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Abstract

Understanding the Chemistry of Beryllium Using Velocity Map Imaging Spectroscopy
By: Mallory L. Green

Contrary to its small size, beryllium has been known to participate in anomalous bonding,
which disregards periodic trends and can present numerous theoretical challenges. Due to toxicity
concerns, experimental study of beryllium has historically been avoided. However, here we present
the use of a photoelectron velocity map imaging spectrometer, used to provide new information
about previously unexplored beryllium containing anions. For all anions studied, neutral electron
affinities and anion spectroscopic constants were established and the experimental results were
found to be in good agreement with our ab initio calculations.

Each of the species described, herein, exhibited unusual bonding behavior, expected of
beryllium species: BeO- and BeS- were found to sustain a dipole bound excited state, a state where
the parent molecule experiences long range attractions to the departing electron, to form a bound
state 100-200 cm™! below the threshold of electron detachment. The BeF- anion demonstrated
beryllium’s Lewis acidity and ability to participate in closed shell bonding, as the strong dative
bond (Dy > 28460 cmr) between Be ('Sy) and F- (1S,) was found to be supported by back donation
of electron density from the F- to the Be. Also, the confirmation of the ground state geometry of
BeC, and BeC, (T-shaped) demonstrated propensity for covalent bonding of beryllium, even as a
metal, as the bond between the Be and C, subunit, in both molecules, was found to be polar
covalent with strong electrostatic contributions.

Other small beryllium containing anions, as well as, thorium oxide clusters (Th,O,,’) were
explored using our velocity map instrument. However, resolved spectra could not be obtained for
these species. Indications of hot source conditions, are believed to be hindering the elucidation of
spectra for more electronically complicated species. Inclusion of a cold trap to the instrument will

improve resolution for these species, as well as pave the way for studying Be, and Be, clusters.
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Chapter 1

Introduction



1.1 The Chemistry of Beryllium

An understanding of the chemistry of beryllium has been a sought after endeavor for
many decades. Interest in this element flourished with the pursuit of comprehending the
evolution of metallic clusters from the single molecule to the bulk phase. !-* Propelled by the
advent of nanomaterials, there was, and still is, a desire to determine the onset of metallic
behavior in metal containing clusters. By evaluating the changes in geometry, bond energies, and
the HOMO-LUMO energy gap, it is possible to define the inception of metallic character. !

Beryllium and Be, (n =2,3/4,...) clusters were expected to be an ideal candidate for
studying metallic evolution. Given beryllium has only four electrons, it can easily be treated with
a nonrelativistic Hamiltonian, suggesting theoretical analysis of beryllium containing molecules
would be relatively straightforward. Also, due to it’s small atomic size, Be, clusters can be
studied through spectroscopic methods with enough resolution to provide geometric information.

The evolution of behavior in beryllium clusters is believed to be non-monatomic, given
the bond energy of the simplest pure beryllium cluster, the beryllium dimer (Be,) has been
experimentally determined to be quite weak (D.=929.7 + 2.0 cm™), ® whereas the melting point
of bulk beryllium metal is quite high (1287 °C), indicating a much stronger bond between
beryllium atoms. Theoretical work on the small Be, clusters (n= 2-6) has demonstrated an
increase in average bond dissociation energy with increase in cluster size. !¢ This correlation
was attributed to an increase in many-body interactions within the larger cluster sizes.
Additionally, an increase in sp hybridization for the larger clusters was evident. !

Hybridization is a common phenomenon for beryllium-containing molecules, due to the
near degeneracy of the 2s and 2p atomic orbitals of the beryllium atom. Hybridization enables

this effectively closed shell species to engage in covalent bonding. Due to beryllium’s high



ionization energy and small atomic radius, the degree of this covalency is often much higher than
its Group IIA counterparts. For example, of the Group IIA hydroxides (MOH), only beryllium
hydroxide (BeOH) exhibits a bent geometric structure, indicating covalent bond participation. '©
The other alkaline earth hydroxides exhibit a linear structure (Mg being quasilinear), indicative
of ionic bonding of the form M*(OH).

Due to beryllium’s unique characteristics, it has been known to participate in numerous
anomalous bonds, which are, also, of considerable theoretical and experimental interest.
Beryllium has been shown to be a strong Lewis acid, leading to predictions of beryllium
containing molecules, like BeO, to be able to bond noble gases. '!:2 It has also been thoroughly
investigated for the binding and storage of transient molecules, CO and H,. '*!7 Also, it’s Lewis
acidity is thought to provide acidity enhancement to some species, to modulate reactivity. 52!
Because beryllium is able to accommodate extra electron density within its 2p orbitals, there
have been recent studies investigating the possibility of this element forming double and triple
bonds, which has not been shown for any other s-block metal. >*?* Additionally, beryllium is
being pursued as a building block for a new class of “super” molecules, known as
superhalogens. 2526

Despite the numerous theoretical work that has been attempted in elucidating the
chemistry of this element, one concern has been revealed: Although beryllium appears to be a
simple system for theoretical investigation, it suffers complications which prevent a
straightforward analysis, such as static and dynamic correlation effects. Static correlation arises

from the mixing of determinants to fully describe the wavefunction (‘¥) of the molecule, whereas
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Figure 1.1. Potential Energy Curves (PECs) of the Be, dimer, at different levels of theory, using a

consistent basis set. Reprinted from Ref [1]

dynamic correlation describes the movement of electrons to avoid interactions with other
electrons. Both forms of correlation require treatment beyond the Hartree Fock level, increasing
the difficulty of characterizing molecules containing this element.

The need for correlation treatment has been determined to be necessary for even the
smallest beryllium species. The Be, dimer is an example of a deceptively simple beryllium
molecule, containing only 4 valence electrons, which has a history of disagreement among
theoretical chemists regarding the nature of its bond. !%-28-3! Initially, all the Group I1A dimers
were thought to be unbound, due to their atomic closed shell nature. However, the discovery of

Mg, by Balfour and Douglas in 1970 sparked the search for the other homonuclear alkaline earth



dimers. '° It was initially assumed that the Group IIA elements would follow the bond energy
trend of their more purely covalent counterparts in Group IA. The alkali metals (Li-Cs) showed a
clear increase in dissociation energy (D.) with increase in atomic number. The experimental
determination of the dissociation energy of Ca, (D, = 1095.0 cm™!) supported this hypothesis, as
the dissociation energy of Mg, was much lower (D.=403.0 cm™) . Given the low dissociation
energy of Mg, with respect to Ca,, it was expected that Be, would be an unbound system.

At first, lower level calculations seemed to support this theory, as Be, was predicted to be
unbound at the Self Consistent Field (SCF) level of theory. ! However, as higher levels of theory
began to be employed to characterize Be,, it was clear conclusions about the nature of the Be,
bond were not as unambiguous as expected. Figure 1.1 shows the predicted potential energy
curve of Be, at various levels of theory, using an identical basis set. As previously stated, SCF,
as well as the configuration interaction method (CI), FV-CASSCEF (full valence-complete active
space SCF), predict the ground state of Be, to be unbound. The pertubative Mgller-Plesset
method (MP2), and the coupled cluster method with single and double excitations (CCSD) show
a stronger interaction, albeit still weak, suggesting a van der Waals interaction between the two
atoms, similar to the noble gas dimers. The higher level methods, coupled cluster with
pertubative triples (CCSD(T)), multireference configuration interaction (MRCI) and MRCI with
Davidson correction (MRCI+Q), all predict a bound ground state of Be, Comparison to the, long
awaited, experimental determination of the dissociation energy of ground state of Be,

(De =929.7 £ 2 cm™), confirmed the MRCI+Q prediction was the most accurate.

It is important to note the performance of Density Functional Theory (DFT) for studying

beryllium clusters, as it will be necessary to employ more cost effective theoretical methods to

the understanding of metallic clusters as cluster size increases. As demonstrated in Figure 1.1,



DFT accurately predicts the ground state geometry of Be,, but greatly overestimates the D.. This
circumstance of proper prediction of geometries, but overestimation of the bond energy by DFT
was also found for Be,*, Bes, Bes, and Bes. However, there are indications that DFT methods
begin to perform better with larger cluster sizes. '3

The varied results of different theoretical methods, as shown in Figure 1.1, make evident
that the study of the bonding in Be,is very sensitive to correlation treatment. Other small
beryllium molecules have exhibited similar sensitivities. Beryllium monocarbide, BeC, is known
to have a very multiconfigurational ground state. '© BeOBe is another case of closed shell species
(Be and BeO) interacting. This molecule’s ground state assignment of either singlet or triplet
depends heavily on the theoretical method used. '° Also, BeH- is well defined by a single
determinant at its equilibrium point, and its dissociation limit. However, BeH has midrange
multiconfigurational character, due to the switch of localization of the extra electron, on the
beryllium atom at the point of association (HBe) and on the hydrogen atom at the point of
dissociation (Be + H") . ** The theoretical challenges encountered while studying these small
molecules have brought the field a new motivation: Beryllium-containing molecules can be used
to refine current high level theoretical techniques, in terms of correlation treatment, without
further complications, such as relativistic effects, given their small size.

In order to use beryllium molecules to verify the robust nature of theoretical techniques,
it is necessary to provide experimental confirmation of the electronic structure of such
molecules. Experimental studies of beryllium species are often limited due to the toxicity of this
metal, which makes handling of the material quite intimidating. Few experimental studies have
been conducted on beryllium containing species. Those limited studies include mass

spectrometry studies, ** matrix isolation studies, '''> and gas phase studies of neutral and cationic



beryllium molecules. *!° Although mass spectrometry allows us to see what kind of clusters we
are able to form, unless it is coupled to a spectroscopic technique, we are not provided any
energetic information of our molecules. Many have been successful in generating small
beryllium containing molecules in rare gas matrices. '''> However, due to interactions that can
occur between the molecule of interest and the matrix environment, experimental results can be
skewed from their true “isolated” behavior, limiting the comparison to ab initio methods. Also,
matrices are known to inhibit the rotation of molecules confined within the matrix. Rotational
restriction limits the amount of geometric information that can be gathered about the probed
molecule.

Gas phase studies of beryllium containing molecules are the most appropriate for direct
comparison to theoretical methods. Successful cases include stimulated emission pumping (SEP)
to determine the D, of Be, ° and laser induced fluorescence (LIF) of BeOBe to confirm the
ground state assignment of 'X+. 19 Also, pulsed field ionization- zero electron kinetic energy (PFI-
ZEKE) photoelectron spectroscopy has been used to determine the ionization energy of the Be,
neutral molecule, and provided accurate spectroscopic constants of the cation, Be,*. ! There has
been almost no work conducted on beryllium anions in the gas phase.

The limitations of conducting these gas phase studies are often mass selectivity, and
spectral congestion due to density of states. In the study of neutral species, it is impossible to
separate the different neutral molecules, without ionization to form charged species, which can
then be mass separated using electric fields. However, ionization often prevents spectroscopic
analysis of the parent neutral species. Also, many of these spectroscopic methods require
excitation into higher excited states for characterization. As the cluster size increases, so does the

number of states. It can, therefore, become very difficult to deconvolute the spectra of more



complicated molecules. A spectroscopic technique that can circumvent these pitfalls is anion

photoelectron velocity map imaging spectroscopy (aPES-VMI).

1.2 Advent of Photoelectron Velocity Map Imaging Spectroscopy

Velocity map imaging spectroscopy of anions is a high resolution variant of anion
photoelectron spectroscopy (aPES). In aPES, mass selected anions are intercepted using a fixed
frequency laser. If the photon energy of the laser (hv) exceeds the binding energy of the electron

(eBE), the electron will be photodetached, leaving behind a neutral molecule:

aBave Equation 1.1
Due to conservation of energy, the energy not absorbed by the anion to induce photodetachment
is imparted to the leaving electron as kinetic energy (eKE):

eKE = hv — eBE Equation 1.2
By recording the eKE of the detached electron, Equation 1.2 can be rearranged in order to
determine the eBE, giving the transition energy for A- 2 A. The resulting information provides
the electron affinity (EA) of the neutral species, information about electronically excited states,
and in best case scenarios, vibrational information. An electronic scheme of this process can be
found in Figure 1.2.

Anion PES is a very robust experimental technique. Given its feasibility is only
restricted by the ability of the molecule of interest to initially form an anion, and the accessibility
of the EA of the molecule by conventional lasers, it has been used to explore a range of systems,
including biomolecules, 3¢ neutral transition states, *°4° and size-selected clusters. 44> Although

this technique’s versatility is immense, it has been known to suffer from poor collection

efficiencies, and poor resolution.



The first aPES experiments were conducted using a intracavity, continuous wave (cw)
Ar laser, with a hemispherical energy analyzer to measure the eKE. “¢* Although this
experiment’s flexibility to coupling with numerous ion sources was useful in determining the

EA’s for many small species, it was limited by the photon energy produced by the laser. When

Neutral (A) + — )

fixed hv

tunable hv

L

accessible
detachment
eKEs

— eBE

Anion (A")

aPES aZEKE aPES-VMI
Figure 1.2. Energy diagram of the aPES, aZEKE, and aPES-VMI

pulsed laser systems producing higher energy photons became available, the field of
photoelectron spectroscopy expanded, and time of flight (TOF) detection became popular. Both
field free TOF and magnetic bottle TOF were used to record electrons upon detachment. #°-°
Field free TOF provided reasonable resolution (5-10 meV), but only a small fraction of the
photodetached electrons were recorded, leading to very low collection efficiencies. Magnetic

bottle TOF collected a wider angular distribution of photoelectrons produced, but the decrease in
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resolution due to Doppler broadening could produce features with resolution as low as in the keV
range.

The significant increase in resolution for neutral species using a new technique known as
zero electron kinetic energy (ZEKE) spectroscopy, sparked the search for a similar method for
the use of anions, known as anion ZEKE (aZEKE). In aZEKE, an anion is mass selected and
intercepted with the output of a pulsed laser. Instead of using a single photon energy well above
the threshold of detachment for all detachment channels, as is used for aPES, aZEKE uses a
tunable laser source that can be stepped in very small increments (see Figure 1.2). Like aPES,
when the anion packet is intercepted by the laser, electrons are photodetached, but in aZEKE,
there is a time delay to allow for the spatial separation of electrons of different eKEs. Only
electrons with eKEs near zero remain in the interaction region, where after the time delay, a
pulsed field is applied to extract the ZEKE electrons for detection. Only when the scanning laser
is resonant with a transition from the anion to the neutral species will photoelectron signal
detected. Given the very narrow eKE range detected in a single experimental shot, the resolution
of aZEKE can be as high as 1 cm!, a factor of 40 times better than the best aPES experiments
mentioned earlier.”!

Although the improvement in resolution of aZEKE over aPES was a major step forward
in the field, there were a few drawbacks to this technique. As previously mentioned, the
photodetachment laser is required to be scanned over a long energy range at very small energy
intervals. Therefore, in order to produce a full spectrum, acquisition times can be very long.
Also, electrons with eKE near zero are susceptible to distortion by stray electric and magnetic

fields, leading to experimental difficulties. Finally, aZEKE is limited in its versatility, due to
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Figure 1.3. Velocity map imaging optical setup.

restrictions to the types of photodetachment processes it can undergo. In aZEKE, the cross

section for photodetachment (o) is constrained by the Wigner Threshold Law:

o « (eKE)!*1/2 Equation 1.3

where [ is the angular momentum of the photodetached electron, with electron kinetic energy
given by eKE. In aZEKE, the eKE of the detected electron is approximately zero. Therefore, the
photodetachment cross section will be negligible for any detachment process, other than where
[=0 (ie. s wave detachment of the electron). For any detachment processes with p-wave or d-
wave type photodetachment, aZEKE cannot be used.”!

Velocity map imaging spectroscopy of anions is a technique known to be able to produce
the resolution of aZEKE, with the flexibility of aPES. 5!52 Velocity map imaging ion optics were
first pioneered by Eppink and Parker in 1997. > A typical velocity map imaging scheme,
modelled after Eppink’s and Parker’s original design, is shown in Figure 1.3. The VMI ion optics

consist of a set of 3 disks (electrodes). The back two electrodes are held at a negative voltage,
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and the front electrode is grounded. The mass selected anions float into the interaction region,
where they are intercepted by a pulsed laser. Electrons are photodetached and extracted down the
TOF axis. The equipotential surface created by the varied voltages of the electrodes causes the
electrons of differing velocities to spatially separate in velocity space, as they travel down the
TOF axis. As the electrons travel down the drift region, they form nested spheres, known as
Newton spheres, where each sphere consists of electrons of the same velocity. As the electrons
continue to travel, the radial separation between spheres increases, until the electron packet is
focused onto a 2-dimensional position sensitive detector. The resulting detector image is a set of
concentric rings, where the radius of a given ring (R;) is related to the velocity of the incident
electron packet (v;) by:

R; = Nv;t Equation 1.4
where N is a magnification factor and ¢ is the time of flight of the electron packet. Given the

kinetic energy equation,

1
KE = Emv2 Equation 1.5

it is possible to determine the relationship between eKE and the radius of a ring projected onto
the detector. Therefore, the innermost ring is comprised of electrons with the slowest velocities
and lowest eKE’s, and the outermost ring is comprised of electrons with the fastest velocities and
highest eKE’s. The end result is a method of separating eKE’s spatially as opposed to
temporally, which leads to a higher resolution detection of molecular transitions.

Due to the position sensitivity of the VMI detection method, it is also possible to extract
information about the photoelectrons’ angular distributions (PADs). A PAD is a function of the
electron distribution, or signal intensity (I), at an angle, 0, with respect to the polarization axis of

the photodetachment light given by:
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0
1(0) = o (1 + BP;(cos6)) Equation 1.6

where o is the photodetachment cross section, P, (cosf) is the second-order Legendre
polynomial, and £ is an anisotropy parameter ranging from f = —1 for a PAD with peak
intensity perpendicular to the photon polarization, and f = 2 for a PAD with peak intensity
parallel to the photon polarization. An electron is detached from an orbital of angular
momentum, /, as a superposition of spherical harmonic partial waves with Al = +1. The PAD is
a representation of the interference of these partial waves, and can, therefore, be used to exact
information about the angular momentum of the parent molecule.

