levels of the Sc-COT
stretching vibrations in the ionic and neutral states. Similar to Sc(COT), the 300 and
270 cm™ intervals in the ZEKE spectrum of Y(COT) may be attributed to excitations of
the Y'/ Y-COT stretching vibrations, and the 278 and 256 cm™ intervals in the spectrum
of La(COT) to excitations of the La’/ La-COT stretching vibrations. The decrease of the
metal-ligand stretching frequencies from Sc to La is associated with the increase in the
metal masses down the group triad. Because of the smaller stretching frequencies of the
Y- and La-COT complexes, additional sequence transitions from higher excited
vibrational levels are also observed for these two heavier species.

The observation of large AIE variations among the three M(COT) complexes
suggests that photoionization removes a metal-based electron, rather than a COT-based
one. The AIE values of these complexes decrease down the group triad and are in the
same order as the metal atomic IEs. The removal of a metal-based electron by ionization
in these systems is understood because the IEs of the group III metal atoms (6.5615 eV
for Sc, 6.2173 eV for Y, and 5.5769 eV for La)''” are lower than that of the COT ligand
(8.42 eV).”*'"®* Because of the removal of a metal-based electron, ionization should
largely affect the coordinates between the metal and ligand, rather than the COT
framework. Therefore, a stronger FC activity is expected for the metal-ligand stretching
vibrations in these systems. The spectral assignment will be discussed in more details

later by comparing the measured spectra with spectral simulations.
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3.3.2. Low-Lying Electronic States and Conformation of M(COT)

In this section, we will discuss the electronic states and molecular conformation
from the viewpoint of the frontier molecular orbital treatments and using the results from

DFT calculations.

3.3.2.1. Qualitative Molecular Orbital Treatment

Like Sc(benzene), M(COT) is expected to be in a  binding mode. Figure 3.5(a)
presents a diagram for valence molecular orbital interactions between the 3d/4s orbitals
of M and occupied &t orbitals of COT. In this diagram, the metal 3d/4s orbitals are plotted
on the right side of the diagram, the ligand &t orbitals on the left, and the formed
molecular orbitals in the middle. The metal 3d/4s orbitals are placed higher in energy
than the ligand & orbitals because the IEs of group III metal atom are lower than that of
the organic ligand (Koopmans’ theorem). As a starting point, M(COT) is assumed to be
in Cy, point group, the highest possible symmetry for M(COT) in a © conformation. COT
is known to be non-planar and is properly described as a conjugated nonaromatic
tetraolefin. A molecular orbital treatment of the hypothetical planar COT is useful,
however, with respect to the questions of the instability of this configuration for the free
molecule and the possible stabilization upon metal coordination.'"*'** Based on the Frost
and Musulin energy diagram,'?' five occupied 7 orbitals of COT are in the energy order
of ; (a1, bonding) < m,, 13 (e}, bonding) < m4, and 75 (e, nonbonding). The five metal
atomic d orbitals are split into three sets: d,2 (a1), dxs, y» (e1) and dyy, x2.42 (e2) in Cs,.
Interactions between these M and COT orbitals yield three bonding and antibonding
orbitals, respectively, with the ligand 7 orbitals being stabilized and the atomic d orbitals
destabilized. The interaction between the COT wt; and M d,2 orbitals is the weakest
because of their large energy difference and spatial mismatch. The formation of M(COT)
results in a two-electron transfer from the metal atom to the COT half-filled e, orbital,
making COT a dianion. Thus, the metal-coordinated COT satisfies the requirement of

4n + 2 electrons and becomes aromatic.

38



Since group III metal atoms have three outermost valence electrons, the remaining
outermost electron should fill in the metal-based 2a; orbital, the highest occupied
molecular orbital (HOMO). Thus, the ground electronic state of M(COT) should be ?A,
under Cs, molecular symmetry. First ionization removes the electron from the HOMO
and yields the 'A; ground state for the corresponding ion. From this molecular orbital
treatment, the observed ZEKE spectra should be associated with the 'A; < *A; transition.
Because the 2a; orbital has a weak antibonding character, M(COT) is expected to have a
lower IE compared to the metal atom. This qualitative prediction is confirmed by the
ZEKE measurement, which shows a red IE shift of 8300 — 10700 cm™! from M to
M(COT). The red IE shift indicates that the metal-ligand bonding is stronger in the ion

than in the neutral complex.

3.3.2.2. DFT Calculations

The qualitative MO treatment discussed above is consistent with DFT/B3LYP
predictions presented below. Table 3.1 lists the electronic states and their energies of the
neutral and ionic complexes and transition energies for allowed electronic transitions
from a neutral state to an ionic state. Calculations starting with low-symmetry C,, and C,
structures were also carried out, but converged to either Cy, or Cs, depending on the
electron multiplicities. For each complex, the ground state is predicted to be *A; in the
Cs, structure. In this doublet state, the HOMO has largely a metal-based orbital character:
(n-1)d,2 mixed with ns (Figure 3.6). As pointed out in previous section, this doublet state
is formed through the two-electron transfer from M to COT, making the ligand a dianion.
The argument of the dianionic COT in these complexes is further supported by
comparing the C-C bond distances in the ground states of COT, COT", COT?%, and
M(COT). Table 3.2 presents these C-C bond distances obtained from the DFT/B3LYP
calculations. It can be seen from the table that C-C bond distances are nearly identical in
the M(COT) complexes and the COT* dianion, while they are quite different between
M(COT) and COT or COT".

Above the *A; ground state, a B; state is predicted to be in the range of 20000-

30000 cm™ depending on the metal atoms. The *B; state is formed through electron
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excitation from le; to 2e; orbital. Upon the 2e; < le; excitation, the electron
configuration is (1e2)*(2a1)' (2e,)", and the electronic symmetries derived from it include
A; +A, + By +B,. Inaddition to the “B; state, we tried to search for the 4A1, 4A2, and
“B, states, but without success. The ‘B, state is predicted to be a transition state, as
frequency calculations show an imaginary frequency [1228; cm™ for Sc(COT),
1027i cm™ for Y(COT), and 1015; cm™ for La(COT)]. The molecular symmetry of the
4B1 state (Cy,) is lower than that of the 2A1 ground state (Cg,). The reason why the
high-spin state has lower symmetry than the low-spin state is as follows. Upon exciting
an electron from the ligand-based 1e; orbital, COT becomes a singly charged anion with
4n + 1 electrons and thus loses its aromaticity. Although the COT" anion is still planar,
the molecular symmetry of its ground state is reduced to Dy;.”""" Therefore, the
maximum symmetry of M(COT) in the high-spin state should be no higher than Cy,.

The ground state of the singly-charged M"(COT) cation is predicted to be 'A; in
Cs, symmetry, and a 3B1 excited ion state in Cy, symmetry is located at 13000-17000 Cm'l,
depending upon the identity of the metal atoms. The 'A; state arises from the removal of
an electron from the HOMO 2a; in the >A, neutral ground state, whereas the 3B, state
may result from the removal of an electron from the 1e; orbital of the 2A1 state or the 2e;
orbital of the By state (Figure 3.5). Like the quartet neutral state, the triplet ion state is
predicted to be a transition state, because frequency calculations result in an imaginary
frequency [448i cm™ for Sc”(COT), 343i cm™ for Y'(COT), and 551i cm™ for La"(COT)].
The AIEs for the 'A; <— %A, ionization process are predicted to be about 43800, 41200,
and 38300 cm™ for M = Sc, Y, and La, respectively. The predicted AIEs for the
’B) < *A, ionization are much higher (Table 3.1) because ionization removes an electron
from the strong bonding, low energy le; orbital. On the other hand, the predicted AIE
values for the * B, « 4B1 process are much lower, because ionization removes an electron

from the antibonding, high energy 2e, orbital.
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3.3.2.3. Observed 1A1 <~ 2A1 Transition for the Cs, Structure of M(COT)

Among the three ionization processes described in previous section, the
'A; < %A ionization is observed by the ZEKE measurements. Figure 3.2 compares the
experimental spectra with the simulations of the 'A; <— A and *B; < ?A, processes of
Sc¢(COT). The simulation for the °B; « *B, ionization is not included for the comparison,
because the B, neutral state is predicted to be a transition state, which is not expected to
survive under the experimental conditions. In these simulations, the calculated
vibrational frequencies are not scaled, but the predicted AIE is shifted to the measured
value for the sake of simplicity. Clearly, the 'A| < ?A; simulation matches nicely to the
experimental spectra in both vibrational intervals and intensities, while the 3 B, « 2A1
simulation exhibits a longer FC progression and smaller vibrational intervals than the
measured spectra do. Moreover, the predicted AIE of 'A; < ?A; (43831 cm™) is close to
the measured value (42263 cm™), while the predicted AIE of °B; < ?A; (56244 cm™) is
too high. Therefore, the comparison between the experimental and theoretical AIEs,
vibrational frequencies, and spectral intensities shows that the lAl “«— 2A1 ionization is
responsible for the observed spectrum. Based on the good agreement between the
experiment and theory, the 338 cm™ vibrational progression is assigned to the excitations
of the S¢"-COT stretching mode in the 'A, ionic state. The 318 cm™' interval is assigned
to the first-quantum excitation of the Sc-COT stretching mode in the *A; neural. The
satellite peaks with separations of ~20 cm™ are due to the sequence transitions between
the first excited levels of the metal-ligand stretching vibrations in the neutral and ion
states. As in Sc(COT), the 1A1 <« 2A1 1onization is observed for the heavier Y and La
analogs, as shown in Figures 3.3 and 3.4. Table 3.3 summarizes the measured and
calculated AIEs of the *A state and the M-COT stretching frequencies in the *A; and 'A,
states. The excellent agreement between the experiment and theory again confirms the
spectral assignment discussed above.

The ground electronic states of the neutral and ionic Sc(benzene) complex have
been determined to be *A; and * Aj, respectively.60 The difference in the electron spin

multiplicities between the ground states of Sc(COT) and Sc(benzene) is explained as
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follows. The degenerate e, (4, 7ts) orbital in benzene is unfilled, and it is at higher energy
than the metal d orbitals [see Figure 3.5(b)]. Thus, three Sc valence electrons retain at the
metal-based molecular orbitals. Due to the small energy separations between the metal-
based le; and 2a; orbitals, these electrons prefer the (1e2)*(2a;)' configuration, resulting
in the high-spin quartet ground state. Upon removal of the 2a, electron by ionization, the

ion is thus in the triplet ground state.

3.4. Conclusions

In this work, we have obtained the first high-resolution electron spectra of group
III metal complexes with a COT molecule and determined metal-ligand bonding and
electronic states of these systems by combining the ZEKE measurements with the
molecular orbital treatment and DFT calculations. The spectra of these complexes are
very similar to each other and show a strong 0-0 transition and a major metal-ligand
stretching vibrational progression. The AIEs of the complexes are lower than those of the
bare metal atoms are and decrease with increasing metal atomic number. The red AIE
shift from M to M(COT) shows the metal-ligand bonding is stronger in the ion than in the
neutral species.

Metal coordination converts the tub-shaped structure of the COT molecule to a
planar, aromatic structure. This conformational change is due to the two-electron transfer
from the metal-based orbitals to a COT partially filled & orbital, making the ligand a
dianion. The ground electronic state of the neutral complexes is determined to be *Aj,
whereas the ground state of the corresponding ions is 'A;. Both neutral and ionic

structures have Cs, symmetry in their ground states.
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Table 3. 1. Point groups, electronic states, relative energies (Ex, cm™), and AIEs (cm™) of
M(COT) (M = Sc, Y, and La) complexes from DFT/B3LYP calculations.

Complexes Symmetry  States’ Eg(cm’) Transitions AIE (cm™)

Sc(COT) 42263°
Cy ’B; 56951 'A1 (Csy) <A, (Csy) 43831
Csy A, 43575 Bi (Ca) <A1 (Cyy) 56244
Cy ‘B, 19815 Bi (Ca) < 'Bi(Cp) 37475
Cs, A 0

Y(COT) 40749°
Cyy ’B, 58066 'A1 (Cs) <A1 (Cs) 41193
Csy N 41061 Bi (Ca) <A1 (Cs,) 57488
Cyv ‘B, 31728 Bi (Cp) «'B1(Ca) 26753
Cs, Ay 0

La(COT) 36643°
Cyv ’Bi 53186 'A1 (Cs) «<*A1(Cs,) 38254
Csy A, 38075 Bi (Cn) <A1 (Csy) 52675
Cyy ‘B, 27254 Bi (Ca) —'Bi(Cx) 26416
Csy A 0

* The doublet and quartet states refer to the neutral complex, and the singlet and triplet
states are for the ion. The *B; and B, states of M(COT) are transition states as frequency
calculations show an imaginary frequency in each of these high-spin states.

® AIE values from ZEKE spectra.
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Table 3. 2. Carbon-carbon bond distances (A) in the ground states of COT, COT", COT?,
M(COT), and M"(COT) (M = Sc, Y, and La) from DFT/B3LYP calculations.

Bond COT CcoT COT* M(COT) M'(COT)
distance
C-C 1.472,1.340 1.441,1.378 1.417 1.416-1.418 1.414-1.417
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Table 3. 3. AIEs (cm™), and metal-ligand stretching frequencies (cm™) of M(COT)
(M =S¢, Y, and La) complexes from pulsed-field-ionization ZEKE spectroscopy and
DFT/B3LYP calculations.

ZEKE? B3LYP
Sc(COT) (Csy, 'A; < 2A))
AIE 42263 43831
Sc-COT stretch (vs) 318 317
Sc™-COT stretch (vg') 338 341
Y(COT) (Csy, 'Aj < 2A))
AIE 40749 41193
Y-COT stretch (vsg) 270 260
Y -COT stretch (vg') 300 287
La(COT) (Cs,, 'Aj < 2A))
AIE 36643 38254
La-COT stretch (vsg) 256 243
La™-COT stretch (vg) 278 263

*The uncertainty of AIE from the ZEKE measurement is about 5 cm™.
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Figure 3. 1. PIE spectra of M(COT) [M = Sc (a), Y (b), and La (c)] seeded in He carrier.
The ionization threshold of each complex is located by the intersecting point of two lines
as pointed by the arrow.
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Figure 3. 2. Experimental ZEKE spectra of Sc(COT) seeded in He (a) and 1:1 He/Ar
mixture (b) and simulations (200 K) of the 'A; « ?A, (¢) and °B; < %A, (d) transitions.
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Figure 3. 3. Experimental ZEKE spectrum of Y(COT) seeded in He (a) and simulation
(200 K) of the 'A| «— A transition (b).
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Figure 3. 4. Experimental ZEKE spectrum of La(COT) seeded in He (a) and simulation
(200 K) of the 'A| «<— *A, transition (b).
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Figure 3. 6. HOMO of the ’A, ground electronic state of Sc(COT).

Copyright © Jung Sup Lee 2010
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CHAPTER 4. RING DEFORMATION AND IT-ELECTRON REDISTRIBUTION OF
METHYLBENZENES INDUCED BY METAL COORDINATION

4.1. Introduction

Arene complexes of transition metals are essential to the understanding of

122-124 and arene

homogeneous catalysis involving aromatic C-C and C-H bond activation
hydrogenation.'”'*” To probe fundamental interactions between transition metals and
arene molecules, metal-benzene complexes have been studied by various spectroscopic
methods.'” For early transition metals, it has been reported that in the ground electronic
states of monobenzene complexes, M(benzene), the benzene ring remains planar with

M = Sc, V, Nb, and Hf,**'**"*" and is bent with M = Ti, Zr, and Hf."*' Similarly, the
benzene ring in the ground states of the M'(benzene) cations has been reported to be flat
with M™ = Ti" and Cr", but bent with M™ = V"."** These studies indicate that the degree
of the perturbation of the carbon skeleton by metal coordination depends on the identity
and charge of metal atoms. The deformation of aromatic rings by metal coordination
may be significant for metal mediated chemical reactions, as it modifies the © electron
distribution and weakens some of the C-C bonds in the ring, making the C-C bond
cleavage more feasible.

Previously, our group reported the ground electronic state and molecular
conformation of M(benzene);» (M = Sc, Ti, V, Cr, Mo, and W).>6%61 For Sc(benzene),
we determined a quartet ground state (*A ;) for the neutral species and a low-energy triplet
state (CA ) for the singly charged cation.”® The benzene ring in these neutral and ionic
states is planar. On the other hand, the benzene ring was predicted to be significantly
bent in the ion singlet and neutral doublet states, by DFT and the second order

perturbation theory.**'**

To test these predictions, we designed an experiment to probe
the doublet and singlet states of several Sc(arene) complexes. The major experimental
techniques used in this study are single-photon PFI-ZEKE and IR-UV R2PI spectroscopy.
The benzene molecule is modified by methyl substitutions for hydrogen atoms. Although
the substitutions induce small variations in the C-C bond distances and C-C-C bond

angles, they have no effect on the planarity of the benzene ring in the free ligands."**"*’
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This simple chemical modification has allowed us to observe the low-spin singlet and

doublet states of the Sc complexes with methyl-substituted monobenzene molecules.

4.2. Experimental and Computational Methods

4.2.1. Single-Photon ZEKE Spectroscopy

The ZEKE spectrometer used in this work has been described in Chapter 2. The
Sc-Ce(CH3)xHex [x = 2, 3, or 6] complexes were synthesized by the reactions of Sc atoms
with ligand vapor (p-xylene or 1, 4-dimethylbenzene, 98%, EMD; mesitylene or
1, 3, 5- trimethylbenzene, 98%, Aldrich; and hexamethylbenzene, 99%, TCI America) in
a laser-vaporization molecular beam source. The Sc atoms were produced by pulsed
laser vaporization of a Sc rod (99.9%, Alfa Aesar) with the second-harmonic output of a
pulsed neodymium doped yttrium aluminum garnet (Nd:YAG) laser (Continuum,
Minilite II, 532 nm, 3 ~ 4 mJ) in the presence of He or Ar carrier gas (UHP, Scott-Gross)
or a mixture of He and Ar. These gases were delivered by a home-made piezoelectric
pulsed valve with backing pressure of 40-70 psi.”> The metal rod was translated and
rotated by a motor-driven mechanism to ensure each laser pulse ablated a fresh metal
surface. The methylbenzenes were used without further purification, and the complexes
were synthesized by two different methods depending on the states of the ligands. To
synthesize Sc(p-xylene) and Sc(mesitylene), the volatile p-xylene and mesitylene liquids
were introduced at room temperature to a small stainless-steel collision chamber (~ 1.5
mL) placed downstream of the metal ablation region, from a glass bulb located outside of
the source chamber and through a stainless-steel capillary (0.053” inner diameter). To
produce Sc(hexamethylbenzene), the less-volatile ligand (mp, 165-168 °C) was heated to
45 °C in a copper oven also placed downstream of the metal vaporization region to obtain
sufficient vapor pressure. The vaporized ligands then interacted with the metal atoms
entrained in the carrier gas to form metal(methylbenzene) complexes, which were
expanded into the vacuum through a nozzle to form molecular beams. The molecular

beams were collimated by a cone-shaped skimmer (4mm inner diameter) and passed
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through a pair of charged deflection plates (+500 V) to remove residual ionic species that
might have formed by laser vaporization.

Prior to ZEKE measurements, the production of the metal complexes was
maximized by optimizing the timing and power of the vaporization and ionization lasers,
backing pressure of the carrier gas, and the amount of the ligand. The neutral metal
complexes in the molecular beams were ionized by a frequency-doubled dye laser
(Lumonics, HD-500) pumped by the third-harmonic output of a second pulsed Nd:YAG
laser (Continuum Surelite II, 355 nm) and identified by photoionization time-of-flight
mass spectrometry. The linewidth of the frequency-doubled UV laser is 0.08 cm™.
Ionization thresholds of the complexes were located with PIE spectroscopy by recording
the mass-selected ion signal as a function of the ionization laser wavelength. The ZEKE
electrons were produced at the optimized conditions by photoexcitation of the neutral
complexes to highly excited Rydberg states, followed by pulsed-electric field (3 ps in
time delay, 1.2 Vem™ in field strength, and 100 ns in pulse width) ionization of these
Rydberg states. A small dc field (0.06 Vem™) was applied to discriminate ZEKE
electrons from kinetic electrons produced by direct photoionization. A delay pulse
generator (Stanford Research Systems, DG535) was used to generate the electric pulses
for field ionization. The ion and electron signals were detected by a dual microchannel
plate detector (Galileo), amplified by a preamplifier (Stanford Research Systems, SR445),
averaged by a gated integrator (Stanford Research Systems, SR250), and stored in a
laboratory computer. Laser wavelengths were calibrated against vanadium or titanium
atomic transitions.”’ The dc field effects on the PIE and ZEKE spectral energies were

172

corrected using the relation of AIE = 6.1Er '*, where Er in Vem'! s the field strength.111

4.2.2. IR-UV Photoionization Spectroscopy

The details of the IR-UV photoionization setup have been described in Chapter 2.
An IR optical parametric oscillator/amplifier (OPO/A) laser (LaserVision) was used for
vibrational excitation and a frequency-doubled UV dye laser (Lumonics, HD-500) for
molecular ionization. The IR OPO/A laser was pumped by an injection-seeded Nd:YAG
laser (Continuum, Surelite IIT) and the dye laser was pumped by a Nd:YAG laser
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(Continuum, Surelite IT). The IR linewidth is ~ 0.2 cm™ when pumped with the injection
seeder on and ~ 2.0 cm™ with the injection seeder off. The IR and UV laser beams were
counterpropagated, and both were perpendicular to the molecular beam. The time
difference between the IR and UV lasers was 50-200 ns. The UV laser was fixed at
400-500 cm™' below the IE of Sc(hexamethylbenzene), whereas the IR laser was scanned
in the C-H stretch region. The resultant ion signal was detected in the same time-of-flight
spectrometer as that used in the ZEKE experiment. The IR laser wavelengths were
calibrated with the photoacoustic spectra of H0.'** The effect of IR pulse energies was
studied, and the energy of 8-10 mJ/ pulse was found to give the optimal signal and
spectral linewidth for this molecule. Measurements with the injection seeder on or off
were also carried out, and no significant difference was observed on the linewidth of the

photoionization spectra.

4.2.3. Computation

Molecular geometry optimization, vibrational frequencies, and IR intensities were
obtained with B3LYP method and the 6-311+G(d,p) basis set implemented in
GAUSSIAN 03 program package.” To simulate the ZEKE spectrum, multidimensional
Franck-Condon (FC) factors were calculated from the equilibrium geometries, harmonic
vibrational frequencies, and normal coordinates of the neutral and ionized complexes.”*®
The Duschinsky effect” was considered to account for normal mode differences between
the neutral and ionic complexes in the FC calculations. A Lorentzian line shape with the
experimental linewidth was used to simulate the spectral broadening. Transitions from
excited vibrational levels of the neutral complexes were simulated by assuming thermal
excitations at specific temperatures. The IR intensities of C-H stretches were calculated

from the first derivative of the dipole moment at the equilibrium bond distance, and each

IR band was plotted with the experimental bandwidth.
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4.3. Results and Discussion

4.3.1. Low-Energy Electronic States and Possible Conformations

Table 4.1 summarizes the low-energy electronic states and molecular point groups
of the neutral and singly charged cationic Sc(methylbenzene) complexes predicted by
DFT calculations. Because a Sc atom has three valence electrons, we have considered
electron spin multiplicities of 2 and 4 for the neutral species and of 1 and 3 for the singly
charged cations. In the ground electronic state of the free ligands, p-xylene has a C»,

geometry with two methyl groups in the eclipsed form,"**

mesitylene a C3, geometry also
with eclipsed methyl groups,'>> and hexamethylbenzene a D3, geometry with staggered
para-methyl groups.'**'*® With Sc binding above the benzene ring, the maximum
molecular symmetries should be no higher than C,, for Sc(p-xylene) and Cj3, for
Sc(mesitylene) and Sc(hexamethylbenzene), respectively, as the metal coordination
removes the inversion center. Through an extensive search with various relative methyl
orientations in each complex, the molecular geometry of the high-spin quartet state is
predicted to be in C,,, C3,, and C; point groups and that of the low-spin doublet in C5, Ci,
and C,, for the p-xylene, mesitylene, and hexamethylbenzene complexes, respectively.
The methyl group orientations in the complexes are different from those in the free
ligands, as shown in Figure 4.1.

For the neutral complexes, the doublet state is predicted to be the ground
electronic state, and the quartet state is located at a slightly higher energy (2-6 kcal mol™
depending on the number of methyl groups) In contrast, a quartet state was determined to
be the ground state of Sc(benzene),” with a doublet state at about 3.5 kcal mol™.
Although the energy difference between the doublet and quartet states is relatively small,
their geometric variation is quite large, as shown in Table 4.2. First, although the
benzene ring remains almost planar in the quartet state, it is bent by as much as 26.5
degrees in the doublet state (Figure 4.2). The ring deformation in the low-spin state is
caused by Sc differential binding with the ring carbon atoms. The differential binding is
reflected by the two sets of Sc-C distances, which average 2.250/ 2.469 A in Sc(p-xylene),
2.255/2.470 A in Sc(mesitylene), and 2.237/ 2.484 A in Sc(hexamethylbenzene).
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Second, although the six C-C distances in the benzene ring are essentially the same in the
quartet states, they are different by as much as 0.1 A in the doublet state. The

shorter/ longer C-C bond distances in the doublet states are predicted to be 1.376/ 1.460,
1.376/ 1.462, and 1.384/ 1.476 A in the p-xylene, mesitylene, and hexamethylbenzene
complexes, respectively. These C-C bond distances are very close to the averaged ring
C-C double (two double bonds in 1,4-positions) and single bond distances

(1.375/ 1.462 A) in the transition metal-arene compounds'*' and also comparable to those
(1.340/ 1.504 A) in 1,4-cylcohexadiene.'*'** Therefore, the © electrons in the benzene
ring of these Sc complexes may be considered in an 1,4-diene fashion (Figure 4.2), and
the © electron redistribution is due to the ring folding caused by metal coordination.
Third, the relative methyl group orientations are different between the quartet and doublet
states. In the quartet state, the methyl groups of Sc(p-xylene) and Sc(mesitylene) are in
the eclipsed conformation, while the para methyl groups of Sc(hexamethylbenzene) are in
the staggered form. In the doublet state, the two methyl groups of Sc(p-xylene) are
staggered; among the three methyl groups of Sc(mesitylene), two pairs are staggered and
the third is eclipsed; for Sc(hexamethylbenzene), two pairs of para methyl groups are
staggered and the third pair is eclipsed.

Ionization of the doublet and quartet neutral states produces the singlet and triplet
ions. For Sc(p-xylene) and Sc(mesitylene), the low-spin singlet ion is slightly more
stable than the high-spin triplet ion. On the other hand, the energies of the singlet and
triplet ions of Sc(hexamethylbenzene) are about the same (Table 4.1). The geometries of
the singlet and triplet ions are similar to those of the doublet and quartet neutral

complexes.

4.3.2. Spectroscopy, Electronic Transition, and Molecular Conformation

Figure 4.3 presents the PIE spectra of the Sc(methylbenzene) complexes seeded in
supersonic molecular beams. The ionization thresholds estimated from the onsets of the
ion signals are 40770 (50), 40500 (100), and 39500 (150) cm’ for the p-xylene (a),
mesitylene (b), and hexamethylbenzene (c) complexes, respectively. The ion onsets are

located by intersecting two lines drawn through a baseline and a sharp rise of the ion
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signals as indicated by the arrows. The threshold values are corrected by adding the
energy shift of +110 cm™ to the laser wavenumbers to account for the Stark effect
induced by the dc extraction field (320 Vem™) applied in the ionization region.'"" The
measurement of the ionization thresholds obtained from the PIE spectra is used to

simplify the search for and correlate with the ZEKE electron signals.

