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Abstract

A Journey towards the Construction and Operation of a Photoelectron Velocity-Map
Imaging Spectrometer

By Kyle John Mascaritolo

Photoelectron velocity — map imaging spectroscopy is a highly versatile
spectroscopic technique that is capable of measuring numerous molecular properties of
neutral and anionic gas phase species. Pioneered by Dr. Danial Neumark at the
University of California, Berkeley, it combines anion photodetachment spectroscopy with
velocity — map imaging spectroscopy.

Presented here is a report of the evolution of a spectrometer capable of studying
beryllium containing molecules with the use of photoelectron velocity — map imaging
spectroscopy. During the development of the spectrometer, several sub-projects were
executed to benchmark its performance. The 2[1(4p)-X %I1 (3p) band system of the AIAr
van der Waals complex using two-photon excitation was first studied to measure the
production of internally cold molecules from the laser ablation source. With the
determination that cold molecules could be produced, the radical BeOH was studied. The
ground state of BeOH was predicted to have a bent equilibrium structure, contrary to the
other alkaline earth metal hydroxides with linear equilibrium ground state geometries.
The use of laser excitation techniques to observe the 22A™-12A" transition of BeOH/D in
the energy range 30300-32800 cm* revealed rotationally resolved spectra of several
bending mode transitions. Ab initio calculations were used to guide the analysis of the
spectroscopic data permitting unambiguous assignment of all spectral features. It was
confirmed that the equilibrium geometry of the ground state is bent, and that the barrier to
linearity lies below the zero-point energies for both BeOH and BeOD. A new Wiley-
McLaren time of flight mass spectrometer was then incorporated into the existing
spectrometer to provide the ability to mass separate anions generated from the laser
ablation source. The !Z*«—X 1T ground state to dipole bound state electronic
transition of A1O™ was studied by means of autodetachment spectroscopy. This studied
benchmarked the capability to photodetach mass separated anions. Lastly, velocity —
map imaging optics and a position sensitive detector were added to the spectrometer to
finalize the construction of the photoelectron velocity — map imaging spectrometer. The
previously unreported X '2*-X 25+ anion ground state to neutral ground state electronic
transition of BeO™ was studied as a benchmark molecule for the spectrometer. The
current results are presented here, along with a detailed report of the individual
components of the spectrometer, and an overall evaluation of the performance of the
spectrometer.
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Chapter 1

A Journey towards the Construction and Operation of a Photoelectron
Velocity-Map Imaging Spectrometer

The main focus for the completion of my Ph.D. was to construct an apparatus
capable of photoelectron velocity-map imaging spectroscopy in order to study the
electronic structure and bonding of beryllium containing species. This apparatus was to
be modeled after the slow electron velocity-map imaging (SEVI) apparatus of Dr. Danial
Neumark at the University of California, Berkeley.! Though this was nearly achieved,
many steps were taken in the evolution of the apparatus’s construction. Along the way,
increasingly difficult projects were performed in order to not only benchmark the
capabilities of the apparatus, but also develop the experimental and spectroscopic skills

needed to execute the notoriously challenging task of velocity-map imaging electrons.

Outlined in this chapter will be a description defining the choice for using
photoelectron velocity-map imaging spectroscopy as a means to study beryllium
containing species, particularly beryllium and beryllium oxide clusters (Be, and Be,O,),,
respectively), and their anionic forms. Following this are introductions to each of the
four projects that I completed at Emory University. A primary focus in these

introductions will be placed on the significance of the projects with regard to the phases



of constructing the photoelectron velocity-map imaging experiment and bringing it to a
state of operation. The secondary focus is on the general advancement in understanding
the chemistry of the species studied. Lastly, a description of the structure of the

remaining body of this dissertation is presented.

1.1 Photoelectron Velocity-Map Imaging Spectroscopy: Application to the Study of

Beryllium Containing Clusters

The evolution of bonding within molecular metal clusters and metal —
oxide clusters as they grow in size is of great interest.*° Fundamental questions
regarding these clusters are: how do their properties develop as a function of cluster size,
and at what size do clusters exhibit the properties of bulk metal? Properties that can be
measured in the gas phase that can provide answers to these questions include the
ionization energy, bond energies, geometric structures, and the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO).

Be, and Be,,O,, are a prime example to investigate spectroscopically to probe the
questions regarding cluster to bulk metal properties. In addition to these species having
relatively few electrons, making them suitable for high level ab initio theories,” %34 the
light masses of beryllium and oxygen make the smaller clusters candidates for
rotationally resolved spectroscopies, allowing for geometric analysis.®>%® Though many
theoretical predictions have been made on Be, clusters, only the dimer has been studied

experimentally.3>3¢38 There is a lack of data for any of the small Be,0,, clusters,16:17:39.40



The properties of the clusters listed above can usually be measured via standard
spectroscopy techniques for cluster sizes containing just a few atoms. However,

complication can arise as cluster size increases.