In comparing VMI techniques with other experimental methods, VMI offers many
advantages. Collection efficiencies of VMI experiments are ~100%, surpassing the high
resolution aPES TOF methods. Selection rules are relaxed due to conservation of energy by the
electron (ie. no need for electronic selection rules), and the eKE for a given transition can be
adjusted through tuning the photon energy to avoid complications with the Wigner threshold law.

Energy resolution for a simple 3-electrode VMI set up (as shown in Fig. 1.3) has been

AeKE
eKE

determined to be a function of the eKE, as = 3%, leading to a resolution limit for slow

moving electrons of a few wavenumbers.

Additionally, the field of VMI imaging continues to grow, as new techniques are
developed to further improve the resolution of the instrumentation. Many scientists have
transitioned from the original 3-electrode VMI design, to an electrode scheme incorporating
more charged plates, to further improve focusing of the quantized eKE’s onto the detector. >* As
the resolution of the final spectrum is a function of the eKE of detached electron’s the Neumark
group at Berkley university uses low extraction voltages and images only slow moving electrons

(<1000 cm™) in small energy intervals to form a final composite high resolution spectrum in a
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technique known as slow electron velocity map imaging (SEVI). 5! Furthermore, resolution has
been improved with the inclusion of cryogenic cooling of anions before detachment. > The
incorporation of these improvements should only make the study of clusters with high density of

states more accessible.
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2.1 Experimental Overview

The construction of the anion photoelectron velocity map imaging instrument has been
described elsewhere. ! In this section, the current instrumental setup will be detailed, as it
pertains to studying small beryllium-containing anions. Figure 2.1 shows the current
configuration of the instrument, and can be divided into three regions, or chambers.

In the first chamber, molecules are produced using laser ablation of a metallic rod, backed by
a pulsed buffer gas entrained with an oxidant source. The molecules are supersonically expanded
into a time-of-flight mass spectrometer. The anions are accelerated, perpendicular to their initial
trajectory, down the time of flight axis to allow for separation due to their differing mass-to-
charge ratio (m/z).

In the second chamber, perpendicular sets of deflectors allow for the control of direction
and angle of the travelling molecular beam. An Einzel lens is used for beam focusing, and a final
pulsed deflector is used to act as a mass gate.

In the final chamber, anions are photodetached within the VMI interaction region and

voltages on the VMI electrodes allow for the spatial separation of electrons of differing eKEs.
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Figure 2.1. Bird's eye view of current configuration of the VMI apparatus.
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The photoelectron Newton spheres are projected onto the detector and recorded by a CCD

camera. Electronic events are accumulated into a complete image. The accumulated 2D image

can be analyzed to reconstruct to original 3D velocity distribution to create a final spectrum.

The repetition rate of instrument is 10 Hz. Typical trigger settings and voltage settings all

experimental components can be found in Tables 2.1 and 2.2.

Table 2.1. Typical triggered timings of experimental components.

Delay - . .
Generator Channel Component Timing Delay Trigger Width

C1 Minilite Q-switch To + 750-850 us 10 ps

C2 Minilite flashlamp C1 - 150-200 us 10 ps

C3 Ty -- --

C4 MCP? To + 0-1000 ps 15 ns-1000 ps ®
Quantum Cs FL3000 excimer laser* 5 I
Composers - exc;qzie; Zs(c}ar To + 850-950 s 0 ps
(QM) C6 ontinuum Nd: QT 4850-950 s 10 s

switch?
Continuum Nd:YAG

C7 Flashlamp C6 — 250-390us 10 ps

C8 CCD camera To + 570 ps Rising edge
SRS #1 ig Jordan pulse valve To+ 400-550 ps Rising edge
(trigger synced

1 1D = 1C + 200
to C3 on QM) C Mass gate deflector? 1C=2C+ 5-10 ps -

1D ns-1us

2A 2B =2A + 250
SRS #2 B WM-TOFMS repeller 2A =2C -5-20 ps s
(trigger synced

= - 2D = 2 2

to C3 on QM) 2C WM-TOFMS extractor 2C =To +850 C+250

2D 930 us us

* Photodetachment laser, mass gate deflector, and image acquisition timings are all dependent on the ion

of interest and scale with the ion’s specific time of flight.

® Long trigger widths (1000 us) are used to monitor overall molecular signal. Very short trigger widths

(15 ns) are used to discriminate photoelectron signal from general ion signal.
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Table 2.2 Typical voltage settings for various experimental components.

Chamber Location

Component

Voltage

1

WM-TOFMS repeller
WM-TOFMS extractor

-2.10 kV--230 kV
-1.90 kV--2.05 kV

V, deflector 0--20V
V, deflector 0--4V

5 H, deflector Not in use
H, deflector Not in use
Einzel lens 7155V
Mass gate deflector -10--50 V
VMI repeller -350 V
VMI extractor 2536V

3 MCP low voltage 800 V -900 V
MCP high voltage 1.65kV -190kV
Phosphor screen 485 kV
PMT -500 V

2.2 Laser Ablation

Laser ablation is a widely used method for the generation of molecular clusters in the gas

phase, including ionic metallic species.> Compared to other techniques, such as discharge and

thermal methods, generation of clusters through laser ablation requires less extreme working

conditions, which could lead to difficulties in cooling of the molecules. Also, laser ablation is

well suited to pulsed experimentation, as it is inherently a pulsed process. Laser ablation

techniques have been employed in many anion photoelectron spectroscopy experiments, with

favorable results. For these reasons, this technique was determined to be a sufficient method of

producing our anions of interest.
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Figure 2.2 Diagram of the laser ablation setup, located in chamber 1.

A diagram for the laser ablation setup used in this experiment can be found in Figure 2.2.
An ablation block, is mounted to the face of a RM Jordan pulsed supersonic valve (PSV-C211).
This pulse valve produces pulse widths of 40-60 us, a relatively short pulse duration which
allows for the balance between necessary collisional cooling of the molecules, and avoidance of
accidental detachment of our anions. Adjustments to the pulse duration can be made by tuning
the current supplied to the top spring and return conductor of the pulse valve. Additionally, the
timing of the pulse is controlled through a connected delay generator.

The gas channel of the pulse valve is aligned to the main reaction channel axis of the
ablation block. Aligned perpendicular to the main channel, in the vertical direction, lies a much
larger opening, containing our metallic rod. Rods are very common metallic targets used for laser
ablation, as they are readily machined, and provide a smooth surface to ensure consistent signal

production. In order to preserve rod uniformity over time, the rod is continuously translated and
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rotated using a dual stepper motor arrangement. Consistent movement of the rod has the added
benefit of preventing clogging of the block in short intervals of time, which would be detrimental
to our data acquisition.

A final channel, aligned perpendicular to both the main channel and the rod channel, is
used to guide the laser output to the molecular target. The laser used for ablation of material is a
Minilite Nd:YAG laser. We have found the use of either the fundamental (1064 nm) or the
second harmonic frequency (532 nm) to be sufficient for producing our molecules of interest.
We have not observed a significant difference in signal generation between the two wavelengths.
However, laser power has been found to have a much more obvious effect on our molecular
densities. As such, we have found powers ranging from 8-30 mJ to produce sufficient densities,
depending on the anion of interest.

A focused laser pulse vaporizes the surface of the metal rod, creating a vapor of neutrals,
charged particles, and electrons in the main channel. Helium buffer gas, containing a molecular
target we wish to interact with the ablated metal, is pulsed down the main channel, over the
ablated material. The buffer gas entrains the ablated vapor, and as it flows down the main
channel, metallic clusters form, the molecules are collisionally cooled and electron attachment
occurs. As the molecules exit the ablation block, they are further cooled by supersonic jet
expansion.

The cooling of anions is necessary, as it reduces spectral congestion, by narrowing
rotational contours, and eliminating hot band structure. This reduction becomes exceedingly
important as the size of your molecular cluster increases. The use of cryogenic ion traps have
been demonstrated in the literature to aid in the study of many complicated species. For example,

the Neumark group has combined cryogenic cooling with SEVI to obtain energy resolution down
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to 2-3 cm! FWHM for molecular systems.* As the ongoing motivation for this project is to
develop efficient methods to study larger beryllium clusters, plans have been made to implement
a Paul ion trap into the existing experiment. Details on the design of the cold trap can be found in

the dissertation of Amanda Dermer (MS).?

2.3 Mass Separation

Orthogonal to the jet expansion lies the housing of our Wiley McLaren Time of Flight
Mass Spectrometer (WM-TOFMS). 5 The housing of our mass spectrometer consists of a steel
tube, encapsulating the mass spectrometer and the drift region, with a small hole on axis to the
jet expansion, to allow for molecules to enter the acceleration region of the mass spectrometer.
Encapsulation is necessary to prevent electrical discharging of the mass spectrometer plates,

caused by high pressures.

Repeller  Extractor Ground
V=-V V<V I ov
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Figure 2.3. Schematic of the instrument's WM-TOFMS.
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The WM-TOFMS, proposed by Wiley and McLaren in 1955, provided a method of
collecting a full mass spectrum in minimal time, with significant improvement in the resolved
mass range over previous mass spectrometers.’ The WM-TOFMS employs a dual field source to
temporally separate ions of different masses. The use of dual electric fields has been shown to
allow for mass resolution for masses above 300 amu. Additionally, the added spatial focusing of
the ion packets by the WM-TOFMS, improves the overall focusing of the electrons onto the
detector after photodetachment. (See Section 2.5).

A diagram of our WM-TOFMS can be found in Figure 2.3. The WM-TOFMS consists of
3, equally spaced, circular metal electrodes: a repeller, extractor, and a ground. The voltages of
the repeller and extractor electrodes are typically set to -2.16kV and -2.0 kV, to provide 1 amu
resolution for masses up to 100 amu. Adjustments can be made to the relative voltage difference
between repeller and extractor to resolve a range of greater mass peaks (see Section 7.4). Each
electrode contains a 1 in diameter center hole, covered with a 95% transmittance copper mesh.
The copper mesh acts to form a consistent electric field through the electrodes, to prevent spread
of the molecular packet off of the TOF axis. The final ground plate prevents electric field
bleeding into the field free drift region of the instrument. The molecular plume enters the mass
spectrometer between the repeller (back) and extractor (middle) electrodes. The pulsed voltage
on our repeller and extractor electrodes accelerate our anions down the axis of our instrument,
where they spatially separate along the TOF axis, based on their masses. Focusing of the
molecular packet through our spectrometer has been improved by introducing a slight time delay
(~ 10 ns) between the voltage pulse on our repeller and extractor plates.

As the anions travel through the electric field, the change in voltage (AV) between the

repeller (~2.2 kV) and the extractor (~2.0 kV) causes the ion of charge, q, to acquire kinetic
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energy, E, such that, E = AVq. Given the relation between a particle’s kinetic energy and its
velocity (E, = % mv?), we can derive a relationship between the change in voltage and the

velocity of a particle (v), given the particle’s mass, m, in our experiment by Equation 2.1.

V= ﬂ Equation 2.1

m

With this equation, it is possible to see that the time (¢) required for an ion to travel down a field
free drift region, d, is directly proportional to the square root of the mass of the ion, vVm , given
that v = d/t. This relation allows us to infer the masses of peaks knowing the mass and timing
of one peak. If the identity of more than one peak is known in the spectrum, it is possible to
generate a second order polynomial calibration curve, as shown in Figure 2.4. A comparison of
these two calibration techniques can be found in Table 2.3. Both calibration methods are
sufficient at predicting lighter masses, specifically, masses close to our calibration species, sulfur
anion (S°). However, the predicted masses of the increasingly slower peaks (ie. heavier
molecules) begin to deviate from their true value, using Method 1. Using the timing (t,) and the
mass (m;) for S-in calibration method 1, the predicted mass for species of only 60-70 amu are
shifted by 1 amu. A full calibration curve (Method 2), including high mass data points,
accurately predicts heavier masses above 70 amu, within a single amu accuracy. Given our need
for species selectivity, it is imperative to know the mass of our peaks down to a single amu, to

allow for correct characterization or our molecules.
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Figure 2.4 Sample mass spectrometer calibration curve, obtained using peak timings of known masses.

The 2" order polynomial function can be used to fit unknown peaks (see Column 3 of Table 2.3). The

WM-TOEFMS voltage settings for this sample calibration are Vg = -2.16 kV and Vg =-2.01 kV.

Table 2.3. Mass predictions by two methods: Method 1 (Column 2): Ratio of mass timings using the mass
and time of flight of S~. Method 2 (Column 3): polynomial fitting of mass to timing ratios, using a wide

range masses of known species.

Mass predicted by )

ty Mass predicted by
Timing (US) &, * v (amu) *  Cylibration Curve (amu) Actual Mass (amu) Species ®
24.04 32 32.04 32.00 S
20.86 24.09 24.02 24.00 G
21.30 25.12 25.06 25.00 BeO
21.70 26.07 26.02 26.00 BeOH
24 .40 32.97 33.03 33.00 BeC,
27.17 40.88 41.07 41.00 BeS
31.70 55.64 56.12 56.00 C,S
36.20 72.56 73.37 73.00 BeS,
37.56 78.11 79.05 79.00 Br
38.03 80.08 81.06 81.00 81Br

*t; and m; are defined by S

> Assumes charge, z = -1
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Figure 2.5. Arrangement of the ion optics present in chamber 2.

2.4 Molecular Packet Guiding

As has been previously mentioned, the focusing of the molecular packet into the VMI
region is crucial for the resolution of our final electron image. In addition to the spatial focusing
of the WM-TOFMS, 2 sets of deflector plates and an Einzel lens are present in the second
chamber to aid in guiding the trajectory of the molecular packet, and improve focusing into the
VMI region for detachment. A diagram of these ion optics can be found in Figure 2.5. As the
molecular beam moves through the second chamber, it passes through two sets of perpendicular
deflectors, which allow for vertical and horizontal adjustment of the molecular packet. By
incorporating two sets of deflectors, we are able to control both the angle and position of the
molecular packet as it continues to travel down the TOF axis. An Einzel lens is used to focus our
molecular packet into the photodetachment region, located in the third chamber. Unlike the mass
spectrometer, there is no advantage to pulsing voltages on these ion optics. Therefore, a

continuous voltage is supplied to all electrodes just mentioned.
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Conversely, A final pulsed deflector (not shown in Figure 2.5) is added to act as a mass
gate for admission of molecules into the final chamber. The deflector plate is held at high voltage
with respect to the charge of our ions (-40 to -120 V) to deflect all incoming molecules. Using a
PSV 4150 pulse generator, couple to a high voltage supply, the voltage is rapidly turned off to
allow for the transmission of our molecule of interest to pass into the photodetachment region,
then the voltage is switched back on, to prevent any other molecules from entering the region.
Given that two molecular masses, different by 1 amu, are separated in time by only 0.5 ps, with a
time spread of ~0.01 ps, the fast rising and falling times (<25 ns) of the fast switching pulse

generator were determined necessary to appropriately isolate a single mass.

2.5 Photodetachment and Velocity Map Imaging
Mass selected anions enter the VMI interaction region. They are photodetached by the

vertically polarized output of either an excimer pumped dye laser, or a Continuum Nd:YAG
with, or without, dye laser addition, ranging from UV to near IR light. The lowest resolution of
all laser systems implemented is 0.4 cm!, well within the resolution of our VMI, and, therefore,
not limiting. The laser power required for satisfactory photodetachment is 0.5-10 mJ. High laser
powers can produce more photodetachment processes, but if the laser power becomes too great,
it can cause electron detachment from metal surfaces inside the chamber, referred to here as
“scatter.” This scatter cannot be discriminated from the electrons originating from our molecule
of interest, so it will lead to greater noise in our images. Also, large amounts of scatter generated
can cause damage to our detector, when the MCPs are highly biased. Therefore, use of high laser
power should be cautiously approached.

A detailed description of the implementation and configuration of our VMI spectrometer

can be found in the theses of Dr. Kyle Mascaritolo and Amanda Dermer. '? This section will
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Figure 2.6. Design of the 3-electrode VMI arrangement in chamber 3. Schematic includes VMI setup, as

well as, detector information.

detail the specifics of our instrument configuration as was used for the experiments described in
this thesis. Currently, our VMI spectrometer is modeled after the original Eppink and Parker
design,® and can be seen in Figure 2.6. The VMI consists of three stainless steel circular
electrodes, (from back to front) the repeller, extractor and ground, to form 2 acceleration regions.
A small aperture in the center of each electrode allows for transmission of ions and electrons
through the optical setup. The center hole on the repeller is much smaller (1/8 in) than the center
hole for the extractor and ground electrodes (1 in), as the second and third electrodes allow for
the spread of electrons off the TOF axis. At first glance, the electrode setup may resemble that of

our WM-TOFMS. However, one important difference is the lack of copper mesh covering the
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center apertures of our VMI electrodes. The copper mesh in the TOFMS induces straight electric
field lines, used to constrain molecules to the TOF axis. Conversely, the bent equipotential
surface present in the VMI, due to the open apertures, allows for the spatial separation of
electrons of different kinetic energies, orthogonal to the TOF axis. Another difference worth
mentioning is the voltage supplied to the VMI electrodes is continuous, unlike the TOFMS,
which is pulsed.