4.3.2.1. Sc(p-xylene)

Figure 4.4(a) shows the ZEKE spectrum of Sc(p-xylene) seeded in He. The
origin of the spectrum lies at 40770 (5) cm™ and exhibits transitions involving six
vibrational intervals (116, 136, 290, 378, 446, and 544 cm'l) on the high energy side and
two intervals (116 and 142 cm™) on the low energy side of the band origin. In addition,
weaker peaks appear at ~ 18 cm™ to the higher energy side of the 378 cm™ progression.
Transitions at these vibrational intervals are denoted by the vertical lines in the figure,
and others are combinations involving two or more vibrational modes. Table 4.3
summarizes the ZEKE peak positions, which are field corrected by adding +1.5 cm™ to
laser wavenumbers. The 40770 cm™ position of the strongest peak correlates with the
ionization threshold (40770 cm™) estimated from the PIE spectrum [Figure 4.3(a)] and
corresponds to the adiabatic IE of the complex. The IE of the complex is 12152 ¢cm™
lower than that of the Sc atom (52922 cm™).'"” From the thermodynamic cycle [IE(Sc) -
IE[Sc(p-xylene)] = Dy [Sc(p-xylene)] - Do(Sc(p-xylene)], where Dy and Dy are bond
energies of the ionized and neutral complexes), the IE shift equals to the bond energy
difference between the ion and neutral species. The stronger metal-ligand bonding in the
cation is largely due to additional charge-electric multipole interactions between the
metal ion and the ligand. The intensities of the 18, 116, and 142 cm™ peaks are reduced
when the complex is seeded in a 1:1 He/Ar mixture [Figure 4.4(b)], suggesting that these
are transitions from excited vibrational levels of the neutral complex.

Most of the observed vibrational intervals can be assigned by comparing with the

145

ZEKE spectra of Sc(benzene)® and Sc(toluene)'* or with the fluorescence excitation,'*°

resonance enhanced multiphoton ionization,'*”'* ZEKE,'* and mass-analyzed threshold

150,151

photoionization spectra of the free ligand. The 378 cm™ interval is very close to the
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Sc™-benzene (375 cm™) and Sc-toluene (378 cm™) stretching frequencies and thus
assigned to the Sc'-(p-xylene) stretch for the complex. The very short Sc'-(p-xylene)
stretching progression suggests only a small change in the metal-ligand bond distance
upon molecular ionization. The 116 and 136 cm’! intervals are similar to the CH;
anticlockwise (112 or 113 cm™) and clockwise (144 cm™) torsional motions of the singly

146151 and thus assigned to the same vibrational mode in the

charged p-xylene cation
Sc’(p-xylene) ion. Similarly, the 116 and 142 cm™ transitions below the 0-0 transition
can be attributed to the CHj anticlockwise and clockwise torsional frequencies in the
neutral complex. The 446 and 544 cm™ intervals are consistent with the frequencies of

147,148,150,151

an in-plane benzene ring breathing mode (440, 425, or 424 cm™) and an out-

of-plane ring bending along the methyl group (553 cm™)'*¢'%

of the free ligand. The
remaining 290 cm™ interval is likely due to ligand-based vibrational excitation and will
be discussed in combination with DFT calculations and spectral simulations.

Because the IE, metal-ligand stretching frequency, and spectral profile of
Sc(p-xylene) resemble those of Sc(benzene), it is tempting to assume that the observed
transitions in these two complexes should involve electronic states with the same spin
multiplicities, and the ejected electron should have similar characteristics. For
Sc(benzene), the initial state was determined to be a quartet state, and the final state was a
triplet state; the electron removed from the quartet ground state was of predominantly Sc
(4s3d4p,) character. For Sc(p-xylene), however, the theory predicts that the quartet state,
*A, (C»,), is at higher energy than the doublet state, 2A (C5), and that the *A, < A, and
'A « %A transitions have similar energies. To identify the transition probed by the ZEKE
spectra, we simulated the spectra for transitions from the *A, and *A states, which are
shown in Figure 4.4(c)-(e). In these simulations, the vibrational frequencies are not
scaled, but the 0-0 transition energies are shifted to the experimental value to simplify the
spectral comparison. A vibrational temperature of 50 K is found to be the best to
reproduce the experimental spectrum with 1:1 He/Ar mixture [Figure 4.4(b)] and 150 K
to reproduce the spectrum with He carrier (not shown). The simulation of the *A, « %A
transition exhibits a much longer FC profile than the experimental spectrum due to a

large structural change from the neutral *A state to the ionic *A; state. Although the

simulation of the *A, « *A, transition reproduces the metal-ligand stretching progression,
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it fails to give other observed vibrational intervals. The best match to the experimental
spectrum is the 'A < *A simulation, where both frequencies and intensities are in nice
agreement. On the basis of the excellent agreement between the 'A < 2A simulation and
the experimental spectrum, all ZEKE peaks (except for a small peak at 40998 cm™
marked by a question mark) are assigned (Table 4.3), and frequencies are obtained for
several vibrational modes (Table 4.4). The 290 cm™ interval, which is not assignable by
comparing with the spectra of the free ligand, is now assigned to an out-of-plane benzene
ring bending. In this vibration, the bending motion is largely from two C-H bonds. The
assignments for other vibrational intervals from the simulation are consistent with those
from the comparison with the spectra of the free ligand and other Sc complexes discussed
above. As shown in Table 4.4, the theoretical vibrational frequencies agree well with the
measured values, providing further support for the spectral assignments.

The ZEKE spectra of Sc(p-xylene) are attributed to the electronic transition
between the ground states of the neutral complex (*A) and cation (‘A). In these states,
the benzene ring is bent with two carbon atoms towards Sc, and the & electrons are
redistributed in an 1,4-diene fashion. On the other hand, the ground states of the neutral
and cationic Sc(benzene) complexes were determined to be 4A1 and 3A1 in Cg,, with a
planar benzene ring.*’ The valence electron configuration of the neutral *A; ground state
is e,’a;', largely Sc (3dx2-y2,xy)2(4s4pz3dzz)l, where the z-axis is collinear with the six-fold
rotational axis. The substitution of two H atoms by the CHj groups reduces the
molecular symmetry of the Sc half-sandwich complex from Cg, to C», for the 4A2 state
with a flat benzene ring or to C; for the *A state with a bent ring. In either case, the
doubly degenerate Sc 3dx2-_\,2,Xy orbital is split into two non-degenerate orbitals Z»dxz-y2
and 3dyy. The electron configuration of the ‘A, state is (3dxy)1(3dx2-y2)1(4s4pz4dzz)1 and
that of the 2A state is (3dxy)2(4s4p23d22)1, with Sc (4s4pz3d22)1 being the highest occupied
molecular orbitals (HOMOs) of the two states. The Sc 3dX2-y2-based orbital becomes less
stable in the A state than in the *A, state, because of the differential Sc binding to the
ligand 7 orbital of the boat-like ring in the low-spin state. Because of the comparable
HOMO characters in the Sc(p-xylene) >A and Sc(benzene) *A, states, the ZEKE spectra
of these two complexes share a very similar profile even though the electron spin

multiplicities are different in their ground electronic states.
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4.3.2.2. Sc(mesitylene)

The ZEKE spectra of Sc(mesitylene) [Figure 4.5(a) and (b)] display a rather
similar spectral profile to those of the p-xylene complex. The first strong band at 40505
(5) cm™ correlates well with the ion-signal onset at 40500 cm™ in the PIE spectrum
[Figure 4.3(b)] and is assigned to the 0-0 transition. The IE of the mesitylene complex is
265 cm™' lower than that of the p-xylene complex. The spectra exhibit a 378 cm’™
vibrational progression, 136, 172, 242, and 452 cm’! intervals above the 0-0 transition,
and a 154 cm™ interval below. By comparing with Sc(p-xylene), we can easily assign the
136, 378, and 452 cm’! intervals to the clockwise CH; torsion, Sc+-mesitylene stretch,
and in-plane benzene ring breathing mode in the ion, respectively, and the 154 cm™
interval to the clockwise CHj3 torsion in the neutral species. As expected, these
vibrational modes have very similar frequencies to the corresponding modes in the p-
xylene complex. The 154 cm™ peak in the He spectrum [Figure 4.5(a)] disappears in the
spectrum with 1:1 He/Ar mixture [Figure 4.5(b)], as the vibrational cooling is more
efficient with the heavier carrier. Like Sc(p-xylene), the simulation of the 'A’ «— A’
transition (among the three possible transitions in spectra (c)-(e) in Figure 4.5) has the
best match with the experimental spectrum. The excellent agreement between the
experimental spectrum and the 'A’ < *A’ simulation supports the spectral assignments
for the 136, 154, 378, and 452 vibrational intervals discussed above and attributes the 172
and 242 cm™' intervals to methyl bending and rocking modes, respectively (Tables 4.3

and 4.4).

4.3.2.3. Sc(hexamethylbenzene)

The ZEKE spectrum of Sc(hexamethylbenzene) seeded in 1:1 He/Ar mixture
[Figure 4.6(a)] is rather different from those of the partially methyl substituted species. It
exhibits three broad peaks separated by ~ 400 cm™. These peaks have a spectral
linewidth up to ~ 120 cm™, compared to 7 or 8 cm™ for the spectra of Sc(p-xylene) and
Sc(mesitylene). We tried to narrow down the spectral linewidth by using pure Ar,

however, the attempt was unsuccessful because of extremely weak ZEKE signals with the
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heavier carrier. The broad spectral linewidth may be caused by a larger number of
rotational and vibrational degrees of freedom and transitions from rotational isomers with
different methyl orientations. Unfortunately, in addition to the minimum energy
structures presented in Figure 4.1, we did not find any other local minima. The first peak
appears at 39535 (5) cm™, which corresponds to the ion signal onset (39500 cm™) in the
PIE spectrum, and corresponds to the origin bands. The 400 cm™ interval is comparable
with the Sc™-(p-xylene) and Sc'-mesitylene stretching frequencies and thus assigned to
the corresponding Sc-hexamethylbenzene stretching motion in the cation. The 400 cm™
progression is reproduced by the simulation of the 'A| «<— ?A; transition [Figure 4.6(b)],
but not shown in the others [Figure 4.6(c) and (d)]. Like the di- and trimethylbenzene
complexes, the ground states of the neutral and ionized Sc(hexamethylbenzene) are
doublet and singlet, respectively.

Since bands in the ZEKE spectrum of Sc(hexamethylbenzene) are broad, we have
also recorded the IR-UV R2PI spectrum in the C-H stretching region [Figure 4.7(a)]. The
IR-UV ion spectrum was obtained by fixing the UV laser at 39000 cm™ (535 cm™ below
the IE of the complex) and scanning the IR laser in the 2700-3000 cm™' region. The
spectrum with a linewidth of ~ 15 cm™ exhibits a very strong peak at 2850 cm™, followed
by some weak, broad signals. The predicted IR spectra in the C-H stretching region of
the %A, and “A state are shown in Figure 4.7(b) and (c). The theoretical C-H frequencies
are scaled by a factor of 0.9670, the averaged ratio of the measured to predicted
frequencies of these stretching modes in the free hexamethylbenzene molecule.'*” As
shown in Figure 4.7, the predicted IR spectrum of the A, state matches much better to
the experimental spectrum than that of the *A state in energy positions and spectral
profile, consistent with the conclusion obtained from the ZEKE spectra. The strong peak
at 2850 cm’ is attributed to the nearly degenerate symmetric and asymmetric C-H
stretches of the two methyl groups attached to the carbon atoms strongly bound to Sc, i.e.,
Sc-C;(CHj3) and Sc-C4(CHj3) in Figure 4.2. The predicted frequencies for these stretching
vibrations are 2861 and 2862 cm™. Compared to the corresponding degenerate mode of
the free ligand (2890 cm™)'*?, the C-H stretch is red shifted by 40 cm™. The relatively
large shift is surprising at first glance, because metal coordination should have little effect

on the C-H coordinates. As predicted by the DFT calculations, the C-H bond distances in

62



these two methyl groups are only 0.001 A different between the free ligand (1.093 A) and
the complex (1.094 A). Moreover, the frequency red shift is in contrast to the blue shift
observed for the ring C-H stretches in metal benzene ions.”>">> The major reason for the
red shift is the charge redistribution of the C; 4 upon Sc coordination. An atomic charge
analysis shows that the charges on the carbon atoms of the methyl groups are reduced
from -0.79¢ in the free ligand to -0.03e in the complex, whereas the charges on the
hydrogen atoms remain essentially unchanged (0.15¢). This charge redistribution makes
the C-H bonds in the methyl groups significantly less polarized in the complex and thus
reduces the C-H bond strength.

4.3.2.4. Methyl Substitution Effects

Table 4.4 summarizes the IEs and vibrational frequencies of the
Sc(methylbenzene) complexes measured from the ZEKE and IR-UV spectra, along with
those from the DFT calculations. The table also includes the IEs and vibrational
frequencies of Sc(benzene) and Sc(toluene) obtained previously by our group.®®'*
Several observations can be made from the data in Table 4.4. First, methyl substitution
reduces the IE of the Sc complexes by 345 + 88 cm™ (or 0.0428 + 0.0109 V) with each
methyl group. Larger IE reductions by the methyl substitutions (0.14-0.41 eV) were
observed previously for the free ligands''” and this finding is explained by
hyperconjugation and charge transfer from the methyl radical to the benzene ring, which
stabilizes the molecular ion more than the neutral molecule. Such stabilization clearly
exists in the metal complexes, but to a lesser degree, because a large fraction of the
positive charge in the complexes is located on the metal atom rather than the benzene ring.
Second, although the Sc'-ligand stretching frequencies do not change significantly with
methylation, the stretching force constants are expected to increase because of the
increase in the reduced masses with methyl substitutions. Except for Sc(benzene), there
has been no report on the experimental bond energies for these half-sandwich species.
However, if theoretical bond energies are used for comparison, a significant increase is
found from benzene to p-xylene, and smaller change from further methylation. Third, the

number of vibrational modes observed for the ion is increased from benzene to
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methylbenzene species, due to additional methyl torsional motions and lower molecular
symmetries of the methyl substituted species. Finally, although the spectral linewidths
are comparable for all partially methylated species, much broader spectra are observed as

a result of permethylation.

4.4. Conclusions

We obtained the first-high resolution electron spectra of Sc[CsHex(CH3)x]
(x =2, 3, and 6) and IR-UV ion spectra of Sc[Cs(CHj3)¢]. From these spectra, we
determined adiabatic IEs and several vibrational frequencies of these complexes. The IEs
decrease with increasing number of the methyl groups, although this effect is much
smaller than that in the free methylbenzene molecules. Sc coordination to these
methylbenzene molecules causes the benzene ring to fold into a boat-like shape and =
electrons to redistribute in a 1, 4-diene fashion. This is different from Sc(benzene),
where Sc complexation does not affect the planarity and aromaticity of the carbon ring in
the ground state of the complex. Moreover, these methylated metal complexes have a
lower electron spin multiplicity in their ground states than, but a similar HOMO character

to the corresponding benzene-scandium complex.
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Table 4. 1. Electronic states, relative electronic energies (Er, cm™), and IEs (cm™) of
Sc(methylbenzene) complexes from B3LYP/6-311+G(d,p) calculations.

Symmetry State  Eg (cm™) Transition IE (cm™)

Sc(p-xylene) 40770*
Csy A, 41802 'A A 40253
C, 'A 40075 Ay —*A 41993
Cay ‘A, 1543 A, — YA, 40444
C; ’A 0

Sc(mesitylene) 40505*
Cs, A1 40634 TA"—2A" 39998
C; A 39754 AL —2A" 40818
Csy ‘Al 878 AL A 39921
C; A 0

Sc(hexamethylbenzene) 39535°
C A 38672 'Al —2A; 38931
Csy N 38712 A A, 38965
C ‘A 1996 A A 36992
Co A0

* From ZEKE spectroscopy.
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Table 4. 2. Bond distances (R, A), conformation angels (£, degrees) of methylbenzenes,
1, 4-cyclohexadiene, and Sc-methylbenzene complexes from the B3LYP/6-311+G(d,p)

calculations.
State  Point R(Sc-C) R(C-C) Z (C-C-C-0)
group
p-xylene
'Ay  Cy 1.393/1.398 -0.2/0.2
mesitylene
‘A" Cy, 1.393/ 1.402 0.0
hexamethylbenzene
'Alg Dy 1.406 -3.0/3.0
1, 4-cyclohexadiene
'A, Dy, 1.332/1.505 0.0
Sc(toluene)
A C; 2.247/2.252/2.455/ 1.373/1.375/  -25.4/-243/1.1/
2.460/2.473/2.485 1.450/1.461/  22.9/24.1
1.462/1.465
‘A" G 2.430/2.432/2.436/ 1.416/1.419/ +0.1/+0.2
2.446 1.421
'A C, 2.192/2.203/2.366 / 1.380/1.384/  -242/-22.1/2.1/
2.383/2.399/2.424 1.447/1.459/ 19.1/21.4
1.461/1.466
A" G 2.373/2.374/2.378/ 1.418/1.420/ +0.1/40.2/0.0
2.402 1.424
Sc(p-xylene)
A C; 2.250/2.445/2.492 1.376 / 1.454/  -25.0/3.2/22.2
1.465
*As Coy 2.428/2.448 1.420 +0.1/0.0
'A C; 2.199/2.359/2.426 1.386/1.450/  -23.4/53/184
1.467
As Cy, 2.369/2.399 1.421/1.423 +0.9/0.0
Sc(mesitylene)
A C; 2.241/2.268/2.452/ 1.376/1.460 / +0.3/+£23.4/425.0
2.488 1.463
‘A" G 2.426/2.439 1.421 +0.1/+£0.2/£0.3
A" C; 2.189/2.212/2.371/ 1.384/1.460/ +1.3/+420.1/423.5
2416 1.462
A" G 2.369/2.390 1.423 +13/+14
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Table 4.2 (continued).

Sc(hexamethylbenzene)

Ay Gy 2.237/2.484

‘A C; 2.419/2.422/ 2.424/
2.437/2.438/ 2.448

N 2.181/2.405

A C, 2.529/2.545/2.547 /

2.561/2.570/2.596/

1.384/1.476
1.430/1.431/
1.432/1.433
1.393/1.478
1.413/1.416/
1.420/1.422/
1.430/1.432

0.0/+£26.5
-3.9/-3.6/-2.1/
25/29/43
0.0/+£24.2
-6.3/-49/0.0/
1.5/1.7/8.0
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Table 4. 3. Peak position (cm™) and assignment of the ZEKE spectra of the

Sc(methylbenzene) complexes.

(a) Sc(p-xylene) (b) Sc(mesitylene) (¢) Sc(hexamethylbenzene)
TA < 2A TAT  2A" A, < 2A,
Position Assignment Position Assignment Position Assignment
40628 25/ 40351 32/ 39535 0;
40654 26, 40505 0; 39935 215
40770 0 40641 32, 40335 21;
40788 2526 40677 31}
40886 26, 40747 305,
40906 25, 40883 28;,
40988 ? 40957 27,
41008 22;25! 41017 28,32,
41034 22126! 41053 28,31,
41060 24, 41255 28;
41148 22, 41331 2728,
41168 22(25,26) 41627 28,
41216 21; 41709 27,287
41266 22,264
41286 22,25,
41314 20,
41402 22226,
41422 22,25;
41432 20,26;
41524 22;
41546 2272526,
41596 21,22,
41642 22226,
41682 22225226,
41694 20,22,
41898 22]
41920 22;25,26)
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Table 4. 4. IEs (cm™), bond energies (Dy'/Dy, kcal mol™), and vibrational frequencies
(cm™) of Sc(benzene) and Sc(methylbenzene) complexes from ZEKE and IR-UV R2PI
spectroscopy and DFT/B3LYP calculations.

ZEKE B3LYP
Sc(benzene)® IE 41600 41618
(Cér, A, « 4A1) Dy /Dy 48.4/16.1 489/16.4
. Sc'/Sc -benzene stretch 375/324 336/320

Sc(toluene) IE 41167 40802
(C1, 'A< *A) Dy'/Dy 53.5/18.9

CH; clockwise torsion, var 134 144

Sc'-toluene stretch, vsg" 378 378

Phenyl ring o.p. deformation, v3s' 476 495
Sc(p-xylene) IE 40770 40253
(Cy, 'A < 2A) Dy /Dy 57.2/21.0

CH5 anticlockwise torsion, 116/ 116 116/ 122

V26+/V26

CHj; clockwise torsion, vas /vas 136/ 142 140/ 163

Rirlg o.p. bend along C-H bonds, 290 304

V24

Sc'-(p-xylene) stretch, v 378 379

Ring breathing, Vo1 446 452

Ring 0.p.be+nd along C(CHj3) 544 555

groups, Voo
Sc(mesitylene) IE 40505 39998
(Cs, 'A' — %A Dy /Dy 56.2/19.2

CH; clockwise torsion, vs, /via 136/ 154 153/ 151

CH; bend towards Sc, vs; 172 177

CHj; rock, vi" 242 272

Sc'-mesitylene stre+tch, Vag 378 375

Ring breathing, v,7 452 482
Sc(hexamethylbenzene) IE 39535 38931
(Coy, A 2A1) Dy /Dy 59.5/19.4

Sci—hexamethylbenzene stretch, 400 366

V21

Symmetric and asymmetric C-H ~ 2850° 2861/ 2862¢

stretch, vs & vgo

 From reference®.
b 145
From reference ™.

¢ From IR-UV ion spectrum.
4 Scaled by a factor of 0.9670.
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(a) p-xylene and Sc(p-xylene)

2 9’

9 A)

Syrnm Cap C; Co
State  'A, ‘A/'A “ALLA,

(b) mesitylene and Sc(mesitylene)

Byo b 3 "%f‘ 3 (i Jo
Lo 0, 908, ,.j,»
Jb‘J 3 ad ]
Symm Cj, C; Cs,
State  'A' A''A! ‘ASPA,

(c) hexamethylbenzene and Sc(hexamethylbenzene)

Symm D3, Cy, ¢
State  'Ay, AVA ‘APA

Figure 4. 1. The minimum-energy conformers of methylbenzene molecules in the ground
electronic state and of Sc(methylbenzene) complexes in various electron spin states. The
Sc(methylbenzene) complexes have doublet and quartet states in the neutral molecule and
singlet and triplet states in the cation. Methyl group orientations are different between
the free ligand and complex.
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Top view Side view

S
9 _22.2°_

(a) Sc(p-xylene), *A/' A (C,)

25.0°

(¢) Sc(hexamethylbenzene), %A,/ A, (C»y)

Figure 4. 2. The conformations of the neutral doublet and cation singlet states of
Sc(methylbenzene) complexes. The phenyl ring is bent with C; and C4 atoms towards Sc,
and conformation angles are for ZC,-C;3-C4-Cs. Hydrogen atoms are not shown in the
figure.
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(©) (b) (a)

\ \L

39500 40000 40500 41000
Wavenumber (cm'l)

Figure 4. 3. PIE spectra of Sc(p-xylene) (a), Sc(mesitylene) (b), and
Sc(hexamethylbenzene) (c) complexes. The ionization threshold of each complex is
estimated from the intersection point of the baseline and ion signal rising onset as
indicated by the arrows.
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290 ‘ ‘ ‘

136 [
116
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116r|:

J‘Jk M(a) Expt, He
l (b) Expt, 1:1 He/Ar

(c) 'A A

(e) 3A2 «— 4A2

A
T T T T

40500 41000 41500 42000
Wavenumber (cm'l)

Figure 4. 4. Experimental ZEKE spectra of Sc(p-xylene) seeded in He (a) and 1:1 He/Ar
(b), and simulations of 'A < %A (c), *A, < %A (d), and *A, < *A, (e) transitions at 50K.
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452
378

242 ‘ ‘ ‘
172
136

]

154

ok LVM)EXP\:I;I?\
(b) Expt, 1:1 He/Ar

(©) 'A' A"

i I (e) 3A1 <« 4A1
40500 41000 41500
Wavenumber (cm'l)

Figure 4. 5. Experimental ZEKE spectra of Sc(mesitylene) seeded in He (a) and 1:1
He/Ar (b) and simulations of 'A' < %A’ (¢), *A; < A’ (d), and *A; < *A, (e) transitions
at 50K.
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400 (a) Expt
:1 He/Ar

)

(b) 'A; « A,

(©)*A « A,

(d)°A« ‘A

39000 39500 40000 40500 41000
-1
Wavenumber (cm )

Figure 4. 6. Experimental ZEKE spectrum of Sc(hexamethylbenzene) seeded in 1:1
He/Ar (a) and simulations of 'A; < *A; (b), *A < 2A; (c), and *A < *A (d) transitions at
50 K.



(a) Expt, 1:1 He/Ar

(b) *A,

() ‘A

2750 2800 2850 2900 2950 3000
-1
Wavenumber (cm™)

Figure 4. 7. Experimental IR-UV ion spectrum of Sc(hexamethylbenzene) seeded in 1:1
He/Ar (a) and simulated IR spectra of the A, (b) and *A (c) states of the complex in the
C-H stretching region. The calculated C-H frequencies are scaled by 0.9670, the
averaged ratio of the experimental to calculated C-H stretching frequencies of the free
ligand.

Copyright © Jung Sup Lee 2010
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CHAPTER 5. PULSED-FIELD IONIZATION ELECTRON SPECTROSCOPY OF
TITANIUM, VANADIUM, AND COBALT HEXAMETHYLBENZENE COMPLEXES

5.1. Introduction

Metal-arene interaction is of fundamental importance in homogeneous catalysis

122-124 125-127

involving aromatic C-C and C-H bond activation and arene hydrogenation.
Benzene is the simplest arene molecule and its interactions with metal ions have been
studied by numerous spectroscopic measurements.'>® The molecular structures of early

129,132,156,157
»132,156, The

transition metal benzene complexes have been reported previously.
metal-benzene complexes can have planar benzene ring with (Ti/ V)'**'*® and (Ti*/ Cr'/
Mn/ Cu®)"** metal atom binding. However, a planar benzene ring may deform with
metal coordination of a different identity and charge on the metal atom. For example,
(Zr/ HH)"" and (V'/ Fe'/ Co"/ Ni")'** metal coordination have been reported to disrupt the
delocalized & electrons in the carbon network and bend the benzene ring. Previously, our
group has identified a planar benzene ring of gaseous Sc(monobenzene) complex in the
neutral quartet and ionic triplet states.® In addition, the electron multiplicities of other
early transition metal-benzene complexes were explored by experimenta]'?!3%193-136.18-
10 and theoretical ®'"'®® means. However, these data have shown much discrepancy in
the results. DFT methods have predicted the quintet ground state of the neutral
Ti(benzene) complex, and the triplet state is located ~ 0.2 eV higher in energy.'>®'¢!-1%2
However, the electronically excited Ti atoms (°F or 'D) in the supersonic beam are likely
to experience collisional relaxation and a triplet state of the complex has been proposed
to be favored in the experimental supersonic beam."*® For the cationic Ti(benzene)
complex, the quartet ground state of either *A; or *A; states has been predicted by DFT
and HF calculations.'®*'® Such theoretical results were later tested and 4A1 state of the
cationic complex has been determined by the infrared resonance enhanced multiple-
photon dissociation (IR-REMPD) spectroscopy.'>> The electronic multiplicities of the
neutral and ionic V(monobenzene) complexes exhibit more deviations. Either
doublet'?13813916L167 " yartet!®” or sextet'® electronic ground states for the neutral

162,163,165,166

complex and quintet or triplet'®® for the ion are predicted from theory. In
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129

addition, the electronic state of the V(benzene) complex is determined to be *A;"*’ and

that of V+(benzene) is either °E,'% or °B,!®>16¢, Moreover, the IR-REMPD spectra of

V*(benzene) shows the possibility of either *B,'® or *A,'** ground state, and infrared

153

laser photodissociation technique has determined *B,"** ground state for the complex.

Furthermore, theoretical studies have predicted a triplet CA, or°Ay) ground electronic

* 163,165,1
state for Co'(benzene)' 10160

162,168

and a doublet ground state for Co(benzene)
complex.
Uncoordinated hexamethylbenzene has a planar ring structure with D3, point
group.”*"*® However, similar to benzene, the metal coordination may retain or perturb
the carbon plane of the benzene ring. The crystal structure of the ruthenium-
bis(hexamethylbenzene) complex has shown one of the hexamethylbenzene ligands bent

by 42.8°, whereas the other one remains planar.169'171

This X-ray analysis has determined
that the planar ligand is coordinated to the metal by six-fold and the bent ring has
distorted cyclic © electron conjugation with four-fold binding ("butadiene" moiety) to the
metal. Such deviations of the planarity of the rings are explained by the planar and bent
rings donating six and four & electrons to the metal center, respectively. As a result, the
ruthenium reaches the inert gas 18 electron configuration. In Ta(hexamethylbenzene), the

ligand is bent and ligand = electrons are localized in a 1,4-diene fashion.'*""'"?