When trying to probe the ground state directly through techniques involving
absorption spectroscopy, creating enough number density of a metal containing species in
the gas phase is typically difficult with standard technique such as Knudsen oven heating,
laser ablation, or electrical discharge sources. Additionally, since these sources are
generally p\species non-selective, absorption of undesired species is unavoidable in many
cases. Mass selected methods can avoid this problem, but this requires the species to be
charged. Other techniques, such as laser induced fluorescence, that measure the
electronic structure of the ground state indirectly via excitation to excited states also
struggle when applied to large clusters. As cluster sizes grow, the density of excited
states can become overwhelming making state assignment difficult. Resonance enhance
multiphoton ionization is a technique that can be mass selective when coupled with a
mass spectrometer, but not only is it hindered by the density of states problem, but large
clusters are prone to dissociation through multiphoton processes due to their tendency to
have large photon absorption cross-sections. Dissociation of clusters can result in

misleading signals from detection of the smaller cluster fragments.

Probing the ground state of a neutral cluster by use of photodetachment
spectroscopy*!“? on its anionic form provides a solution to the problems listed
above.*542% This method can be mass selective since the starting species are charged,
allowing for the use of electric fields for mass separation. Additionally, charged particles

can be trapped with electric fields. Trapping allows for both the accumulation of sample,



increasing number density, and the cooling of the internal states of the anions.*¢*® With
cold anions, this method also allows for direct measurements of ground state properties of
the neutrals, since most of the anion population will be in its ground state. Specifically
using photodetachment velocity-map imaging spectroscopy! can provide a wealth of
information such as the electron affinity of the neutral, the molecular symmetry of the
electronic states of both the neutral and anion, the HOMO — LUMO gap, and, with a

resolution of only a few wavenumbers, the vibrational frequencies of both species.®*®’

1.2 The First Stage - AlAr

Before the proposed research on beryllium containing clusters began, sub-projects
were completed in the overall construction of the photoelectron velocity-map imaging
spectrometer. The first project that | completed was a study on the aluminum — argon
(AlAr) van der Waals complex (See Chapter 2). The experimental setup is shown in
Figure 1 and is designated as the first stage in construction of the photoelectron velocity-
map imaging experiment. This project was designed to primarily test the capabilities of
the R.M. Jordan PSV C-211 supersonic pulse valve coupled with laser ablation, and
secondarily to test the overall vacuum and laser systems. The vacuum and laser systems

used in this stage will not be discussed in any great detail here.

In order to create anions in a supersonic jet expansion for the final stage, it is

advised to use a short gas pulse duration, on the order of tens of microseconds or shorter.
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Figure 1: Stage one towards the photoelectron velocity-map imaging spectrometer. TOF:
Time of flight. MCP: Microchannel plates. For specific experimental details refer to
Chapter 2. This diagram is not drawn to scale.



A short pulse duration will avoid detachment of the anions from the collisional cooling
process within a supersonic jet expansion. Detachment of an anion can occur if they
undergo too many collisions with the carrier gas before expanding into the hard vacuum
of the source chamber. Generally, the longer the gas pulse the greater the number of
collisions. The Jordan valve has been found to be able to operate with a pulse duration of

40 — 60 s.

Another desire for the formation of anions in the final stage is the production of
internally cold anions. Cold anions, like most molecules, provide much simpler spectra
to analyze. However, creating internally cold anions is quite difficult due to the
collisional detachment mentioned above. Collisions are needed to transfer internal
energy from the anion to the carrier gas, but too many will eventually detach the electron.
It is a double edged sword that requires much time and experimentation to discover the

source design and operating conditions that will produce cold anions.

The AIAr complex was chosen to test the cooling performance of the Jordan valve
and the laser ablation setup coupled to it. AlAr is a van der Waals complex, bound only
by the weak intermolecular attractions generated from the mutually induced polarization
of the valence electrons of each atom.%®%° van der Waals interactions are extremely weak
compared to covalent and ionic bounds as described in any general chemistry textbook.
For example, the dissociation energy®® of AlO is 42500 + 160 cm™ whereas the
dissociation energy®® of AlAr is only 122.4 + 4.0 cm™. This shallow potential energy
curve of AlAr is limited to a relatively few number of bound states and can only be

formed if the internal temperature of the complex is very low. If the complex is too



“warm” it will auto-dissociate. The 122 cm dissociation limit equates to a temperature

of 85 K (T=-).

In the source of the first stage, not only was the complex successfully made, but
there was no evidence of vibrational hot bands in the recorded spectra. The harmonic
vibrational frequency of the ground state of AIAr is w, = 31.6 cm™',>® which would be
populated at a vibrational temperature of about 22 K. Therefore, it was concluded that
the source design in the first stage was capable of creating molecules at low internal
temperatures. The overall source design was retained throughout each of the following
stages. (A drawing of the source used in the final stage is shown later in Figure 5. This
design is largely based on the design used to study AlAr in the first stage with only

cosmetic changes made to fit the experimental needs for the final stage.)