Each electrode in the assembly is electrically isolated from one another. The voltage of
the repeller (Vy) is set to -350 V, and the extractor voltage (Vg) is a fraction of the Vg, normally
close to % the voltage (Ve= 0.75*Vy). The repeller voltage controls the magnification of our
image projected on our detector, and the extractor voltage controls the focus of the projection.
When determining the Vi voltage to be used, it is important to consider its susceptibility to stray
electric and magnetic fields, as well as, it’s magnification factor. Using higher voltages for the
repeller can constrain the deflection of the electrons from the TOF axis, effectively allowing for
electrons of a larger range of kinetic energies to be imaged at once. However, if the angle of
deflection is restricted too much, separate eKE’s will be mapped to nearly the same pixel
distance on the detector. Upon image processing, overlapping eKE’s will not be able to be
differentiated, leading to a loss in resolution. On the other hand, using very low acceleration
voltages will allow for distinct separation of eKE’s, that are very close together, but lower
voltage accelerations are more susceptible to stray electric and magnetic fields, which can cause
image distortions. As such, a Vi of -350 V has been found to strike a good balance between
magnification and field immunity for our system.

At Vg =-350 V, the photoelectrons are accelerated down a 66 cm field free drift region.

As the electrons travel down the drift region, they are protected from stray fields by four layers
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of mu-metal shielding. Electrons of the same kinetic energy are mapped to the same pixel

distance from the center of our detector. The resolution of our spectrometer is on par with the
.. . AeKE . . . .
original 3-plate design: :K—E = 3%. The maximum eKE recorded with the given Vg is 4000 cm’!,

with AeKE = 120 cm!: The absolute resolution of our spectrometer is limited due to damage
sustained by the MCP detector. Due to a dark spot present in the center of the detector, the
lowest eKE we can record is 146 cm!. Therefore, the absolute resolution of our instrument is 4

cm!.

2.6 Detecting & Recording Electron Distributions

Photodetached electrons are projected onto a PHOTONIS USA, INC. 75Smm Chevron
stacked microchannel plates (MCP) with a fiberoptic P47 phosphor screen detector. Electrons
can be easily discriminated from molecular signal by reducing the gate of the MCP, to only
allow for the record of photoelectron events incident on the detector. The use of the mass gate,
described in Section 2.4, was found beneficial in eliminating signal for anions with timings
coincident to our electron signal, which could not be removed with simply minimizing the MCP
pulse.

The incident electrons are recorded by an off-axis photomultiplier tube (PMT) and an
IDS UI-2230SE-M-GL Rev. 3 CCD camera (1024 X 768) with 1 inch focal length lens. Both
recording instruments are mounted to a 60 cm black aluminum tube, which is fixed to the
detector flange. The aluminum tube prevents the camera and PMT from recording ambient light,
as well as, provides a way to easily orient the camera, with respect to the detector. To further
reduce ambient light from accidently being recorded by the camera and PMT, the tube is

wrapped in dark wool.



36

The PMT is positioned 10 cm downstream and off axis from the detector screen. It is
used to record signal production in real time. Connected to an oscilloscope, the PMT allows us to
make adjustments to the settings for our laser ablation, mass spectrometer, and ion optics, to
optimize production of our anion of interest. It provides us with the flight time of our molecules
through the instrument.

The camera provides the spatial information required for velocity map imaging
spectroscopy. The camera is oriented on axis to the face of the phosphor screen. When an event
occurs on the detector, it is recorded by the camera, retaining the position information of the
event. The camera is considerably inexpensive (>$1000) and readily integrates into the event
counting program, NuACQ, developed by Arthur Suits. The NuACQ program allows for the
direct control of the camera through the program. The camera is set to externally trigger, by the
rising edge of a trigger off of T, on the QC delay generator (see Table 2.1). A pixel clock setting
of 11 MHz is required to prevent image aberrations from improper binning of the camera signal,
cause by higher pixel clock settings. An exposure time of 654 us is used to captured all events
incident on the detector.

Every experiment cycle, an electron distribution is recorded and stored by the NuACQ
program.” Electron signal is accumulated over many cycles (20,000-500,000 cycles) to form a
complete velocity map image. The NuACQ program allows for raw or centroid image
accumulation. Raw accumulation is a straightforward event counting, whereas centroiding
applies a center of mass calculation to events that cover multiple pixels, lowering the signal point
size to subpixel limits. Reduction of electron spot size improves our image resolution, at a cost to
the acquisition time. Due to the lengthy acquisition times already employed to accumulate raw

images for our instrument, centroiding has not been implemented at this time.
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2.7 Image Reconstruction

When electrons are photodetached from our anions with vertically polarized light, they form
Newton spheres with cylindrical symmetry about the axis of polarization (in this section, this
axis is referred to as the z axis). The projection of these spheres onto the planar detector creates a
ion image, D(z, x), which is a map of the position of all incident electrons. Due to the cylindrical
symmetry about the z axis, it is possible to extract all necessary information about the 3D
projection by simply rotating about the z axis. In order to find the relation between pixel

location and eKE of a given distribution of electrons, it is necessary to construct a velocity map,
F(z,1), where r is the coordinate perpendicular to our z-coordinate, defined as r = \/x? + y?2.

Knowing the velocity map allows for the generation of an expected ion image, A(%ﬁqraaﬁgﬁnig?

an Abel transformation:

A(z,x) ZJOOF( ) rdr
Z,X) = Z, 1) —
. ViZ — x2

However, the velocity map distribution, F(z,7), is not known, and must be determined from the
image. By assuming A(z,x) = D(z, x), it is possible to perform a inverse Abel transformation

on the recorded ion image to determine the velocity distribution map:

-1 (704 dx
F(Z, T') =— POy Equation 2.3
T J, d0x Vx2 —r2

Applications of this method are known to suffer some complications. In reality, as A(z,x) is not
exactly equivalent to D(z, x), many times transformation of the data set will require some pre-
transformation fitting or smoothing. This method is known to break down, leading to a center
line artifact, where noise becomes very high for F(z, r) where r approaches zero. Also, inverse

Abel transformation does not work well on data sets with very little signal.
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(a) Raw Image (b) Reconstructed Image

Figure 2.7. A comparison of an atomic sulfur raw image, after electron signal accumulation (a), and after
the raw image has been processed using MEVELER and reconstructed using Mathematica (b). The

double headed arrow indicated the polarization of photodetachment light.

Instead, we employ a method that bypasses the need for an inverse Abel transformation
and pre-treatment smoothing, known as Maximum Entropy Velocity Legendre Reconstruction
(MEVELER).# In MEVELER, the F(z,7) velocity map is iteratively changed in order to
increase the probability that a generated ion image, A(z, x) will model the data set, D(z, x). The
likelihood
of matching A(z, x) and D(z, x) is based in Bayesian statistics, with an additional consideration
for Poissonian statistics, which dictate pixel event counts. The angular dependence is determined
through an expansion of the velocity distribution in Legendre polynomials, to provide a

straightforward method of determining the anisotropy of our image.
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Detailed explanations of the MEVELER algorithm can be found in other sources. 8
Briefly, the file generated from the NuACQ program (extension = .dat) can be converted into a
text file representing the matrix describing D (z, x). The MEVELER program first applies a
centering algorithm to this matrix, and divides the matrix into four quadrants. The quadrants are
assigned weights and contracted into a single quadrant for MEVELER analysis. It is important to
note that weights can be manually assigned to the quadrants, in order to remove data from being
analyzed, if there are concerns about part of the image’s quality. Additionally, it was found
helpful to also manually set the center, as opposed to using the centering algorithm, when using a
file that only represented a half image.

After applying MEVELER to a data set, an image reconstruction program, created in the
computing system, Mathematica,” can be used to construct a final image of the velocity

distribution. A comparison of a raw image and a reconstructed image can be found in Figure 2.7.

2.8 VMI Calibration

Calibrations of the VMI focusing and VMI eKE to pixel ratio were carried out using the
known transitions of atomic S-. An energetic scheme of the S S atomic transitions and sample
calibration spectrum can be found in Figure 2.8. Sulfur has 6 anion to neutral atomic transitions
in a very convenient wavelength range (577 nm- 614 nm). This wavelength range is easily
accessed by the second harmonic of our Nd:YAG laser (532 nm) and by the highly efficient laser
dye, Rhodamine 590 (Rhodamine 6G), ensuring photodetachment photon generation will not be
a limiting factor. Also, generation of S- anions in our instrument is more than sufficient through
laser ablation of our metallic rod and helium buffer gas seeded with CS,. Together, high laser

fluency and significant atomic generation of S-, allow for relatively expedient calibration.
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For optimization of the VMI focusing, the VMI repeller voltage is held constant, and the
VMI extractor voltage is tuned using a potentiometer in order to improve focusing of the same
eKE electrons to the same radial distance on the detector. The ratio of Vi/Vy is expected to be
approximately 0.75, so for a Vx = -350V, Vg should be close to -262.5 V. Multiple calibration
images are taken at the same photodetachment wavelength (typically ~565 nm), and differing
extractor voltages in the range of -262.5 + 10 V. By eye, it is possible to evaluate the
improvement of focusing by comparing the separation of peaks 3.4, and 5 in the sulfur
calibration spectrum. Ideal focusing has been achieved when these peaks are sufficiently
separated, and further adjustments to the extractor voltage do not lead to further separation of the
three spectral features. Typically, an extractor voltage of -253.6 V is found to produce the best
focusing for Vgx=-350V .

Once optimization of the focusing of the VMI is complete, it is possible to move onto
calibrating the pixel position of discrete eKE’s for a set of VMI voltages. Multiple calibration
images are taken at constant VMI voltages, but varied photodetachment energies in order to
determine the radial pixel displacement for each transition evident in the image. Given the
photodetachment energy (hv) and the atomic transition energies (eBEs) are known, we can
calculate eKE = hv- eBE for each transition. By performing a least squares second order
polynomial fit of the eKE to radial pixel distance from the center of the image, we obtain VMI

calibration parameters.



41

(a) (b)
3})0 Transition Energies (cm!)
S P, 1 17327.376
P, 2 17149.776
3 16842.276
42 1 653 4 16752.976
5 16665.5
2
) ”n 6 16268.676
S )
3/2
17400 Transition Energy (cm’) 16200
(c)
) 4
S =S ‘\
|
I
Il
I
[
I
||
s
2 [
A | 6
1
50 200

Pixel

Figure 2.8 (a) Atomic S~ > S energy diagram. (b) Atomic S- - S transition energies in wavenumbers. (¢)

Sample sulfur calibration spectrum, as a function of radial pixel position as well as transition energy (eBE
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Chapter 3
Photodetachment Spectroscopy of the

Beryllium Oxide Anion, BeO

The contents and figures of this chapter are reprinted or adapted with permission from
Mascaritolo, K. J., Dermer, A. R., Green, M. L., Gardner, A. M., & Heaven, M. C.
Photodetachment spectroscopy of the beryllium oxide anion, BeO~. The Journal of Chemical

Physics, 2017, 146(5), 054301.
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The X?X*— X!'Z* anion to neutral ground state photodetachment of BeO has been studied
by means of photoelectron velocity map imaging spectroscopy in a newly constructed velocity
map imaging spectroscopy apparatus. Vibrational intervals, rotational constants, and the electron
detachment threshold of BeO- were determined for the first time. The small moment of inertia of
beryllium oxide allowed for the observation of partially resolved rotational contours. Analyses of
these contours provided evidence of several detachment channels resulting from changes in the
molecular rotational angular momenta of AN =0, =+ 1, + 2, and £ 3. The relative intensities of
these detachment channels were found to be a function of the electron kinetic energy.

Experimental results are compared to the predictions of high level ab initio calculations.

3.1 Introduction

The chemistry of beryllium is known to be significantly different from the behavior

exhibited by the heavier Group IIA elements. " In part, this is due to the high ionization energy
(9.32 eV) and small radius of Be. As a consequence, the bonds formed by beryllium have
appreciably more covalent bonding character. Theoretical techniques have often been used to
explore Be chemistry, conveniently circumventing the toxicity issues (see, for example, Ref. 1
and the references therein). At first glance, Be seems to be well suited for investigation using
non-relativistic quantum chemical methods. It is a light element with only four electrons.
However, calculations for Be-compounds often prove to be difficult, with the Be, dimer being a
celebrated example.'*?* Problems arise because the bonds involving beryllium can be dominated
by electron correlation, such that they include significant contributions from doubly excited

electron configurations.
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Diatomic beryllium oxide (BeO) is an ideal species for studies of Be bonding. It has been
the subject of both spectroscopic and theoretical investigations.?*® Based on theoretical

calculations, Frenking and co-workers®*-*' have noted that BeO is an extraordinarily strong

Lewis acid, with the ability to attract He with a bond energy of 1500 cm’. This prediction has
been supported by subsequent theoretical studies.**#* Similarly, electronic structure calculations
indicate that the electron affinity of BeO is relatively large (2.1-2.2 eV).*% The electron
binding energy is high enough for the BeO- anion to support both valence and dipole-bound
electronically excited states. The latter are stabilized by the 6.26 D permanent dipole moment of
BeO.* To date, there have been no published experimental studies of BeO-.

In the present work, we have used anion photodetachment spectroscopy to determine the
electron affinity of BeO and molecular constants for the ground state of BeO-. This effort was
motivated by interest in testing the previous theoretical predictions for BeO and to provide data
for further testing and refinement of the quantum chemistry models used for anions. Looking
beyond these immediate objectives, this will be the first step towards studies of larger Be,O,,
clusters by means of anion photodetachment techniques. Studies of such clusters can reveal the
degree of covalency and some of the unique electrostatic binding capabilities of small beryllium
oxide species. For example, theoretical calculations predict that (BeO), clusters can be used as a
lightweight, reversible storage medium for H,.®!*#¢ Hence, in addition to the fundamental science
questions, the work on the oxide clusters relates to potential practical applications of these

materials.
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3.2 Experimental Procedure and Spectrometer Description
The data presented here were recorded using photoelectron velocity map imaging
spectroscopy. The details of the technique have been described extensively in other

publications.*’-* The imaging apparatus used in this study was modified from an existing setup

described elsewhere.” Only the new additions to the current spectrometer are discussed in detail
here.

A diagram of the apparatus used to study BeO- can be found in Chapter 2, Figure 2.1.
Anions were produced in a laser ablation source®' using a beryllium rod target and the focused,
frequency doubled output of a Nd:YAG laser (532 nm, ~8 mJ). This source was coupled to a
pulse valve that delivered 70%/30% Ne/He carrier gas seeded with 2.5% N,O at a backing
pressure of 55 psia. The anions produced by the ablation process were supersonically expanded
into a differentially pumped vacuum chamber, where a Wiley-McLaren time of flight mass
spectrometer (WM-TOFMS),>? in a perpendicular orientation with respect to the direction of the
expansion, was housed. Fast rising, negative pulsed voltages were applied to the repeller and
extractor of the WM-TOFMS by high voltage switches, accelerating the anions into a drift region
to allow for mass separation before reaching the photodetachment region of the velocity map
imaging optics. The resolution of the mass spectrometer was m/Am = 690 at masses around 40
amu.

Along the flight path of the anions from the WM-TOFMS, an Einzel lens and four sets of
deflector plates were used to focus and guide the anions into the velocity map imaging (VMI)
optics. Additionally, a fifth set of deflector plates could be pulsed to act as a mass gate to only
allow the anion of interest to enter the detachment region. One plate of each pair was grounded

while the opposite plate was connected to a dual polarity voltage source.
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Once inside the VMI optics, the mass selected anions were intercepted by the polarized,
focused output of a Nd:YAG pumped dye laser or an excimer pumped dye laser operating at a
photon energy above the detachment threshold of the species of interest. Typical detachment
laser pulse energies were in the range of 0.5-1.0 mJ, with a beam diameter of < 2 mm. The dye
laser linewidths were approximately 0.3 cm! (FWHM). Wavelength calibrations of the lasers
were established using the gas phase absorption spectrum of the B—X transition of room
temperature I,. The absolute energies of the I, lines were taken from the PGOPHER software
package >

The velocity map imaging electrodes were replicated from the original Eppink and Parker
design*® using 1/16 in. thick 304 stainless steel. The photoelectrons produced within the VMI
lens were accelerated down a 66 cm long drift region, shielded from external electric and
magnetic fields by layers of mu-metal, to the detector (Photonis USA, Inc., 75 mm Chevron
stacked microchannel plates (MCPs) with a fiberoptic P47 phosphor screen). Images from the
detector screen were recorded by a CCD camera (Physimetrics UI- 2230SE-M-GL, 1024 X 768).
The photodetached electrons were discriminated from all other charged particles by pulsing the
voltage (gain) on the MCPs at the appropriate arrival time. Individual cycles of the experiment
were recorded and summed over several hundred thousand laser pulses to produce an image. The
final image was saved using the imaging collection software developed by Li et al, called
NuACQ.>* The transformation of the image from velocity space to energy was done using the
Maximum Entropy Velocity Legendre Reconstruction (MEVELER) technique.>® The total
emission of the screen from electron or anion impacts could also be monitored with a
photomultiplier tube positioned off axis from the camera. This mode of detection produced a

TOF-MS spectrum and was extremely useful in the optimization of anion and photoelectron
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production. The repetition rate of the experiment was 10 Hz. All images were calibrated using

the known transitions from the detachment of sulfur anion, S-. 3%

3.3 Electronic Structure Calculations

The ground state electronic configurations of BeO and BeO- are easily anticipated. BeO
is a closed shell ionic species with an experimentally verified X'X* ground state. The unpaired
electron of BeO- resides in an orbital that is primarily of Be 2s character, giving rise to a X X+
ground state. Electronic structure calculations were performed on both the anion and neutral
beryllium oxide molecules. This was done to assist in the assignment of the spectra and to
evaluate the suitability of the chosen electronic structure methods for the treatment of this
prototypical small molecular anion. For both beryllium and oxygen, the aug-cc-pwCVXZ (X =
T, Q, 5) basis sets were employed, denoted by awCVXZ herein. A second set of diffuse
functions was added to these basis sets in order to better describe the diffuse nature of the BeO
frontier orbitals. The exponents of the diffuse functions were determined from an even-tempered
expansion of the two lowest exponent functions of the awCVXZ basis sets. The resulting basis
sets are denoted d-awCVXZ in the following.