173,174 176

Niobium , rhodium”s, or ruthenium " metal coordination causes similar bending of
the arene ring but the degrees of ring distortion are less. On the other hand, for other
transition metal complexes, a different prediction has been made. For [TiCl3-Cs(CH3)s]"
complex, the Ti metal retains six-fold binding and the bond distance from the Ti metal to
the centroid of hexamethylbenzene is determined to be 2.059 (12) A.'”” In addition,
Fischer et al have synthesized paramagnetic Co—[C6(CH3)6]2+PF6' and Co[C¢(CH3)s]2
complexes.'”™!” The Co-[C¢(CHs)s]o™ fragment was proposed to be triplet with six
paired electrons in dyy, dy2.y2, and d,2 and two unpaired electrons in dy, and dy, orbitals.'*°
The X-ray diffraction study shows that there are three distinct Co-C bond lengths of
2.235(2),2.257 (2), and 2.278 (2) A."*! Additionally, nuclear magnetic resonance
contact shifts have been observed for cationic V- and Co-bis(hexamethylbenzene)

182

complexes.'™ From the study, the ground *A, o state of [Co-bis(hexamethylbenzene)]"

complex is determined under the assumption of the electron delocalization and Dy,
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symmetry. Unfortunately, there has not been any structural determination on the early
transition metal-mono(hexamethylbenzene) complex except the studies from our group.
Previously, we have determined the Sc(p-xylene), Sc(mesitylene), and
Sc(hexamethylbenzene) complexes to be in the low-spin doublet ground state with a bent
benzene ring in 1,4-diene fashion (Chapter 4). This study has shown that the Sc metal
binds to the benzene ring differently when one or more hydrogen is substituted by methyl
groups. Current work is designed to investigate the metal binding mode and ligand
perturbation caused by other metal coordination. In the present study, the structures of
the M(hexamethylbenzene) (M = Ti, V, and Co) complexes are studied by the PFI-ZEKE
spectroscopy. The structures of the complexes are determined by comparing the
experimental spectra with the simulations from the DFT calculations. In addition, IR-UV

R2PI spectroscopy is applied to characterize the neutral Co(hexamethylbenzene) complex.

5.2. Experimental and Computational Methods

5.2.1. UV PFI-ZEKE spectroscopy

The PFI- ZEKE spectrometer used in this work was described in Chapter 2. The
M[Cs(CH3)s] (M =Ti, V, and Co) complexes were synthesized by the reactions of metal
atom vapors with ligand vapor (hexamethylbenzene, 99%, TCI America) in a laser-
vaporization cluster beam source. The metal atoms were produced by laser ablation of a
metal rod [Ti (99.7%), V (99.7%), and Co (99.95%), Aldrich] with the second-harmonic
output of a pulsed neodymium doped yttrium aluminum garnet (Nd:YAG) laser
(Continuum Minilite II, 532 nm, 3-5 mJ) in the presence of He or Ar carrier gas (UHP,
Scott-Gross) or the mixture. These gases were delivered by a home-made piezoelectric
pulsed valve with backing pressure of 40-70 psi.”> The metal rod was translated and
rotated by a motor-driven mechanism to ensure each laser pulse ablated a fresh metal
surface. The hexamethylbenzene ligand is a solid (mp, 165-168 °C) and has relatively
low vapor pressure at room temperature. To obtain sufficient ligand vapor, the ligand

was placed inside a copper oven and was heated if necessary to maximize the ion signals.
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For the Ti and V complexes, the ligand was heated up to 37 °C by a heating cartridge and
the temperature was maintained by a thermo-controller (Omega CN2110). On the other
hand, Co(hexamethylbenzene) did not require the ligand to be heated and was able to
obtain good intensity of ion (~ 2 V) and electron (~ 100 mV) signals. The ligand was
used with no further purifications. The vaporized ligands interacted with the metal atoms
entrained in the carrier gas. The metal complexes were expanded into the vacuum
through the pulsed valve nozzle. The molecular beam was collimated by a cone-shaped
skimmer (4mm inner diameter) and passed through a pair of charged deflection plates
(+500 V) to remove residual ionic species which might have formed during metal
ablation.

The production of the metal complexes was maximized by optimizing the timing
and power of the vaporization and ionization lasers, backing pressure of the carrier gas,
and by adjusting the temperature to regulate the amount of the ligand introduced. The
neutral metal complexes in molecular beams were ionized by a frequency-doubled dye
laser (Lumonics HD-500) pumped by third-harmonic output of a second pulsed Nd:YAG
laser (Continuum Surelite II, 355 nm) and identified by photoionization time-of-flight
mass spectrometry. lonization thresholds of the complexes were located using PIE
spectroscopy by recording the mass-selected ion signal as a function of the ionization
laser wavelength. The ZEKE electrons were produced at the optimized conditions of the
molecular ions. The neutral complexes were photoexcited to highly excited Rydberg
states, followed by pulsed field-ionization of these Rydberg states with a 3 us delayed,
pulsed-electric field (1.2 Vem™ in height and 100 ns in width). A small dc field (0.06
Vem™) was applied to discriminate ZEKE electrons from kinetic electrons produced by
direct photoionization. A delay pulse generator (Stanford Research Systems DG535) was
used to generate the pulsed-electric field for ionization. The ion and electron signals
were detected by a dual microchannel plate detector (Galileo), amplified by a
preamplifier (Stanford Research Systems SR445), averaged by a gated integrator
(Stanford Research Systems SR250), and stored in a laboratory computer. Laser
wavelengths were calibrated against vanadium or titanium atomic transitions.”’ The dc
field effects on the PIE and ZEKE spectral energies were corrected using the relation of

AIE = 6. IEFW, where Er in Vem'! s the field strength.111
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5.2.2. IR-UV Photoionization Spectroscopy

Details of two-photon IR-UV ionization spectroscopy have been described in
Chapter 2. The Co(hexamethylbenzene) complex was synthesized by the method
described earlier and vibrationally excited by an IR optical parametric oscillator/amplifier
(OPO/A) laser (LaserVision). The IR OPO/A laser was pumped by an injection seeding
Nd:YAG laser (Continuum, Surelite III). The system provides tunable mid-IR output
range from 2200 — 4500 cm™ using a single KTP and four KTA crystals in the oscillator
and amplifier stages, respectively. The IR laser wavelength was scanned in the ranges of
2700 — 3500 cm™ to photoexcite the molecule to intermediate state, whereas the UV laser
wavelength was fixed at 150-200 cm™ below the IE after a time delay of 50 - 200 ns. The
frequency doubled UV dye laser (Lumonics, HD-500) and IR lights were
counterpropagated with each other and perpendicular to the molecular beam. When the
IR laser was resonance with the C-H vibrations, the ion signal was produced, and the C-H
stretching frequencies of the neutral complex were determined. The spectrum recorded
with the injection seeder (laser linewidth, ~ 0.2 cm™) did not improve the spectral
resolution, and the IR spectra were recorded without the injection seeder (~ 2.0 cm™) to
provide higher pulse energies of ~ 10 mJ in the range of C-H stretch bands. The resultant
ion signal was detected in the same time-of-flight spectrometer as that used in the ZEKE
experiment. The IR laser wavelengths were calibrated with the photoacoustic spectra of

H,0.%8

5.2.3. Computation

The molecular geometry optimization, vibrational frequency, and IR intensity
calculations were carried out using B3LYP with 6-311+G(d,p) basis set implemented in
GAUSSIAN 03 program package.” To simulate the ZEKE spectrum, multidimensional
FC factors were calculated from the equilibrium geometries, harmonic vibrational
frequencies, and normal coordinates of the neutral and ionized complexes.”>® The
Duschinsky effect®” was considered to account for normal mode differences between the

neutral and ionic complexes in the FC calculations. A Lorentzian line shape with the
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experimental linewidth was used to simulate the spectral broadening. Transitions from
excited vibrational levels of the neutral to ionic complexes were calculated by

considering Boltzmann distributions. The IR intensity of each normal mode was
calculated from the first derivative of the dipole moment at the equilibrium bond distance.
The theoretical C-H stretching frequencies are scaled by a factor of 0.9670, the average
ratio of the measured to predicted frequencies of the C-H stretching modes in the free
hexamethylbenzene molecule.'® The theoretical IR spectra were calculated with

GAUSSIAN 03 and plotted with the experimental linewidth.

5.3. Results and Discussion

5.3.1. Low-Energy Electronic States and Possible Conformations

Table 5.1 summarizes the low-energy electronic states, the IEs of the possible
electronic transitions, and molecular symmetries of the neutral and ionic
M(hexamethylbenzene) (M = Ti, V, and Co) complexes from the B3LYP/6-311+G(d,p)
calculations. The Ti, V, and Co atoms have four, five, and nine outermost valence
electrons, respectively. Hence, the electron spin multiplicities that need to be considered
are singlet, triplet, qunitet; doublet, quartet, sextet; and doublet, quartet for the neutral
and 2,4; 1,3, 5;and 1, 3 for the Ti", V", and Co" ion complexes, respectively.
Hexamethylbenzene has D;; symmetry in which the para-substituted methyl groups are
all staggered.*®"*® In order to search for a local minimum structure of the metal complex,
various metal-carbon bond distances and relative methyl orientations in each complex are
explored. With the metal binding above the ring, the metal coordination removes the
inversion center and the highest possible symmetry of the metal complex is Cj,.
However, for each complex in each state, the methyl group orientation determines the
symmetry of the complex (Figure 5.1). For example, the triplet and quintet states of the
Ti-hexamethylbenzene complex have C», and C; point groups, respectively (Table 5.2).
This is quite surprising as the quintet state of the complex has a less puckered benzene

ring with smaller conformation angle [ £(C-C-C-C) < 4.2°] than that of the triplet state
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(the conformation angle reaches up to 11.7°). Due to the methyl orientation, the
molecular symmetry of the high-spin states of the complexes are predicted to be C; for
the quintet/ quartet and sextet/ quintet states of neutral/ ionic Ti and V complexes,
respectively. For Co(hexamethylbenzene), the structures of both quartet and triplet states
have C; point group, and the neutral and ionic ground states are 4A" and 3A".

For the neutral transition metal complexes, the high-spin states are predicted to be
the ground electronic states. The lower spin states are predicted to have significantly
higher energies (3.6-18.9 kcal mol™, depending on the metal atoms). This trend follows
the previous studies on the Sc(benzene) complex, for which the high-spin quartet ground
state has a planar benzene ring, and the doublet state with bent ring is located
~ 3.5 keal mol™ higher in energy.”® On the other hand, the low-spin doublet ground state
of the Sc(hexamethylbenzene) complex with bent ring has been observed (Chapter 4). In
Table 5.2, the geometries of the three complexes with possible electron spin multiplicity
are presented and compared with those of the Sc(hexamethylbenzene) complex. The
degrees of the ring bending are displayed in Figure 5.2 for clear comparison. In the
figure, the hydrogen atoms are omitted for simplicity. The major structural differences
between each electron spin state are the degrees of bending of the benzene ring. For
M(hexamethylbenzene) (M = Ti, V, and Co), the high-spin states have nearly planar rings
with bent conformation angles of 2.7-10.3°. The ionic states have slightly less bent ring
with the conformation angles of 0.5-9.0°. The high-spin states of the neutral and ionic Ti,
V, and Co complexes have similar M-C and C-C bond distances [R(M-C) and R(C-C)].
The M-C and C-C bond distances range in the average values of 2.4 + 0.1 and 1.43 + 0.01
A, respectively. In contrast, the low-spin states have more highly bent ring structures
with conformation angles up to 23.8°. From the bent ring structure, two sets of M-C
distances are predicted and the differences reach up to 0.2 A.

The indices of the aromaticities have been calculated to investigate how much the
aromaticity of the ring changes by metal coordination. In this work, the structure-based

184,185

harmonic oscillator model of aromaticity (HOMA), which is known as one of the

- ST 186,187
most effective structural aromaticity indicators, ~ > has been used.
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R (5.1)

opt -

HOMA=1- £35(R
n

where a is an empirical constant chosen to give HOMA values equal to zero and one for
a model system of non-aromatic and aromatic molecules, respectively and n is the total
number of bonds taken into an account. For C-C bonds, oc.c is 257.7, and Ry, (1.394 A)
and R; are the bond distances in the benzene molecule and the ring of the
hexamethylbenzene from the B3LYP calculations, respectively. Table 5.5 displays the
HOMA values of each electronic states of M(hexamethylbenzene) (M = Ti, V, and Co)
complexes studied here. As shown in the table, the HOMA values of the high-spin states
are higher than those of the low-spin states of the metal complexes. The higher the
HOMA value, the higher the aromaticity the ring has and the less perturbation of the
delocalized & electron network upon metal coordination. More structural comparison of

each complex will be carried out with the individual spectral analysis.
5.3.2. Spectroscopy

5.3.2.1. PIE Spectra of M(hexamethylbenzene) (M = Ti, V, and Co) Complexes

Figure 5.3 presents the PIE spectra of the M(hexamethylbenzene) (M = Ti, V, and
Co) complexes. The ion onsets are located by intersecting two lines drawn through a
baseline and a sharp rise of the ion signals and indicated by the arrows in the figure. The
ionization thresholds are estimated to be 38220 (50), 40300 (100), and 40770 (50) cm™
for the Ti (a), V (b), and Co (c) complexes, respectively. These values are obtained by
adding the energy shift of +110 cm™ to the wavenumbers to correct for the dc extraction
field effect (320 Vem™) in the ionization region.'"" The ionization thresholds obtained
from the PIE spectra are used to simplify the search for and correlate with the electron

signals in the high resolution ZEKE spectroscopy.
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5.3.2.2. ZEKE Spectra of Ti and V(hexamethylbenzene)

Figures 5.4(a) and 5.5(a) show the ZEKE spectra of Ti and V(hexamethylbenzene)
complexes seeded in He, respectively. The peaks in both Ti and V(hexamethylbenzene)
spectra have quite broad linewidths of about 50 and 150 cm™, respectively. The attempt
to narrow down the spectral linewidths by using heavier Ar carrier gas was unsuccessful
due to a weak ZEKE signal. Similarly, a broad spectral linewidth (~ 120 cm™) is
observed in the ZEKE spectrum of the Sc(hexamethylbenzene) complex (Chapter 4).

This can be due to a large number of rotational and vibrational degrees of freedom.
However, the possibility of having additional transitions from rotational isomers with
different methyl orientations is neglected since no other local minima with different
methyl orientations are found except for the minimum energy structure presented in
Figure 5.1.

The Ti(hexamethylbenzene) spectrum originates at 38248 (5) cm™ and exhibits
only one interval of 356 cm™. Similarly, V(hexamethylbenzene) spectrum originates at
40364 (5) cm™ with one interval of 392 cm™ as well. These vibrational intervals are
denoted by the vertical lines in each figure. The strongest peaks at 38248 and 40364 cm™
in the ZEKE spectra of Ti and V(hexamethylbenzene) correlate to the ionization
thresholds of the complexes estimated by the PIE spectra [38220 (50) and
40300 (100) cm™'] in Figure 5.3(a) and (b), respectively. These peaks are assigned to the
IE of each complex. The IEs of the Ti and V complexes are 16824 and 14047 cm™ lower
than those of the Ti and V atoms (55072 and 54411 cm™)"*®, respectively. From the
thermodynamic cycle [IE(M) — IE(M-ligand) = Dy"(M-ligand) - Do(M-ligand), where
M =Ti or V, ligand = hexamethylbenzene, and Dy" and Dy = bond energies of the ionic
and neutral complexes], the IE shift equals to the bond energy difference between the
ionic and neutral species. The positive bond energy differences between ionic and neutral
species indicate stronger cationic metal-ligand bonding than the neutral. This is because
of additional electrostatic interactions between the metal ion and the ligand. From the
band origin, the 356 and 392 cm™ intervals in the ZEKE spectra are quite comparable to
the Sc-benzene (375 cm™) and Sc*-hexamethylbenzene (400 cm™) stretching frequencies

and thus assigned to the Ti'- and V'-hexamethylbenzene stretching frequencies,
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respectively. To confirm such assignments and determine the electronic transition probed

in the ZEKE spectra, the theoretical calculations were made.

5.3.2.2.1. Ti(hexamethylbenzene)

In Figure 5.4, the ZEKE spectrum of the Ti(hexamethylbenzene) complex is
compared with the simulated spectra of all the possible transitions from the neutral 'A’,
3A,, and °A to the ionic A" and “A states. In these simulations, the vibrational
frequencies are not scaled, but the 0-0 transition energies are shifted to the experimental
value for clear comparison. The simulations of the ‘A7 A, [F igure 5.4(c)],

A" «3A; (d), and *A" « 'A' (e) transitions exhibit much longer FC profiles than the
experimental spectrum due to larger structural changes as predicted by the geometry
calculations (Table 5.2). The simulation of the *A « A transition [Figure 5.4(b)]
matches the best with the experimental spectrum in the spectral profile. In addition, the
theory predicts that the neutral quintet state has the lowest energy, while the singlet and
triplet states are located about 5 and 19 kcal mol™ higher in energy, respectively. Due to
the supersonic cooling, the productions of these higher energy states are likely to be
quenched, and the transitions from these lower spin states are unlikely to contribute to the
ZEKE spectrum. Moreover, the predicted IE from the quintet to quartet state transition
(37244 cm™) resembles the experimental value (38248 cm™) closely (Table 5.1). The
theoretical vibrational frequency (347 cm™) agrees well with the measured value

(356 cm™), confirming the assignment of the Ti'-hexamethylbenzene stretching
frequency. The simple spectrum with no other observed vibrational transitions indicates
that ionization removes a weakly-bound metal-based electron and the geometry of the
ligand is less affected by the electron removal. According to the DFT calculations, there
is significant deviation in the M-C bond distances of the neutral quintet (2.384-2.408 A)
and ionic quartet states (2.346-2.370 A). On the other hand, the C-C bond distances of
the neutral and ionic complex differ only by 0.001 A. In addition, the conformation
angles [ £(C-C-C-C)] of the neutral and ionic complex range less than 4.2° [Table 5.2 and
Figure 5.2(a)]. The observed ZEKE peak positions in the Ti(hexamethylbenzene)

spectrum, with the dc field correction of +1.5 cm'l, are listed in Table 5.3.
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5.3.2.2.2. V(hexamethylbenzene)

As in the Ti(hexamethylbenzene) complex, the high-spin neutral state (°A) of the
V(hexamethylbenzene) complex has the lowest energy among all the neutral states (Table
5.1). The low-spin states (A, and *B,) have bent benzene ring structures with
conformation angles up to 21.7° [Table 5.2 and Figure 5.2(b)]. In comparison, the
conformation angles of the high-spin states are much smaller. The simulations of
possible transitions are displayed in Figure 5.5 with narrow linewidths for more evident
identification of major progressions contributing to the simulations and comparison with
the experimental spectrum. The simulations of the A « *B, [Figure 5.5(c)], and *A" «—
?A| (e) transitions display long progressions. In addition, the simulations of the *A" «—
‘B, [Figure 5.5(d)] and 'A" « A, (f) transitions exhibit combinations of the methyl group
rotation (130 cm™)/ out-of-plane (0.p.) bending (186 cm™) modes and soft mix of these
two modes (124 cm™), respectively. These simulations show quite different spectral
profiles from the ZEKE spectrum, which exhibits a major progression of 392 cm™’. On
the other hand, the simulation of the high-spin state transition [*A « °A, Figure 5.5(b)]
reproduces the major progression of the experimental spectrum much better than the
others. The simulation exhibits V'"-hexamethylbenzene stretching progression (294 cm™)
and methyl group torsional frequencies (72 and 177 cm™). These small frequency
torsional modes and their combinational peaks are unresolved and embedded by the
broad peaks of the metal-ligand stretching progression in the experimental spectrum.
Therefore, the spectrum in Figure 5.5(b) is simulated with the experimental linewidths.
The simulated spectrum resembles the recorded ZEKE spectrum very well. On the other
hand, the theory severely underestimates the metal-ligand stretching frequencies, so
another theoretical approach is considered to improve the calculated frequency.
Unfortunately, both B3P86 and MP2 methods result in similar frequency values around
300 cm™ and more investigation is needed to improve the theoretical predictions. In
addition, there is an intense peak at 40556 cm™ denoted by the asterisks in Figure 5.5(a).
This peak has very narrow linewidth and is due to vanadium atomic transition by multi-

5
photon processes.’’
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5.3.2.3. ZEKE and R2PI Spectra of Co(hexamethylbenzene)

Figure 5.6 shows the ZEKE spectra of Co(hexamethylbenzene) seeded in He (a),
He/Ar mixture (b), and pure Ar (c) carrier gases. The linewidth of the peaks in He carrier
gas is about 80 cm™', which is quite broad like those of M(hexamethylbenzene) (M = Sc,
Ti, and V) complexes. As the concentration of Ar gas increases, the cooling effect of the
supersonic jet increases and the spectral linewidth reduces to 4 cm™ in the Ar spectrum
[Figure 5.6(c)]. Well-resolved Ar spectrum is compared with the simulations in
Figure 5.7 for spectral analysis. The ZEKE spectrum originates at 40807 (5) cm™', which
correlates with the ion signal onset [40770 (50) cm™'] from the PIE curve and is assigned
to the vibrationless transition. In the experimental spectrum, there are four vibrational
intervals above the band origin (17, 43, 359, 416 cm'l) and a 20 cm™ interval is located at
low energy side. In addition, there are two intense peaks (41645 and 41785 cm™)
denoted by the asterisks in Figure 5.7(a). These two peaks are much narrower than others,
and their intensities depend strongly on the excitation laser power. As in the case in the
V(hexamethylbenzene) complex [Figure 5.5(a)], these peaks are likely to be atomic
transitions from multiphoton processes. In order to confirm that these peaks do not result
from the transitions of the complex, the MATI spectroscopy is applied. The MATI
technique has an advantage of mass selectivity and only specific complex
[Co(hexamethylbenzene)] can contribute to the spectrum. Indeed, these two peaks do not
appear in the MATI spectrum (not shown), and they are assigned to atomic transitions. A
sharp line at 41645 cm™ corresponds to a multi-photon ionization of Co metal atom.”’
Unfortunately, the MATI signals in Ar carrier gas were too small to record the
whole-range spectrum. In addition, the linewidths of the MATI spectra in He (~ 100 cm™)
and Ar (50 cm™") were broader than those of the ZEKE spectra (80 cm” in He and 4 cm™
in Ar). Therefore, the spectral analysis was carried out solely from the well-resolved
ZEKE spectrum recorded in Ar carrier.

In the ZEKE spectra of Ti and V complexes, transitions from the high-spin ground
states were observed. Similarly, in the case of Co(hexamethylbenzene), the doublet state
is more than 9 kcal mol™ higher in energy than the quartet ground state. In addition, the

IE of the transition from the quartet to triplet states is predicted to be very close to the
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experiment with only 3.7% deviation. Therefore, it is reasonable to assume that the
quartet to triplet transition will contribute to the experimental ZEKE spectrum of the
Co(hexamethylbenzene) complex. The molecular structure of the complex follows in a
similar manner to the previous two species [Ti and V(hexamethylbenzene)]. High-spin
quartet and triplet states have nearly planar ring structure [Figure 5.2(c)] with quite
equivalent C-C bond lengths (Table 5.2). On the other hand, the neutral doublet and ionic
singlet states have diverse C-C bond distances within the ring and bent ring (up to 19.0°)
structures, respectively. Therefore, the transitions from doublet states will result in long
Franck-Condon profiles due to large structure changes. The experimental spectrum in Ar
is compared with the simulated spectra in Figure 5.7. The high-spin state transition

A" < *A", Figure 5.7(b)] clearly resembles the experimental ZEKE spectrum. On the
other hand, two transitions from the doublet state CA" «— *B and 'A « “B) show long
progressions [Figure 5.7(c) and (d)] as predicted from the structural comparison. In the
simulation of quartet to triplet transition, two intervals of 156 and 170 cm™ above the
band origin appear with significant intensities. These peaks in the experimental spectrum
are unresolved and the calculations have overestimated the intensities of these transitions.
These peaks are related to 1, 3, 5- and 2, 4, 6-methyl group out-of-plane bending modes
from the DFT calculations (carbon numbering is denoted in Figure 5.1).

The observed vibrational intervals from the Co(hexamethylbenzene) spectrum can
be assigned by comparing with the ZEKE spectra of the M(hexamethylbenzene) (M = Sc,
Ti, and V) complexes. The major progression of 359 cm™ is very close to
M "-hexamethylbenzene stretching frequencies of Sc (400 cm™), Ti (356 cm™), and
V (392 cm™) complexes. The theory predicts the Co'-hexamethylbenzene stretching
frequency to be 341 cm™ which confirms such assignment. Unfortunately, all of the Sc,
Ti, and V(hexamethylbenzene) spectra do not exhibit other vibrations due to broad
linewidths. Therefore, from the comparison between the experiment and the simulation
of the *A" « *A" transition, all the vibrational modes from the Co(hexamethylbenzene)
spectrum are listed and assigned in Tables 5.3 and 5.4, respectively. Small frequencies
located below (20 cm™) and above (17 and 43 cm™) the band origin are neutral and ionic
vibrational modes, respectively. According to the DFT calculations, these frequencies are

assigned to two different methyl group torsional modes and these intervals are well
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reproduced in the simulation [Figure 5.7(b)]. In addition, according to previous inelastic
neutron-scattering studies, uncoordinated hexamethylbenzene ligand contains three
vibrational modes ranging in 400-450 cm™ frequencies.'® These modes are C-CH; bends
with frequencies of 406, 411, and 451 cm™. Among these, only a C-CH; bending
vibration mode of 411 cm is totally symmetric in the metal complex. Therefore, the
remaining 416 cm™ interval can be easily assigned to C-CH; bending vibration mode of
hexamethylbenzene. The DFT calculated frequency for this mode is 412 cm™.

Unlike the Ti and V complexes, the Co(hexamethylbenzene) complex exhibits
strong ion and electron signals, which makes it possible to carry out further investigation
using the R2PI spectroscopy. In this method, the UV laser wavelength was fixed at
40600 cm™ which is below the IE, while the IR laser wavelength was scanned in the
ranges of 2700-3200 cm™ to find the C-H stretching vibrations of the neutral
Co(hexamethylbenzene) complex. The recorded R2PI spectrum is displayed in Figure
5.8(a). The predicted IR spectra of the *A’’ and *B states in the C-H stretching region are
displayed in Figure 5.8(b) and (c), respectively for comparison. The theoretical C-H
frequencies are scaled by an average ratio of the measured to calculated frequencies of
the hexamethylbenzene C-H stretching modes (0.9670)."* As shown by the figure, the
simulated IR spectrum of the *A" state matches with the experiment better than that of the
’B state in energy positions and spectral profile. It is consistent with the result obtained
from the ZEKE experiment.

The IR spectrum of Co(hexamethylbenzene) complex is quite different from that
of Sc complex (Chapter 4). In the Sc(hexamethylbenzene) complex, only one IR active
frequency of 2850 cm™ was identified due to weak intensity of the signal. For the Co
complex, several peaks are resolved, and Ar carrier gas narrowed the peak linewidths
such that more thorough spectral analysis can be carried out. The experimental spectrum
exhibits four intense peaks located at 2916, 2928, 2981, and 3005 cm'l, and two
additional peaks at 2874 and 2890 cm™. Four intense peaks are well estimated by the
theory with close in frequency values of 2915/2916, 2927, 2994, and 3021/3022 cm™,
respectively [Figure 5.8(b) and Table 5.4]. In the experimental spectrum, two additional
weak bands (2874 and 2890 cm™) appear around the strong peaks. However, these weak

peaks are estimated to have frequencies of 2915 cm™ from the calculation, which is very
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similar to and embedded by the intense 2916 cm™ peak. The predicted C-H stretching
frequencies are listed and compared with the experimental values in Table 5.4.