All calculations were performed with the MOLPRO suite of programs.>® Potential energy
curves (PECs) were calculated, pointwise, by means of the partially spin adapted coupled cluster
method including single and double excitations and perturbative corrections for triple excitations
(RCCSD(T)), and the complete active space self-consistent field followed by multireference
configuration interaction (CASSCF+MRCI+Q) levels of theory. The PECs are shown in Figure.
3.1. In the RCCSD(T) calculations, all electrons were included in the correlation treatment. The

active space in the complete active space self-consistent field (CASSCF) calculations consisted
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Figure 3.1. Potential energy curves (PECs) of neutral BeO and anionic BeOr .

of the 2s and 2p orbitals of both Be and O, while the “core” orbitals, which are linear
combinations of the 1s atoms orbitals, were constrained to be doubly occupied. Their
wavefunctions were optimized in the CASSCF procedure to aid convergence. For both the anion
and neutral BeO species, all electrons were included in the correlation treatment of the
subsequent multireference configuration interaction with doubles (MRCID) calculation in an
attempt to recover the core-valence correlation energy. The Davidson correction was applied in
order to partially compensate for the size inconsistency of the MRCI calculations. Total
RCCSD(T) and multireference configuration interaction with singles and doubles (MRCISD)
interaction energies were extrapolated to estimate the complete basis set limit using the two point
formula of Halkier et al.® (referred to as d-aV(Q,5)Z). The bound ro-vibrational levels of the
resulting PECs were calculated using the LEVEL 8.0 program.®! The lowest vibrational energy

levels were least squares fit to the standard Morse energy level expression, yielding effective
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values for we and weye . Predictions for the electron affinity were made with the inclusion of the
zero point vibrational energies.

Initially, restricted Hartree—Fock RCCSD(T) (RHF- RCCSD(T)) calculations were
carried out for the expected 22+ ground state of BeO-. Although the T, diagnostic, a commonly
employed test of the degree of multi-reference character of the electronic wavefunction, had
values of 0.022 at internuclear separations in the vicinity of the equilibrium bond length of the
anion (1.3-1.5 A), it increased to 0.04 at an internuclear separation of 1.8 A. Additionally, the
convergence of the RHF wavefunction became unstable at longer bond lengths. Values of the T,
diagnostic lying above 0.04 suggest distinctly the multi-reference character. The T, diagnostic
examines amplitudes of single excitation in the RCCSD procedure, based on a given self-
consistent field (SCF) wavefunction. Large values of the T, diagnostic may be obtained when the
reference wavefunction is a poor description of the electronic state of interest, and therefore large
amplitude single electron excitations are apparent in the more representative RCCSD
wavefunction (note that CCSD calculations using a spin unrestricted reference wavefunction are
not supported by MOLPRO). As an alternative, initial wavefunctions obtained from a B3LYP
(Becke, three-parameter, Lee-Yang- Parr exchange-correlation functional) calculation were used
in subsequent RCCSD and RCCSD(T) calculations. These calculations displayed well-behaved
convergence at internuclear separations of 1-50 A, with values for the T, diagnostic below 0.04
being obtained at internuclear separation between 1.0 and 5 A. This method is referred to as
B3LYP- RCCSD(T) later in Section 3 4.

The results from calculations for both BeO and BeO- are presented in Table 3.1. The
predictions for BeO are in good agreement with previous theoretical predictions and reasonably

close to experimental data. The equilibrium bond length was within the experimental error range,



Table 3.1. Experimental and theoretical spectroscopic parameters for BeO and BeOr. All values are in

units of wavenumbers (cm!), expect R. which is given in Angstroms.

BeO

Exp ® B3LYP-CCSD(T) MRCI
We 1487.32 1493.5 1502.7
WeXe 11.83 11.2 11.6
R. 1.331 1.330 1.329

BeO-

Exp B3LYP-CCSD(T) MRCI
eBE 17535 £ 15 17487 17236
e 1384 = 10 1394.2 1397.6
WeXe 97+2 9.7 10.9
AG 1367 +7 1374.8 1375.8
AGs;), 1348 +5 13554 1354
AGs), 1325 + 10 1336.0 1332.2
AG, 1305 +5 1316.6 13104
AGy), 1287 £5 1297.2 1288.6
AGy 1273 +5 1277.8 1266.8
AGi;3p 1250 £5 1258.4 1245
AGis), 1225 £5 1239 12232
R. 1.364
B. 1.568
Ole 0.017
D. 8.39 x 10°
Pe 6.13 x 107

2Values reported from Ref [26].
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while the harmonic vibrational frequency was slightly overestimated. Our calculations for BeO-

are also in agreement with earlier theoretical studies.**# The additional electron, which primarily
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resides in the Be 2s orbital, causes the bond to lengthen and the vibrational frequency to decrease

by approximately 100 cm'. Lastly, the vertical electron detachment energy is predicted to be in

the range of 17200-17500 cm’ (2.13-2.17 V).

3.4 Experimental Results and Discussion

Figure 3.2 shows photodetachment spectra for BeO- , obtained by analyses of velocity
map images. All of the stronger features in the images yielded near isotropic electron angular
distributions, as can be seen in the reconstructed velocity map in Figure 3.3. The horizontal scale
for these spectra, labeled as transition energy, is the photon energy minus the electron kinetic
energy (eBE =hv — eKE). The traces correspond to images recorded using photon energies of

1811048 cm!, 17733.93 cm’!, 16744.75 cm!, and 16359.34 cm™' , respectively. Note that the

Photoelectron Counts (a.u.)

B

14500 15000 15500 16000 16500 17200 17350 17500 17650 17800 17950 18100
Transition Energy, cm’!

Figure 3.2. Photodetachment spectra of BeO- at photon energies of (A, black) 18110.5 cm’, (B, blue)
17733.9 cm’!, (C, red) 16744.8 cm!, and (D, green) 16359.3 cm!. The transition energy is defined as hv—

eKE.
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1

Figure 3.3. Velocity map image of BeO- = BeO, taken at photon energy, 18110.5 cm™'. The double

headed arrow indicates vertical polarization of light

intensities of the four spectra were scaled for presentation purposes. Comparisons of intensities
for spectra recorded using different detachment energies are not meaningful. However, the
relative intensities of features within a single spectrum are valid.

Traces A and C, combined, show three groups of features. The analysis of trace A, which
was recorded with the highest energy photons, is the most straightforward. Based on the
molecular constants given in Table 3.1, the features in the 17400— 18000 cm! range are
consistent with the Av =0; 0-0, 1-1, 2-2, 3-3 sequence bands. Similarly, the bands in the
16000-16700 cm! range (trace C) are the Av = -1; 0-1, 1-2, 2-3, 3—4 transitions, while the bands
in the 14600-15700 cm™! range are the Av = -2; 0-2, 1-3, ...6-8 transitions. Clearly there was
appreciable population of the excited vibrational states of the anion. Note that the Av =-2
features of traces C and D show more extended vibrational sequence structure than the Av = -1
and O features. Franck-Condon factor (FCF) calculations, based on the theoretical potential
energy curves, account for this behavior. The 0-0 band is predicted to have the highest FCF for

the Av = 0 group, while the FCF maximum for the Av = -2 was for the 3—-5 band. Another
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interesting detail of the Av = -2 bands was the marked difference in the contours of traces C and
D at energies near 15125 cm!. The reason for this anomaly will be considered following the
analysis that yields the electron affinity (EA) of BeO.

The intensity contours of the photodetachment bands were found to be significantly
dependent on the excess energy imparted to the electron (with some random fluctuations caused

by day-to-day variations in the laser ablation source). For example, traces A and B of Fig. 3.2

were recorded using energies that differed by 376.6 cm’. As the photon energy was lower for
trace B, the slightly higher resolution was expected. However, the shift in the peak positions was
not anticipated. Modeling of the rotational contours provided an explanation for this effect. With
higher energy photodetachment, the band contours were dominated by detachment events where
there was no change in the rotational angular momentum (i.e., AN = 0, where N is the Hund’s
case (b) quantum number for the angular momentum, exclusive of spin). When the photon
energy was closer to the detachment threshold, transitions with AN =-1,- 2, and -3 became
increasingly more important. Fig. 3.4 shows an expanded view of trace B, along with a rotational

structure simulation described by the following equation:

I, =P, Z [(v) = Z ApnPyrr j * G[v — vy (v',N',v",N")]o(eKE) Equation 3.1
T

v/ N7V N1t
where v,(v',N',v",N"") is the threshold energy required to detach an electron from BeO in ro-
vibration state v'', N" and produce the neutral molecule in statev’, N'. This energy is defined by
the expression:

vo(v',N",v",N")=EA+ E(W,N)—-EW",N"), Equation 3.2

where EA is the electron affinity of BeO and the ro-vibrational energies are given by

E(W,N) = w,v — 0 xev(v + 1) + B,N(N + 1) = Dy(N(N + 1))°.  Equation 3.3
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Each transition was assigned a Gaussian line shape

21

Glv—v,] = — T eXP —2(

v— vo)z] Equation 3.4
r

with a linewidth of Av (FWHM) and I = Av/2In2. P, yir is the ro-vibrational Boltzmann

population distribution function for the anion ground state. A,y is an intensity scaling constant

for transitions with like changes in the rotational angular momentum. Lastly, o (eKE) is a

Wigner threshold law factor ¢ simplified here as o (eKE) = eKE l’%, where eKE is the kinetic
energy of the ejected electron. o was implemented in Equation 3.1 to simulate the overall
intensity profiles of the images.

A value of [ = 2 was found to best represent the intensity profiles based on experimentally
reasonable values found for Ay and P, v . We do not attribute a physical meaning to / and
consider it to be no more than a convenient model parameter. However, [ = 2 does have the effect
that there will be almost no signal from photodetachment processes that are very close to
threshold. Consequently, transitions where the electron kinetic energy can be increased by
transferring rotational energy from the molecule (negative AN processes) will become favored as
the energy threshold for the AN = 0 processes is approached. The input data for the simulation
consisted of the literature values for the molecular constants of BeO, and BeO- rotational
constants derived from our theoretical calculations (Table 3.1). The vibrational term energies of
BeO-, the electron binding energy, and the rotational temperature were treated as variable
parameters. As indicated in Fig. 3 4, the sharpest features of trace B corresponded to the P- and
Q-branch band heads, with a lower energy feature arising from the O-branch band head.

The rotational temperature of this simulation was 750 K.
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Figure 3.4. Photodetachment spectrum (solid, black) and simulation (dashed, red) of the Av =0 region of
BeO versus transition energy. Detachment photon energy = 17733.93 cm!. Transition energy is defined
as hv—eKE.

The contours of the Av = -1 sequence bands, recorded using a detachment photon energy of
1674475 cm!, were consistent with predominantly AN = 0 transitions, as were the Av = -2
bands. However, the 0 — 1 band AN = -2 feature is observed near 16070 cm'. The intensity

pattern for this Av = -1 group was quite similar to that of the Av = 0 sequence bands, as they
appear in trace A. Note that the electron kinetic energies (energies above observed thresholds)
probed in traces A and C were comparable. Likewise, when using photon energies close to
threshold (traces B and D), the resulting images have similar rotational contours.

Simulations, like that shown in Fig. 3.4, were carried out for all four traces shown in Fig.
3.2. The most important fitting parameters were the anion vibrational term energies, the electron
affinity of BeO, and the rotational temperature. These fits defined an electron affinity

(detachment threshold) of 17535.15 cm™ (2.1741 £ 0.0019 eV) and the anion vibrational
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intervals listed in Table 3.1. Rotational temperatures between 600 and 750 K gave reasonable
simulations. The rotational constants from the ab initio calculations (Table 3.1) were consistent
with the observed spectrum and could not be further refined due to the limited resolution of the
experimental data. It is believed that the calculated anion rotational constants are close to the true
values based on the good agreement between the theory and experiment in the AG,,;, values and
the electron affinity. Previous theoretical predictions from Jordan and Seeger® (2.162 eV) and
Gutsev et al.* (2.15 eV) are also in agreement with the measured electron affinity.

Lastly, we return to the intensity anomaly exhibited near 15125 cm! within the Av = -2
group of trace D. The anomaly corresponds to the 2—4 band and it is most likely caused by the
accidental excitation of the BeO- (v = 3) dipole bound state, which autodetaches to produce the
BeO (v = 2) product. Using the above values for the EA and vibrational constants of BeO, we
find that 16359 cm! excitation from BeO- (v = 4) will terminate 180 + 20 cm™! below BeO (v =
3). This energy interval is consistent with the theoretical estimate** of 199 cm for the binding
energy of the electron in the first dipole bound state of BeO-. Similar intensity anomalies, caused
by the excitation of dipole bound states, were reported by Dao and Mabbs® in their study of the

photodetachment spectrum of AuF-.

3.5 Conclusions

The X?X*— X!Z* electronic transition of BeO- was studied by means of photoelectron
velocity map imaging spectroscopy. The detachment threshold (electron affinity) and vibrational
and rotational constants of BeO- were determined for the first time. Ab initio electronic structure
calculations were in good agreement with the experimental results. The electron detachment

characteristics were found to be dependent on the electron kinetic energy. For near threshold
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detachment, channels involving multiple quanta changes in the rotational angular momenta had
significant cross sections. These channels diminished as the detachment photon energy was

increased, leaving AN = 0 as the dominant channel.
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Chapter 4

Photoelectron Detachment Spectroscopy
of the Beryllium Sulfide Anion, BeS-

The contents and figures of this chapter are reprinted or adapted with permission from

Dermer, A. R., Green, M. L., Mascaritolo, K. J., & Heaven, M. C. Photoelectron Velocity Map
Imaging Spectroscopy of the Beryllium Sulfide Anion, BeS—. The Journal of Physical Chemistry
A, 2016, 121(30), 5645-5650.
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Slow electron velocity map imaging (SEVI) spectroscopy was used to examine the BeS-
anion to neutral ground-state transition, X 22+ — X '2*, Rotational constants, vibrational
intervals, and the electron binding energy of BeS- were determined. Partially resolved rotational
contours were seen due to the relatively small moment of inertia of beryllium sulfide. Upon
analysis of the rotational contours, it was found that changes in the molecular rotational angular
momentum, AN = -1, -2, -3, and —4, facilitated photodetachment at near-threshold photon
energies. The electron affinity of BeS was found to be 2.3346(2) eV. SEVI spectra recorded
using photon energies near the threshold for Av = —1 processes exhibited features that were
associated with a dipole-bound state (DBS) of BeS-. Autodetachment spectroscopy was used to
probe this state, and rotationally resolved data were obtained for the DBS 22+, v' =0 — X 22+, v" =
0 transition. Analysis of this structure provided the rotational constants for BeS- X, v" =0, and
the electron binding energy of the DBS. Electronic structure calculations, performed at the
RCCSD(T) and MRCI levels of theory, gave predictions that were in good agreement with the

experimental observations.

4.1 Introduction

Diatomic beryllium compounds provide opportunities for investigations of the unusual
bonding characteristics of this element.'”” We have recently examined the BeO- anion* using the
technique of slow electron velocity map imaging (SEVI) spectroscopy.®® Neutral BeO is known
to be a strong Lewis acid,'*!! and its electron affinity was found to be 2.1741 £ 0.0019 eV. The
additional electron of BeO- resides in an antibonding orbital that is primarily a mixture of Be
2s/p, and O 2s/p, hybrid atomic orbitals. Population of this molecular orbital resulted in a slight

lengthening of the bond and a decrease in the vibrational frequency. Another point of interest for
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BeO- was the observation of an electric dipole-bound electronically excited state. BeO has a
relatively large electric dipole moment (6.26 D) that is sufficient to bind an electron via the
charge—dipole interaction.!? The binding energy for the dipole-bound state (DBS) was found to
be 180 + 20 cm™!, validating an earlier theoretical estimate of 199 cm™."3 Comparisons between
beryllium oxide and beryllium sulfide (BeS) are of interest, as they yield insights regarding
periodic trends. BeS is a potentially useful material for optoelectronic and microelectronic
applications. The bulk solid has a wide band gap (~4.26 eV), making it suitable for the
production of blue-green laser diodes.!*!> Theoretical studies predict that solid BeS may be used
for the reversible storage of hydrogen.!® Furthermore, it is predicted that diatomic BeO!*!” and
BeS can form remarkably robust physical bonds with rare-gas atoms. Experimental evidence
supporting the latter prediction has been provided by studies of matrix-isolated BeO'® and BeS.!8
There have been several spectroscopic and theoretical studies of BeS.!6:1820-27 The X 1>+
ground state has been characterized by means of electronic spectroscopy.>>?* Electronic structure
calculations have been used to predict the properties of the ground and lower-energy excited
states.?0=24 Of particular interest for the present study, the calculated electric dipole moment for
BeS is ~5.0 D% This dipole moment is large enough that the BeS- anion is expected to support
at least one DBS. To date, there have been no published reports of experimental or theoretical
studies of BeS-. In the present work, we examined the anion by means of SEVI and
autodetachment spectroscopies. These measurements provided the electron affinity of BeS and
vibration—rotation constants for the X 22+ ground state of the anion. A DBS, located ~140 cm™!
below the electron detachment threshold, was characterized by means of both SEVI and
autodetachment techniques. Theoretical calculations for BeS— were performed using coupled

cluster and multireference configuration interaction methods.
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4.2 Experimental Methods

A complete description of the instrumentation used for these experiments is provided in
ref 4, and a summary of details specific to BeS is provided here. Beryllium sulfide anions were
formed via pulsed laser ablation?® of a Be rod in the presence of He (25 psia) seeded with CS,
(room temperature vapor pressure). Ablation was accomplished using the second harmonic of a
Nd:YAG laser (532 nm) operating with a pulse energy of ~8 mJ. The ablation products were
supersonically expanded into a differentially pumped vacuum chamber that housed a
Wiley—McLaren time-of-flight mass spectrometer*®* (WM-TOFMS). The axis of the mass
spectrometer was perpendicular to the direction of the supersonic expansion. Within the mass
spectrometer the anions were accelerated into a drift region, where they were directed by an
Einzel lens and four sets of deflector plates. A fifth set of deflector plates could be used as a mass
gate for selection of the anions of interest.

The anions were directed through the center of a velocity map imaging lens. This 3-
electrode component was modeled after the design of Eppink and Parker.*! Photodetachment of
BeS- was induced by the focused beam from a tunable dye laser (both Nd:YAG and excimer
pumped dye lasers were used in these measurements). The laser beam was propagated along an
axis that was perpendicular to the direction of the anion beam. Photon energies were chosen to
be above the detachment threshold of BeS~ with an energy of 0.5—1 mJ per pulse and beam
diameter less than 2 mm. The photodetachment lasers were frequency calibrated using the B—X
absorption spectrum of room-temperature I, vapor, with line positions provided by the
PGOPHER software package.*

Following photodetachment, the VMI optics focused the electrons onto a set of imaging quality

microchannel plates (MCPs) paired with a phosphor screen. A CCD camera recorded the images,
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which were averaged over several hundred thousand laser pulses using the imaging collection
software designed by Li et al.?* The images were analyzed using the MEVELER program.’* The
MCPs were pulsed so that only the detached photoelectrons were detected. Mu-metal shielding
surrounding the photodetachment and electron drift regions minimized distortions due to external
magnetic and electric fields. A photomultiplier tube (PMT) was positioned off-axis of the
phosphor screen to monitor phosphor screen emission. This detection method allowed for the
optimization of the anion and photoelectron signals. The BeS- velocity map images were
calibrated using the known detachment transitions of S-.%

SEVI data were recorded using fixed frequency excitation. Owing to the presence of a
DBS of BeS-, we were also able to record an autodetachment spectrum. For this measurement the
phosphor screen was masked such that only the light from the center of the screen was observed.
The total intensity of this signal was recorded as a function of the excitation laser frequency.
Autodetachment spectra were also recorded using an annular mask that selectively detected
electrons with energies in the range of 850 + 200 cm™. The rationale for this measurement is

explained in the following sections.

4.3 Theoretical Calculations

BeS is a closed-shell ionic species with an experimentally verified X '2* ground state.
The unpaired electron of BeS- resides in an orbital that is primarily of Be 2s/p, — S 3s/p,
antibonding character, giving rise to a X *2* ground state. Electronic structure calculations were
performed on both the anion and neutral beryllium sulfide molecules. These calculations were
done to assist in the assignment of the spectra and to evaluate the suitability of the chosen

electronic structure methods. For beryllium, the aug-cc-pwCVQZ basis set was employed,
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whereas the aug-cc-pCVQZ was used for sulfur. In our studies* of BeO/BeO- we found that it
was advantageous to use density functional theory B3LYP wavefunctions as the reference set for
the higher-order calculations. Hence, the same approach was taken for BeS/ BeS-.

All calculations were performed using the MOLPRO suite of programs.*® Potential energy
curves (PECs) were calculated pointwise. One series of calculations used the partially spin-
adapted coupled cluster method including single and double excitations and perturbative
corrections for triple excitations (RCCSD(T)). The second method employed was a complete
active space self-consistent field calculation, followed by multireference configuration
interaction (CASSCF+MRCI+Q, denoted as MRCID in the following text) levels of theory. The
Davidson correction®” was applied to partially compensate for the size inconsistency of the
MRCI calculations.

All electrons were included in the correlation treatment of the RCCSD(T) calculations.
The active space in the CASSCEF calculations consisted of the 2s and 2p orbitals of Be and the
2s, 2p, 3s, and 3p orbitals of S. The Be 1s and S 1s orbitals were constrained to be doubly
occupied. Their wavefunctions were optimized in the CASSCF procedure to aid convergence.
For both the anion and neutral BeS species, all electrons were included in the correlation
treatment of the subsequent MRCI calculation, in an attempt to recover the core—valence
correlation energy. The PECs of the RCCSD(T) calculations are shown in Figure 4.1. Overall,
the MRCID results were of comparable quality, with the exception that the error for the electron

binding energy (eBE), as compared to the experimental result, was larger.
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Figure 4.1. PECs for the BeS ground state (black) and BeS ground state (blue). Calculations performed

with the CCSD(T) method and the augmented cc-pVQZ basis set. See text for details.

The bound ro-vibrational levels of the PECs were calculated using the LEVEL 8.0
program.®® The lowest vibrational energy levels were least-squares fit to the standard Morse
energy level expression, yielding effective values for w. and w.y.. The predicted molecular
constants are listed in Table 4.1, which includes the experimentally determined constants for
BeS. Our calculations are in respectable agreement with the latter, indicating that an appropriate
level of theory was applied. As observed for BeO/BeO-, the addition of an electron to BeS
lengthens the bond and reduces the vibrational frequency. Predictions for the electron affinity
were made with the inclusion of the zero-point vibrational energies. Franck—Condon factors
(FCFs) for the BeS- — BeS + e— detachment transitions were calculated by LEVEL?® using the

RCCSD(T) PECs. The relevant subset of FCFs is presented in Table 4.2.



Table 4.1. Theoretical and Experimental Spectroscopic Parameters® for BeS- and BeS.
BeS
Exp.® B3LYP-CCSD(T) MRCI
(V8 997.94 1000 4 994.5
WeXe 6.137 6.00 6.02
R. 1.7415 1.7425 1.7465
B. 0.79059 0.7897 0.7861
Ole 0.00664 0.0066 0.0066
BeS-
Exp. B3LYP-CCSD(T) MRCI
eBE 18830 + 17 18740.5 17863
(V8 91731 +1.33 906.7 901.6
WeXe 7.73+£0.25 5.83 5.30
AG, 894 £ 8 8950 891.0
AGs;p 878 + 15 8834 880.4
AGs), 864 + 26 871.7 869.8
R. 1.806+ 0.004 1.8077 1.8093
B. 0.735 £ 0.003 0.733 0.732
Ole 0.0056 + 0.001 0.0061 0.0065
D. 1.97 x 106 1.95x10¢ 20x 10°

2 All values are in units of wavenumbers (cm™), except Re, which is in units of Angstroms (A)

Table 4.2 Franck—Condon Factors for the BeS— (X, v") — BeS(X, v') + e— Photodetachment Transition

vy 0 1 2 3 4 5
0 0.691 0.243 0.054 0.010 0.002 0.000
1 0.267 0.274 0.304 0.117 0.004 0.007
2 0.039 0.375 0.073 0.270 0.164 0.058
3 0.003 0.098 0.384 0.004 0.197 0.186
4 0.000 0.010 0.161 0.337 0.009 0.297
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4.4 Results and Discussion

4.4.1 SEVI Spectroscopy

Overview SEVI spectra for BeS , recorded using detachment photon energies of 18950
and 19262 cm™!, are shown in Figure 4.2. The horizontal axis of this figure gives the transition
energy, which is defined by the photon energy (hv) minus the electron kinetic energy (eKE). The
vertical axis is the transformed image intensity, integrated over the angular distribution, and is

proportional to photoelectron counts.

16500 16950 17400 17850 18300 18750 19200

Transition Energy / cm™!

Figure 4.2 Photodetachment spectra for BeS~ recorded using photon energies of 19,262 cm™ (trace (B))

and 18,950 cm™ (trace (A)). The transition energy is equal to hv — eKE.

The images were almost perfectly isotopic, as can be seen in the reconstructed VMI
image in Figure 4.3, yielding anisotropy parameters that were close to zero. On the basis of the

vibrational constants of Table 4.1, the three main features of these spectra are readily assigned.
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I

Figure 4.3. Reconstructed velocity map image of BeS- = BeS transitions, corresponding to the 19262

cm! photodetachment spectrum (Trace B in Figure 4.2). The double headed arrow indicates the

polarization of the photodetachment laser.

From high to low energy they consist of Av =0, -1, and —2 photodetachment events. The
resolution of SEVI spectroscopy improves with decreasing eKE. This effect is clearly apparent in
Figure 4.2, where the structure of the Av =0 feature begins to resolve as the photon energy
approaches the detachment threshold. Expanded spectra recorded with near-threshold
detachment of the Av =0, —1, and -2 features are presented in Figure 4.4. Here it can be seen
that there is a red shift of the main peak in trace A (lower-energy detachment photon), relative to
trace B. This same behavior was observed for the Av = 0 features of the BeO~ SEVI spectra using
comparable above-threshold detachment energies. 4 In the latter study this effect was explained
by considering the dependence of the photodetachment cross-section on the energy above

threshold.
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-1
Transition Energy / cm

Figure 4.4. SEVI Spectra of BeS- at various photon energies(A) Black, photon energy = 18949.9 cm™'.
(B) Red, 19261.5 cm™'. (C) Blue, 18020.0 cm™. (D) Green, 18320.1 cm™'. (A, B) Av = 0 detachment

channels. (C, D) Av = -1 and Av = -2 detachment channels. The transition energy is equal to hv — eKE.

The Wigner threshold law predicts that the cross-section (0) will be governed by the
expression 0 X eKE®!"2 where [ is the angular momentum of the detached electron.” When [ is
greater than O the cross-section drops to very low values just above threshold. However, the
transfer of rotational energy can augment the energy available to the electron. When the photon
energy is well-above threshold, AN = 0 processes dominate (where N is the rotational angular
momentum, exclusive of spin). As the photon energy approaches the threshold the AN < 0
processes become increasingly more important. As the band heads of the AN < 0 rotational
branches are below the band origins, their increased contributions result in a red shift of the
rotational band contours. A model of the rotational contours that includes this behavior was
described in ref 4. This model was applied to the data for BeS-, and the fit to the A = 0 contour is

shown in Figure 4.5. The vibration—rotation constants used for BeS(X) were taken from the
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literature?® (Table 4.1). The computed values for the BeS=(X) molecular constants (Table 4.1,
RCCSD(T) results) were used as the starting guess for the simulations. These constants and the
electron affinity were systematically refined to obtain the best agreement with the experimental
data. Transitions from several vibration levels contributed to the contours, and the data were
consistent with a high internal energy content for the anion. Simulations that assumed a
Boltzmann distribution for the rotational level populations did not give optimal results. Improved

fits were achieved when a two-temperature distribution was assumed, of the form

_EW) _E(N) )
P(N) = (2N + 1)(a; *e *s8Ti + a, * e ksT2) Equation 4.1

Where E(N) is the rotational energy, kzis the Boltzmann constant, T1 and T2 are temperatures

and a, and a, are fractional coefficients. Population distributions of this kind are not uncommon

Experimental
----- Simulation
Mo
-r\ ‘/.l-QC ----- T T T ]
18600 18675 18750 18825 18900 18975

.
Transition Energy / cm

Figure 4.5. SEVI spectrum (solid black line) of the Av = 0 region of BeS~ and simulation (broken red

line). The photon energy was 18 949.9 cm™'. The transition energy is equal to hv — eKE.
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in jet expansions, where cooling of the higher energy rotational states is kinetically limited by the
rate of expansion.* The simulated contour is compared to the observed spectrum in Figure 4.5.
The labels M, N, O, P, Q correspond to the band heads of the AN =—4, -3, -2, —1,and 0
rotational branches, respectively. The subscripts provide the upper and lower state vibrational
assignments. For this simulation, the rotational temperatures were set to T, = 150 K and T, = 500
K. The value for / was set to 3. As in our study of BeO-, we consider this to be simply a model
parameter, not indicative of the electronic angular momentum.* Another trend that is evident in
Figure 4 4 concerns the widths of the Av =0, —1, and -2 features. The bands become broader as
|Avl increases. Inspection of Table 4.2 shows that this is caused by the distribution of the
Franck—Condon factors. The BeS electron affinity and BeS— molecular constants resulting from
fitting to all of the contours (Av =0, —1, and —2) are listed in Table 4.1. We speculate that the
large number of rotational states populated under the conditions of these measurements,
combined with photodetachment channels that convert rotational energy into electron recoil
energy, were responsible for the effectively isotropic angular distributions observed in the
velocity map images.

In Figure 4 4, traces C and D show SEVI spectra recorded using photon energies (18020
and 18320 cm™) that were close to the energetic of thresholds of the Av = —1 processes. Each
trace had a prominent peak imposed on the Av = -2 contour, centered at 17172 cm™! in trace C
and 17504 cm™'in trace D. Similar peaks were observed for spectra recorded with photon
energies within the 17612—18320 cm™' range. The peak was systematically shifted from the
photon energy by 850 + 25 cm™'. We assign this feature to a dipole-bound state of BeS- (DBS, v
= 1) that lies 136 = 25 cm™ below the BeS (X, v = 1) + e— detachment threshold. The almost

constant shift between the peak center and the photon energy indicates that the vibrational
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autodetachment process BeS-(DBS, v =1) — BeS (X, v =0) + e— was dominated by AN =0

events. This process is illustrated in the energy-level diagram of Figure 4.6.

RN —— ]
AE ~ 850 cm’’

--4--v_

1_+
BeS X X
BeS DBS %

_____ 0

AN

o1 @ (i11) BeS DBS
rotational (N)
levels

2

- 2_+
BeS X X v=0
Figure 4.6 Energy-level diagram showing BeS~ photodetachment processes. The vertical transitions
labeled (i) and (ii) correspond to the features seen at 17910 and 17172 cm™ in Figure 4.3c. Transition (i)
is direct photodetachment via the 0—1 band, while transition (ii) results in excitation of the BeS- DBS 2X*,
v = 1 level. Vibrational autodetachment from this level, with AN = 0, produces electrons with a kinetic
energy of ~850 cm™. Transition (iii) represents excitation of rotational levels of BeS~ DBS v = 0 that

have sufficient energy to undergo rotational autodetachment.
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4.4.2 Autodetachment Spectroscopy

To check the assignment of the DBS features, the photodetachment spectrum was
examined. This measurement was initially focused on the BeS- (DBS, v = 0) level. Rotational
constants for the DBSs of anions are very close to those of the neutral molecule. Using the
constant By = 0.7873 cm™! for BeS (X, v =0) and the observation that the DBS was ~140 cm™
below the detachment threshold, it was estimated that levels with N > 14 would be subject to
rotational autoionization. The resulting electrons would have low kinetic energies. To observe
these events, the phosphor screen was masked so that only the signal from a central aperture,
corresponding to electrons with kinetic energies in the range of 0—100 cm™!, was registered. This

R(28) R(42)
1

P(30) P(54) Mﬁ
[

[N

’JWA
Il M | /L | \J\! AR ”“ﬂv

\, M NM S W/‘/‘A
18675 18705 18735 18765 18795 18825 18855

Photon Energy / cm™!

Figure 4.7. DBS 2Z*,v' = 0 — X 2Z*, v" = 0 BeS~ photodetachment spectrum
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Table 4.3 BeS~ Molecular constants (cm™) derived from the DBS 22*, v/ =0 « X 2+, v” = 0 transition

State T, By D,
X 23 0.0 0.731(1) 1.5(4) x 107
DBS 23+ 18689.0(1) 0.7873¢ 20x 10°¢¢@

2 Fixed at the values for BeS X >+, v = 0 taken from ref 28.

signal was monitored as a function of the excitation laser photon energy. The spectrum obtained
is shown in Figure 4.7. This trace consists of sharp autodetachment resonances superimposed on
the direct photodetachment background. The resolution of the sharp lines was limited by the
laser line width, indicating that rotational autodetachment process was relatively slow. The
rotational structure of this band was assigned using upper-state combination differences,
followed by a fit to the lower-state rotational constants and band origin energy by means of the

program POPHER > The constants obtained from this fit are listed in Table 4.3. Note that the b

18200 18500 18800 19100 19400 19700 20000
Photon Energy / cm’!

Figure 4.8 DBS 2=+,v' = 1 — X 22+, v" = 0 BeS~ photodetachment spectrum. The noise level for this

measurement is indicated by the signal fluctuations evident in the 18200—18500 cm™' range.
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and shows only P and R branches, indicating a DBS 22+ — X 22 transition. Rotational line
assignments are indicated for the 0—0 band. Lines of the 1-1 band are also present, but they were
not labeled to avoid congestion. The origin of the 0—0 band is 141 + 17 cm™' below the
detachment threshold, where the uncertainty is defined by our measurement of the latter. This
value is consistent with our interpretation of the DBS features of the SEVI spectra, which
indicate that the BeS- (DBS, v =1) level is 136 + 25 cm™! below BeS (X, v = 1) + e—. Finally, we
examined the DBS — X 1-0 transition using vibrational autodetachment spectroscopy (BeS-
(DBS,v=1) — BeS (X, v=0) e). The electrons produced by this process were expected to be
emitted with kinetic energies near 850 cm™'. Consequently, an annular mask was placed on the
phosphor screen to limit the detection to electrons with energies within the range of 850 + 200
cm~'. The photodetachment spectrum resulting from this measurement is shown in Figure 4.8.
The intensity contour of this band reflects the same rotational structure as that of Figure 4.7
(again, superimposed on the direct detachment threshold), but the resolution was not high

enough to reveal individual rotational lines.

4.5 Conclusions

The electron affinity (EA) of BeS (18830(17) cm™ = 2.3346(2) eV) has been determined
for the first time. This value is higher than the EA of BeO (2.174(2) eV), which probably reflects
the greater EA of S. SEVI and autodetachment spectroscopy techniques were used to
characterize the vibration—rotation constants of BeS- (X 22*). It was found that the bond length
of BeS- was greater than that of BeS, while the vibrational frequency was diminished. These
changes were consistent with the outermost electron of BeS- residing in the Be 2s/p, — S 3s/p,

antibonding orbital. High-level electronic structure calculations supported this interpretation,
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yielding predictions that were in good agreement with the EA of BeS and the molecular
constants of BeS-.