The first three peaks (2874, 2890, and 2916 cm™) are attributed to the near
degenerate symmetric and asymmetric C-H [C(1)-(CHj3), C(3)-(CH3), and C(5)-(CH3)]
stretching modes (carbon numbering is denoted in Figure 5.1). Similarly, asymmetric
C-H stretch of C(2,4,6) is present at 2928 cm™. The calculation predicts these modes to
have very close frequencies: 2915 (vio/ Vss), 2916 (vo), and 2927 (vg/ Vs4) cm'l,
respectively. Compare to the symmetric and asymmetric C-H stretching frequencies in
the Sc(hexamethylbenzene) complex observed as one broad peak (2850 cm™, Chapter 4),
these observed frequencies are separated and blue-shifted by more than 24 and to 78 cm™,
respectively. In addition, the range of these values is quite similar to that of the free
ligand (2890 cm™)."  This is because the Co metal coordination to the
hexamethylbenzene has less effect on the C-H coordinates, but Sc coordination causes the
charge redistribution on the C(1,4) of the ligand and the red-shift on the C-H stretch
frequencies (Chapter 4). Indeed, an atomic charge analysis shows that the charges on the
carbon atoms of the methyl groups in the Co complex (-0.77¢) are similar to those of free
ligand (-0.79¢), whereas the charges are much smaller in the Sc(hexamethylbenzene)
complex (-0.12¢). For these molecules, the charges on the hydrogen atoms are similar
[0.15¢ for hexamethylbenzene and Sc(hexamethylbenzene), and 0.17¢ for
Co(hexamethylbenzene)]. Therefore, C-H bonds in the methyl groups are more polarized
upon Co metal coordination than Sc, and larger C-H stretching frequencies are observed
for the Co(hexamethylbenzene) complex.

The C-H bonds in the CH3 methyl group can be separated into two groups;
hydrogen paired C-H, and unpaired C-H bonds. These hydrogen paired C-H; bond
groups point to the same direction, whereas they point to the opposite direction from the
unpaired C-H bond groups. In addition, the Co metal coordination differentiates six
unpaired C-H groups into two. They are carbon groups pointing away from
[C(1,3,5)-(CH)] and towards [C(2,4,6)-(CH)] the metal atom (Figure 5.1). Such
differentiation results in richer transitions in the Co(hexamethylbenzene) spectrum than
that of free ligand. Remaining two peaks (2981 and 3005 cm™) are assigned to the

symmetric and asymmetric hydrogen paired C-CH; bond stretches, respectively. The
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theory predicts three peaks in this region with 2994 (v¢) and 3021 (vso)/ 3022 (v2) cm’!
frequencies, respectively. These peaks correspond to the same modes in the free ligand

with 2938 and 3018 cm™' of energies.'*

5.3.3. Trends of Metal Binding Modes, Ground Electronic States, and Ionization and
Binding Energies

Table 5.4 summarizes the electronic transitions, IEs, neutral and ionic bond
energies (Do, Do"), and the vibrational frequencies of the M(hexamethylbenzene)
complexes where M = Sc, Ti, V, and Co. From the table, the trends of the IEs and
electronic transitions of the complexes can be easily determined. The IE reduction from
the metals to the metal complexes follows the sequence of Sc <V < Ti < Co, which is
parallel to the IEs of the metals [Sc (6.5615 eV) <V (6.7462 eV) < Ti (6.8281 eV) < Co
(7.8810 eV)].'"®® The electronic transitions of the metal-hexamethylbenzene complexes
differ with different metals. The ground state of the Sc(hexamethylbenzene) complex is
the low-spin doublet state with a bent benzene ring due to differential binding of Sc to the
ring carbon atoms (Chapter 4). On the other hand, the high-spin ground states of Ti, V,
and Co complexes with nearly planar ring structures are observed.

The relationship between the ring bending and the electron spin multiplicities can
be explained by investigating an orbital interaction diagram between the 3d/4s orbitals of
the transition metal and occupied & orbitals of ligand. As an example, the orbital
interaction between Ti metal and hexamethylbenzene ligand is displayed in Figure 5.9.
In the diagram, the metal 3d/4s orbitals are located on the right side, the ligand & orbitals
on the left, and the formed molecular orbitals with different electron spin states in the
middle. Since the IE of Ti metal atom is lower than that of the hexamethylbenzene, the
metal 3d/4s orbitals are placed higher in energy than the highest occupied molecular
orbitals (HOMO) of the ligand. In the 'A' and A, states, the benzene ring is bent with
two carbon atoms away and towards Ti, respectively and the & electrons are redistributed
in 1, 4-diene fashion (Figure 5.2). Similar conformation has been previously observed
for the doublet state of Sc(hexamethylbenzene) complex (Chapter 4). On the other hand,

the A state retains a nearly planar benzene ring but has no symmetry due to methyl
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orientations. In the *A state, the orbital energy gap between (d7), (dxy), (di-y?), and (sd2)
is small because the complex possesses a nearly planar benzene ring, which is similar to
the quartet state of the Sc(benzene) complex.®® Therefore, two doubly degenerate dy,, dy.
and dx-y, dxy orbitals are predicted for the quintet state, whereas these orbitals are split
into four non-degenerate orbitals in the singlet state. The split of the degenerate orbitals
lead to perturbations of © electron network and severe puckering of the benzene ring. As
a result, the electron configuration of the neutral A state of Ti(hexamethylbenzene) is
(d2)'(dxy)'(dx-y") (sd2)". On the other hand, the Ti (sd7) based orbital becomes less stable
in the triplet state and the electron configuration of 3A, state is (d2)(dxy) (diey?)".

The high-spin ground states of Ti, V, and Co(hexamethylbenzene) complexes can
be justified by considering the energy required to pair up or promote the electrons in the
metal atoms. The electron pairing and 3d-4s orbital promotion energies have been
estimated by considering the atomic energy levels of Ti, V, and Co metal atoms. For
example, Ti has 3d°4s” (°F) electronic configuration in the ground state and an excited
level of 3d°4s” (‘D) which has one of the electrons in 3d orbital paired up with another.
This energy difference can be thought of the energy required to pair up the electrons,
resulting in the low-spin state.'”® Similarly, 3d4s" (°F) configuration is another excited
state and the energy difference from the ground state is an energy estimation of orbital
energy difference between 3d and 4s orbitals (energy required to promote one electron
from 4s to 3d orbitals). This electron promotion results in the high-spin state. Based on
this consideration, the electron pairing and 3d-4s orbital promotion energies are estimated
for Ti, V, and Co atoms. For these metals, less energy is required to promote electron
from 4s to 3d orbitals (77.7, 23.8, and 40.0 kJ mol™! for Ti, V, and Co atoms, respectively)
than to pair up electrons in 3d orbitals (84.6, 75.4, and 43.1 kJ mol™ for each metal).

This estimation supports the observation of the high-spin states of the Ti, V, and
Co(hexamethylbenzene) complexes.

Despite the different structures and the spin states of the M(hexamethylbenzene)
(M =Sc, T1, V, and Co) complexes, the spectra of these species exhibit mainly metal-
ligand stretching vibrations. To explain this, the highest occupied molecular orbitals
(HOMO:s) of the individual complexes need to be considered. The electron configuration

of the neutral *A and °A states of Ti and V(hexamethylbenzene) are
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(d2) (dxy) (dy) (sd2)" and (d2)'(di+?) (d2dxy) (dxz)' (sd7)', respectively. That of the
quartet Co(hexamethylbenzene) is (dxy)'(dyz)'(sd2)'. The HOMO of these states has the
same sd2 character. Since the HOMOs of the quartet Sc(benzene)®, the doublet
Sc(methylbenzene) (Chapter 4), and the high-spin states of the M(hexamethylbenzene)
(M =Ti, V, and Co) have similar character, the ZEKE spectra of these complexes show
similar spectral profiles with the major progression of cationic metal-ligand stretching
vibrations.

In Table 5.4, the ionic and neutral bond strength differences of the complexes are
compared with the experimental IE shift from the metal atom to the complex to determine
the accuracy of the theory. The calculated values have errors of 5, 15, 10, and 1 % for the
Sc, Ti, V, and Co(hexamethylbenzene) complexes, respectively. The B3LYP calculation
underestimates the relative energy difference of the neutral triplet and ionic quartet states

188 and

or the IE of Ti metal atom. The IE determined from the experiment (6.8281 eV)
calculated by the theory (6.3985 eV) differ by more than 0.4 eV. To examine the
calculated value, a different DFT method (B3P86) with 6-311+G(d,p) basis set is used.
The B3P86 calculated IE of the Ti metal is much better (IE = 6.6654 eV) and close to the
experimental value. In addition, the B3P86 calculation gives much better prediction on
the bond strength difference (48.8 kcal mol™) of the neutral and ionic
Ti(hexamethylbenzene) complexes (48.1 kcal mol™ from the experiment). However, the
good prediction from B3P86 is coincidental, since it has been determined that the B3P86
calculation overestimates the IE of the transition metal-aromatic hydrocarbon complexes

by an average of about 10%.""

5.4. Conclusions

The high-resolution ZEKE spectra of the M(hexamethylbenzene) (M =Ti, V, and
Co) complexes and R2PI spectrum of the Co(hexamethylbenzene) complexes have been
recorded and analyzed. From the comparison between the experiment and theory, the
molecular and electronic structures of the complexes have been determined. The
transition metals (Ti, V, and Co) bind to the near planar benzene ring in near six-fold.

The resulting complexes exhibit transitions from the high-spin states in the ZEKE spectra.
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This finding is different from the Sc(methylbenzene) complexes, where the Sc complex
has been observed to be in the low-spin ground state and the benzene ring is bent with «t
electrons localized in 1, 4-diene fashion (Chapter 4). The electron spectra of the
transition metal-hexamethylbenzene complexes show strong transitions from the zero
vibration levels of the neutral ground electronic states to the ion and a short progression
of the cationic metal-ligand stretch vibration excitations. This is because the HOMOs of
the high-spin states of the Ti, V, and Co(hexamethylbenzene) complexes (sd,2) have a

weak binding character.
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Table 5. 1. Point groups, electronic states, relative energies (Er, cm™), IEs (cm™) of the
M(hexamethylbenzene) (M =Ti, V, and Co) complexes from the B3LYP/6-311+G(d,p)
calculations.

Complexes Symmetry  States Ey(cm”) Transitions IE (cm™)

Ti(hexamethylbenzene) 38248°
C; A" 44184 A" — A" 37766
C ‘A 36939 A" A, 42573
C; ‘A" 6596 ‘A—1A; 35654
Csy 'As 1761 ‘A A 37244
C A 0

V(hexamethylbenzene) 40364°
C; ‘A" 46754 TA"—2A; 44848
C; A" 39228 A" A, 37406
C A 37087 A" — B, 38202
Csy A 2139 A—'B, 36104
Cay ‘B, 1273 A —°A 37402
C °A 0

Co(hexamethylbenzene) 40807°
C, 'A 51802 'A—"B 48829
C; A" 38979 A" B 36093
C, ‘B 3397 A" — A" 39290
Cs A" 0

?From ZEKE measurements.
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Table 5. 2. Bond distances (R, A), conformation angels (£, degrees) of the
M(hexamethylbenzene) (M = Sc, Ti, V, and Co) complexes from the B3LYP/6-311+G(d,p)

calculations.
State  Point  R(M-C) R(C-C) Z (C-C-C-C)
group

Hexamethylbenzene

- Dsy 1.406 +3.0

Sc(hexamethylbenzene)

A Coy 2.237/2.484 1.384/1.476 0.0/ +26.5

‘A C 2.419/2.422/ 1.430/1.431/ -3.9/-3.6/-2.1/
2.424/2.437/ 1.432/1.433 25/29/43
2.438/2.448

'A Coy 2.181/2.405 1.393/1.478 0.0/ £24.2

A C 2.529/2.545/ 1.413/1.416/ -6.3/-49/0.0/
2.547/2.561/ 1.420/1.422/ 1.5/1.7/8.0
2.570/2.596 1.430/1.432

Ti(hexamethylbenzene)

‘A G 2.232/2.233/ 1.416/ 1.476 +23.8/0.0
2.421/2422

As Coy 2.282/2.388 1.409 / 1.445 +11.7/0.0

A C 2.384/2.385/ 1.426/1.427/ -42/-33/-2.8/
2.387/2.404 / 1.428 2.7/3.6/4.0
2.405/2.408

A" G 2.131/2.143/ 1.407 / 1.461/ +17.9/+13.8/ 2.0
2.275/2.290 1.463

‘A C 2.346/2.348 / 1.427/1.428/ -42/-3.0/-2.7/
2.351/2.366/ 1.429 24/3.6/3.9
2.367/2.370
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Table 5.2 (continued).

V(hexamethylbenzene)
‘AL Gy 2.180/2.320
‘B,  Cy 2.135/2.334
°A C; 2.438/2.439/
2.490 /2.495 /
2.514/2.533
A" C, 2.183/2.346
A" G 2.112/2.114/
2.250/2.264
A C 2.368/2.376/
2.400/2.416 /
2.444

Co(hexamethylbenzene)

‘B C,
‘AT G
'A C,
A" G

2.078/2.101/
2.108
2.259/2.263/
2.285/2.286
2.016/2.182/
2.209

2.176 /2.178 /
2.197/2.198

1.421/1.469
1.396/1.471
1.411/1.416/
1.426/1.427

2.418/1.468
1.407 / 1.455/
1.458
1.420/1.422/
1.427/1.430

1.433/1.440

1.422

1.407/1.445/

1.449
1.430/1.431

+17.4/0.0
+21.7/0.0
-10.3/-4.0/-3.3/
3.0/3.8/10.8

+20.1/0.0
+17.8/ +14.4/+1.7

-9.0/-3.1/-0.5/

0.6/54/6.6

-1.9/-03/2.2

+43/+4.2/ 4.1

-19.0/3.4/15.5

+3.9/+3.5/+3.2
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Table 5. 3. ZEKE peak position (cm™) and assignment of the M(hexamethylbenzene)
(M=Ti, V, and Co) complexes.

(a) Ti(hexamethylbenzene) (c) Co(hexamethylbenzene)

4N SA IAN AN
Position Assignment Position Assignment

38248 09 40787 861
38604 743 40807 09
40824 478
(b) V(hexamethylbenzene) 40837 472
A —°A 40850 863

40364 09 41146 411861
40756 753 41166 413

41182 41347}

41196 415473

41209 411863
41223 38}
41520 412

41534 412473

41551 413472

41564 41386%

41580 383413
41887 413

41904 413473
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Table 5. 4. IEs (cm™), ionic and neutral bond energies (Do /Dy, kcal mol™), vibrational
frequencies (cm™) of the M(hexamethylbenzene) (M = Sc, Ti, V, and Co) complexes from
ZEKE spectroscopy and DFT/B3LYP calculations.

ZEKE B3LYP

Sc(hexamethylbenzene) IE 39535 38931
(Co, 'Ap —2A))° Do"-Dy (Do /Do) 38.3 40.1 (59.5/19.4)
M-L stretch (v2;") 400 366
C-H stretch (ve9) 2850° 2861°
Ti(hexamethylbenzene)  IE 38248 37244
(C1, *A —"A) Dy -Dy (Do /Dg) 48.1 41.1 (66.4/25.3)
M-L stretch (v74") 356 347
V(hexamethylbenzene) IE 40364 37402
(C1,°A —°A) Dy"-Dy (Do '/Dy) 40.2 44.0 (59.3/15.3)
M-L stretch (v75') 392 294
Co(hexamethylbenzene) IE 40807 39290
(Cy, *A" — *A") DDy (Do /Dy) 65.1 65.6 (72.7/7.1)
CH; asymmetric torsion 22/42 42/57
(V6 '/ V)
CHj; symmetric torsion 17 29
(Va7")
M-L stretch (v4;") 359 341
C-CH; bend (vsg)) 416 412
Symmetric and asymmetric 2874b, 2915 (vio/ vss),
C-H stretch [C(1,3,5)-CH] 2890°, 2916° (vo)
2916"
Asymmetric C-H stretch 2928° 2927¢ (vg / Vs4)
[C(2,4,6)-CH]
Symmetric C-H; stretch 2981° 2994 (ve)
Asymmetric C-H, stretch 3005° 3021° (vso)
3022°(v2)

* Results from the Sc(methylbenzene) studies (Chapter 4).
® From IR-UV ion spectrum.
¢ Scaled by a factor of 0.9670.
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Table 5. 5. Aromatic indices from the structure-based harmonic oscillator model of
aromaticity (HOMA) of M(hexamethylbenzene) (M = Ti, V, and Co) in different
electronic states.

benzene

States lAlg
Aromatic index” 1
hexamethylbenzene

States --
Aromatic index® 0.96

Ti(hexamethylbenzene)

States A A" Ay ‘A A

Aromatic index® 0.34 0.19 0.53 0.70 0.72
V(hexamethylbenzene)

States A ’A A" ‘B, A A
Aromatic index® 0.43 0.39 0.31 0.02 0.73 0.79
Co(hexamethylbenzene)

States 'A ‘B A" A"

Aromatic index” 0.50 0.51 0.65 0.80

*The aromatic index of each state metal-hexamethylbenzene complexes are calculated by
using the C-C bond lengths calculated from the B3LYP/6-311+G(d,p) calculations (refer
to text).
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(a) Ti(hexamethylbenzene)
29°

Symm C,
State °A/°A

Symm C ] C2v/ Cs
State  °A/°A “B,/ A"

(c) Co(hexamethylbenzene)

Symm
State A"/ 3A"

Figure 5. 1. The minimum-energy conformers of the M(hexamethylbenzene) (M =Ti, V,
and Co) complexes in various electron spin states.
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(a)Ti(hexamethylbenzene)
A (C)) Az (Ca)) 'A'(Cy)

W v D 23

<4.2° 11.7°

P039T oedey 99009

(b) V(hexamethylbenzene)
"A(C)) ‘B2 (Ca) A1 (Ca)

(eh) ‘B (C2)

Figure 5. 2. The conformations of the M(hexamethylbenzene) (M = Ti, V, and Co)
complexes in various electron spin states. The conformation angles are for £(C,-C3-Cy-
Cs). Hydrogen atoms are omitted in the figure.

103



(a) (b) (©)

N

38000 38500 40000 40500 ., 41000
Wavenumber (cm )

Figure 5. 3. PIE spectra of Ti (a), V (b), and Co(hexamethylbenzene) (c) seeded in He
carrier. The ionization threshold of each complex is located by the intersecting two lines
from baseline and rising ion signal as pointed by the arrows.
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(a) Expt, He

(b) ‘A —°A

(c) ‘A <A,

(d) *A" A,

(€)*A" — A’

38000 38500 39000 39500
Wavenumber (cm )

Figure 5. 4. Experimental ZEKE spectra of Ti(hexamethylbenzene) seeded in He (a) and
the simulations of ‘A « °A (b), ‘A «— A, (c), A" — A, (d), and *A" — 'A’ (e)
transitions at 10K.
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(a) Expt, He

(b) °A — °A

(c)°A — ‘B,

(d)*A" — ‘B,

(e) A" — *A,

40000 40500 41000 iHSOO
Wavenumber (cm)

Figure 5. 5. ZEKE spectra of V(hexamethylbenzene) seeded in He (a) and the simulations
of °’A — °A (b), A — *B; (c), *A" — ‘B, (d), A" « *A; (e), and 'A' — %A, (f)
transitions at 10K.
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(a) Expt
*

(b) Expt
x He/Ar

]

(c) Expt

40800 41100 41400 41700
Wavenumber (cm'l)

Figure 5. 6. Experimental ZEKE spectrum of Co(hexamethylbenzene) seeded in He (a),
He/Ar 1:1 mixture (b), and Ar (c) carrier gas.
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359
43
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P

(a) Expt, Ar
%

-
N

Al
(b) 3Au - 4An

L

(c)°A" B

(d)'A—"B

40800 41200 41600 412000
Wavenumber (cm )

Figure 5. 7. ZEKE spectra of Co(hexamethylbenzene) seeded in Ar (a) and the
simulations of *A" « *A" (b), A" «— B (c), and 'A «— B (d) transitions at 10K.
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(a) Exp

(b) 4Au

(c) B

2800 2900 3000 3100
Wavenumber (cm'l)

Figure 5. 8. Experimental R2PI spectrum of Co(hexamethylbenzene) seeded in Ar carrier
(a) and simulated IR spectra of *A" (b) and *B (c) states of the complex in the C-H
stretching region. The calculated C-H frequencies are scaled by 0.9670, the average ratio
of the experimental and calculated C-H stretching frequencies of the free ligand.
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Ti-C4(CH,), Ti

Cs(CHy),
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Figure 5. 9. An orbital interaction diagram between the Ti metal and hexamethylbenzene
fragments in the 'A' (C;), A, (Cs), and °A (C;) electronic states.

Copyright © Jung Sup Lee 2010
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CHAPTER 6. CONFORMATIONAL ISOMERS AND ISOMERIZATION OF GROUP
VI TRANSITION METAL-BIS(TOLUENE) SANDWICH COMPLEXES PROBED BY
VARIABLE-TEMPERATURE ELECTRON SPECTROSCOPY

6.1. Introduction

Transition metal-arene complexes are true classics among organometallic
compounds, and many of them have been identified as key intermediates in homogeneous
catalysis.™® These systems are extensively studied in solution-phase chemistry and
recently in the gas phase.'”'**'"* Group VI metal-bis(benzene) complexes have received
most attention among the metal sandwiches in gas-phase chemistry and spectroscopy,
partly because they are 18-electron, coordinatively saturated compounds and can be used

as stable precursors for gas-phase measurements. Most of the early studies investigated

193-202

IEs through photoelectron spectroscopy or mass spectrometry. More recently, the

.. . . .. 203
gas phase measurements were extended to, for example, collision-induced dissociation,

205-208

radiative association kinetics,** ultraviolet photoabsorption, photoionization

efficiency,”” resonance enhanced two photoionization,* *"!

photoion coincidence,”'? MATI,*"**'® and PFI-ZEKE spectroscopy.’®

threshold photoelectron-

Substitution of one or more hydrogen atoms in benzene with functional groups
yields benzene derivatives with distinct chemical properties,”'**° because the
substitution modifies the electronic and steric environments around the phenyl ring,
provides competing sites for metal coordination, or yields multiple conformers for a
metal complex. For example, we have recently found that C¢HsX prefers the phenyl-ring
7 binding with X = H, F, CH3, and OH, but nitrile coordination with X = CN. 50145
Among the phenyl-ring © complexes, a single conformer was identified for X = H, F, and
CHs, and two were detected for X = OH in supersonic molecular beams.'* The
formation of two distinct Sc(C¢HsOH) rotational conformers is due to a relatively high

energy barrier of the OH group rotation**'>**

and to the unequal Sc-binding with six
carbon atoms in the phenyl ring.'*’
Although only a single conformer with methyl group orientation was identified in

the mono-toluene complex, four stable rotamers of Cr-bis(toluene) were predicted by
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DFT.** These rotamers are in an eclipsed phenyl-ring configuration, with methyl-group
conformation angles of 0°, 60°, 120°, and 180° (Figure 6.1). The predicted energy
differences among these rotational isomers were less than 0.2 kcal mol™, and energy
barriers for isomer conversions were less than 1 kcal mol”. Since the predicted energy
differences among these isomers are so small that the theoretical identification of the
most stable conformation becomes problematic. The vapor-phase electronic absorption
spectrum of the chromium-bis(toluene) complex was measured in an evacuated heated
sample cell and assigned to the 0° and 60° conformers.”*® The MATI spectrum of the
complex seeded in a supersonic jet displayed two strong, distinct band origins and several
weak vibronic transitions.””” The energies of the two origins were attributed to the IEs of
two sets of rotamers, 0° and 60°/120°/180°, and the weak vibronic transitions were
assigned to chromium-toluene vibrational excitations. However, the relative stability of
these conformers has not been determined from these measurements, and the IEs of the
60°/120°/180° rotamers remain to be resolved. In condensed phases, phenyl rings in
chromium-bis(toluene) cations are essentially free to rotate in isotropic solutions, but they
are locked in place by the surrounding anions in the solid state and adopt the
conformation dictated by the energetics of the lattice formation.””® Thus, both eclipsed
and staggered conformers have been identified for chromium-bis(toluene) cations in the
solid state.?**%

This work aims to probe the rotational conformers, conformer relative stability,
and possible conformational isomerization of group VI metal (Cr, Mo, and W)-
bis(toluene) sandwich complexes using variable-temperature (variation of the carrier gas)
pulsed-field-ionization ZEKE spectroscopy. By studying the three metals in the same
group of the periodic table, we hope to investigate metal size effects on the

conformational stability and relaxation of these metal-bis(arene) complexes.

6.2. Experimental and Computational Methods

The molecular beam ZEKE spectrometer used in this work has been described
previously in Chapter 2. The group VI transition metal-bis(toluene) sandwich complexes

were prepared by reactions of gaseous metal atoms with toluene vapor (C¢HsCH3, 99.9%,
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Aldrich) in a laser-vaporization cluster beam source. The metal atoms were produced by
pulsed laser vaporization of a metal rod (Cr, 99.7%, Goodfellow; Mo, 99.95%, Aldrich;
W, 99.95%, Goodfellow) with the second-harmonic output of a pulsed Nd:YAG laser
(Continuum Minilite II, 532 nm, 3-4 mJ) in the presence of He or Ar carrier gas (UHP,
Scott-Gross) or a mixture of He and Ar. These gases were delivered by a home-made
piezoelectric pulsed valve with backing pressure of 40-70 psi.>> The metal rod was
translated and rotated by a motor-driven mechanism to ensure each laser pulse ablated a
fresh metal surface. The ligand was used without further purification, and the complexes
were synthesized by two different methods depending on the metal. To synthesize W-
bis(toluene), the ligand was delivered at room temperature through a stainless-steel
capillary (0.053" inner diameter) to a small collision chamber (~1.5 mL) placed
downstream of the ablation, where the ligand interacted with metal atoms entrained in the
carrier gas. For Cr- and Mo-bis(toluene), the toluene vapor was mixed with the carrier
gas at a ratio of (5-7) x 10™* and expanded through the pulsed valve nozzle. The metal
complexes formed in the collision chamber were expanded into the vacuum, collimated
by a cone-shaped skimmer (4 mm inner diameter), and passed through a pair of charged
deflection plates (+ 500 V) to remove residual ionic species produced by laser ablation.
The metal-bis(toluene) complexes in the molecular beams were identified by
photoionization time-of-flight mass spectrometry. A frequency-doubled dye laser
(Lumonics HD-500) pumped by the third-harmonic output of a second pulsed Nd:YAG
laser (Continuum Surelite 11, 355 nm) was used to ionize the neutral complexes. The
production of the metal complexes was maximized by optimizing the timing and power
of the vaporization and ionization lasers, backing pressure of the carrier gas, and by
adjusting the amount of the toluene vapor. Ionization thresholds of the metal-bis(toluene)
complexes were located using photoionization efficiency spectroscopy by recording the
mass-selected ion signal as a function of the ionization laser wavelength. The ZEKE
electrons were produced at the optimized conditions by photoexcitation of the neutral
complexes to highly excited Rydberg states, followed by field ionization of these
Rydberg states with a 3 ps delayed, pulsed-electric field (1.2 Vem™, 100 ns). A small dc
field (0.06 Vem™) was applied to discriminate ZEKE electrons from kinetic electrons

produced by direct photoionization. A delay pulse generator (Stanford Research Systems
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DG535) was used to generate the pulsed-electric field for ionization. The ion and
electron signals were detected by a dual microchannel plate detector (Galileo), amplified
by a preamplifier (Stanford Research Systems SR445), averaged by a gated integrator
(Stanford Research Systems SR250), and stored in a laboratory computer. Laser
wavelengths were calibrated against vanadium or titanium atomic transitions.”” The dc
field effects on the ZEKE peak positions were corrected using the relation of
AIE = 6. lEF” 2, where Er in Vem'! is the field strength.”1

Molecular geometry optimization and vibrational frequency calculations were
carried out with GAUSSIAN 03 program.”® In these calculations, B3LYP methods with
6-311+G(d,p) basis set was used for H, C, and Cr atoms, and the LanL.2DZ basis set for
the heavier Mo and W atoms for which the triple-split valence basis set is not available.
Additionally, the pseudo-core-potential basis set was applied to Cr metal atoms to
compare with Mo and W atoms. Multidimensional FC factors were calculated from the
equilibrium geometries, harmonic vibrational frequencies, and normal coordinates of the

3295 The Duschinsky effect’” was considered to account

neutral and ionized complexes.
for normal mode differences between the neutral and ion complexes in the FC
calculations. A Lorentzian line shape with the experimental linewidth was used to
simulate the spectral broadening. Transitions from excited vibrational levels of the
neutral complexes were simulated by assuming thermal excitations at specific

temperatures.

6.3. Results and Discussion

6.3.1. Theoretical Conformers

Figure 6.2 presents relative electronic energies as a function of the rotational
angle between the two methyl groups of Cr-bis(toluene) predicted by B3LYP/DFT
calculations. As shown by the figure, the staggered conformers with conformation angles
of 30°, 90°, and 150° are transition states located about 200-300 cm™ higher in energy

than the eclipsed conformers of 0°, 60°, 120°, and 180°. The conformational preference
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of the Cr-bis(toluene) complex is predicted to be similar to that of M-bis(benzene) (M =
Cr, Mo, and W), where the staggered conformer is also a non-local minimum energy
structure.”® This finding seems contradictory to the classical textbook assumption that
steric considerations play the leading role in deciding the stability of staggered and
eclipsed conformers. However, it is now clear that the steric effects are not the only
factors that drive the conformations and that hyperconjugation is often a dominating
one 233233
Table 6.1 lists the ground electronic states and relative energies of the four
eclipsed conformers for the three M-bis(toluene) complexes in the neutral and cationic
forms, respectively. For neutral Cr-bis(toluene) complex, the 0° and 180° rotamers are
essentially energetically degenerate and slightly more stable than the 60° and 120° ones.
The relative stability from the B3LYP/DFT is somewhat different from a previous
PBE/DFT calculation, where 120° and 180° rotamers were predicted to be 40-80 cm’™'
more stable than the 0° and 60° ones.”” Nevertheless, the energy differences among the
four conformers are so small that the theory alone is doubtful in determining which one
of the conformers is the true global energy minimum. For neutral Mo- and W-bis(toluene)
complexes, the energies of the four conformers are predicted to be in the order of 0° <
120° < 180° < 60°. The stability order is different from that of the corresponding Cr
species, but the energy differences are again very small.

The neutral ground electronic states of all conformers are singlet, as the group VI
metal-bis(toluene) complexes contain 18 valence electrons (6 from the metal atom and 12
from the two toluene molecules). However, their molecular symmetries are different and
range from C, (60° and 120°) to C5, (0°) to C2;, (180°) (Figure 6.1). Metal coordination
elongates the carbon-carbon bond distances by 0.02 — 0.03 A, and the extent of the
elongation increases slightly down the metal triad. The increase of the C-C bond
distances upon metal coordination is due to electron back donation from the filled metal d
orbitals to the empty toluene orbitals. Metal-carbon distances in the M-bis(toluene)
complexes can be divided into two groups, M-C(CH3) and M-C(H), with the former
being about 0.02-0.03 A longer than the latter. The metal-carbon bond distances increase
in the order of Cr < W <Mo. The W-C distances are shorter than expected because of the

well-known relativistic effect on the heavier element, which shrinks the metal s orbitals
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and thus enhances the metal-ligand interactions. lonization of the neutral singlet state
yields a cationic doublet state. Upon ionization, the M-C distances increase by 0.01-0.02
A, while the C-C distances remain essentially the same. The small increase in the
cationic M-C distances is due to the removal of a weakly-bound, metal-based electron
from the highest occupied molecular orbital of the neutral molecule. Since the ejected
electron is metal-based, ionization is expected not to have a significant effect on the C-C
bond distances. In both neutral and ionic states, the six-member phenyl plane is only
slightly distorted, with £(C-C-C-C) conformation angles being smaller than 1.0° in the
neutral molecule and 2.5° in the cation. The bond distances and angles of the M-
bis(toluene) conformers are summarized in Table 6.5. The C-C and M-C(H) bond
distances in these M-bis(toluene) sandwiches are nearly identical to those in the M-

bis(benzene) species.®

6.3.2. Spectroscopy and Observed Conformers

6.3.2.1. Cr-bis(toluene)

Figure 6.3(a, b, ¢) presents the ZEKE spectra of Cr-bis(toluene) seeded in He, 2:1
He/Ar, and Ar carrier gases, with the peak positions listed in Table 6.2. The spectrum
with He carrier [Figure 6.3(a)] exhibits the strongest transition (A) at 42744 (5) cm™,
with the full width at half maximum (FWHM) of about 20 cm™. The second strongest
transition (B) is observed at ~ 63 cm™ higher in energy. Following these two transitions,
several weaker transitions appear in three groups: the first group consists of peaks C-E
(42907, 42923, and 42939 cm™), the second F-I (43003, 43015, 43021, and 43030 cm™)
and the third J (43098 cm™). When the complex is seeded in a 2:1 He/Ar mixture, peak A
is resolved into two components Al (42741 cm™) and A2 (42747 cm’™") because of the
reduced spectral linewidth; the intensity of peak B increases dramatically so that it
becomes stronger than A, and its FWHM is narrowed down to ~ 7 cm™ [Figure 6.3 (b)].
Moreover, intensities of peaks I and J are increased compared to those in the He spectrum.

With pure Ar, intensities of peaks A1, A2, and C-H are further reduced, whereas those of
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peaks B, I, and J become even stronger [Figure 6.3 (c)]. The linewidth of the strongest
peak B is reduced to ~ 5 cm™.

Previously, we observed that inert-gas carriers affected the internal temperatures
of metal complexes in supersonic jets and vibrational cooling was more efficient with

: 56,113,116
heavier gases.” ™

However, the strongest transition with He carrier [peak A in Figure
6.3 (a)] is not a vibrational hot band. This is because if it were from the transition of the
first excited vibrational level of a neutral mode, at least an additional, weaker transition
from the 2™ excited level would be expected from the standpoint of Boltzmann
distribution. Furthermore, peak A is unlikely due to the transition from an excited
electronic state of the neutral complex, because no excited state is expected to be so close
in energy to the singlet ground state. Instead, peaks A and B correspond to (0,0)
transitions of different conformers, as suggested by the previous MATI study.*’” The
intensity variations of A and B with different gas carriers are due to the interconversion of
the conformational rotamers. Such conformational relaxation has been observed for
numerous organic molecules in supersonic jets,”>**** but much less is known about
organometallic complexes. In cases of single internal rotational degree of freedom,
conformers with relative energies within 1 kcal mol™ (350 cm™) of the global minimum
were observed in supersonic expansions, and the interconversion of the conformers with
an energy barrier of 1 kcal mol™ or less was found to depend on carrier gases. For
example, in studying the conformational conversion of organic molecules with a barrier
height of less than 1 kcal mol”, Ruoff et al.**® found that no conformer relaxation was
observed with He carrier, and the relative conformer concentrations remained the same
before and after the supersonic expansion. On the other hand, they found that all high
energy conformers were effectively removed by the Ar expansion. For Cr-bis(toluene),
the relative energies of the eclipsed conformers (0°, 60°, 120°, and 180°) are predicted to
be within 100 cm™ (0.29 kcal mol™), and energy barriers for their conversion are within
300 cm™ (0.86 kcal mol™). Therefore, the observation of the conformational
isomerization should not be surprising for this metal species.

By comparing the ZEKE spectra with the three carrier gases, peak B is assigned
to the (0,0) transition of the lowest-energy conformer, and A1/A2 to the (0,0) transitions

of higher energy ones. Since the relative intensities of peaks I and J increase and those of
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peaks (C-H) decrease from He to Ar carrier, I and J should be associated with the most
stable conformer and (C-H) with the less stable ones. The energy separation of peak J
from B is 291 cm™, and those of F-H from A1/A2 are in the range of 260-280 cm'.
These intervals are comparable to the Cr'-bis(benzene) stretching frequency (264 cm™)

36213215 Thys, peak J is assigned to the transition from the neutral

reported previously.
ground vibronic state of the most stable conformer to the first Cr -bis(toluene) stretching
level of the corresponding ion. Similarly, peaks F, G, and H are attributed to the first Cr -
bis(toluene) stretching excitations of the three less stable conformers. Other observed
transitions include peak I at 223 cm™ from B and peaks C-E at 166-192 cm™ from A1/A2.
The assignment of these transitions is discussed below in combination with theoretical
predictions.

According to the theory, there are four minimum-energy rotational conformers (0°,
60°, 120°, and 180°) for Cr-bis(toluene). Experimentally, three (0,0) transitions (A1, A2,
and B) are resolved. From the DFT calculations, the 0° rotamer has the highest IE, with
the largest IE difference from the other rotamers; the 180° rotamer has the lowest IE; and
the IEs of the 60° and 120° rotamers are in between and close to each other. Based on
this predicted IE sequence, peak Al is assigned to the (0,0) transition of the 180°
conformer, A2 to 60° and 120°, and B to 0°. The (0,0) transitions of the 60° and 120° are
not resolved because of their IE proximity. The theoretical IE differences among the 0°,
60°/ 120°, and 180° conformers are 35 and 11 cm™, in qualitative agreement with the
measured differences of 60 and 6 cm™. The Cr'-bis(toluene) stretching frequencies of the
0°, 60°, 120°, and 180° conformers are predicted to be 281, 265, 257, and 258 em’,
which match nicely to the measured frequencies of 291, 274, 268, and 262 cm’,
respectively. The Cr'-bis(toluene) bending frequencies of the 0°, 60°, 120°, and 180°
conformers are calculated to be 220, 199, 169, and 148 cm’!. The 220 cm™ bending
frequency of the 0° rotamer matches the energy interval between peaks B and I
transitions (223 cm™), the 199/ 169 cm™ frequencies of the 60°/ 120° rotamers
correspond to the observed energy separations between A2 and E/ D (192/ 176 cm™), and
the 148 cm™ frequency of the 180° rotamer is comparable to the energy difference
between Al and C (166 cm™). Thus, peaks I, E, D, and C can be assigned to the

Cr'-bis(toluene) bending excitations of the 0°, 60°, 120°, and 180° conformers,
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respectively. On the basis of this assignment, the most stable conformer is identified as
having the completely eclipsed configuration (0°). If the spectral intensities are used to
estimate the relative populations, the 0° rotamer is ~ 20% in He, ~ 50% in He/Ar, and
~ 80% in Ar. The higher intensity of peak A than B with He carrier [Figure 6.3(a)] is
because peak A corresponds to ionization of multiple rotamers (60°/ 300°, 120°/ 240°,
and 180°, where 300° and 240° rotamers are energetically equivalent to 60° and 120°,
respectively), where peak B is from ionization of a single conformer (0°).

As an additional support for the above spectral assignment, we have calculated
the spectrum for each rotamer and combined the individual spectra together to produce an
overall simulation to compare with the experimental spectra. Figure 6.3(d, e, f) presents
the simulations at 250, 55, and 35 K to compare with the experimental spectra with He,
He/Ar, and Ar carriers, respectively. The theoretical (0,0) transition energy of the 0°
conformer is shifted to the experimental values, the (0,0) transition energies of the other
three rotamers are referenced to that of the 0° rotamer, and the vibrational frequencies of
all four conformers are not scaled in these simulations. Even at a temperature as low as
55 K, transitions from excited vibrational levels are visible at low energy side of the (0,0)
transitions [Figure 6.3(e)]. These are sequence transitions of low-frequency modes with
small frequency differences between the neutral and ion modes. At 250 K, the excited
vibrational transitions become more pronounced, resulting in much broader spectra
linewidth. However, the vibrational hot band transitions are not well-resolved in the
experimental spectra. The increased linewidth with increasing temperatures in these
simulations reproduce nicely the linewidth change of the measured spectra from Ar to
He/Ar and to He carrier. The overall good agreement between the simulations and
measured spectra are consistent with the spectral assignments discussed above.

Table 6.2 summarizes the assignment for the observed ZEKE transitions, and
Table 6.3 lists the measured IEs and vibrational frequencies, along with those from the
DFT calculations and previous MATI study.””” The predicted IEs are several hundreds of
wavenumbers higher than the measured values, whereas the errors on the vibrational
frequencies are up to about twenty wavenumbers. Our assignment on the rotational
conformers is consistent with the previous MATI study. However, the current work

identifies for the first time the most stable conformer (0°) and shows conformational
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isomerization of these complexes. There are also other new observations in this study.
First, the IEs from the MATI spectra are about 20 cm™ lower than the values obtained
from this work (Table 6.3). The lower IE values from the previous study are likely
caused by the electric field used to separate MATI from prompt ions. Although the
strength of the field was not indicated in the previous paper, a much stronger field is
generally required to separate ions in the MATI experiment than is needed to separate
electrons in the ZEKE experiment. Second, the IEs of the three conformers (60°/ 120°/
180°) were not separated previously, whereas they are now resolved for the 60°/ 120° and
180° rotamers, respectively. Finally, although the metal-ligand stretching modes were not
resolved previously, three distinctive frequencies are determined for the 60°/ 120°/ 180°

conformers in this work.

6.3.2.2. Mo- and W-bis(toluene)

Like Cr-bis(toluene), the spectra of the heavier metal-bis(toluene) complexes
show two well-separated 0-0 bands, A and B, and several weaker transitions (Figures 6.4
and 6.5). In the case of Mo-bis(toluene), A is partially resolved into A1 and A2. On the
other hand, at least two differences are visible between the spectra of the Mo/ W and Cr
complexes. With He carrier, the relative intensity of peak B in the spectra of the Mo and
W complexes is much stronger and the spectral linewidths of these heavier species are
broader than that of Cr-bis(toluene). The line broadening is largely due to increased
unresolved rotational and vibrational excitations in the heavier metal species. Because of
the line broadening, vibronic transitions are less resolved in the heavier species. With Ar,
peak A almost completely disappears in the spectra of the Mo/ W species, while it can
easily be seen in the spectrum of the Cr complex. This observation indicates that the
conformational conversion is more efficient for the heavier species.

By comparing with the spectra of Cr-bis(toluene) and theoretical calculations,
A (A1/ A2) and B transitions are easily attributed to the band origin of 60°/ 120°/ 180°
and 0° rotamers, respectively. Peaks C-F are ascribed to the metal-ligand vibrations,
whereas G and H are assigned to ligand-based ones. The population of the 0° conformer

of the Mo and W sandwiches is about 50% in He and almost 100% in Ar, as shown by the
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relative spectral intensities of 0° to 60°/ 120°/ 180° conformers. The spectral
assignments and spectroscopic constants are summarized in Tables 6.2 and 6.3,
respectively. From these tables, several observations can be made for the three metal
complexes. Among the four conformers of each metal complex, the 0° rotamer has a
significantly higher IE and metal-ligand stretching frequency than the other conformers
(Table 6.3). These measurements are consistent with the observation that the 0° rotamer
is the most stable one among the four conformers. Among the three metals, the rotational
conformers of W-bis(toluene) have the lowest IE values but highest metal-ligand
stretching frequencies, even though the W atom has the highest IE and atomic masses.
The large IE shift from W to W-bis(toluene) arises from the large metal-ligand bonding
difference between the cationic and neutral forms. The high W-ligand stretching
frequency is indicative of the strong metal-ligand bonding at the bottom of the potential
energy surface along the metal-ligand bond coordinates. Although distinctive
metal-toluene stretching and bending frequencies are determined for each of the four
Cr-bis(toluene) conformers, only three frequencies are resolved for Mo-bis(toluene), and
two for W-bis(toluene). On the other hand, phenyl-ring deformation frequencies of 418,
402, and 410 cm™ are observed for the 0°, 60°/ 120°, and 180° conformers of
Mo-bis(toluene), and C-C in-plane bending frequencies of 684 and 798 cm™ are
measured for the 0° and 60°/ 120°/ 180° conformers of W-bis(toluene) (Table 6.2).

It is noted from Table 6.3 that the predicted IEs for the conformers of all three
metal complexes are in very good agreement with the measured values, with absolute
errors of a few hundreds of wavenumbers or relative errors of about 1-2 %. Similarly, the
predicted metal-ligand stretching and bending frequencies compare well with the
experimental values for the Cr and Mo complexes. However, the calculated W'-toluene
stretching frequencies are too small compared to the measured values. In a previous
study of the M-bis(benzene) complex, we investigated the basis set effect on the W-
benzene stretching frequency.”® Among all effective core potential basis sets we tried, the
CRENBS basis** with averaged effective potentials and spin-orbit operators appears to
yield the best W'-benzene stretching frequency. Unfortunately, calculations of
W-bis(toluene) with the CRENBS basis ended up with a large negative frequency,

indicative of a transition state, rather than a minimum-energy structure.
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6.3.2.3. Comparison with M-bis(benzene) (M= Cr, Mo, and W) Complexes

Table 6.4 summarizes the IEs, metal-ligand stretching frequencies, and
metal-ligand bond dissociation energies of M-bis(toluene) and -bis(benzene) complexes.
For M-bis(benzene) sandwiches, the most stable conformer is also the eclipsed form, and
the staggered form is a transition state.”® The M'-benzene stretching frequencies (264,
277, and 370 cm™ down the metal triad) are lower than those of the M"-toluene stretches
of the 0° rotamer (291, 294, and 432 cm™). This may suggest that the metal-ligand
binding at the bottom of the potential energy surface is strengthened by the methyl
substitution of hydrogen in phenyl rings. The methyl substitution also reduces the IEs of
the sandwich complexes by 1000 - 1200 cm™. However, the bond dissociation energies
of the Cr- and W-bis(toluene) complexes are not significantly affected by the methyl
substitution with considerations of the measurement uncertainties. For these two
complexes, the bond energies of Cr'- and W-bis(toluene) are taken from previous

244245 and those of Cr- and W-bis(toluene) are calculated from the

measurements,
thermodynamic cycle, D, [M-bis(toluene)] - D,[M-bis(toluene)] = IE (M) — IE [M-
bis(toluene)]. For Mo-bis(toluene), the bond dissociation energies are not included in the
table, because the experimental bond energy of either neutral or cationic form is not
available to complete the thermodynamic cycle. Ionization increases the metal-ligand

bond strength, consistent with the IE red shift from the metal atom to the complex.

6.4. Conclusions

We have determined IEs, vibrational frequencies, and the relative stability of the
rotational conformers and observed the conformational isomerization of group VI metal-
bis(toluene) complexes in supersonic expansions through variable-temperature ZEKE
spectroscopy. Among the four eclipsed conformers with methyl-group conformation
angles of 0°, 60°, 120°, and 180°, the 0° rotamer is the most stable one and has the
highest IE for all three metal sandwiches. For Cr-bis(toluene), distinctive metal-ligand
stretching and bending frequencies are determined for each of the four conformers, while

IEs are resolved for the 0°, 60°/ 120°, and 180° rotamers. For Mo-bis(toluene), the four
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conformers are separated into three groups; and for W-bis(toluene), they are separated
into two groups. Further work to improve the spectral resolution is in progress to better
resolve the four individual conformers of the Mo and W sandwiches. The population of
the 0° rotamer is determined to be 20% in He and 80% in Ar for Cr-bis(toluene) and

about 50% in He and almost 100% in Ar for the Mo and W species.
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Table 6. 1. Molecular point groups, electronic states, and relative electronic energies (AE.)
of neutral and cationic M-bis(toluene) (M = Cr, Mo, and W) complexes from the B3LYP
calculations with 6-311+G(d,p) basis set on C and H and LanL.2DZ on the metal atoms.

Rotamer  Point group  Electronic state (neutral /ion)  AE./cm’ (neutral / ion)

Cr-bis(toluene)

0° Cyy A/ A 1/37
60° C, ‘A/A 43 /35
120° C, ‘A/A 47/ 42
180° Cp Ay /A, 0/0
Mo-bis(toluene)

0° Coy AL/ A 0/17
60° C; ‘A/TA 83/36
120° C; ‘A/TA 34/0
180° Con A, A, 58 /24
W-bis(toluene)

0° Cyy A/ A 0/4
60° C, ‘A/A 109 /36
120° C, ‘A/A 60/0
180° Cp Ay /A, 83/21
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Table 6. 2. ZEKE peak positions (cm™) and assignments of M-bis(toluene) (M = Cr, Mo,
and W) complexes.

Cr-bis(toluene)® Mo-bis(toluene)* W-bis(toluene)®

Position Assignment  Position Assignment Position Assignment
(rotamer) (rotamer) (rotamer)

42741 05(180°) 43440  05(180°) 42567  0p (60, 120, 180°)

42747 03(60,120°) 43448  0;(60,120°) 42655 0, (0°)

42807 0,(0°) 43522 05(0°) 42723 ' (60,120, 180°)

42907 vy (180°) 43606 v, (60, 120, 180°) 42847 vy (0°)

42923 v, (120°) 43708  vs'(60, 120, 180°) 42953 v, (60, 120, 180°)
42939 vy (60°) 43730 vy (0°) 43087 vy (0°)

43003  vs'(180°) 43816 vy '(0°) 43251  veo (60, 120, 180°)
43015 vy (120°) 43850  vq (60,120, 180°) 43453 v (0°)

43021  vs (60°) 43910  ?

43030 vy '(0°) 43940 g (0°)

43098  v¢'(0°)

*v," and vy : metal-toluene bend and stretch in the ion, respectively, v4': phenyl ring
deformation combined with metal-carbon stretch in the ion, ve.. and ve.: C-C in plane
bend in the ion and neutral molecule.
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Table 6. 3. IEs and vibrational frequencies of M-bis(toluene) (M = Cr, Mo, and W)
complexes from ZEKE spectroscopy and DFT/B3LYP calculations with 6-311+G(d,p)
basis set on C and H and LanL2DZ on the metal atoms.”

Rotamer  Transition IE (cm™) vy /em’! vs /em’
ZEKE B3LYP ZEKE B3LYP ZEKE  B3LYP
(MATI)° (MATI)° (MATI)"

Cr-bis(toluene)

0° ‘Ar—'A; 42807 43221 223 220 291 281
(42786) (228) (295)

60° ‘A—'A 42747 43189 192 199 274 265
(42723) (200) (291)

120° ‘A—'A 42747 43183 176 169 268 257
(42723) (184) (291)

180° A A, 42741 43175 166 148 262 258
(42723) (159) (291)

Mo-bis(toluene)

0° Ar—'A 43522 43309 208 192 294 277

60° A—'A 43448 43268 158 179 260 269

120° A—"'A 43448 43271 158 155 260 266

180° PAg— Ay 43440 43259 166 145 268 266

W-bis(toluene)

0° Ar—"A 42655 42193 192 190 432 296

60° A—'A 42567 42107 156 174 386 288

120° A—T'A 42567 42105 156 152 386 288

180° Ag— Ay 42567 42117 156 155 386 288

*The uncertainty of IE values from the ZEKE measurements is about 5 em. vy and v
are metal-toluene bending and stretching modes in the ion, respectively.

b 227
From reference™’.
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Table 6. 4. Metal-ligand stretching frequencies (v; '), IEs, and bond dissociation energies
(Do, Do) of M-bis(benzene) and M-bis(toluene) (M = Cr, Mo, and W).

Complex® vi (em™) IE (cm™) Dy (kcalmol”) Dy (kcal mol'l)
Cr-bis(benzene) 264 44081 66 96
Mo-bis(benzene) 277 44581 118 154
W-bis(benzene) 370 43634 145 202
Cr-bis(toluene) 291 42807 62 95°
Mo-bis(toluene) 294 43522

W-bis(toluene) 432 42655 145° 204

2y, AIE, Do, and Dy" of M-bis(benzene) are taken from reference’® and references
therein, and those of M-bis(toluene) are for the 0" conformer.

® From radiative association kinetics, reference**, with an uncertainty of 9 kcal mol™.
¢ From microcalorimetry, reference®**, with an uncertainty of 1.4 kcal mol™.
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Table 6. 5. M-C bond distances (R, A) and conformation angles (£, degrees) of toluene
and M/ M "-bis(toluene) complexes (M = Cr, Mo, and W) from the B3LYP calculations
with 6-311+G(d,p) basis set on C and H, and LanL2DZ on metal atoms. R(C;-C)) :
distance of C-C bonds within the ring; R(C;-C;) : distance of C-C bonds between phenyl
rings.

Rotamer Point State R(M-C) R(C;-C;) R(C-H) R(C-CH;) R(Ci-C;) £ (C-C-C-C)

group
Toluene
Cs N 1.394 1.084 1.510 +0.32
1.399 1.085 +0.13
1.086 +0.10
Cr-bis(toluene)
0° Cs, ‘A, 2175 1.415 1.083 1.506 3.261 +0.09
2.176 1.419 1.084 3.290 +0.01
2.181 3.347 0.00
2.202 3.380 0.19
2A, 2.188 1.414 1.081 1.504 3.301 +1.28
2.189 1.415 1.082 3.328 +0.65
2.194 1.420 3.381 +0.02
2.228 3.436
60° C, A 2174 1.414 1.083 1.508 3.297 -0.46
2.176 1.415 1.084 3.300 -0.34
2.178 1.416 3.321 0.06
2.180 1.418 3.334 0.19
2.196 1.420 0.21
0.33
A 2187 1.413 1.081 1.504 3.339 -1.06
2.188 1.414 1.082 3.355 -1.03
2.189 1.416 3.373 -0.04
2.193 1.419 0.03
2.223 1.421 0.53
1.56
120° C, A 2173 1.414 1.083 1.507 3.322 -0.49
2177 1.416 1.084 3.300 -0.21
2.180 1.419 3.307 -0.16
2.182 1.420 3.322 0.13
2.195 3.337 0.20
0.54
A 2186 1.413 1.081 1.504 3.339 -1.53
2.187 1.414 1.082 3.343 -0.73
2.189 1.416 3.367 0.09
2.193 1.420 3.368 0.23
2.195 1.421 0.92
2223 1.03
180° Co A, 2178 1.415 1.083 1.507 3311 +0.44
2.179 1.420 1.084 3.320 +0.31
2.180 +0.07
2.191
A, 2.190 1.414 1.081 1.504 3.353 +0.70
2.191 1.415 1.082 3.358 +0.53
2.192 1.421 +0.33
2.219
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Table 6.5 (continued).

Mo-bis(toluene)

0° Cy, 'A, 2.319 1.419 1.083 1.507 3.657 +0.43
2.320 1.424 1.084 3.671 +0.20
2.335 3.679 +0.03
3.683
A, 2.326 1.419 1.082 1.504 3.677 +0.78
2.327 1.425 1.083 3.691 +0.59
2.328 3.703 +0.38
2.356 3.726
60° G 'A 2.316 1.417 1.083 1.507 3.665 -0.47
2.318 1.419 1.084 3.679 -0.46
2.320 1.420 3.688 -0.20
2.321 1.421 -0.18
2.325 1.422 0.65
2.339 1.424 0.66
A 2322 1.417 1.082 1.505 3.681 -1.17
2.326 1.419 1.083 3.701 -1.04
2.328 1.420 3.726 -0.32
2.330 1.421 -0.14
2.332 1.423 0.90
2.362 1.425 1.76
120° G 'A 2.314 1.417 1.083 1.507 3.666 -0.65
2.320 1.418 1.084 3.670 -0.62
2.321 1.420 3.682 0.21
2.327 1.421 3.690 0.24
2.337 1.422 0.39
1.424 0.43
A 2.323 1.416 1.082 1.505 3.688 -1.88
2.325 1.418 1.083 3.691 -0.86
2.327 1.421 3.712 0.02
2.329 1.423 3.715 0.32
2.335 1.425 1.08
2.360 1.33
180° Co lAg 2.319 1.418 1.083 1.507 3.671 +0.39
2.322 1.419 1.084 3.679 +0.31
2.323 1.424 +0.04
2.331
2Ag 2.328 1.418 1.082 1.505 3.700 +0.60
2.330 1.419 1.083 3.703 +0.46
2.353 1.425 +0.30
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Table 6.5 (continued).