A dipole-bound state of BeS- was observed 141(17) cm™! below the electron detachment
threshold. The electron binding energy for this state is comparable to those of the first DBSs of
BeO~ (180(20) cm™) and AlO- (52(6) cm™).* In this series the binding energies correlate with

the electric dipole moments of the neutral molecules.
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Chapter 5
Dative Bonding Between Closed-Shell

Atoms: The BeF- Anion

The contents and figures of this chapter are reprinted or adapted with permission from
Green, M. L., Jean, P., & Heaven, M. C. Dative Bonding between Closed-Shell Atoms: The

BeF—Anion. The Journal of Physical Chemistry Letters, 2018, 9(8), 1999-2002.
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Beryllium can exhibit unusually strong attractive interactions under conditions where it is
nominally a closed-shell atom. Two prominent examples are the Be, dimer and the He—BeO
complex. In the present study, we examine the bonding of the closed-shell Be—F- anion. This
molecule preserves the closed-shell character of the individual atoms as the electron affinity of F
is high (328.16 kJ/mol-") while that of Be is negative. Photodetachment spectroscopy was used
to determine the vibrational frequency for BeF- and the electron affinity of BeF (104.2 kJ/mol").
The latter has been used to determine a lower bound of 343 kJ/mol~! for the bond energy of
BeF-. Electronic structure calculations yielded predictions that were in good agreement with the
observed data. A natural bond orbital analysis shows that BeF- is primarily bound by a dative

interaction.

5.1 Introduction

The bonding of beryllium in small molecules often displays characteristics that are
notably different from those of the heavier group IIA elements.'? Probably the best-known
example is the Be, dimer.>~ As Be is formally a closed-shell atom, the bond order for the dimer
is zero. However, the molecule is bound by 930 cm™ and has a relatively short equilibrium bond
length of 2.54 A 5 Numerous theoretical papers have been devoted to analyses of the Be—Be
bond (recent examples include refs 3, 4, and 7). Electron correlation is critically important and
the dimer is predicted to be purely repulsive at the Hartree—Fock level of theory. The He—BeO
complex is another example where the binding between two closed-shell moieties is far stronger
than expected.”®® The He atom is predicted to be bound by over 1500 cm™!. In their theoretical

exploration of He—BeO, Frenking et al ®noted that BeO is a remarkably effective Lewis acid.



89

Experimental evidence for strong interactions between BeO and rare gas atoms has been
provided by cryogenic matrix isolation studies.!®

Here we examine the substantial bond formed between the closed-shell species Be and
F-. In addition to interest in the bonding mechanism, BeF- is also of potential use in geochemical
analyses. The '’Be/°Be ratio can be used to date a variety of geochemical samples. The ratio is
usually measured using accelerator mass spectrometry that begins with the BeO~ anion, but
experiments with BeF- show that it has an advantage in that fluoride sources suffer less
interference from '°B.!!-13

We have used anion photoelectron velocity map imaging (aPES-VMI)!'*-!7 as the means
to examine BeF-. aPES-VMI is an anion photoelectron spectroscopy technique, where kinetic
energies and angular distributions of photodetached electrons are measured to determine the

energetics of the process

A- E; A+e— Equation 5.1
Consequently, the properties of neutral BeF are of importance for the assignment and
interpretation of the data. Previously, BeF has been characterized by means of mass
spectrometry'®!” and high-resolution electronic spectroscopy.?®?' The spectroscopic data show the
ground state of BeF to be of X?>X* symmetry, as expected from a simple ionic bonding model
(formally, Be*(2s")F-(2s*2p°®)). Accurate vibrational and rotational constants have been
determined for the ground state.° The bond energy from mass spectrometry measurements is
somewhat uncertain, with reported values of 50500'® and 47200 cm~'."” There have been several
papers that present electronic structure calculations for BeF,?>=2° but there appears to be just one

study that provides predictions for the BeF- anion. Chen et al.>* used the CCSD method with
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basis sets of 6-311++G(3df,3pd) quality for both Be and F-. They reported rotational—vibrational

constants and a bond dissociation energy of D.” = 28626 cm™!.

5.2 Experimental and Theoretical Methods

The aPES-VMI apparatus used in the present work has been described previously.!1¢
BeF-anions were produced by pulsed laser vaporization of Be metal into a flow of He that was
seeded with 0.1% SFs. The second harmonic from a Nd:YAG laser (532 nm, approximately 5
mJ/pulse) was used for the ablation source. The flux of BeF- anions produced by the ablation
process was sufficient for our measurements, obviating the need for an additional source of
electrons. After mass selection of BeF-, the anions were subjected to photodetachment using the
pulses from a Nd:YAG laser (1064 nm) or a tunable dye laser operating at 862.14 nm. The lasers
were vertically polarized for these measurements. Energy calibration of the imaging system was
achieved by recording images for electrons from S-, photodetached at energies near 17800 cm™!.
All images were processed using the MEVELER program?’ and then reconstructed using the
Mathematica computing package.’” Note that beryllium is a highly toxic material that should be
handled with appropriate containment.

Electronic structure calculations were carried out using the CCSD(T) method
(RCCSD(T) for BeF) and the AWCV5Z basis sets for both Be** and F.>> A second set of
augmented basis functions was incorporated in order to better describe the diffuse nature of the

BeF- frontier orbitals. The exponents of the added basis functions were determined using an
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Figure 5.1. PECs of BeF and BeF.

even-tempered expansion of the two lowest exponent functions of the AWCVS5Z basis sets.
These calculations were performed using MOLPRO 2010.1.%° Potential energy curves were
constructed by calculating a series of single-point energies in the region of the equilibrium bond
length (R =1.2-1.6 A for BeF,R = 1.3-1.7 A for BeF-, 0.02 A step size), and can be viewed in
Figure 5.1. Bond dissociation energies were obtained by continuing the single-point energy
calculations out to 10 A with a step size of 0.1 A. The bound rovibrational levels of the PECs

were calculated using the LEVEL 8.0 program.®®
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5.3 Results and Discussion

Figure 5.2 shows a velocity map image for the photodetachment of electrons from BeF-
using 1064 nm photons. The anisotropy of this image is consistent with photodetachment
resulting from a parallel transition moment, as expected for a X '+ — X 22* promotion. The
value obtained for the anisotropy parameter, 1.95 + 0.05, was close to the theoretical value of 2

for a purely parallel transition with prompt ejection of the electron.?”

Figure 5.2. Velocity map image of the electrons resulting from photodetachment of BeF- at 1064 nm. The

photons were linearly polarized in the vertical direction.

Figure 5.3 shows kinetic energy release spectra, plotted as the photon energy (hv) minus the
electron kinetic energy (eKE), for 1064 and 862.14 nm photodetachment. The assignment of
these data is relatively straightforward. The most intense peak corresponds to BeF(X'X*, v- =0)
+ hv — BeF(X?2*, v = 0) + e, defining an electron affinity (EA) of 8697 + 6 cm™'. The image
recorded using 862 nm detachment permitted observation of the 1-0 band at 9965 cm™!, shown
in Figure 5.3a. The peak at 7657 cm™ in Figure 5.3b is the v=0 « v~ =1, transition, and the

features between 0—1 and 0-0 are the Av = —1 sequence bands.
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Figure 5.3. Photodetachment spectra of BeF~ at (a) 862.14 nm and (b) 1064 nm.

Refined spectroscopic constants were determined through fitting of the rotational contours, using
the diatomic ro-vibrational model used to fit the BeO- and BeS- spectra, described in Chapters 3
and 4. Spectroscopic fits of the Av =0 and Av = -1 bands are shown in Figure 5.4. The fit of the
Av = 0 indicates significant contribution from AN = 0 (Q-type) rotational transitions. A decrease
in photodetachment energy did not immediately reveal a shift to greater contributions of the AN
> 0 detachment channels as was evident with BeO- and BeS-. However, we were limited by our
wavelength range, as lower photodetachment energies, closer to the threshold of detachment,
could not be accessed. Therefore, it can not be ruled out that this behavior could exist for BeF-.
The fitting of the Av = -1 bands provided confirmation of the specific vibrational transitions, but

the spectrum was not well enough resolved in this detachment range for adequate rotational
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Figure 5.4 Spectral simulation (red dotted line) of the Av = 0 and Av = -1 bands of trace b (solid dark

blue) in Figure 5.2.

assignment. Further resolution could not be achieved, also, due to limitations of laser wavelength
range.

The vibrational constants obtained from these data are listed in Table 5.1. The EA for
BeF and the established EA for F (27432 cm™")?® were used to determine the energy difference
between the neutral molecule and the anion bond dissociation energies from the relationship D, —
D. = EA(F) - EA(BeF) = 18735 + 6 cm’!. Combined with the previous estimates for Dy,'®!° this
result defines a lower bound for the binding energy of BeF- of Dy~ = 28460 cm~!. Results from

the calculations of Chen et al.** are listed for comparison with the experimental data in Table 5.1,



Table 5.1. Measured and Calculated Spectroscopic Molecular Constants for BeF and BeF~. ?
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BeF (X!Z+) BeF (X22) Method
-- 8697 + 6 aPES-VMI
EA -- 8692 CCSD(T)/aug-cc-pwCV5Z
-- 8189 CCSD/6-311++ G (3df, 3pd) >
1059+ 6 c aPES-VMI
" 1073.2 1284.9 CCSD(T)/aug-cc-pwCV5Z
e -- 1265.54 ES 20t
1060.8 1258.6 CCSD/6-311++ G (3df, 3pd)
95+1.8 c aPES-VMI
115 113 CCSD(T)/aug-cc-pwCV5Z
WeXe | 9.422 ES »
134 7.8 CCSD/6-311++ G (3df, 3pd) >
1040+ 7 c aPES-VMI
1050.2 1262.2 CCSD(T)/aug-cc-pwCV5Z
AGi - 1246.7 ES 20
1021 1232 CCSD/6-311++ G (3df, 3pd)
D 28663 47480 CCSD(T)/aug-cc-pwCV5Z
¢ 28626 45443 CCSD/6-311++ G (3df, 3pd) >
1414 1.368 CCSD(T)/aug-cc-pwCV5Z
R. -- 1.361 ES 20
1413 1.366 CCSD/6-311++ G (3df, 3pd) 2

“Energies are given in wavenumbers (cm™), and bond lengths (R.) are given in Angstroms (A)

®Emission spectroscopy. 2

¢Held at the value determined by emission spectroscopy. 2°

and the overall level of agreement is respectable. We have performed additional electronic

structure calculations to see if higher-level methods would further improve agreement with the

observations and to probe the nature of the bond in BeF-. The vibration—rotation constants from

our calculations were not improved over those obtained by Chen et al.?* The primary difference

was that the current prediction of the EA is closer to the measured value (note that the calculated

values in Table 5.1 include the vibrational zero-point energies).
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The bond dissociation energies for BeF- calculated here and by Chen et al.>* are in mutual
agreement and consistent with the lower bound obtained from the EA and mass spectrometry
data. To probe the importance of correlation in the bonding of BeF-, we examined the potential
energy curve obtained from a Hartree—Fock calculation with the AWCVS5Z basis set. This
calculation yielded D.~ = 30814 cm™', which was slightly higher than the values obtained from
the coupled-cluster calculations. Hence, it appears that electron correlation does not contribute
significantly to the bonding.

Further insights were obtained from a natural bond orbital (NBO) analysis.? For this
calculation, we used the Gaussian 09 * suite of programs at the CCSD(T) level with standard
aug-cc-AVTZ basis sets. Molecular orbitals were generated at the equilibrium bond length. The
population analysis indicates that the natural charges on Be and F are —0.136 and —0.864,
respectively. As expected, the extra electron mostly resides on Be in a 2s/2p, hybrid orbital (the
natural charge of Be in the neutral molecule is predicted to be +0.805). None of the NBO
linear combinations reached the threshold for identification as being bonding. However, a
second-order perturbation theory analysis of the Fock matrix provided the key insight. The
primary bonding interaction arises from the donation of electron density from a F~2s/2p, hybrid
orbital into a Be 2s/2p, orbital that is 87% 2p,. A smaller but significant contribution is provided
by donation from the F 2p, and 2p, orbitals to Be 2p, and 2p,. Hence, BeF- is primarily stabilized
by dative bonding. By contrast, the isoelectronic closed-shell pairs BeNe and B*Ne exhibit only
weak van der Waals attractions.’! 3>

We have previously examined the anions BeO~'> and BeS-,!¢ and it is of interest to make
comparisons with BeF~. BeO and BeS are quite ionic, such that the structures are between the

Be*X- and Be?*X?- limits. The extra electron of the anion is accommodated in a Be 2s/2p, orbital
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that is polarized away from the negatively charged ligand. The repulsion slightly destabilizes the
bond, but the EAs are relatively high, with values of 17534 and 18830 cm™! for BeO and BeS,
respectively. For BeF, the 2s/2p, orbital that accommodates the extra electron is already partially
occupied, resulting in an EA that is less than half of the values observed for BeO/BeS.

Another difference between BeF- and BeO/BeS- concerns the stability of dipole-bound
excited states, which occur when the dipole moment of the neutral molecule is large enough to
bind an electron via the charge—dipole interaction. It has been estimated that the minimum value
for the dipole moment needed to sustain a dipole-bound state is 2 D.3* These states were
observed for BeO!5 and BeS-,'¢ where the neutral molecules have permanent dipole moments of
6.26 and 5 D. The present calculations for BeF yielded a dipole moment of 1.2 D, and consistent
with this subthreshold value, we did not find evidence for the existence of a dipole-bound state in

the photodetachment spectra.

5.4 Conclusions

In summary, the BeF- anion is found to exhibit a substantial bond between two nominally
closed-shell atoms. Electronic structure calculations show that a dative interaction resulting from
the donation of F 2p electrons into a Be 2s/2p hybrid orbital is the primary source of attraction.
The strength of this bond is a manifestation of the high Lewis acidity of beryllium, which is one

of the characteristics that differentiates Be from the other group ITA elements.
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Chapter 6
Characterization of the Ground States of
BeC, and Be(C, via Photoelectron

Velocity Map Imaging Spectroscopy

The contents and figures of this chapter are reprinted or adapted with permission from
Green, M. L., Jaffe, N. B., & Heaven, M. C. Characterization of the Ground States of BeC2 and
BeC2-via Photoelectron Velocity Map Imaging Spectroscopy. The Journal of Physical

Chemistry Letters, 2019, 11(1), 88-92.
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Due to their potentially unique properties, beryllium carbide materials have been the
subject of many theoretical studies. However, experimental validation has been lacking due to
the difficulties of working with Be. Neutral beryllium dicarbide has been predicted to have a T-
shaped equilibrium structure (C,,), while previous quantum chemistry calculations for the
structure of the anion had not yielded consistent results. In this study, we report photoelectron
velocity map imaging spectra for the BeC,~ X 2A; — BeC, X 'A, transition. These data provide
vibrational frequencies and the electron affinity of BeC,. Ab initio electronic structure
calculations, validated against the experimental data, show that both the anion and the neutral
form have C,, equilibrium geometries with polar covalent bonding between Be and the C,
subunit. Computed vibrational frequencies and the electron affinity, obtained at the CCSD(T)

level of theory, were found to be in good agreement with the measurements.

6.1 Introduction

Metallized carbides exhibit a range of useful properties, not manifested by pure carbon
materials, due to the unique characteristics of the doped metals. Beryllium is a very distinctive
element known to exhibit more covalent bonding, as compared to other Group ITA metals.'”’
Beryllium carbides are of interest as graphene alternatives® and metallo-carbohydrenes.’
Beryllium carbide clusters have been identified as promising materials for hydrogen storage in
nanomaterials.’ Also, there is interest in beryllium-doped carbon clusters as they have been
found to be beneficial for the creation of thin films for use in nuclear and plasma sciences.!°
Under high pressures, BeC, has been shown to behave more as an insulator than an electrical

conductor, counter to the behavior of the other alkaline earth metal dicarbides.!! Given this
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background, interest in this molecule can lead to a better understanding of bonding within the
larger class of clusters and bulk materials.

Many dicarbide species have been investigated to explore the factors influencing bonding
and equilibrium geometries. SiC, '? and GeC,'*!*have been found to exhibit bent (T-shaped)
structures with predominantly M*—(C,") ionic bonding (where Si and Ge are considered to be
metalloids). This is a marked difference from the geometry of the non-metal-non-metal bonding
of C,P and C,As, where the heteroatom bonds to the C, moiety in an end-on scheme, producing a
covalent linear C.., molecule.'”>” Many metallic dicarbides have been predicted to exhibit T-shaped
structures with ionic character, including the heavier alkaline earth metals.'®!” However, due to
beryllium’s tendency toward covalent bonding, there is the possibility that BeC, might not show
the same degree of metallic bonding character as the other Group IIA metals.

Motivated by the quest to find the smallest cyclic molecule that could stabilize a C-C
triple bond, Frenking® carried out a careful theoretical analysis of the bonding in BeC,. He found
that the singlet T-shaped geometry was the minimum-energy configuration, with a C—C bond
order close to 3. However, BeC, was not the example of a cyclic m-bonded system for which they
had hoped. Instead, Frenking® concluded that the Be—C, bond was markedly ionic. He also noted
that T-shaped BeC, would be stable in the gas phase. Subsequent theoretical studies have been
consistent with these conclusions.'®*=2* By contrast, there is very little information concerning the
structure of the anion. Chen et al.?° used hybrid B3LYP density functional theory to examine
beryllium-doped linear carbon chains. Geometry optimizations were carried out using the Pople
6-31G* basis sets. They reported the ground state of BeC,~ to be a linear structure, similar to that
of the nonmetallic C,P and C,As.!> Ghouri et al.’ used the B3PW91 method with 6-31G*

basis functions to investigate neutral Be,C,, clusters, and they also reported vertical electron
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affinities (EAs) for the equilibrium geometries. For T-shaped BeC,, they obtained a value near 2
eV, but they did not explore the minimum-energy structure for the anion. The density functional
theory (DFT) calculations of Patrick et al.?> (B3PW91 with large Pople-style basis sets of triple-C
quality) predicted that linear geometry for the anion was not stable, and they obtained an
adiabatic EA of 1.99 eV for T-shaped BeC,. In this study, we have used anion photodetachment
spectroscopy and ab initio electronic structure calculations to examine the bonding and
equilibrium geometries of both the neutral form and the anion. High-level electronic structure
calculations were carried out to facilitate interpretation of the spectroscopic data and further

analyses of the bonding.