W-bis(toluene)

0° Cy, 'A, 2.306 1.421 1.083 1.506 3.614 +0.47
2.308 1.425 1.084 3.634 +0.16
2323 3.653 +0.14
3.660
A, 2.305 1.422 1.081 1.505 3.614 +0.67
2.306 1.428 1.082 3.632 +0.61
2.307 1.083 3.646 +0.53
2.333 3.668
60° G 'A 2.302 1.418 1.083 1.507 3.625 +0.79
2.305 1.421 1.084 3.649 -0.61
2.310 1.422 3.663 -0.27
2.314 1.423 -0.09
2.328 1.425 0.96
A 2.298 1.419 1.082 1.505 3.622 -1.47
2.300 1.422 3.643 -1.24
2.307 1.425 3.662 -0.64
2.309 1.428 -0.47
2.314 1.51
2.341 2.30
120° C 'A 2.300 1.417 1.083 1.507 3.641 -1.31
2.306 1.420 1.084 3.642 -1.21
2.309 1.422 3.648 0.41
2310 1.423 3.655 0.52
2319 1.424 0.76
2.327 1.426 0.85
A 2.298 1.419 1.082 1.505 3.630 -2.47
2.300 1.421 3.631 -1.44
2.307 1.425 3.652 0.42
2.316 1.428 3.654 0.51
2.340 1.49
1.52
180° Co 1Ag 2.307 1.422 1.081 1.505 3.640 +0.48
2.308 1.428 1.082 3.641 +0.43
2.329 +0.36
2Ag 2.308 1.420 1.083 1.507 3.634 +0.49
2311 1.425 1.084 3.638 +0.45
2.318 3.648 +0.02
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0°(C3) 60° (C>) 120° (C») 180° (C2p)

Figure 6. 1. Possible rotational conformers and their molecular point groups of
M-bis(toluene) (M = Cr, Mo, and W) complexes with methyl-group conformation angles
of 0°, 60°, 120°, and 180°.
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Figure 6. 2. Relative electronic energies of Cr-bis(toluene) as a function of the
conformation angles between the methyl-groups from B3LYP/DFT calculations.
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Figure 6. 3. Experimental ZEKE spectrum of Cr-bis(toluene) seeded in He (a), 2:1 He/Ar
(b), and Ar (c), in comparison with the sum of simulations of A« AL CA <A,

A« 'A, and 2Ag <« 1Ag transitions of 0°, 60°, 120°, and 180° rotamers at 250 K (d),

55 K (e), and 35 K ().

133



+

IE (120°/60°) V4

1E (180° ] 180°/120°/60°
(1809 IE(0) | Vo vy :
o v W

AlA2 B Vb H

(a) He
x10
(b) 2:1
He/Ar
x10
(c) 2:3

He/Ar
J x6
e\ /\_._.__/s/\...__

43400 43600 43800
Wavenumber (cm™)

Figure 6. 4. Experimental ZEKE spectrum of Mo-bis(toluene) seeded in He (a), 2:1
He/Ar (b), and 2:3 He/Ar (c).
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CHAPTER 7. PULSED-FIELD IONIZATION ZERO-ELECTRON-KINETIC-ENERGY
PHOTOELECTRON SPECTROSCOPY OF GROUP IV TRANSITION METAL
BIPHENYL CLAMSHELL STRUCTURE COMPLEXES

7.1. Introduction

This chapter is a continuation of the work by Bradford R. Sohnlein. In his
dissertation, the Ti-biphenyl complex was studied by photoelectron spectroscopy.'®’ In
this work, two-photon ionization spectroscopy has been used to further characterize the
Ti complex. In addition, the first spectroscopic investigation of the Zr- and Hf-biphenyl
complexes is reported.

Biphenyl (C12H)) is an aromatic hydrocarbon, of which two phenyl rings are
joined by a single C-C bond. There is a low barrier energy for the rotation about the

central C-C bond.**® Therefore, many theoretical®*’ > [246-254-263

and experimenta
attempts have been made to determine the conformation angle between the two phenyl
rings and their respective energies. In the solid state, the average structure of biphenyl is

2% However, electronic absorption and emission®>> and x-ray analysis*® have

planar.
determined that a twisted structure is also possible with the temperature variation. This
finding is further confirmed by Brillouin®’ and neutron®® scattering and electron
paramagnetic resonance (EPR) spectroscopy” . In addition, Raman scattering study has
verified that pressure affects crystalline biphenyl in a similar manner.®® In the solution
and melt states, non-planar structures of biphenyl have also been determined.”®' In the
gas phase, the dihedral angle of biphenyl, the angle between the planes of two phenyl

246,262 .
6262 and electronic

rings, is determined to be about 40 ~ 44° by electron diffraction
absorption””. The near 45° twist angle is explained by the competition between ©
electron delocalization, favoring co-planar structure, and proximate hydrogen steric
repulsion, which prefers non-planar arrangement.”'>>

X-ray crystallography has determined that the metal-biphenyl 1:2 complex prefers
6-fold binding of metal to each phenyl ring in two different biphenyls.”®* Similarly, the
cationic metal and biphenyl 2:2 complex has the structure such that two biphenyls stack

265

on top of each other.”™ Each metal ion is positioned in-between these biphenyls and
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binds to  electrons of two individual phenyl rings and forms a double-sandwich complex.
Theoretical determination of the metal-biphenyl 2:2 complex has been carried out with
DFT calculations.”® The electronic and geometric structural analysis confirms the
formation of a doubly stacked sandwich structure of diatomic bis(biphenyl) complex.
Unfortunately, there is limited information on the metal-biphenyl 1:1 complex in the gas
phase. In a previous publication, our group has determined that the gaseous Sc-biphenyl
complex has a clamshell structure, where Sc is clamped between two phenyl rings.>* In
this work, we report the PFI-ZEKE spectra of Ti-, Zr-, and Hf-biphenyl complexes in the
gas phase, where interferences from counter-ions or solvents are removed. In addition,
IR-UV R2PI spectra of these metal-biphenyl complexes have been recorded and
compared with the theory for further confirmation of the molecular structures and
electronic states. The group IV metal-biphenyl complexes have been investigated to
study the difference in effects of the electronic configuration and metal size in binding
with biphenyl. The comparison between the experimental and simulated spectra confirms
that, similar to the Sc-biphenyl complex, Ti, Zr, and Hf metal atoms form clamshell
structures with biphenyl ligand. The larger atomic size and one more valence electron do
not hinder the clamshell structure formation. The IEs and metal-ligand and ligand-based
vibrational frequencies are measured from the ZEKE spectra. Additionally, C-H

stretching frequencies are determined from R2PI spectroscopy.

7.2. Experimental and Computational Methods

7.2.1. UV PFI-ZEKE Spectroscopy

Details of our ZEKE spectrometer setup have been described in Chapter 2. Group
IV transition metal-biphenyl complexes were formed in the molecular beam source
chamber by reactions of gaseous metal atoms with biphenyl vapor (Ci2Hj0, 99.5 %,
Sigma-Aldrich). The metal rods (Ti, 99.7%, Aldrich; Zr, > 99%, Aldrich; and Hf, 99.9%,
Alfa Aesar) were ablated by the second harmonic (532 nm) Nd:YAG laser (Continuum,
minilite I, 3~4 mJ) in the presence of He with 40 psi backing pressure (UHP, Scott-Gross)
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and delivered by a home-made piezoelectric pulsed valve.” To ensure that each laser
pulse ablates a fresh metal surface, the rod was translated and rotated by a micro motor
(1516 series 0128 type, Faulhaber). Biphenyl vapor was introduced at room temperature
through a stainless steel capillary. The vapor was carried to a small collision chamber
(~1.5mL) by the carrier gas, downstream from the ablation region, where the metal atom
and ligand were interacted to form metal-biphenyl complexes. The metal complexes
were expanded into the vacuum through a nozzle to form molecular beams. The
molecular beams were collimated by a cone-shaped skimmer (4 mm inner diameter) and
passed through a pair of charged deflection plates (+ 500 V) to remove residual ionic
species formed during laser ablation.

The masses of the complexes of the interest were determined by photoionization
time-of-flight mass spectrometry in the spectroscopy chamber. Ionization was carried out
by a frequency-doubled dye laser (Lumonics, HD-500), pumped by second Nd:YAG laser
(Continuum, Surelite II, 355 nm). The production of the metal-biphenyl 1:1 complexes
was maximized by adjusting the time and power of the vaporization and ionization lasers
and the backing pressure of the carrier gas. lonization thresholds were located by
recording mass-selected ion signal as a function of laser wavelength. ZEKE electrons
were generated by photoexcitation of the neutral complexes to high-lying Rydberg states,
which were ionized after 3us of time delay by a pulsed electric field (1.2 Vem™). This
field was applied for 100 ns and the delay was generated by a delay pulse generator
(Stanford Research Systems DG535). A small dc field (0.08 Vem'™) was used to separate
ZEKE electrons from kinetic electrons produced by photoionization. The ion and
electron signals were detected by a dual microchannel plate detector (Galileo), amplified
by a preamplifier (Stanford Research System, SR445), averaged by a gated integrator
(Stanford Research System, SR250), and stored in a laboratory computer. Laser
wavelengths were calibrated against titanium atomic transitions in the range of ZEKE

spectra.’’
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7.2.2. IR-UV Photoionization Spectroscopy

One-color ZEKE spectroscopy yields information about metal-ligand and low-
frequency ligand vibrations. On the other hand, two-color R2PI of the metal-biphenyl
complexes can be used to measure high-frequency ligand-based vibrations. The details of
two photon IR-UV ionization spectroscopy have been described in Chapter 2. The IR
laser was scanned in the range of 2700 — 3500 cm™ to photoexcite the molecule to an
intermediate state, whereas the UV laser wavelength was fixed at about 300 — 600 cm’™
below the IE of the complex after a time delay of 50 — 200 ns. The IR laser was produced
by an IR optical parametric oscillator (OPO) and amplifier (OPA) laser (LaserVision),
with the use of a KTP and four KTA crystals, respectively. The IR OPO/A laser was
pumped by an injection seeding Nd:YAG laser (Continuum, Surelite III). The frequency
doubled UV dye laser (Lumonics, HD-500) and IR laser were introduced in such a way
that they were counterpropagated with each other and perpendicular to the molecular
beam. Only when the scanned IR laser was resonance with C-H stretching vibrations, the
ion signal was produced. The use of the injection seeding pump narrows the IR laser
linewidth to about 0.2 cm™, but does not improve the spectral resolution. Therefore, the
pump laser without seeder (with IR laser linewidth ~ 2.0 cm™) was used to improve the
ion signal. The resultant ion signal was detected by the same time-of-flight spectrometer
used in the ZEKE spectroscopy. The IR laser wavelengths were calibrated with the

photoacoustic spectra of H,0.™

7.2.3. Computation

DFT calculations were performed to predict the geometries and vibrational
frequencies of the ground electronic state. The DFT methods include the Becke’s

1?7 with Perdew and Wang’s gradient-corrected correlation functional

exchange functiona
91 (BPW91)**®, and the B3P86 or B3LYP. In these calculations, the 6-311+G(d,p) basis
was used for hydrogen and carbon atoms. On the other hand, the LanL.2DZ basis set was
applied for Zr and Hf atoms, since the triple-split-valence basis was not available. In

addition, Ti atom was calculated with both the 6-311+G(d,p) and the pseudo core
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potential basis sets to compare with the Zr and Hf complexes. All calculations were
carried out with the GAUSSIAN 03 program.*® Multidimensional FC factors were
computed from the theoretical equilibrium geometries, harmonic frequencies, and normal
coordinates of the neutral and ionic complexes.” The Duschinsky effect” was
considered to account for normal mode differences between the neutral and ionic
molecules. A Lorenztian line shape with the experimental linewidth was used to simulate
the spectral broadening. Transitions from excited vibrational levels of the neutral
complexes were simulated by assuming thermal excitations at specific temperatures. The
theoretical IR spectra were calculated with GAUSSIAN 03 and plotted with the

experimental linewidth.

7.3. Results and Discussion

7.3.1. Equilibrium Structures of M-biphenyl (M = Ti, Zr, and Hf)

The group IV transition metals have four outermost valence electrons, (n-1)d’ns’
in the ground state. Therefore, electron-spin multiplicities of neutral M-biphenyl (M = Ti,
Zr, and Hf) complexes can be singlet/ triplet/ quintet, and those of M "-biphenyl are
doublet/ quartet. Based on the B3P86 calculations, the triplet and quintet states of
M-biphenyl complexes are predicted to be 2274 and 16762 cm™ (Ti-biphenyl), 5191 and
21121 em™ (Zr-biphenyl), and 3593 and 19210 cm™ (Hf-biphenyl) higher in energy than
singlet states, respectively. The DFT calculation predicts the ground electronic states are
singlet and doublet for the neutral and ionic complexes, respectively. Therefore, the
geometrical analysis has been limited to the neutral singlet and ionic doublet states of
M-biphenyl (M = Ti, Zr, and Hf) complexes. The bond lengths and angles of the metal
complexes are listed and compared with those of the free ligand in Table 7.2.

In the case of Sc-monobenzene complex, benzene binds to Sc metal and the
resulting complex has a half-sandwich structure.”” Comparatively, the metal-bis(benzene)
complex forms a sandwich structure with equal binding from the metal to two

benzenes.”®®' Similar to the metal-bis(benzene) complex, two © networks from two
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individual phenyl rings in biphenyl bind to metal center by orienting equally towards the
metal and donating n electrons. Unlike two benzene rings however, biphenyl has
additional C4-Cs bond joining the two phenyl rings together (carbon numbering is
denoted in Figure 7.1). Therefore upon complexation, the two phenyl groups bend
towards and wrap the metal core, whereas C4-Cs bond stays relatively steady in the
original position, forming a clamshell structure with Cs, symmetry. Such structural
conformation is also observed for the Sc-biphenyl complex.>® Figure 7.1 shows the
geometry of the M-biphenyl complex, optimized by the B3P86 with 6-311+G(d,p) basis
set applied on C, H, and Ti and LanL.2DZ on Zr and Hf.

Upon metal complex formation, biphenyl undergoes various geometrical changes.
The DFT calculation predicts the C-C bond distance in phenyl rings to increase by more
than 0.02 A from the free ligand (Table 7.2). This is due to electron back donation from
the filled metal d orbital to the empty orbital of phenyl ring, which strengthens the M-C
bonds and weakens the C-C bonds. The M-C bond distances decrease in the order of
M-C, > M-C; > M-C; > M-C4 for the M-biphenyl (M = Ti, Zr, and Hf) complexes. In
addition, the length of C-C bond increases in the order of R(C;-C,) < R(C,-Cs3) < R(Cs-
C4). The strength of electron back donation from the metal appears more significant for
heavier atoms with more available electrons, as the C-C bond length increases in the
order of Ti-biphenyl < Zr-biphenyl < Hf-biphenyl. This trend is consistent with previous
ab-initio relativistic core potential calculations of Ti-, Zr-, and Hf-bis(arene) sandwich

27 When the metal coordinates to the free ligand, two phenyl rings bind to the

complexes.
metal and the resulting metal complex exhibits twelve fold binding between the metal
and the carbon atoms. However, the C4 and Cs atoms are forced to approach closer
towards each other to wrap the metal center and the resulting complex exhibits the
clamshell structure (carbon numbering denoted in Figure 7.1). The calculation shows
that the C4-Cs bond distance shrinks by more than 0.1 A.

By considering the geometric changes of ligand upon metal insertion, the binding
strength of the metal to the phenyl ring can be estimated. In the free ligand, the angle
between the plane of phenyl ring and that of the C4-Cs bond [ £(C;-C4-Cs)] is 180°,
indicating the C4-Cs bond is in the plane of the phenyl ring. By taking the difference of

these angles in the absence and presence of the metals, the binding strength of each metal
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can be estimated. This angle difference follows the order of Zr-biphenyl (180°-

129.1° = 50.9°) < Hf-biphenyl (180°-127.1° = 52.9°) < Ti-biphenyl (180°-123.1° = 56.9°),
indicating the strongest binding of Ti to biphenyl. Ti has the least number of electrons;
hence there is the weakest repulsion for & electrons donated from phenyl rings. However,
the stronger binding strength of the Hf-biphenyl complex compared to the Zr complex is
astonishing. This can be explained by the lanthanide contraction.””® The heavier Hf atom
shrinks spatial extension of the orbitals, reducing the atomic radius, and enhancing the
metal-ligand interaction and causing greater phenyl ring bend in biphenyl. Moreover, the
M-C bond lengths, R(M-C) decrease in the order of Zr > Hf > Ti. This trend is parallel to
that of the binding strength estimated by the [ £(C;-C4-Cs)] angle comparison of the M-
biphenyl complex and free ligand.

7.3.2. PIE Spectra of M-biphenyl complexes (M = Ti, Zr, and Hf)

Figure 7.2 shows the PIE spectra of the M-biphenyl (M = Ti, Zr, and Hf)
complexes seeded in He carrier gas. The ionization thresholds can be measured by
finding the intersection of lines drawn through the baseline and the sharp increase of the
ion signal. These values are shifted by +110 cm™ to correct for the dc extraction field
effect (320 Vem™) applied in the ionization region. The ionization thresholds are
determined to be 43800 (100), 43350 (50), and 43700 (100) cm™ for Ti- (a), Zr- (b), and
Hf-biphenyl (c) complexes, respectively. These values are used to simplify the search for

and correlate with the ZEKE signals.

7.3.3. ZEKE Spectrum of Zr-biphenyl

Figure 7.3(a) presents the ZEKE spectrum of Zr-biphenyl complex seeded in He
carrier gas. The first intense peak is positioned at 43343 (5) cm™ with full widths at half
maximum (FWHM) of about 12 cm™. This peak correlates to the ionization threshold
obtained in the PIE spectrum [Figure 7.2 (b)] and is assigned to the IE of the Zr-biphenyl
complex. Below this 0-0 band, three distinct peaks are observed with 210, 346, and
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413 cm™ intervals. These peaks are assigned to the transitions from the vibrationally
excited neutral complex to the ion. There are three intervals of 208, 331, and 398 cm’!
intervals above the IE. These peaks correspond to excitations of three vibrational modes
of the ionic complex. All others can be assigned to the combinational bands of these
vibrational frequencies and listed in Table 7.3.

The comparison with the ZEKE spectrum of Sc-biphenyl can help the assignment
of many of the vibrational frequencies.”* Two of the three neutral/ ionic vibrational
intervals in the Zr-biphenyl spectrum (331/ 346 and 398/ 413 cm™") are quite comparable
to the Sc-biphenyl ionic frequencies of 336 and 378 cm™. These frequencies are assigned
to the metal-biphenyl stretching and symmetric out-of-plane phenyl ring waving
vibrations, respectively. Unfortunately, the remaining 208/ 210 cm™ energy intervals do
not match with any of the Sc-biphenyl vibrational frequencies. To assign the remaining
vibrational intervals in the Zr-biphenyl spectrum, the DFT calculation is used.

Based on the B3P86 calculation, the neutral singlet, triplet, and quintet and ionic
doublet states of the Zr-biphenyl complex have clamshell structures, where Zr is clamped
between two phenyl rings (Figure 7.1). However, the structure of the ionic quartet state
is quite different. The structure of biphenyl in the quartet state is less affected by the
metal coordination, and the metal complex exhibits a more open clamshell than the other
states. Therefore, the simulations of the transitions from the neutral triplet and quintet to
the ionic quartet states are predicted to have very long FC profiles with weak band origin.
This is quite different from the experimental spectrum which exhibits strong 0-0
transition. Therefore, for the spectral comparison between the simulations and the
experiment, only the transitions from the singlet and triplet to the doublet states are
considered. In addition, the triplet and quintet states are about 6.5 and 47.9 kcal mol™
(0.3 and 2.1 eV) higher in energy than singlet (Table 7.1). Hence, most likely transition
is from the singlet to the doublet states. The simulations of the transitions from the
singlet and triplet to the doublet states at 300K are displayed in Figure 7.3(b) and (c¢),
respectively. In these simulations, the vibrational frequencies are not scaled, but the 0-0
band transition energies are shifted to the experimental value for clear comparison. The
simulation of the transition from 'A; to B, shows very good match with the experimental

spectrum as expected. In contrast, the simulation of the *B; «— °B; transition shows poor
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agreement; the overall intensity profile does not match and the simulation predicts many
more peaks than the experiment. Based on the good agreement between the 2B1 <A,
simulation and the experimental spectrum, the remaining unidentified intervals are
assigned. The remaining 208/ 210 cm™ intervals are assigned to excitations of a phenyl
ring bending towards metal (vi3'/ vig). This vibrational mode is characterized by small
but significant changes in [ £(C;-C4-Cs)] angles from the neutral to ionic complexes and
in the formation of the clamshell structure. The assignments of metal-biphenyl stretching
(vi7'/ vi7= 1331/ 346 cm™) and symmetric out-of-plane phenyl ring waving (vie'/ vig=
398/ 413 cm™) vibrations are confirmed as well. In addition, there are peaks marked by
asterisks which are separated by ~ 17 cm™ and superimposed below the intense peaks.
Since the 331 and 346 cm™ intervals are associated with the ionic and neutral metal-
ligand stretching vibrational modes (v17+/ v17), the neutral mode is then about 15 cm’!
larger than the ionic mode. The peaks marked with asterisks can be assigned to the
sequence transitions from the excited levels of the 346 cm™ neutral mode to the levels of
the 331 cm™ ion mode. The DFT calculation supports such assignment. The ZEKE peak
positions, which are field corrected by adding +1.5 cm™ to laser wavenumbers are listed
in Table 7.3 (b). In addition, Table 7.4 summarizes the vibrational frequencies and their

corresponding assignments.

7.3.4. ZEKE Spectrum of Hf-biphenyl

As shown in Figure 7.4 (a), the ZEKE spectrum of Hf-biphenyl, seeded in He
carrier gas, originates at 43752 (5) cm™ with a FWHM of 30 cm™. The first intense peak
corresponds to the onset of the ion signal observed in the PIE spectrum in Figure 7.2 (c).
Therefore, it can be assigned to vibrationless transition of Hf-biphenyl. Similar to the
Zr-biphenyl complex, the triplet and quintet states of Hf-biphenyl are 3593 and
19210 cm™ higher in energy than the singlet, respectively. In addition, the simulation
from the triplet to doublet transition contains many peaks that are not present in the
experimental spectrum [Figure 7.4 (c)]. In contrast, the simulation of the singlet to
doublet transition [Figure 7.4 (b)] predicts the vibrational frequencies and relative peak

intensities very close to the experimental values. Based on the good agreement between
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the experiment and theory, the ZEKE spectrum of Hf-biphenyl complex has been
analyzed.

Similar to the spectrum of Zr-biphenyl complex, that of Hf-biphenyl also contains
six intervals. These intervals are positioned at 210, 300, 404 cm’! above and 208, 314,
422 cm™ below the 0-0 band. According to the vibrational frequencies obtained from the
Zr-biphenyl spectrum, these intervals can be easily assigned. The 210/ 208 cm™ intervals
are assigned to the frequencies of a phenyl ring bending towards metal (vig'/ vig) in the
ionic and neutral states. The remaining intervals at 300/ 314 and 404/ 422 cm™ are due to
the vibrations of metal-biphenyl stretching (vi7'/ vi7) and symmetric out-of-plane phenyl
ring waving (vis / Vi), respectively. Observed ZEKE peak positions are listed and
summarized in Tables 7.3 (c¢) and 7.4, respectively. Similar to the ZEKE spectrum of
Zr-biphenyl complex, that of Hf-biphenyl also exhibits broad bands denoted by asterisks
in Figure 7.4(a). These bands are likely to be the sequence transitions in the excitation of
the vibrational modes. However, the spectral linewidth of Hf-biphenyl complex was
much too broad, and locating these sequence bands was not possible. These hot bands
can be reduced or removed from the spectrum by using Ar or Ar/He mixture carrier gases,

'3 Unfortunately, the

which cool down the molecular beam more efficiently than He.
electron signals in the He/Ar mixture or Ar carrier gases were too weak to obtain an

useful spectrum.

7.3.5. ZEKE Spectrum of Ti-biphenyl

The ZEKE spectrum of the Ti-biphenyl complex is displayed in Figure 7.5 (a).
The most intense peak at 43845 (5) cm™ (FWHM of ~14 cm™) lies on the IE threshold
measured in the PIE spectrum [Figure 7.2 (a)] and is assigned to the 0-0 transition of the
complex. Three (194, 352, and 985 cm'l) and five (207, 324, 447, 596, and 658 cm'l)
vibrational intervals are located above and below the band origin, respectively. The
former belongs to the vibrational frequencies of the ionic complex, whereas the latter
belongs to those of the neutral. These intervals can be assigned to specific vibrational
modes by comparing with the Zr- and Hf-biphenyl ZEKE spectra. The 194 and 207 cm™

progressions above and below the 0-0 transition are assigned to phenyl ring bending
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towards metal (vi3'/ vig) vibrational modes of Ti" and Ti-biphenyl complexes,

respectively. The 352 and 324 cm™' intervals are due to the ionic and neutral Ti-biphenyl
stretching (v177/ v17) vibrations, respectively. The 447 cm™ interval below the 0-0
transition is assigned to symmetric ring wave vibration (v;s) of the Ti-biphenyl complex.
Moreover, the ZEKE spectrum of the Ti-biphenyl complex presents vibrational
frequencies that are not present in those of the Zr- and Hf-biphenyl complexes. Therefore,
theory was used to assign the remaining vibrational intervals.

Figure 7.5 presents the experimental ZEKE spectrum (a) and the B3P86
simulations from 'A, (b) and *B; (c) to ?B, transitions. Similar to Zr- and Hf-biphenyl,
the triplet and quintet states of Ti-biphenyl are 2274 and 16762 cm™ higher in energy
than the singlet state, respectively. In addition, the simulation of the transition from the
triplet to the doublet states shows some peaks that are not present in the experimental
spectrum. On the other hand, the simulation of the transition from the 'A| to ?B, states of
the Ti-biphenyl complex exhibits relatively good prediction on the vibrational frequencies.
Based on the B3P86 method, the remaining vibrational intervals of 596 and 658 cm’™
below the 0-0 transition are assigned to out-of-plane ring distortion (v;s5) and biphenyl
ring breathing (v14) vibrational modes, respectively. The 985 cm™ interval above the
band origin is due to in-plane ring distortion vibration (vio").

For the experimental ZEKE spectra of the Ti-, Zr-, and Hf-biphenyl complexes,
the 0-0 band transition is the most intense peak and each spectrum possesses three or
more distinctive neutral and ionic vibrational frequencies. On the other hand, only the
simulated spectrum of the Ti-biphenyl complex severely underestimates the 0-0 band
transition and displays a long progression [Figure 7.5 (b)]. This indicates that the
calculation estimates larger geometry changes upon the ionization of the Ti-biphenyl
complex, compared to those of the Zr- and Hf-biphenyl complexes. To improve the
theoretical results, different calculation methods are investigated. Figure 7.6 displays and
compares the simulations from the DFT [(b) through (f)] and MP2 (g) calculations with
the experimental ZEKE spectrum (a). The MP2 simulation (g) can be eliminated since it
has poor correspondence with the experimental spectrum in both intensity and position of
the vibrational peaks. Further investigation shows that both B3P86 (b) and B3LYP (c)

methods with 6-311+G(d,p) basis set show better prediction on the sequence frequencies
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of vibrational modes than the BPWO91 (d) calculations. For the Zr- and Hf-biphenyl
complexes, the calculations using 6-311+G(d,p) basis set on C and H, and effective core
potential (ECP) LanL.2DZ basis set on each metal atom show quite good predictions on
both frequencies and spectral profiles, as displayed in Figure 7.3 and 7.4, respectively.
Therefore, the B3P86 and B3LYP methods with LanL.2DZ basis set applied on Ti atom
[Figure 7.6 (e) and (f)] are simulated and compared. Such calculations do not improve
the spectral profile of the spectrum. The frequency analysis shows that both calculations
are not far off from the experimental value; however, many frequencies are in better
agreement with the calculations using the 6-311+G(d,p) basis set. In B3LYP simulation
[Figure 7.6 (¢)], many of the frequency intervals are well reproduced, however some of
the combination and sequence transitions are better simulated by the B3P86 method
[Figure 7.6 (b)]. Table 7.4 displays the comparison of the experimental and the B3P86
predicted frequencies with 6-311+G(d,p) basis set for the Ti-biphenyl complex. In
addition, the calculated frequencies from various DFT and MP2 methods are included in
the table. Many of the vibrational frequencies are well reproduced by DFT methods; they

have 0 - 4 % of error. This provides further support for the spectral assignments.