6.2 Experimental Methods

Photoelectron spectra of the BeC, - X 2A; — BeC, X 'A, transition were obtained using a
velocity map imaging spectrometer, described previously.>*-?” Anions were generated through
pulsed laser ablation of a beryllium rod into a flow of helium buffer gas, using the fundamental
output of a Nd:YAG Minilite laser (1064 nm). The buffer gas was seeded with 1% acetylene to
provide a source of carbon. Anions from the ablation plume were mass selected and subjected to
photodetachment by a frequency-doubled Nd:YAG laser (532 nm) or an excimer-pumped
tunable dye laser operating in the wavelength range of 532—643 nm. For all measurements, the
lasers were vertically polarized.

Accumulated photoelectron images were processed using MEVELER .*® Energy
calibrations were conducted using the known electron detachment transitions of S-, for

photodetachment wavelengths ranging from 532 to 580 nm.
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6.3 Experimental Results and Discussion

Figure 6.1 shows four photoelectron spectra taken at varying photon energies, as well as
their corresponding processed velocity map images. Spectrum A, taken at the highest photon
energy (18363 cm!) of all shown spectra, reveals all 10 major spectral features seen for the

photodetachment of BeC,” = BeC,. Subsequent spectra were taken at lower photon energies to

14000 15000 16000 17000 18000

Transition Energy / cm’!

Figure 6.1. Photodetachment spectra and corresponding velocity map images for BeC, recorded using

photon energies (A) 18363 cm!, (B) 17473 cm!, (C) 17141 cm!, and (D) 16177 cm!.
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further resolve the lower transition energy features. All lower photon energy spectra produced
increased resolution for the features closest to the threshold of detachment. Spectrum C resulted
in a noticeable decrease in intensity for the lower energy peaks, in comparison to the highest
energy peak of the spectrum. This phenomenon was not further investigated.

By examining the velocity map images, it appears that some transitions exhibited some
anisotropic character. In order to further understand this character, the - parameter for each
transition was evaluated as a function of the eKE for each different photon energy spectrum.
Unfortunately, no trend in the 3- parameter could be identified for any transition. As, no two
spectra taken for this study had the same photon energy, further investigations into the
reproducibility of anisotropy for differing eKE’s, and differing image signal, might be necessary
to make future conclusions about images with convoluted anisotropy.

Figure 6.2 shows the assignment of the photoelectron spectrum recorded using 18363

cm! (Figure 6.1, spectrum A) detachment photons. Assignment of this spectrum was guided by

14000 15000 16000 17000 18000
Transition Energy / cm’!

Figure 6.2. Assigned photoelectron spectrum for the BeC,~ — BeC; transition, taken at a photodetachment

energy of 18363 cm™.
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the results from electronic structure calculations that are described below. The numbering of the

vibrational modes corresponds to the CC stretch (v;), the Be—C, stretch (v,), and the bending

mode (v3).

Table 6.1.Peak positions, offsets from origin (bold) and vibronic assignments for the BeC, > BeC,

spectra.

Transition Offset Assignment
Energy (cm'!) (cn')
14788 -861 24
15099 -550 2931
15649 0 05
16031 382 31
16416 767 33
16640 991 25
16975 1326 2631
17357 1708 2633
17653 2004 23
17942 2293 2331

Table 6.1 lists the assigned vibronic transitions. The energy for each assigned transition

was obtained from an image recorded with the detachment photon energy set just above the

specific transition threshold to achieve the best resolution. The peak located at 15649 cm™' was

identified as the origin band, given its intensity and proximity to the predicted value of the
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electron affinity for T-shaped neutral BeC, (see Table 6.2). The other strong bands, located at
relative energies of 991 and 2004 cm™' from the origin, are assigned to the Be—C, stretch
fundamental (v,) and first overtone (2v,) of the neutral. The two peaks directly above the origin
are the first and second Av = 0 bending sequence bands. Note that the v; vibrational mode
transforms as the B2 irreducible representation in C,, symmetry, so detachment events that
involve odd changes in the v; quantum number are symmetry forbidden.

The peaks located at 16975, 17357, and 17942 cm™! are assigned to bend—stretch
combination modes. The transitions at energies below the origin are the stretch hot band v - =1
and the bend—stretch combination hot band, respectively. The C—C stretch was not active in this
spectrum, indicative of a very small difference in the C—C bond length between the neutral form
and the anion. The experimentally and computationally determined electron affinities and

vibrational constants are listed in Table 6.2.

Table 6.2. Comparison of the experimentally determined and calculated vibrational constants for BeC,.

Experimental CCSD(T)/avtz
EA 15656 + 34 15618
BeC, Vi not active 1739
12 1011 £ 26 1054.1
TA; (v3) —2A; (v3) 318 + 38 398

6.4 Theoretical Analysis of BeC, and BeC,
Electronic structure calculations were carried out for the linear and bent geometries of the
doublet states of the BeC,™ anion and the singlet states of the BeC, neutral form, using

RCCSD(T)/ CCSD(T) methods with aug-cc-pVQZ basis sets.?” The Molpro 2010.1
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computational package®® was used for these predictions. Optimized geometries and vibrational
frequencies of the anion and neutral species are listed in Table 6.3. This table also includes the
electron affinity for the T-shaped and linear geometries of the neutral molecule, with zero-point

Table 6.3. Calculated relative energies, optimized geometries, and vibrational frequencies of the linear

and bent confirmations of BeC, and BeC,".

Bond
EA er E. I'BeC I'cc Vi V2 V3

Sym.  State (em”)  (cm) ) A) Angle C(emh  (emh)  (em?)
(degrees)

Ceoy >+ 24223 10062 1.562 1.267 180 171477  823.6 1029

BCCz
Coy TA, 15361 0 1.616 1.275 46 .4 17394 1054.1 674.1
Coy > -- 1200  1.591 1.269 180 1910.6 931.5 151.2
BeCy
Coy 2A, -- 0 1.724 1.272 433 1784.0 893.7 275.7

2 The bond angle for linear C.., structures is defined as « CCBe and the bond angle for bent C,, structures

is defined as £ CBeC.

energies taken into account. The C,, structure was found to be the most stable isomer of the
neutral form, by approximately 10000 cm™. This calculation was in good agreement with
previous work .616:18:1921-23 The C,, structure was found to be the most stable isomer for anion,
which contradicts the findings of Chen et al.?® The linear structure of the anion was predicted to
exist only 1200 cm™' above the bent geometry, for the anion.

To determine the barrier for conversion from the linear to the bent geometry, angular cuts
through the potential energy hypersurface were constructed. Point-wise energies were calculated
for variation of the ZBeCC angle from 180° to 90° (linear to L-shaped, respectively). These

curves are shown in Figure 6.3. For the anion, there is a barrier of approximately 640 cm™',
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indicating that the linear geometry could be stable at low temperatures. However, the neutral
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Figure 6.3. Angular cuts of the potential energy surfaces of BeC, and BeC,. Energies are relative to the
global minimum for each potential energy surface. The bond lengths were fixed at rec = 1.27 A and

Tpec = 1.60 A.

BeC, curve reveals a much smaller barrier supporting the linear geometry, suggesting that the
linear neutral molecule is not stable. The work of Patrick et al.?? gave similar relative energies for
the neutral form but indicated that the linear state was slightly lower in energy, relative to the T-
shaped minimum. Dissociation energies for the BeC, — Be + C, and BeC, - — Be + C,~
processes (under C,, symmetry) were predicted by the present coupled cluster calculations to be
40920 and 29890 cm™!, respectively.

To examine the bonding characteristics of the anion and neutral form, natural bond
orbital (NBO)?! analyses were performed and localized orbital locator function (LOL)??%
surfaces were constructed. NBO analyses of the anion and neutral ground states were
implemented using the Gaussian 09 program, using DFT with the B3LYP functional and
6-311++G Pople basis sets.** NBO results for the neutral molecule indicated a triple bond
between the two carbon atoms and a single bond from each carbon to the beryllium atom. The

Be—C bonds were primarily comprised of carbon hybrid orbitals, as the bonds were > 80% C
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Figure 6.4 Cross section of the LOL surfaces for (a) BeC, and (b) BeC,". The two bond critical points
on the C,, rotation axis are indicated.
2s/2p and < 20% Be 2s/2p character. The NBO analysis of the anion also indicated a C-C triple
bond, but the level of bonding to the Be atom was decreased to the point where the effective
Be—C bond order was 0.75.

A more nuanced picture of the bonding was obtained by using the Multiwfn software
package® to analyze the wave functions. Panels a and b of Figure 6.4 show plots of the localized
orbital locator function for the neutral form and the anion, respectively. The bond critical points
are also shown as dots that are located on the C, rotation axis. For both the neutral molecule and
the anion, there is an obvious build-up of electron density between the carbon atoms with the
expected bond critical point between them. For the neutral molecule, the C—C bond orders
obtained from the Mayer and Fuzzy Bond Order (FBO)3*-5 indices were 1.6 and 2.3,
respectively. Note that the calculated vibrational frequency was consistent with a double bond.
The frequency was lower than that of diatomic C, (w. = 1845.71 cm™) by just 106 cm™'. The

Mulliken and Hirshfeld atomic charges were —0.24 and —0.23 for C and 0.48 and 0.46 for Be,
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respectively (the electron-depleted region around Be is evident in Figure 6.4a). This charge
distribution and the position of the second bond critical point indicate that the bonding between
Be and the C, moiety is of a polar covalent type, with a large contribution from the electrostatic
interactions. These conclusions are in agreement with the analysis given by Frenking ¢ and differ
only in the rather model-dependent matter of the C—C bond order. Animation of the vibrational
modes further supports the model of polar covalent bonding for the Be atom. The bending
vibration involves a minimal change in the C—C bond length and is best described as a liberation
of the C, subunit, such that Jacobi coordinates are the appropriate choice for discussion of the
vibrational motions.

In our previous studies of the BeO~ and BeS- anions, we found that the additional
electron of the anion was accommodated by Be 2s/2p hybrid orbitals that were polarized away
from the negatively charged O or S atom.?**> BeC, is similar to BeO/BeS in that the ionic
bonding can be formally represented as Be?*X?-. In keeping with this view, we found that the
additional electron of BeC,™ resides in a back-polarized, Be-centered, in-plane 2s/2p hybrid
orbital. This can be seen in Figure 6.4b, where there is increased electron density localized above
the Be atom, with some additional negative charge that has been pushed onto C,. The charge
distribution has become (Mulliken and Hirshfeld) —0.12 and —0.18 on Be and —0.44 and —0.41
on each C, respectively. The partial negative charge on Be diminishes the attraction to C,,
resulting in a lengthening of the Be—C, Jacobi distance from 1.49 to 1.60 A. This change is
accompanied by significant decreases in the Be—C, stretch and bend frequencies. The transfer of
charge into the LUMO of G, results in a slightly higher C—C stretch frequency but almost no
change in the C—C bond length (cf. Table 6.3). Overall, these changes in geometry explain why

the Be—C, stretch was active in the photodetachment spectrum while the C—C stretch was not.
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Note that the bond critical points are in similar positions for both BeC, and BeC,, indicating that
the Be—C,” bond is still polar covalent with strong electrostatic contributions. The bond orders
for the anion were 1.6 (C—C) and 0.75 (Be—C) for the Mayer model and 1.2 (C-C) and 0.48
(Be—C) for the FBO model. The decrease in the C—C bond order (as compared to that of the
neutral form) for the FBO was unexpected and may be an artifact of the application of this

approximation to an open-shell system.

6.5 Conclusions

In conclusion, anion photodetachment measurements have provided the first experimental
data for BeC, and the BeC, anion. In accordance with previous theoretical studies, the structure
of BeC; is found to be T-shaped, with a polar covalent bond between Be and C, with strong
electrostatic contributions. The structure of the anion was also found to be T-shaped, resolving a
previous disagreement between predictions. Ab initio coupled calculations, validated against the
experimental data, indicted a double bond for the C, subunit for both the neutral molecule and
the anion. The Be—C, bond of the anion was also found to be polar covalent but weakened
(relative to that of the neutral form) by the additional negative charge. The calculated EA was

found to be in excellent agreement with the measured value of 1.905 eV.
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Chapter 7
Preliminary Work on Various Anionic

Species
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The work detailed in this chapter involves the anions attempted to be studied with our
instrument, but could not be fully elucidated, due to various scientific hurdles. The methods for
generation, and preliminary spectroscopic and theoretical work will be detailed. Also,

commentary on possible future solutions is included, herein.

7.1 Beryllium Dichalcogenides, BeX, (X =0,S)

Due to our new understanding of BeO-! and BeS-,? investigation in the beryllium
dichalcogenides anions can provide insight into beryllium cluster evolution. Also, the
interpretation of BeO, and BeS, molecular structure has been known to be theoretically
challenging. Reactions between molecular oxygen (O,) and beryllium are expected to lead to
three different products. The first product that can be formed is a metallic superoxide ((A,),
where the Be atom donates a 2s electron into the in-plane ©* orbital of the O,, where the
attraction is mainly electrostatic in nature (Be*O,"), to form a C,, molecule. The second product
is another C,, symmetry species, where both 2s electrons of the beryllium are donated to the O,
(Be**O,*) , resulting in a 'A; ground state. This second C,, molecule is expected to have a much
longer O, bond length, due to accommodation of the additional electron. Finally, a linear D..,
structure is possible, where the beryllium is centered between the two oxygen atoms (O-Be-O).
The nature of the bonding in this form lies along a continuum of bonding, between a pure ionic
and covalent form of bonding. 4° It can be expected that BeS, would have the same bonding
character.

The determination of the most preferential geometry has been pursued by theory and
experiment, alike. +® The two C,, structures are simply described by a single configuration,

however, the linear geometry has numerous low lying excited states, which make theoretical
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interpretation difficult. At the current time, BeO, has been studied theoretically using coupled
cluster methods and multireference methods with mixed results. 3->-¢ Additionally, BeO,, BeO,,
and BeS, have been investigated by means of matrix isolation infrared studies. 7-8 Currently,
there still exists a gap in knowledge in understanding of these molecules, which can be addressed
using gas phase techniques, and additional ab initio calculations.

Before approaching the BeS,/BeS, system theoretically, it was thought to be prudent to
try to determine an effective theoretical approach for the smaller, and more heavily characterized
BeO, molecule. Of the three bonding schemes described earlier, due to beryllium’s small size
and tendency for covalent bonding, it is expected that BeO, will take on the linear structure.?
This indicates careful consideration must be paid to the expected multiconfigurational nature.
The electron affinity of BeO, was calculated using three different method/basis set combinations,
as detailed in Table 7.1. Like BeO- and BeS-, a coupled cluster method (CCSD(T)) and a
multiconfigurational methods (MRCI) were both employed to provide comparisons of the
efficacy of the various methods. Additionally, a Hartree-Fock (HF) method was used to act as a
baseline. Comparing the computational results, the HF and MRCI calculations are marginally
similar, with only a difference in 7000 cm! in the computed electron affinities. However, the
geometry optimization of the linear OBeO did predict uneven Be-O bond lengths, leading to a
break in degeneracy. The coupled cluster calculation produced a result that was unquestionably
inaccurate. This is not unexpected, upon evaluation of the T, diagnostic value of > 0.02, which
suggest this molecule is significantly multireference, and, therefore, coupled cluster methods are
not well suited for the investigation of these molecules. Differences in the RHF/aug-cc-pCV5Z
calculations of the optimized geometries of BeS, and BeS, suggested a BeS,; electron affinity of

23318 cm’!.
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Table 7.1. Calculated electron affinities (EA) of BeO,, using a Hartree Fock (HF), a Coupled Cluster with
Singles Doubles and Pertubative Triples Excitations (CCSD(T)), and a Multireference Configuration

Interaction (MRCI) method.

CCSD(T)/ MRCI/
HF/pVTZ aug-cc-pvVQZ aVTZ
EA (cm™) 27292 150840 20167
B602
T1 Diagnostic -- 0.0225 --

In our studies of BeO- and BeS-, BeO, and BeS," were identified in our mass spectrum.
However, when the focus of experimentation shifted to the dichalcogenides, it was found
beneficial to increase the amount of oxidant in our gas source, to increase the specific signal of
the dichalcogenides compared to the monochalcogenides. For BeO,, a gas mix of 10% O, in a
helium balance was used to produce significant BeO, molecular signal. For BeS,, the backing
pressure of the helium buffer gas through a bomb containing CS, produced an increase in signal.
All other experimental parameters were comparable to generation of BeO- and BeS-. It is
important to note that higher order beryllium oxide/sulfide clusters which have been seen for
neutral studies, have not yet been seen as anions in our instrument.

Given our theoretical results, the onset of photodetachment was believed to be between
20000-30000 cm! for BeO, and BeS, . At photon energies below 24000 cm™!, no
photodetachment was observed for BeO,. However, BeS,” was found to photo-detach at this
energy. Figure 7.1 shows photoelectron spectra for BeS, = BeS, at photon energies of 23696 (a)

and 23980acm! (b). The spectra for BeS,, show a broad, mostly featureless distribution. There is
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a significant increase in intensity at energies near threshold, but given the apparent shift in
intensity with photon energy, this is expected to be artificial.