7.3.6. R2PI Spectra of M-biphenyl (M = Ti, Zr, and Hf)

To further investigate the molecular structure and characterize the electronic states
of the M-biphenyl (M=Ti, Zr, and Hf) complexes, R2PI measurements have been carried
out. The R2PI spectra of the Zr-, Ti-, and Hf-biphenyl complexes are displayed in
Figures 7.7 (a), 7.8 (a), and 7.9 (a), respectively. As described earlier, the UV laser
wavelength was fixed below IE at 43200, 42800, and 43400 cm’ for the Ti-, Zr-, and Hf-
biphenyl complexes, respectively. The IR laser was scanned in the range of 3000 — 3200
cm™ to find the C-H stretching vibrations of the neutral complexes. Both Ti- and Zr-
biphenyl complexes have two intense peaks located at 3078/ 3093 and 3074/ 3096 cm™,
respectively. Unfortunately, the R2PI spectrum of Hf-biphenyl has too much noise to
locate the precise peak positions for the C-H stretching frequencies. Thus, the two most
intense peak regions (3082/ 3098 cm™) have been picked to compare with those of the Ti-

and Zr-biphenyl complexes. To determine the identity of these peaks, the IR simulations
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of three neutral states 'A; (b), 3B1(c), and °A, (d) are compared with the experimental
spectra of the Zr-, Ti-, and Hf-biphenyl complexes in Figures 7.7, 7.8, and 7.9,
respectively. The simulated spectra of the neutral states are scaled by a factor of 0.957,
the average ratio between the experimental and the B3P86 calculated C-H stretching
frequencies.'®

The quintet and triplet states of the Zr- and Ti-biphenyl complexes (Figures 7.7
and 7.8, respectively) can be easily eliminated, since the spectral profiles and frequencies
are different from those of the experimental spectra. On the other hand, the simulations
of the singlet states reproduce the experimental spectra very well with two peak regions
above 3070 cm™. It is consistent with the results obtained from the ZEKE spectroscopy.
For the R2PI spectrum of the Hf-biphenyl complex (Figure 7.9), the noise level is so high
that the comparison between the experimental and simulated spectra is not obvious as in
the previous two cases. However, it is possible to determine that the calculated
frequencies of the singlet state are closer to the measured values than other spin states.
Therefore, it is reasonable to confirm that the electronic transitions of group I'V metal-
biphenyl complexes in ZEKE spectra are most likely to arise from the neutral 'A; states.
With the results from R2PI spectroscopy, the ambiguity of the Ti-biphenyl ZEKE spectral
assignment has been resolved and the ZEKE spectrum should be from the *B; «— 'A;
transition.

The experimental C-H stretching frequencies are assigned by the comparison with
the DFT calculations and displayed in Table 7.5. Both B3P86 and B3LYP calculated
frequencies are scaled by the ratio of the experimental to calculated IR frequencies of free
ligand (0.957 and 0.962, respectively).'® These calculated frequencies, which are scaled
by the conversion factors, match well with the experimental values. Two peak regions at
3074-3082 cm™ and 3093-3098 cm™ in the M-biphenyl complexes (M = Ti, Zr, and Hf)
are assigned to symmetric and asymmetric C-H stretching frequencies, respectively.
Compared to the corresponding C-H stretching modes of the free ligand, those of the
metal complexes are blue shifted by more than 20 cm™.'® Similar blue shifts were also

153-155 .
and in the

observed for the C-H stretches in metal-benzene complexes
Co-hexamethylbenzene complex (Chapter 5). An atomic charge analysis shows that the

charges on the carbon atoms of biphenyl increase from -0.17/ -0.31¢ in the free ligand
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to -0.23/-0.37¢ in the metal complex. On the other hand, the charges on the hydrogen
atoms remain essentially unchanged (0.13e¢ in the free ligand and 0.14e in the metal
complex). The metal coordination makes the C-H bonds in the phenyl ring to be

significantly more polarized and increases the C-H bond strength.

7.3.7. IEs, Bond Energies, and DFT Calculations

Table 7.6 lists and summarizes the IEs and bond energies of M-biphenyl (M = Ti,
Zr, and Hf) complexes. As it does for the other metal containing molecules studied, the
B3P86 method shows ~10 % overestimation of the IE values.”>"**"'2”®  On the other
hand, the B3LYP method predicts the IEs with less than 5 % error. Several observations
can be made from the data in the table. The IEs of the metal-biphenyl complexes
increase in the order of the IEs of the metal atoms [[E(Zr) = 53506 cm™ < IE(Hf) = 55048
cm” < IE(Ti) = 55072 cm™'1."®® The parallel order indicates that the ionization of the
complex removes the electron from the metal atoms. Unfortunately, the experimental
bond strengths of neutral and ionic species have not yet been determined. Therefore, the
DFT calculations have been used to compare the bond dissociation energies between
three metal complexes. Based on the thermochemical cycle: I[E (M) — IE (M-biphenyl) =
Do’ (M-biphenyl) - Dy (M-biphenyl), the IE difference from the metal to the metal
complex equals the bond energy difference from the ionic to neutral complex. Therefore,
the differences between the calculated neutral and ionic bond energies are compared with
the IE differences from the experiment to determine the accuracy of the calculations.
Similar to previous IE comparisons, the B3LYP method shows much closer bond energy
differences to the experimental IE differences. The changes in the neutral and ionic bond
energies increase as that of the metal complex IEs, and the B3LYP method follows this
trend. The trend of the B3LYP calculated dissociation energies follow the order of Do
(Hf-biphenyl) < Dy" (Zr-biphenyl) < D" (Ti-biphenyl). This order correlates with that of
the M-biphenyl stretching frequencies, [vi;" (Hf-biphenyl) = 300 cm™] < [vi7" (Zr-
biphenyl) = 331 cm™] < [v7" (Ti-biphenyl) = 352 cm™']. Similarly, the order in Dy of the

complexes correlates with that of the neutral M-biphenyl stretching frequencies.
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7.4. Conclusions

In this work, ZEKE and R2PI spectroscopy in combination with the DFT
calculations have been used to determine the clamshell structure of the group IV metal
(Ti, Zr, and Hf)-biphenyl complexes. The electronic states of the neutral and ionic metal-
biphenyl complexes are determined to be 'A; and B, respectively. The ZEKE spectra of
the Ti-, Zr-, and Hf-biphenyl complexes display very strong 0-0 transitions at 43845 (5),
43343 (5), and 43752 (5) cm’, respectively. In addition, various metal and ligand-based
vibrational frequencies have been observed for these species. The R2PI spectroscopy is
used to further determine the neutral ground state of the M-biphenyl complexes, and
symmetric and asymmetric C-H stretching frequencies of neutral 'A; states have been

observed.
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Table 7. 1. Point groups, electronic states, relative energies (Er, cm™), IEs (cm™) of the
M-biphenyl (M = Ti, Zr, and Hf) complexes from the DFT calculations (6-311+G(d,p)
basis set for C and H and LanL.2DZ basis set for Ti, Zr, and Hf).

Complexes  Point  States Ey(cm™)? Transitions IE (cm™)?

group

Ti-biphenyl 43845°
Csy ‘B, 51740 (42431) B« 'A; 47339 (41919)
Cay Bi 46801 (41368) B, < B, 45057 (40871)
Csy Ay 16762 (15347) *By«° By 49817 (41637)
Cay ’B; 2274 (1083)  “Bi <A, 35995 (28055)
Cay N 0 (0)

Zr-biphenyl 43343°
Csy ‘Bi 58209 (49697) By« 'A; 46956 (41874)
Coy ‘B, 46489 (41378) “B;<—°B, 41802 (34370)
Csy A; 21121 (20256) “B;«°B; 53513 (42764)
Cay ’Bi 5191 (7954)  “Bi«— A,  38212(30725)
Csy A, 0 (0)

Hf-biphenyl 43752°
Coy ‘B, 60176 (54063) ‘B« 'A; 47346 (42294)
Cay Bi 46860 (41791) B, B, 43702 (39408)
Csy Ar 19210(18434) "B« By 56755 (51419)
Coy ’B; 3593 (2846) ‘B <A, 41680 (36405)
Cay A 0 (0)

*The energy values are calculated by B3P86 (B3LYP) methods.
® From ZEKE measurements.
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Table 7. 2. Bond distance (R, A) and angle (£, °) comparisons of Ti-, Zr-, and
Hf-biphenyl clamshell structures with free biphenyl ligand from B3P86 calculations
(6-311+G(d,p) basis set for C and H and LanL.2DZ basis set for Ti, Zr, and Hf).

Ti-biphenyl Zr-biphenyl Hf-biphenyl

biphenyl (D)
(sz) (CZV) (CZV)
lA EXpt.a 1A1 2B] 1A1 2B1 1A1 2B1

R(M-C)) 2.335 2321 2536 2517 2473 2.449

R(M-C,) 2371 2435 2553 2591 2493 2.531

R(M-C3) 2253 2341 2389 2455 2353 2414

R(M-Cy) 2.044 2.067 2.187 2.198 2.161 2.168
1.390

R(C;-Cy) 1.391 1.411 1418 1412 1417 1415 1.419
1.379
1.385

R(C,-C5) 1.389 1391 1.411 1.387 1416 1.396 1.420 1.398
1.399

R(C5-Cy) 1.399 | 304 1.456 1.458 1461 1460 1.463 1.463

R(C4-Cs) 1.478 1.496 1.466 1445 1.464 1452 1.467 1.452
Z(C1-C4-Cs) 180.0 180.0 123.1 124.1 129.1 1293 127.1 1273

*The bond distances and angles of biphenyl in solid state from reference®”.
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Table 7. 3. ZEKE peak positions (cm™) and assignments of M-biphenyl (M = Ti, Zr, and
Hf) complexes.

(a) Ti-biphenyl (b) Zr-biphenyl (c) Hf-biphenyl
ZEKE Assignment ZEKE  Assignment ZEKE  Assignment
43187 149 42930 169 43330 169
43249 159 42997 179 43438 179
43398 169 43133 189 43544 189
43433 189 43326 171 43634 16917}
43521 179 43343 0d 43752 0d
43638 189 43374 165179 43824 165179
43784 173189 43463 173189 43840 173189
43845 05 43534 17118} 43962 18}
43991 173189 43551 18} 44052 17}
44039 18} 43653 172 44156 163
44197 173 43674 173 44262 17518}
44236 183 43727 165171 44348 173
44395 17318} 43741 16} 44368 16318}
44436 183 43792 173189 44454 16317}
44549 173 43877 17518} 44538 17318}
44592 173183 43948 16518} 44562 163
44624 18¢ 43999 173 44644 173
44744 17318} 44070 16517} 44662 165175185
44784 173183 44140 163 44762 165173
44830 103 44275  16317318% 44862 16317}
44903 173 44326 173

44940 172182 44468 163173
44983 175183
45092 17318}
45135 173183
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Table 7. 4. Vibrational frequencies (cm™) and assignments for Ti-, Zr-, and Hf-biphenyl
complexes.

Mode Expt. B3P86™ B3LYP*  MP2* Description
Ti-biphenyl
Vi 985 963 (970) 969 976 In-plane ring distortion
Vi4 658 660 (661) 655 655 Ring breathing
Vis 596 564 (594) 562 555 Out-of-plane ring distortion
Vie 447 416 (419) 412 487 Symmetric ring wave
. 345/ 399 _
vi7 /vy7 352/ 324 321/378 324/402 Metal-ligand stretch
(351/409)
N 201/ 204 )
vis /vis 194/ 207 187/ 189 232/224 Phenyl ring bend towards M
(198/204)

Zr-biphenyl

vie /vie 398/ 413 395/414 389/407 385/397 Symmetric ring wave
vi7/vi7 331/346  326/353 309/338 359/328 Metal-ligand stretch
vig'/vig 208/210 200/203 185/190 250/207 Phenyl ring bend towards M
Hf-biphenyl

Vi /vie 404/422  404/420 399/414 380/379 Symmetric ring wave
vi7/vi7 300/314  295/318 280/305 322/321 Metal-ligand stretch
vig/vig 210/208 209/209 197/198 229/214 Phenyl ring bend towards M

*All the frequency values are calculated by using LanL.2DZ basis set on metals and 6-
311+G(d,p) basis set on C and H.

®The vibrational frequencies of Ti-biphenyl in parenthesis are calculated by using 6-
311+G(d,p) basis set on all the atoms.
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Table 7. 5. Experimental R2PI and calculated IR active C-H stretching frequencies (cm™)
of the M-biphenyl complexes (M=Ti, Zr, and Hf). Experimental IR frequencies of free
ligand, biphenyl is included for the comparison.

Expt. B3P86¢” B3LYP"  Assignments
biphenyl
3041° Symmetric C-H stretching
3075° Asymmetric C-H stretching
Ti-biphenyl
3078 3080 3081 Symmetric C-H stretching
3093 3098 3100 Asymmetric C-H stretching
Zr-biphenyl
3074 3079 3079 Symmetric C-H stretching
3096 3098 3102 Asymmetric C-H stretching
Hf-biphenyl
3082° 3081 3082 Symmetric C-H stretching
3098° 3101 3104 Asymmetric C-H stretching

?From the reference'®’

® All the frequencies are calculated by using LanL2DZ basis set on metals and 6-
311+G(d,p) basis set on C and H and the calculated frequencies are multiplied by
conversion factor of 0.957 for B3P86 and 0.962 for B3LYP, the average ratios of the
experimental and calculated C-H stretching frequencies of the free ligand.

¢ Due to the noise level, these peaks are assigned by taking the most intense peak within
the range of calculated C-H frequencies.

155



Table 7. 6. The IEs (cm™) and bond energies (kcal mol™) of the M-biphenyl (M = Ti, Zr,
and Hf) complexes

Ti-biphenyl Zr-biphenyl  Hf-biphenyl

Electronic transition 2B1 — 1A1 ’B 1< 1A1 2B1 — 1A1

IE*® ZEKE 43845 43343 43752
B3P86 47339 (46613) 46956 47346
B3LYP 41919 41874 42294

A(Dy" - Dy), (Do'/ Dy)* ZEKE 32 29 32

B3P86 22 (106/84)  19(109/90) 22 (109/87)
B3LYP  38(87/49)  33(86/53)  36(83/47)

* The IEs and bond strengths of the complexes are calculated by using LanL.2DZ basis set
on metals and 6-311+G(d,p) basis set on C and H, unless noted otherwise.

® The IE of Ti-biphenyl in parenthesis is calculated by using 6-311+G(d,p) basis set on all
the atoms.

156



Figure 7. 1. M-biphenyl (M=Ti, Zr, and Hf) clamshell structure complexes, optimized by
the B3P86 method with 6-311+G(d,p) basis set on C and H, and LanL.2DZ on metal
atoms. The figure is shown with the corresponding carbon numberings used in the text.

157



T T T T T

42500 43000 43500 44000 44500
Wavenumber (cm'l)

Figure 7. 2. PIE spectra of Ti- (a), Zr- (b), and Hf-biphenyl (c) complexes. The ionization
thresholds are indicated by the arrows.
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Figure 7. 3. Experimental ZEKE spectra of Zr-biphenyl complex seeded in He (a) and
simulations of 2B1 <« 1A1 (b) and ’B | B 1 (c) transitions.
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Figure 7. 4. Experimental ZEKE spectra of Hf-biphenyl complex seeded in He (a) and
simulations of 2B1 <A, (b) and 2B1 « B, (¢) transitions.
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Figure 7. 5. Experimental ZEKE spectra of Ti-biphenyl complex seeded in He (a) and
simulations of 2B1 <A, (b) and 2B1 « B, (¢) transitions.
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Figure 7. 6. Experimental ZEKE spectra of Ti-biphenyl complex seeded in He (a) and
simulations of ’B; <~ 'A; transition using DFT and MP2 methods and basis sets (1)
6-311+G(d,p) on all atoms and (2) 6-311+G(d,p) on C and H, and LanL.2DZ on Ti.
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Figure 7. 7. Experimental R2PI spectrum of Zr-biphenyl seeded in He gas (a) and
simulated IR spectra of 'A; (b), °B; (c), and °A; (d) states of Zr-biphenyl in the C-H
stretching region.
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Figure 7. 8. Experimental R2PI spectrum of Ti-biphenyl seeded in He gas (a) and
simulated IR spectra of 'A; (b), *Bi (c), and *A; (d) states of Ti-biphenyl in the C-H
stretching region.
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Figure 7. 9. Experimental R2PI spectrum of Hf-biphenyl seeded in He gas (a) and
simulated IR spectra of 'A; (b), *B; (c), and *A, (d) states of Hf-biphenyl in the C-H
stretching region.

Copyright © Jung Sup Lee 2010
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CHAPTER 8. HIGH-RESOLUTION ELECTRON SPECTRA, PREFERENTIAL
METAL-BINDING SITES, AND THERMOCHEMISTRY OF LITHIUM COMPLEXES
OF POLYCYCLIC AROMATIC HYDROCARBONS

&.1. Introduction

Mechanisms of lithium (L1i) storage in carbonaceous materials have received
considerable attention because of their importance in developing high-density Li
rechargeable batteries.”’**”’ The physical mechanisms depend on the type of carbon-
based material: Li can be inserted reversibly into layered graphite structures or adsorb on
the surfaces of single-layered graphenes.

PAH molecules are model systems that can provide new insight into the precise Li
binding site and thermochemistry of carbon-based materials. Interactions between Li/ Li"
and PAH molecules have been studied by many computational calculations.””**** For Li-
PAH neutral complexes, semiempirical computer simulations by Papanek et al. showed
that the high capacity of Li uptake by PAH molecules (Li atomic percent with respect to
the number of carbon atoms) is partially attributable to Li binding at the hydrogen-
terminated edges of pyrene, coronene, and several other PAH molecules, with local
geometries analogous to the stable isomer of the organolithium molecule CoH,Liy.*”
Using the ab initio Hartree-Fock method and DFT, Ago et al.*”” and Ishikawa et al.**
examined ring-edge and ring-over binding sites of phenanthrene, anthracene, and pyrene
for two Li atoms and found that the Li complexes with ring-over binding are more stable
than those with edge binding. However, the energy barrier for a Li atom migrating from
one site to the other is so small that both ring-edge and ring-over sites are possible at
room temperature. Similarly, Zhu and Lu’s DFT calculations predicted the ring-over
binding to be more stable than the edge binding in several Li complexes of graphite
models.”®" Additionally, Martinez et al. reported a weakly-bound Li-coronene structure
with Li binding above the center ring of the ligand.**> On the other hand, in their
theoretical studies of alkali metal binding with PAHs Baker and Head-Gordon reported Li
binding with the external ring of the nonlinear PAH molecules, including coronene.”

For Li"-PAH cations, Gal et al. examined the effect of increasing the number of fused
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rings from naphthalene (C;oHs) to circumcoronene (C54H18).284 Their DFT calculations
showed that the strength of the binding to a given aromatic ring decreases as the number
of the cycles directly fused to it increases and the energy gap between and the activation
barrier connecting the local minima decreases as the number of the fused rings in the
system increases. Guell et al. investigated the effect of Li" on the aromaticity of the PAH
molecules at the DFT level of theory and found that the ring directly interacting with Li"
suffers a significant reduction of aromaticity, while the reduction of the local aromaticity
of the adjacent rings is minor.”™® In contrast to the computational studies, there has been
very little experimental work on these systems, except for a Fourier-transform-ion-
cyclotron-resonance mass spectrometric study of the Li" cation basicities of naphthalene,
azulene, anthracene, and phenathrene284 and a threshold collision-induced dissociation
measurement of the Li” binding energy of naphthalene.””

Although the two benzene rings are equivalent in naphthalene, two types (outer
ring I and inner ring II) of the six-member carbon rings exist in PAH molecules (Figure
8.1). These two-type rings are different because they contain different number of C-H
bonds and share different number of fused C-C bonds. In this paper, we report high-
resolution electron spectra of Li complexes of naphthalene, pyrene, perylene, and
coronene measured by PFI-ZEKE spectroscopy. From these spectra, we have identified
the preferential metal binding sites and determined AIEs, metal-ligand bond dissociation
energies, and vibrational frequencies of the Li complexes. The work provides the first

spectroscopic evidence about the bonding and structures of these Li complexes.

8.2. Experimental and Computational Methods

The experimental setup has been described in Chapter 2. Li complexes of PAHs
were prepared by interactions of Li atoms with PAH molecules in a pulsed molecular
beam source. The Li-PAH complexes were synthesized by two different methods. To
synthesize Li-naphthalene, solid naphthalene (Aldrich, 99%) was introduced at room
temperature to a small stainless-steel collision chamber (~ 1.5mL), placed downstream of
the metal ablation region. The ligand was located inside a glass bulb and entered through

a stainless-steel capillary (0.053"” inner diameter) into the source chamber. The metal

167



atom was produced by pulsed laser vaporization (Quanta Ray, GCR-3 Nd:YAG, 532 nm)
of Li metal rod (Aldrich, 99%). To produce Li atoms and larger PAH molecules, a
cylindrical rod made of Li and PAH (Aldrich or TCI America: pyrene, 98%; perylene,
99%:; or coronene, 95%) powders in 1:1 volume ratio was vaporized by laser. The
vaporized metal atoms and organic ligands were entrained in the pulsed flow of ultrahigh-
purity inert gas (He, Ar, or He/Ar mixture) delivered by a home-made piezoelectric
pulsed valve.” The ablation rod was translated and rotated by a motor-driven mechanism
to ensure that each laser pulse ablated a fresh rod surface.

The Li-PAH complexes were identified by photoionization time-of-flight mass
spectrometry. ZEKE electrons were generated by photoexcitation of the neutral
complexes to highly excited Rydberg states, followed by time-delayed (3 ps) pulsed-
electric-field ionization of these states. The pulsed field used for ionization was 1.2 Vem'™
in height and 100 ns in width. A small dc electric field of 0.08 Vem™ was applied to
remove the kinetic electrons produced by direct photoionization. Photoexcitation was
carried out with a frequency-doubled dye laser (Lumonics, HD-500), pumped by the third
harmonic output of a second Nd:YAG laser (Continuum, Surelite II, 355 nm). The pulsed
electric field was generated by a delay pulse generator (Stanford Research System,
DG535). The ion and electron signals were detected by a dual microchannel plate
detector (Galileo), amplified by a preamplifier (Stanford Research System, SR445),
averaged by a gated integrator (Stanford Research System, SR250), and stored in a
laboratory computer. Laser wavelengths were calibrated against vanadium or titanium
atomic transitions in the range of the ZEKE spectra.”’ The dc field effects on the ZEKE

12 . 1.
, where Erin Vem'™ is

spectral energies were corrected using the relation of AIE = 6.1E¢
the field strength.'"!

Molecular geometries and vibrational frequencies of the neutral and singly
charged cations were obtained using the DFT and 6-311+G(d, p) basis set implemented in
the GAUSSIAN 03 software.”” The DFT methods included B3P86 and B3LYP methods.
Since both B3P86 and B3LYP yielded similar predictions, only the results from the
B3LYP calculations are presented in this report unless otherwise noted.

Multidimensional FC factors were computed from the theoretical equilibrium geometries,

harmonic vibrational frequencies, and normal coordinates of the neutral and ionic
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65294 The Duschinsky effect® was considered to account for normal mode

complexes.
differences between the neutral and ionic molecules. A Lorentzian line shape with the
experimental linewidth was used to simulate the spectral broadening. Possible transitions
from excited vibrational levels of the neutral complexes were considered by assuming

thermal excitation at specific temperatures.

8.3. Results and Discussion

8.3.1. ZEKE Spectra

Each of the spectra (Figures 8.2a, 8.3a, 8.4a, and 8.5a) recorded with argon as the
carrier gas exhibits a strong origin band and rich vibronic transitions from the neutral
complex to the singly charged cation. The origin of the spectrum corresponds to the
transition between the ground vibrational levels of the neutral and cationic states, and its
transition energy is referred to the adiabatic IE of the neutral complex. The IEs of the Li-
PAH complexes are measured to be 35491, 35481, 37530, and 33467 cm’! for PAH =
naphthalene, pyrene, perylene, and coronene, respectively. The uncertainty of the IE
values is about 5 cm™ or 6 x 10 eV. The ZEKE bands marked in the figures arise from
single vibrational modes, and others are transitions to combinations of two or more
vibrational modes. A complete list of the ZEKE band positions is given in Table 8.4. The
observed vibrational intervals are 148, 252, 362, 388, 510, 818, and 1376 ¢cm™ for Li-
naphthalene; 76, 226, 374, 408, 430, 588, and 740 cm’! for Li-pyrene; 28, 86, 308, 352,
376, 544, 574, and 1564 cm’! for Li-perylene; and 84, 222, 236, 316, 344, 366, 386, 446,
and 480 cm™ for Li-coronene. Among these vibrational excitations, the most active mode
(with more than one-quantum excitation) has a frequency of 375 + 13 cm™ (i.e., 362, 374,
376, and 386 cm’ for Li-naphthalene, Li-pyrene, Li-perylene, and Li-coronene,

respectively).
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8.3.2. Spectral Analysis and Preferred Li Binding Site

The measured energy intervals correspond to the vibrational frequencies of the
cations and can be divided into two groups: Li-PAH and PAH-based vibrations. PAH-
based vibrations may be identified by comparing the energy spacings and the vibrational
frequencies of the normal modes with appropriate symmetry species in the free ligands.
The maximum molecular symmetries of the free PAH molecules are D,;, for naphthalene,
pyrene, and perylene and Dy, for coronene (Figure 8.1). Upon metal coordination, the
molecular symmetry of the complex depends on the Li binding sites. For example, the
optimal symmetry of Li-naphthalene is C,, if a Li atom binds with the fused C-C bond,
and C; if it is above the center of a benzene ring or bound to a non-fused C-C bond that is
parallel to the unique fused C-C bond. Although there are a large number of vibrational
modes for these PAH molecules, it is possible to correlate some of the measured energy
intervals to likely vibrational modes of the free ligands on the basis of symmetry and
frequency considerations. The 148 and 818 cm™' intervals in the ZEKE spectrum of
Li-naphthalene correspond to the frequencies of an out-of-plane (o.p.) ring bend (bs,, 167
cm™)* and an o.p. C-H bend (bs,, 788 cm™)**® of naphthalene measured by IR
spectroscopy. The 510 and 1376 cm™ transitions are comparable to the frequencies of a
ring breathing mode (ag, 510 cm™)*” and a C-C stretch (ag, 1380 cm™)*® of the free
ligand from electronic spectroscopy. The vibrational frequencies of the o.p. C-H bend
(818 cm™) and the C-C stretch (1376 cm™) Li"-naphthalene are also comparable to those

of the corresponding modes in Fe -naphthalene.*””

The b3, and a;, modes of naphthalene
(D) are transformed into a; modes in the C,, structure or a’ modes in the C; structure of
Li-naphthalene. Both a; and a’ excitations are symmetry-allowed in photoelectron
spectroscopy. Using similar symmetry and frequency arguments, we were able to assign
several ZEKE vibrational intervals of the other Li"-PAH complexes to vibrational modes
of the corresponding PAH molecules (Table 8.1). These preliminary vibrational
assignments, along with other observed vibrational intervals, are discussed below by
comparing the ZEKE spectra with theoretical predictions.

In the search for structural isomers for each Li-PAH complex, we considered

binding configurations with Li above a ring and a C-C bond and found that the ring-over
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binding forms the minimum-energy structures. In these ring-over binding structures, the
PAH molecules remain planar. This prediction is consistent with the most recent
calculations on some Li-PAH complexes,”***** but different from the earlier calculations

on 2Li-PAH or larger systems,279’280

where the PAH ring is no longer planar. Table 8.2
summarizes the electronic states and relative energies of the neutral and ionized ring-over
binding structures predicted at B3LYP/6-311+G(d,p) level of theory. The electronic
energies of various states are referenced to the most stable doublet state of the neutral
complex. Except for Li-naphthalene, two minimum-energy isomers (I and II) are
predicted for each complex, with Li binding over ring I or ring II. The ring-I isomer is
more stable than the ring-II isomer by 7-18 kJ mol™ (1 kJ mol” = 83.6 cm™) in the
neutral doublet neutral state and by 9-15 kJ mol™ in the singlet cation. The stability
difference between the neutral isomers increases as the size of the PAH molecules
increases. However, this trend does not hold for the cations, as the energy difference
between the I and II isomers of Li"-coronene (10 kJ mol™) is smaller than that between
those of Li ™-perylene (15 kJ mol™). Nevertheless, the energy differences between the
ring-I and ring-1I isomers are relatively small, and the theoretical identification of the
preferential binding site is less straightforward. The determination of the preferred
binding site is achieved by combining the theoretical predictions and vibrationally
resolved ZEKE spectra.