For BeO,, onset of electron photodetachment was not apparent until photon energies
closer to 30000 cm! were used. Figure 7.2 displays the photoelectron spectra of BeO,” = BeO,
at different photodetachment energies. Similar to BeS,, the BeO, spectra did not reveal much
structure. However, there are consistent features in the range of 28000 cm! to 29000 cm! evident
in both traces. The feature at ~ 28150 cm™ is tentatively assigned to the origin, and defining the
electron affinity of BeO,. Additionally, the feature at ~28800 cm! is similar to a predicted

vibrational mode of BeO, (722 cm™). # Interestingly, when comparing the current experimental

19500 20000 20500 21000 21500 22000 22500 23000 23500 24000
Transition Energy / cm™!
Figure 7.1. Photoelectron spectra for BeS,” = BeS; at photon energies of (a) 23696 cm™ and (b) 23980

cm!.
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Figure 7.2. Photoelectron spectra for BeO,” = BeO, at photon energies of (a) 29363 cm™! and (b) 29537
cm’.
results with our various theoretical calculations, it appears that the Hartree Fock calculation has
produced the best agreement.

The lack of resolution in the spectra of these relatively small molecules is an indication of
molecules that are not sufficiently cooled within our instrument. Hot band structure has been
seen for all of the species we have studied, to date. Additional population in higher vibrational
and rotational levels, combined with the already complicated electronic structure, due to
numerous low-lying electronically excited states of linear BeO, and BeS,, could be causing too
much spectral congestion for our instrument to deconvolute. The addition of a cold trap could
reduce vibrational population and rotational broadening enough to provide higher resolution

spectra for BeO, and BeS,".
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7.2 Beryllium Hydroxide, BeOH-

The neutral BeOH is another example of beryllium’s propensity to deviate from the
characteristics of the other Group IIA metals.” The alkaline earth metal hydroxides are all
predicted to all be linear systems, with the exception of BeOH, which was expected to be a bent
structure. °-'? Past experimental studies include infrared external reflection spectroscopy (ERS), !*
infrared spectroscopy in a matrix isolation , 7 and electronic spectroscopy of jet cooled BeOH, °
but these studies did not provide confirmation of the ground state geometry. Two-color
photoionization of BeOH and BeOD provided rotationally resolved spectra which did confirm
the ground state geometry of BeOH as bent. '* The BeOH- has yet to be investigated, but is
expected to also be a stable bent structure. Experimental investigation of BeOH- enables to
confirmation of the predicted EA (0.812 eV). !!

In the study of neutral BeOH/BeOH by multiphoton ionization, BeOH was generated via
laser ablation of a beryllium rod and a helium buffer gas seeded with nitric acid, HNOs;. ' Nitric
acid is considered a sufficient OH- source, as HNO; readily decomposes to NO,* and OH-.
Therefore, nitric acid was used in order to generate BeOH- with great success. However,
continual flow of the strong acid through the Jordan pulse valve caused damage to the internal
components of the pulse valve, leading to inconsistent pulses, and over-currenting of driver unit.
Investigations into BeOH- using HNO; were discontinued to prevent further damage to
experimental components. Other oxidant sources (H,O and methanol) were attempted, but did
not provide the necessary molecular signal required for imaging.

Before the study of BeOH- was discontinued, photodetachment of electrons was observed
in an energy range near the predicted electron affinity (0.812 eV). Figure 7.3 shows the

photoelectron spectra taken for BeOH- = BeOH, in the photodetachment energy range of
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Figure 7.3. Photoelectron spectra for BeOH- = BeOH at photon energies of (a, b, c) 9398 cm™! , (d, e)
7143 cm’!, and (f) 7002 cm™.

7000 cm!'—9400 cm! (0.89 eV — 1.17 eV). The spectra display a broad distribution, but
resolution is not high enough to see the presence of individual transitions. For example, the sharp
peaks that appear in Figure 7.3a, taken at hy = 9348 cm!, are not reproduced in 7.3b, or 7.3c,
which were also, taken at hv = 9348 cm’!, therefore, the peaks are considered to be artificial. The
lack of resolution could be an effect of a competing isomer, HBeO. Although HBeO- has not
been studied, the neutral species is known to be stable, ' leading to the possibility of two

different molecules being photodetached.
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The lower energy spectra had very little electron signal. This lower amount of signal
could have been a result of too low of photodetachment energy employed, or could be an effect
of lower initial molecular production, as these spectra were taken later in the investigation, when
issues with the pulse valve were first being observed.

Continued work on BeOH- will require a softer method of anion generation, to prevent
damage to the instrument. Also, given this broad structure has been present for multiple species
(BeO,, and BeS,), further investigation into the nature of this behavior should be conducted.
Although, it is expected to be associated with the inadequate thermalization of our anions,

confirmation of this theory will be provided with the addition of a cooling ion trap.

7.3 Beryllium Halides

7.3.1 Beryllium Monohalides, BeX- (X = Cl, Br)

With our discovery of dative bonding in BeF-, '¢ there was interest in examining the
heavier beryllium monohalides, BeCl and BeBr, to see if this bonding character continued down
the periodic table. The neutral BeCl and BeBr have been studied theoretically, - but no
theoretical work has been conducted on the anions, BeCl-, and BeBr . One infrared matrix
isolation study has been performed to analyze the cations and anions of beryllium halides (Be+F,
and Be+HCI), but there was no indication of BeCl- in the spectrum. 2!

Electronic structure calculations were performed to evaluate the electron affinities, anion
dissociation energies and anion bond lengths of BeCl and BeBr, for comparison with those of
BeF. Results of these calculations can be found in Table 7.2. For determination of the electron
affinities, geometry optimizations were performed on BeBr and BeBr using a (R)CCSD(T)

methodology and B3LYP starting wavefunction, with aug-cc-pwCV5Z basis set, comparable to
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Table 7.2 Electron affinities (EA), anion bond dissociation energies (D.’), and anion bond lengths (R.") of
BeX (X =F, Cl, Br). Values for EA and D, are given in units of wavenumbers (cm™), and values for Re-

are given in Angstroms A).

EA D.- R,
BeF ¢ 8697 28460 1414
BeCl 9644 12640 1.920
BeBr 10359 9358 2.128

2 Values for BeF (BeF) are included from Ref [16].

those used for BeF/BeF-. In order to determine the D, for BeBr-, another energy calculation was
conducted for a bond length of 15 A, where BeBr would be assumed to be dissociated. The
difference in energy of BeBr- at its optimized geometry and at 15 A, provided an estimate for the

D, of BeBr-.

For BeCl, point wise potential energy curves for the anion and neutral were constructed
using the same (R)CCSD(T)/aug-cc-pwCV5Z method and basis set, but an RHF wavefunction
was used as an initial starting point for the coupled cluster calculation. For the neutral, at longer
bond lengths, (R > 3.5 A) the coupled cluster calculation would not converge. This behavior was
evident for the construction of PECs for BeO/BeO, as well, and it is believed that
implementation of the B3LYP starting wavefunction in construction of the BeCl PECs, would
bypass this failure. The PECs for BeCl/BeCl can be found in Figure 7.4. The EA,., of BeCl and

D, of BeCl were determined directly from the PECs.

When comparing the electron affinities of BeF with BeCl and BeBr, it is evident that the
electron affinity of BeX increases as you move down the periodic table. Unlike the case of BeO
and BeS, where an increase in electron affinity from BeO to BeS was attributed to the increase in

elemental EA as you move down the column of the periodic table, the ordering for halogen EAs
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Figure 7.4 PECs for BeCl (blue) and BeCl (orange). Note: the BeCl PEC only converged for the bond
length range 0.5 A- 3.5 A.

does not directly correlate with atomic size. Therefore, it is interesting to still see an increase in
EA as you go from BeF to BeBr.

An increase in EA for the heavier beryllium monohalides would typically indicate a
higher probability of forming the anion in the gas phase, suggesting BeCl- and BeBr could be
viable targets for photoelectron spectroscopy. However, consideration must be made also to the
stability of the bond upon addition of an electron. Although the calculations indicated an increase
in EA with halogen size, the bond energy exhibited an opposite trend. With increasing halogen
size, the bond energy for BeX grows weaker. A weakening of the bond could lead to difficulty in
forming these molecules, which has been supported with the search of BeCl- in our instrument.
The formation of BeF- in our instrument is very straightforward, but creation BeCl- was

attempted using various chlorine sources (chloroform, dichloromethane, benzyl chloride), with
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much less production of molecular signal. Deliberate searches for BeBr- with our instrument
have not been conducted, but mass calibrations conducted with bromine did not suggest the
formation of BeBr- was occurring. It is expected that the dative bonding apparent with BeF- is
unique to this system as fluorine’s small size allows for the effective back donation of electron

density.

7.3.2 Beryllium Superhalogens BeX; (X =F, Cl, Br)

Superhalogens are an intriguing class of molecules marked with very high electron
affinities. A superhalogen is comprised of a metallic center, M, with a maximal formal valence,
k, bound to halogen atoms, X, of the form MX,, ;. The resulting polyatomic species has a much
higher electron affinity than its constituent halogen (MXj,; EA >> X EA). Due to their high
electron affinities, superhalogens can oxidize species with extremely high ionization potentials,
such as O, and noble gases. #22* Additionally, they are of interest for production of
superconductors. 2

Photoelectron spectroscopy has been used to probe various superhalogens, 2* but no
experimental studies on the beryllium superhalogens have been conducted yet. In our exploration
of BeF-, a peak consistent with the mass of BeF;” was evident in our mass spectrum. Also,
although BeCl- was not easily generated in our ablation, there were indications that BeCl; was
present. With optimization of ablation settings, it is possible to produce enough molecular signal
to image these species.

The predicted electron affinities of BeF; and BeCl;- are 7.630 eV and 6.171 eV. 2
Photodetachment at these high energies requires the use of a F, excimer laser at 157 nm (7.89

eV) or an ArF excimer laser at 193 nm (6.42 eV). Propagation of light through air at these
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wavelengths is minimal, due to photolysis of O, with high UV light. A channel that can connects
the laser window to the window of the instrument chamber, which can be purged with N,, to

allow for use of these photon energies is currently underway.

7.4 Thorium Oxide Clusters (Th,O,,)

Thorium oxides are of interest for the purpose of nuclear fuel sources. Many studies have
been conducted on the smallest neutral thorium oxide, ThO.%-22 Much of the theoretical work on
the larger clusters has been avoided due to thorium’s large atomic size, which requires treatment
with a relativistic Hamiltonian. As such, there has been a push to apply simpler chemical
bonding models to the thorium species, such as ligand field theory. 28 2°

Although studies of neutral thorium oxide clusters are currently underway, anionic
species have not been as well studied. The work conducted on the anions includes a few
theoretical studies, a matrix isolation study, * which indicated the presence of ThO, as well as
photoelectron spectroscopy studies on the smallest thorium oxide anion clusters, ThO-, *' ThO,",
and ThO;. ¥ Here we would like to continue to search for Th,O,,” clusters for spectroscopic
investigation. Additionally, due to thorium’s large mass, pursuit of these species provides the
opportunity to calibrated our instrument for heavier masses, which we have yet to see with the
beryllium species.

Thorium oxide clusters were generated using laser ablation of a thorium rod
target, with a helium buffer gas seeded with 10% O,. Average ablation laser settings were used,
but it was found that generation of thorium oxide clusters required much earlier (~ 100 us
earlier) pulse valve timings, and higher backing pressures (65 psia). Additionally, the timing of

the mass spectrometer pulses needed to be ~30 ps later in comparison to BeO-. The resulting
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mass spectrum of thorium oxide anionic clusters can be found in Figure 7.5, and a table of the
labeled mass peaks is located in Table 7.3. Thorium clusters as large as ThyO,,” were apparent in
the mass spectrum. Mass resolution of the heavier peaks could be achieved with increasing the
voltage difference between the MS repeller and MS extractor electrodes, and adjusting the timing
difference between pulsing the voltages of the mass spectrometer electrodes.

To perform photodetachment spectroscopy on the thorium oxide clusters,
photodetachment of ThO- and ThO, was attempted, first. As was previously stated, ThO- and
ThO; have already been characterized by means of photoelectron velocity map imaging
spectroscopy. '3 Comparison to previously characterized spectra would allow for the evaluation
of our instrument’s ability to image larger species, with more complicated electronic structure, as
well as, provide confirmation of our assignment of our mass spectrum, to allow for mass
calibration for heavier mass anions. Both ThO- and ThO, have been shown to have detachment
transitions accessible by the fundamental (1064 nm) and second harmonic (532 nm) of a
Nd:YAG laser. Therefore, photoelectron spectra were taken at these photon energies for the mass
peaks tentatively assigned to ThO- and ThO, . Although photodetachment was evident at these
energies, the spectra produced were unresolved, and did not match the spectra obtained by Li et.
al. 3132 Although we have already determined the anions we are producing are very hot, which
could lead to spectral congestion, it is also possible that for the thorium species, different ion
focusing voltages will need to be employed, to better focus the heavier beam into the interaction
region of the VMI. It should be noted that energy range for a given image obtained by Li et. al.
was much greater that what we can achieve with our instrument, indicating they use much higher

VMI voltages.
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Figure 7.5. Mass Spectrum of Th,O,, clusters. Peaks are labelled by their number of thorium atoms.

Table 7.3. Mass assignments for the mass spectrum shown in Figure 7.5.

Mass Mass
Spectrum Expected Spectrum Expected

Assignment  Timing (us) Species Assignment  Timing (us) Species
1A 66.62 ThO 3 116.15 Th;0,

1B 68.65 ThO, 4 137.09 Th,O,

1C 70.68 ThO; 5 153.81 ThsO,

1D 74 .43 ThO, 6 169.12 TheOy

1E 76.15 ThO; 7 182.40 Th,0,

IF 78.50 ThOg 8 194.58 ThsO,

2 94.90 Th,O, 9a ~206 ThyOy

2 Peak not shown in Figure 7.5.
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When a greater voltage difference was applied to the electrodes of the mass spectrometer,
separation of the individual mass peaks of Feature 2 in Figure 7.5 was possible. Upon separation,
there was a prominent peak midway through the series, assigned to Th,O, . Stochiometric
progressions of Th,O,, have been observed before experimentally, ** and have recently been
characterized by theoretical means. ** Th,O, is expected to detach between 0.8-1.15 eV, so
photodetachment was performed using the fundamental frequency of a Nd:YAG laser. Also,
greater VMI voltages (Vg =-725 V, Vg =-525 V) were used to capture a larger range of
energies. Figure 7.6 shows the resulting spectrum obtain for detachment at 1064 nm. There is an
overall broad structure, but there appears to be sharp features protruding from the broad
background, indicating structure in this region. More work is currently underway to confirm the

results of this spectrum.
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Figure 7.6 Photoelectron spectrum of the expected Th,Os = Th,O, transition at a photon energy of 9398

cm!.
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In order to reveal the unique chemical bonding of beryllium containing molecules,
photoelectron velocity map imaging spectroscopy was utilized to study several small beryllium-
containing anions in the gas phase. In conjunction with spectroscopic exploration, high level
computational methods were employed to aid in the understanding of the chemical bonding of
these species, as well as, to provide comparison to experimental results, for refinement of said
quantum chemical models. Many of the anions investigated, herein, were studied for the first
time spectroscopically. Of the molecules characterized, previously unknown electron affinities
and anion spectroscopic constants were established. Our theoretical predictions were in good
agreement with our experimental results.

The study of the X 2XZ* - X 'T* electronic transition of BeO- was used to benchmark our
photoelectron velocity map imaging spectrometer. The electron affinity (17535 cm™ =2.174(2)
eV) and vibrational and rotational constants of BeO- were established, experimentally, for the
first time. Spectrometer resolution was such that rotational contours could be observed in our
spectra. Analysis of these rotational contours for spectra of differing photodetachment photon
energies revealed a dependence of electron detachment characteristics on the electron kinetic
energy. For detachment near threshold, transitions involving multiple quanta changes in the
rotational angular momenta were prominent. However, as the photon energy increased,
increasing the kinetic energy available to the detached electron, these AN > O transitions, leaving
N =0 as the dominant channel.

A molecular system similar to BeO-, the BeS- > BeS (X 2Z* > X 'X*) transition was
studied for the purpose of establishing periodic trends. The established electron affinity of BeS
(18,830(17) cm™! = 2.3346(2) eV) was higher than the EA of BeO (2.174(2) eV), which is

expected to reflect the greater EA of S. A strong feature was observed in the Av = -2 band was
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attributed to dipole bound excited state of BeS-. Autodetachment spectroscopy revealed that the
DBS was located 141 cm™ below the electron detachment threshold. A similar state was, also,
observed for BeO-.

The beryllium fluoride anion, BeF-, demonstrated the unusual behavior of beryllium to
participate in bonding of closed shell atoms. Although Be (!S,) and F- (!S,) are considered
closed-shell, they form a strong bond, Dy >28460 cm'. Electronic structure calculations show
donation of F 2p electrons into a Be 2s/2p hybrid orbital, to form a dative bond. The formation of
this molecule is very unique, as other molecules of its isoelectronic series, BeNe and BNe*, only
show weak van der Waals attractions. Additionally, the electron affinity of BeF (8697 cm™) is
much lower than the EA of either BeO or BeS.

Of the anions discussed within this dissertation, BeC,” was the only triatomic species
where resolved spectra could be obtained. We confirmed previous theoretical studies, in the
assignment of the structure of BeC, to be T-shaped, with a polar covalent bond between Be and
C,. The structure of the anion was also found to be T-shaped, resolving a previous disagreement
between predictions. Similar to BeO- and BeS-, accommodation of the additional electron in
BeC; is centered on the beryllium atom, and the addition of the electron leads to a weakening of
the Be-X (O, S, C,) bond, in the anion.

Many other small anions were explored using this spectrometer, but produced results
with limited resolution. Due to the presence of hot vibrational structure in the species that were
elucidated, it is expected that high thermal population could be inhibiting spectral resolution of
these species. Addition of a cooling ion trap should allow for further studies of small beryllium

anions, beryllium clusters, and other abnormal metallic species.