Figures 8.2, 8.3, 8.4, and 8.5 compare the experimental and theoretical spectra of
the Li-PAH complexes. In the simulations, the harmonic vibrational frequencies are not
scaled, while the 0-0 transition energies are shifted to the experimental values for the sake
of simplicity. We calculated the spectra in the temperature range of 10-300 K in an
attempt to identify possible transitions from excited vibrational levels of the neutral
complexes and found that the best temperatures under which the calculated and measured
spectra have the best match were up to about 50 K. By comparing the experimental
spectra and simulations at different temperatures, all observed vibrational bands are
determined to be cold bands arising from the ground vibrational level of the neutral
complexes. This is similar to the previous observations for other metal-organic

56,113,116,145
complexes.”™

171



The simulation of Li-naphthalene (Figure 8.2) reproduces nicely the observed
vibrational bands. The simulations of the ring-I isomers of Li-pyrene, Li-perylene, and
Li-coronene (Figures 8.3, 8.4, and 8.5) show much better agreement with the
experimental spectra than those of the ring-II isomers, suggesting that spectral carriers for
the three complexes are the ring-I isomers. The ring-1I isomers are not likely contributors
to the measured spectra, as they have different IE values, and their contributions would
have shown a second origin band in the ZEKE spectra. This is consistent with the
theoretical prediction that the ring-I isomer is more stable than ring-II. On the basis of
the good agreement between the measured and calculated vibrational frequencies and
transition intensities, vibrational modes are identified from the measured energy intervals
(Table 8.1). From the table, several common vibrational modes are probed for these Li'-
PAH complexes. They are a Li -ring stretching, a Li" rocking, an o.p ring bending, and a
ring breathing mode. The Li'-ring stretching frequencies display a small increase with
increasing the size of the PAH molecules and are averaged around 375 + 13 cm™. The
Li" rocking vibration shows a larger frequency range (222 - 308 cm™), which is
associated with the mixing of an o.p. ring bending motion. The ligand-based ring-
breathing frequencies (510, 588, 544, and 480 cm™) in the complexes are very close to
those in the free ligands. On the other hand, the frequencies of the soft o.p. bending
vibrations (148, 76, 86, and 84) are significantly reduced (> ~10%) by metal coordination.
In addition to these common vibrational modes, several other ligand-based vibrations are
observed for each Li"-PAH complex. These additional modes of Li -naphthalene include
an asymmetric ring o.p. bend mixed with a Li"-ring stretch (388 cm™), an o.p. C-H bend
(818 cm™), and a C-C stretch combined with an i.p. C-H bend (1376 cm™). The
additional modes of Li"-pyrene are ring i.p. and o.p. bends (408 and 430 cm™) and a C-H
bend (740 cm™). For Li*-perylene, they are a ring-I twist (28 cm™), two i.p. ring bends
(352 and 574 cm™), and a C-C stretch combined with an i.p. C-H bend (1564 cm™). For
Li-coronene, they include three o.p ring bends (236, 316, and 446 cm™) and two i.p ring
bends (344 and 366 cm™). Again, all these individual ligand-based vibrations have
similar frequencies to those of the corresponding modes of the respective free ligands

(Table 8.1).
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The preferential Li and Li" binding with ring I is correlated with a higher 7t
electron content and aromaticity of the ring. From the viewpoint of atomic
contributions,>® a carbon atom shared by single, two, and three rings contributes 1, 1/2,
and 1/3 & electron to each ring, respectively. Ring I of pyrene consists of three unshared
carbon atoms, two carbons shared with another ring, and one shared with two other rings;
thus, the total number of the &t electrons for type-I ring is 3 + 2/2 + 1/3 =4.33. On the
other hand, ring II of pyrene contains two unshared carbon atoms, two shared by two
rings, and the other two shared by three rings; thus, a type-II ring possesses 2 + 2/2 + 2/3
=3.67 m electrons. The number of the © electrons of the free ligands estimated using this
simple method is listed in Table 8.3 and is in reasonable agreement with that from a more

refined method based on the number of Kekule structures in a PAH molecule.’*'*? F

or
the local aromaticity, we have calculated the aromatic indices (Table 8.3) of ring I and
ring II in these PAH molecules using the structure-based harmonic oscillator model of

aromaticity (HOMA),'**!%

HOMA=1-2£5(R_ -R) (8.1)
n

opt -

where n is the total number of bonds taken into the summation and a is an empirical
constant chosen to give HOMA = 0 for a model nonaromatic molecule and HOMA = 1
for a model aromatic molecule with all bonds equal to an optimal R,.. For C-C bonds,
oc-c 18 257.7, Rope (1.394 A) and R; are the bond distances in benzene and the PAH
molecules from the B3LYP calculations. The higher the HOMA value, the more aromatic
the ring in question. The HOMA index is known as one of the most effective structural
indicators of aromaticity.'®*” As shown in Table 8.3, the HOMA value of ring I is
higher than that of ring II for each of the PAH molecules.

The higher n-electron content and aromaticity of ring I enhances the charge
transfer from the PAH molecules to the metal atom. Figure 8.6 presents a valence orbital
interaction diagram between the Li 2s/2p and pyrene HOMO/LUMO (highest occupied
molecular orbital/lowest unoccupied molecular orbital). The ring-I complex is in C; point

group with the symmetric plane overlapping with the Cartesian xy plane. The HOMO
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energies are taken as the negatives of the experimental IEs of the metal atom, ligand, and
complex, respectively. Other orbitals are referenced to the HOMO by the energy
difference between the HOMO and relevant orbitals predicted by B3LYP for the ligand
and complex, or measured for the Li atom.""” The HOMO (b 1g) and LUMO (a,) of
pyrene (D2;) are converted to a’’ orbitals in Li-pyrene (C;), which have the same
symmetry as one (2p.) of the Li 2p orbitals. The HOMO of Li-pyrene is formed by the
interaction between the pyrene LUMO and Li 2p, and is half filled by an electron from
the metal atom. The ligand to metal charge transfer is largely facilitated by the electron
donation from the pyrene HOMO to the Li 2p. orbital, and the higher n-electron content
of ring I enhances such a charge transfer and makes ring I more favorable for the metal

binding.

8.3.3. Ionization and Bond Energies and Extended n-Electron Network

Table 8.1 summarizes the IEs and bond energies (Do) of the neutral Li-PAH and
Li-benzene complexes and the bond energies (Dy") of the cations. The inclusion of the
Li-benzene complex aids in the discussion about the influence of the extended m network.
The experimental bond energies (Dy") of Li'-benzene and Li -naphthalene are taken from
previous threshold collision-induced dissociation measurements.”*~** The
"experimental" bond energies of the other Li"-PAH ions are obtained from the calibrated
DFT/B3LYP values. This correction adds the difference (22 kJ mol™) between the
measured and calculated D, values of Li+-naphtha1ene to the calculated values of the
other three Li'-PAH ions. The bond energies (Do) of the neutral complexes are obtained
from the thermodynamic circle: Do (Li-L) = Dy" (Li"-L) — IE (Li) + IE (L), where L is a
PAH ligand.

The IEs of the Li complexes show no clear correlation with those of the free
ligands.""” This observation suggests that the ejected electron is not from the HOMO of
the ligand. Because the IE of the Li atom is lower than those of the aromatic ligands,
ionization is expected to remove a Li 2s-based electron. As shown by the orbital

interaction diagram (Figure 8.6), the Li 2s electron is transferred into the HOMO of the
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complex formed by the interaction between the pyrene LUMO and Li 2p. orbital. The
IEs of the complexes are in a similar trend to the negative LUMO energies of the free
ligands (Tables 8.1 and 8.3).

The metal-ligand bond energies of the neutral complexes increase from benzene
to perylene, then decrease from perylene to coronene. Unlike for a given PAH molecule
where the ring with a higher n-electron content and aromaticity is preferred for Li
binding, the bond energies of the complexes have no correlations with the n-electron
content or the aromaticity of the benzene ring that is attached to the metal atom (i.e.,
ring I). For example, although benzene has the most m-electrons and highest aromaticity
compared to ring I of the PAH molecules, the Li-benzene binding energy is the smallest
among the five Li complexes. For the neutral complexes, the strength of the metal-ligand
interaction is enhanced by the ligand-to-metal and metal-to-ligand charge transfer. As
shown by the orbital interaction diagram in Figure 8.6, the increase of the HOMO energy
of the ligand improves the electron donation from the ligand to the metal (Li 2p.),
whereas the decrease of the LUMO energy of the ligand increases the charge transfer
from the metal (Li 2s) to the ligand LUMO. The overall result of this two-way charge
transfer is a net charge transfer from Li to the ligand (by about 0.3e, from Mulliken
population analysis). In a conventional wisdom, one would think that the LUMO-HOMO
energy gap will decrease as the m-electron network of the aromatic molecules expands.
Indeed, the LUMO-HOMO gaps predicted by the theory confirm this trend from benzene
to perylene. However, the trend is reversed from perylene to coronene (Table 8.3). The
change in the HOMO-LUMO gaps of the ligands is correlated with the increase of the
bond energies of the Li complexes from benzene to perylene, then the decreases from
perylene to coronene.

The ion bond energies follow a similar trend to those of the neutral complexes,
but the changes are much smaller, especially among the three larger complexes.
Although the metal-to-ligand electron donation is lost in the cations, the ligand-to-metal
charge transfer remains, and additional electrostatic and polarization interactions enhance
the metal-ligand binding.**>"" These electrostatic and polarization interactions over
compensate the loss of the metal-to-ligand charge transfer, making the Li" ion binding

2-3 times stronger than the Li atom binding. In the electrostatic binding, it is the first
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non-zero electrical moment that dominants the metal ion interaction. Because the dipole
moment in these aromatic molecules is zero, interaction between the metal ion and the
quadrupole moment is the dominant one in these ions. Among the three components of
the quadrupole moments in benzene and PAH molecules, the out-of-plane component
(that is perpendicular to the aromatic ring) is negative and two in-plane components are
positive because the electronegativity of the carbon atom is larger than that of hydrogen.
Thus, the cation-m interaction is attractive with the out-of-plane quadrupole moment,
while it is repulsive with the in-plane ones. However, because Li" is above the aromatic
ring, the repulsive interaction should be very small and can be neglected. Thus, we will
consider only the out-of-plane quadrupole moments in the following discussion. The
quadrupole moments of benzene and naphthalene were measured to be -8.69 £+ 0.50

and -13.49 + 1.50 DA, respectively.’®®** The quadrupole moments of the other ligands
have not been measured, but are predicted to increase with increasing size of the aromatic
network. To examine the ion-quadrupole interactions in these systems, however, it is
more reasonable to consider the local quadrupole moments of ring I that is attached to the
metal than the total values of the whole molecule. The quadrupole moments of ring I are
proportional to the number of the CH group within the ring,’® and they can be estimated
by considering the number of the CH groups in ring I and the total number of the CH
groups in the PAH molecule. For example, the ring-I quadrupole moment of pyrene is
estimated as 18.83 x (3/10) = 5.64 DA, where 18.83 DA is the total quadrupole moment
of the molecule, 3 is the number of the CH groups in a type-I ring, and 10 is the total
number of the CH groups in the pyrene molecule. The local quadrupole moments
estimated with this method (Table 8.3) decrease gradually with increasing the size of the
aromatic molecules, except for perylene. Thus, the ion-quadrupole interactions should
follow the same trend. On the other hand, because the polarizability of the ligands
increases with the extended n-network, the ion-induced dipole interaction should be
enhanced with increasing the size of the aromatic molecules. Therefore, the Li" binding
strengths are collectively determined by the three factors: the ligand-to-metal charge
transfer, the ion-quadrupole interaction, and ion-induced dipole interaction. From Tables
8.1 and 8.3, the Li" binding energies increase with the decrease of the HOMO energies

and the increase of the polarizabilities of the ligands.
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8.4. Conclusions

In this work, we obtained the first high-resolution electron spectra of the Li-PAH
(PAH = naphthalene, pyrene, perylene, and coronene) complexes and determined
preferential binding sites and ionization and bond energies of these molecular systems.
Among these complexes, Li and Li" favor the ring-over binding site of the benzene ring
with a higher electron content and aromaticity, and the metal coordination does not affect
the planarity of the PAH molecules. The adiabatic IEs show no clear correlation with the
extension of the w network of the aromatic molecules. The metal-ligand bond energies of
the neutral and ionized complexes increase from benzene to perylene, then decrease from
perylene to coronene, and the variation is larger in the neutral species than in the cations.
The ion binding is about 2-3 times stronger than the neutral binding. The metal-ligand
binding in the neutral species are largely due to the two-way charge transfer between the
metal atom and ligand, whereas those in the ions are due to ion-quadrupole and ion-
induced dipole interactions, in addition to the ligand-to-metal charge transfer.

The PAH ligands used in this study (pyrene, perylene, and coronene) are made of
nonlinearly fused benzene rings, where there are carbon atoms common to three benzene
rings. It would be interesting to study the Li binding with polyacenes in which no carbon
atom is common to more than two rings. It is expected that structural isomers of a
Li-polyacene complex should have a smaller energy difference than those of a Li
complex formed with a nonlinear PAH molecule. Thus, the observation of more than one

isomer may be possible for Li-polyacene complexes.
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Table 8. 1. AIEs (eV), metal-ligand bond energies (D¢/D,", kJ mol™), and vibrational frequencies
(vi", em™) of Li-aromatic complexes from ZEKE spectra and B3LYP/6-311+G(d,p) calculations.

ZEKE* B3LYP Ligand”

Li-benzene, Cg,

IE 4.24

Do 50 20

Dy’ 161 153
Li-naphthalene, C;

IE 44003  4.54

D, 91 61

Do’ 187 165

Ring o.p. bend, vas" 148 154 167.0 (b3,

Li" rock, vas " 252 261

Li+—ligand stretch, Vo4 362 382

Ring o.p. bend, va3" 388 402

Ring breath, vy, 510 519 501(a,)

C-H o.p. bend, vi7" 818 837 822 (b3,)", 788(bsy)’

C-C streteh with C-H 1376 1374 1350 (ap)", 1380(a,)®

1.p. bend, Vo'
Li-pyrene, C;
IE 43991  4.52
Dy 106 74
Do’ 202 180
Ring o.p. bend, v4; " 76 93 95.0 (b3y)*
Li" rock, vso" 226 230 214.2(bs3,)°
Li+-ligand stretch, vi7 " 374 399
Ring i.p. bend, vss" 408 417 407(ag)"
Ring o.p. bend, v3s* 430 496 498 (bsy)™
Ring breath, Vo 588 583 593(21g)h
C-H o.p. bend, vy 740 714 745 (bsy)™, 740(bs,)
Li-perylene, C;
IE 4.6532  4.76
D, 137 103
Do’ 208 186
Ring twist, vos " 28 32 24.5 (ay)", 25.1(ay)
Ring o.p. bend, vo," 86 89 94 (a,)*!
Li"rock, vg4" 308 317
Ring i.p. bend, vg;~ 352 358 353 (ap)"'
Li"-ligand stretch vg; " 376 404
Ring breath, vy, 544 557 547 (ag)™
Ring i.p. bend, v 574 588 573(b1u)"

C-C stretch with C-H

m k,1
0. bend, vig’ 1564 1588 1551 (ap)™, 1580 (ay)
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Table 8.1 (continued).

Li-coronene, C;

IE 4.1494 4.24

Dy 84 49

Do 204 182

Ring o.p. bend, vs3" 84 85

Li" rock, vso" 222 228 225(bag)"
Ring o.p. bend, V4" 236 295

Ring o0.p. bend, vag" 316 322

Ring i.p. bend, v47" 344 373

Ring i.p. bend, v4s" 366 386 365(e2)", 363.0 (e2,)°
Li"-ligand stretch vas" 386 402

Ring o.p. bend, vas" 446 453 435(e1y)"
Ring breath, v4," 480 484 485(a;y)"

“From this work unless otherwise noted. The uncertainty of IE is 6 x 10™* eV. Dy values
are obtained from the thermodynamic cycle: Dy (Li-PAH) = D, (Li"-PAH) — IE(Li) + IE
(Li-PAH), where D, values of Li -benzene and Li -naphthalene are taken from previous
threshold collision-dissociation measurements, with uncertainties of + 14 and + 16 kJ
mol™, respectively,”*>* and Dy" values of the other Li-PAH complexes are from
calibrated theoretical calculations (see text), IE(Li) = 5.3917 eV, and IE (Li-PAH) from
ZEKE spectra. The measured vibrational modes are all totally symmetric, that is, a'for
Li-naphthalene, Li-pyrene, and Li-coronene. For Li-perylene (C), all vibrational modes
are symmetry-allowed.

°These values are for free aromatic molecules unless otherwise noted, with vibrational
symmetry species in parentheses.

“From gas-phase IR emission spectra, reference®”.

From gas-phase fluorescence excitation spectra, reference””.

°From IR spectra of Fe -pyrene, reference””’.

"From Ar matrix IR spectra, reference®”®.

gFrom gas-phase fluorescence spectra, reference”.

"From resonant Raman spectra, reference’'’.

"From Ar matrix IR spectra, reference’".

JFrom gas-phase IR spectra, reference’'.

“From gas-phase IR fluorescence spectra, reference’"”.
"From gas-phase cavity ring-down spectra, reference’'*.
™From reference .

"From vibrational spectra, references

319
°From gas-phase fluorescence spectra, reference” .

316-318
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Table 8. 2. Molecular symmetries, electronic states, and relative electronic energies (Erel,
cm™) of ring-I and ring-II isomers of the Li-PAH complexes from B3LYP/6-311+G(d,p)
calculations.

Complex Ring type  Sym. State Er (cm™)
Li-naphthalene
C, A 35727
C, N 0
Li-pyrene
I C, A 36366
11 C, ZA" 592
[ C, A 35565
I C, ZA" 0
Li-perylene
11 Cy, A, 38988
11 Cy ’B, 849
I o 'A 37669
I of A 0
Li-coronene
11 Cy N 33908
11 Cy ’B, 1554
I C, N 33063
I C, ZA" 0
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Table 8. 3. Properties of several aromatic molecules.

benzene Naphthalene pyrene perylene coronene

IE (eV)* 9.24378 8.1442 7.4256 6.960 7.29
HOMO (eV)° -7.08 -6.15 5.67  -5.29 -5.78
LUMO (eV)° -0.48 -1.40 -1.86  -2.31 -1.78
Polarizability (10** cm®)®  10.0-10.74 16.5-17.48 2822  35.5° 42.5
Ring-I quadrupole moment  -8.18 -6.31 -5.64 -591 -4.48
(DA, 3.3356 x 10* C m%)?
# of m-electrons®

Ring I 6 5 4.33 4.33 3.67

Ring IT 3.67 2.67 2.00
Aromatic index’

Ring I 1 0.83 0.90 0.82 0.81

Ring 1T 0.65 0.19 0.74

“From reference''’ unless otherwise noted.

°Highest occupied and lowest unoccupied molecular orbital energies from B3LYP/6-
311+G(d,p) calculations.

“From reference™>.

“The ring I local out-of-plane (0.p.) quadrupole moments are calculated by multiplying
the molecular o.p. quadrupole moments by the ratio of the number of the C-H bonds in a

type-I ring to the number of the C-H group in the molecule (see text). The molecular o.p.
1
quadrupole moment is defined Qo p= XZ-E (Z+y?) (reference®®'), where x°, y%, and z* are

three components of the quadrupole moments from B3LYP/6-311+G(d,p) calculations
and x-axis is perpendicular to the ring plane.

“The number of nt-electrons in ring I and ring II are calculated from atomic carbon
contributions (see text).

"The aromatic index of ring I and ring I are calculated using the C-C bond distances
calculated from the B3LYP/6-311+G(d,p) calculations (see text).
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Table 8. 4. The ZEKE band positions (cm™") and assignments for Li-PAH (PAH =
naphthalene, pyrene, perylene, and coronene) complexes.

Li-naphthalene Li-pyrene Li-perylene Li-coronene
Pos. Assig. Pos. Assig. Pos. Assig. Pos. Assig.
35491 09 35481 09 37530 09 33467 09
35639 265 35557 41} 37558 93} 33551 53}
35743  25% 35707 39% 37588 932 33689 503
35785 263 35855 37% 37616 92} 33703 49}
35853 24} 35889 365 37644 921931 33783 48}
35879 233 35911 35) 37674 921933 33811 47}
36001 213 35965 36341% 37838 84} 33833 46}
36025 233265 36069 323 37882 83} 33853 45}
36131 233258 36221 293 37906 813 33913 44}
36151 213268 36231 373 37936 81193} 33947 428
36245 233243 36263 363375 38074 714 34095 482
36271 233 36287 353375 38104 703 34121 47548}
36309 173 38258 81383} 34143 46348}
36391 21323} 38280 812 34165 45348}
36415 23326} 38426 71383} 34293 428473
36517 213 38454 71181} 34311 42546}
36629 233243 38486 70381} 34331 428453
36657 233 38508 70381393% 34423 422
36779 213232 38660 813 34437 475483
36867 93 38826 711813 34457 463483

38852 703812 34573 44147348}
38880 703813931 34587 44146}48]
39094 18} 34605 42347548]
39120 18393% 34629 42146348}
39242 183923932
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9 9

(a) naphthalene (b) pyrene

(c) perylene (d) coronene

Figure 8. 1. Polycyclic aromatic hydrocarbons with two types of benzene rings (I and II)
in pyrene, perylene, and coronene.
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Figure 8. 2. The experimental spectrum (a) and simulation (b) of Li-naphthalene.
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Figure 8. 3. The experimental spectrum (a) and simulations of the ring-I (b) and ring-II (c)
structures of Li-pyrene.
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Figure 8. 4. The experimental spectrum (a) and simulations of the ring-I (b) and ring-II (c)
structures of Li-perylene.
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Figure 8. 5. The experimental spectrum (a) and simulations of the ring-I (b) and ring-II (¢)
structures of Li-coronene.

187



Li-pyrene (C,)

A Pyrene(D,,)
3, —
\
\
\
\
\
\
\
\
=] by \ —
2 VoA —
~ \ \ g Pxya
o \ \ —
\ \ a' ~& !
\ \ R4 T~
v S 2s
\
\ 2a" /
\ ’
\ /
\ U
\ ’
\ ? | /
1a”

Figure 8. 6. An orbital interaction diagram between Li and pyrene

Copyright © Jung Sup Lee 2010

188



CHAPTER 9. SUMMARY OF DISSERTATION

In this dissertation, the spectroscopic and computational studies of 19 different
metal-aromatic and non-aromatic hydrocarbon complexes have been reported. From
ZEKE spectroscopy, the IEs and metal-ligand stretching frequencies of these complexes
were measured. The experimental spectra of the complexes were compared with the
simulated spectra, and molecular structures and electronic states were determined. Based
on the current study, different effects of metal coordination have been identified. In
addition, several trends in the variation of the molecular structures, IEs, and electron spin
multiplicities of metal-ligand complexes have been determined.

The COT molecule is a nonaromatic molecule and has a tub-shaped structure.
However, group III transition metal (Sc, Y, or La) coordination converts the structure of
COT to a planar, aromatic structure. This conversion is induced by two electron donation
from the metal to the COT partially filled n orbitals, making the ligand a dianion. The
resulting metal complexes have low-spin doublet ground states. On the other hand,
methylbenzene molecules (p-xylene, mesitylene, hexamethylbenzene) with a planar
benzene ring fold into a boat-like shape due to differential Sc metal binding. Upon Sc
coordination, 7 electrons are redistributed in a 1,4-diene fashion and the five degenerate d
atomic orbitals split into nondegenerate orbitals. Therefore, the Sc-methylbenzene
complexes exhibit low-spin doublet states, although Sc-benzene favors a high-spin
quartet state. In addition, the IEs of these Sc complexes decrease with increasing number
of the methyl groups on the benzene ring, and each methyl group decreases the IE by
about 345 + 88 cm™. In contrast, Ti, V, or Co coordination retains the delocalized
n-electron network of the hexamethylbenzene ring and the metal complexes have high-
spin electronic states. Group VI transition metal (Cr, Mo, or W)-bis(toluene) complexes
exhibit four different rotational conformers with 0°, 60°, 120°, and 180° rotational angles
between two methyl groups, and the 0° rotamer is the most stable one. For the biphenyl
ligand, which has two equivalent benzene rings connected by a single C-C bond, the
metal atom (Ti, Zr, or Hf) binds to both rings and the metal-biphenyl complexes adopt a
clamshell structure. In addition, when two benzene rings are fused linearly (naphthalene),

the metal binds to only one of the benzene rings. However, when the benzene rings are
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fused nonlinearly as in pyrene, perylene, and coronene, metal favors the ring-over
binding site of the benzene ring with a higher n electron content and aromaticity.

The electronic transitions, molecular symmetries, IEs, and metal-ligand stretching
frequencies of the metal-cyclic hydrocarbon complexes reported in this dissertation are
summarized in Table 9.1. The experimental IEs from ZEKE spectroscopy have an
uncertainty of 5 cm™. The theoretical IEs are calculated by taking the energy difference
between the ground electronic states of the neutral and ionic complexes with zero-point
vibrational energy corrections. The calculated IE errors are about 7% for
V-hexamethylbenzene complex and 0.4-4.4% for all other complexes. Overall, the
B3LYP method provides quite good IE predictions on the metal-cyclic hydrocarbon
complexes. More detailed trends of the molecular and electronic structures of the

complexes have been described and discussed in each chapter.
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Table 9. 1. Electronic transitions, molecular symmetries, the IEs (cm™) from the
experiment and calculations, and metal-ligand stretching frequencies of the ionic
complex (cm™) for the metal-cyclic hydrocarbon complexes presented in the dissertation.

Complex Transition Sym. IE M'-L stretch
Rotamer ZEKE® Calc.® ZEKE* Calc.
Sc-COT 'A; < %A, Cs 42263 43831 338 341
Y-COT® 'A; < %A, Cs 40749 41193 300 287
La-COT® 'A< 2A, Cs 36643 38254 278 263
Sc-benzene* AL < %A, Cs 41600 41618 375 336
Sc-toluene® A« %A C 41167 40802 378 378
Sc-(p-xylene) 'A—*A G 40770 40253 378 379
Sc-mesitylene A" 2A" 40505 39998 378 375
Sc-hexamethylbenzene 'A;—2A; G, 39535 38931 400 366
Ti-hexamethylbenzene ‘A—A G 38248 37244 356 347
V-hexamethylbenzene A—C*A ¢ 40364 37402 392 294
Co-hexamethylbenzene A" — A" G 40807 39290 359 341
Cr-bis(toluene)*  0° A —"'A; G, 42807 43221 291 281
60° ‘A—'A G 42747 43189 274 265
120° A—'A G 42747 43183 268 257
180° Ag— Ay Cy 42741 43175 262 258
Mo-bis(toluene)*  0° A—"'A; G, 43522 43309 294 277
60° ‘A—'A G 43448 43268 260 269
120° A—'A G 43448 43271 260 266
180° Ag— Ay Cy 43440 43259 268 266
W-bis(toluene)°  0° A —"A; G 42655 42193 432 296
60° ‘A—'A G 42567 42107 386 288
120° A—'A G 42567 42105 386 288
180° Ag— Ay, Cy 42567 42117 386 288
Ti-biphenyl® B 'A; C, 43845 41919 352 321
Zr-biphenyl® Bi—'A; C, 43343 41874 331 309
Hf-biphenyl® Bi—'A; Gy 43752 42294 300 280
Li-naphthalene A" 2A" 35491 36609 362 382
Li-pyrene A" A" G 35481 36457 374 399
Li-perylene 'A—2A 37530 38409 376 404
Li-coronene 'A'— A" G, 33467 34193 386 402

“The uncertainty of IE values from the ZEKE measurements is about 5 cm™.

®The calculated values are carried out with B3LYP method with 6-311+G(d,p) basis set
unless noted otherwise.

“The calculated values are carried out with B3LYP method with LanL2DZ basis set on
metals and 6-311+G(d,p) basis set on C and H.

From reference®.

*From reference'*.

Copyright © Jung Sup Lee 2010
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