1.3 BeOH in the First Stage

Once it was established that the first stage was suitable for molecular
spectroscopy of cold molecules, our attention was turned to study a molecule containing
beryllium. Beryllium containing molecules have been the subject of much research in
order to understand the unusual bonding characteristics of the beryllium atom.”%18-
24,28,30-35,38,39.61-87 The peryllium dimer is one such molecule that has received much
attention, being a prime example of the abnormality of beryllium bonding. Molecular
orbital theory predicts a formal bond order of zero for the dimer, however it has been
shown experimentally to be bound by D.=0.115 eV (927 cm™').2> While this binding

energy is not on the order of typical covalent or ionic bonds, it is considerably higher



than the binding seen in van der Waal complexes like AIAr mentioned earlier, stimulating
investigation. Theories beyond first order approximations are need to accurately predict
the effects of electron correlation and the participation of the 2p orbitals in bonding

responsible for beryllium dimer bond,18:27:28:30.32,36-38,75.82,88-95

Relevant to the research presented here (Chapter 3) is the bonding trends of the
group 1A metal hydroxides. The heavier metal hydroxides (Ba, Sr, Ca, Mg) have been
shown to exhibit formal ionic bonding giving rise to a linear ground state geometry.%6-107
However, BeOH displays signs of covalency in its bonding through a bent equilibrium
geometry,®"98198 partially due to beryllium’s high ionization energy and its small radius.
This geometry was predicted to have a barrier to linearity of only 136 cm™,%7:9%108 pt

there lacked experimental data to support these findings.

The data reported in Chapter 3 reveals that the equilibrium geometry of the
ground state of BeOH is in fact bent, but with a barrier to linearity lying below the
vibrational zero-point energy. Additionally, complimentary data for BeOD is presented.
The rotational temperature of the experiment was found to be only 8 K, further

demonstrating the Jordan valve’s ability to produce cold molecules.

1.4 Anions and Photodetachment in Stage Two

The second stage of the experiment was a huge leap toward photoelectron
velocity-map imaging. This stage was used to master the difficult task of creating and
mass selecting anions, and then photodetaching them. The difficulty in the creation and

mass selection of anions, or any changed particles, comes with the fact that the two



processes are coupled. One cannot know if charged particles are being produced by the
source if the mass spectrometer is not functional, as well as one cannot know if the mass
spectrometer is functional if charged particles are not being produced. The difficulty in
photodetaching anions is in the multidimensionality of the task. This process is a
function of four variables: the spatial and temporal overlapping of both the anions and the
incident photons (laser). Unless the overall structure of the spectrometer is carefully

designed and built, this process can be extremely challenging.

A few additional features to stage one were needed to achieve the desirable
experimental conditions needed for photodetachment spectroscopy. The most critical of
these features was the ability to mass select anions generated from the source. There
were no modifications done to the overall source design of stage one since there are
numerous previously reported experiments involving the generation of anions through
laser ablation. Only a few are cited here.®421%° However, the Wiley-McLaren time of
flight mass spectrometer (WM-TOFMS) in the experimental setup of stage one was
located in a position much too far from the source to achieve the number densities needed
for photodetachment. Additionally, the length of the drifting region was too short to

mass select heavy ions.

A diagram of the second stage is shown in Figure 2. The chamber that houses the source
of the second stage (furthest to the left) is identical to stage one (Figure 1), but some
modification were made to the equipment inside. It should be noted that the view of the
source chamber in Figure 1 is from the side, while the view in Figure 2 is from the top. A
new WM-TOFMS? was constructed and set in a position perpendicular to the Jordan

valve/laser ablation setup. The Jordan valve had to be moved to achieve this orientation
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as can be seen in Figure 2. The mass spectrometer was comprised of three electrodes: a
repeller, an extractor, and a ground. It is shown in Figure 3. Each stainless steel
electrode was constructed from two 3 inch outer diameter plates with a 1 inch diameter
hole in each plate. A 95% transparent copper mesh (Industrial Netting) was sandwiched
between each plate over the 1 inch hole. The plates were held together with six 0-80
bolts countersunk into the plates to provide a flat surface. All three electrodes were
supported by four alumina tubes with 0-80 threaded rods running inside and separated by
1/2 inch length alumina spacers that slipped over the alumina tubes. The whole mass
spectrometer assembly was supported by two aluminum plates 4.5 inches in diameter that
rested on a 6 mm rod cage system. Nuts at the ends of the 0-80 rods held the whole
assembly together. The WM-TOFMS had to be confined within a steel structure with a
small hole for the jet expansion in order to maintain a low enough pressure for the

charged mass spectroscopy plates to function without electrically discharging.

Two new chambers replaced the last chamber in stage one. The first of the two
chambers (middle chamber in Figure 2) ultimately was only used in this stage to increase
the time of flight distance from the source to the photodetachment region. The resolution
of the mass spectrometer was t/At = 690. This resolution was able to resolve anions
differing by 1 mass to charge ratio unit (m/z) at a m/z up to at least 59 (A105). Anions
with higher m/z were not investigated with optimal focusing of the mass spectrometer.
The last chamber contained the photodetachment region and the detector, along with
electrodes to produce a retardation field needed for the study of autodetachment of dipole

bound states of A1O™ (See Chapter 4).
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WM-TOF

Laser 4 _ _ _ -}
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Figure 2: Stage two towards the photoelectron velocity-map imaging spectrometer. WM-TOF: Wiley-McLaren time of
flight, MCP: Microchannel plates. For specific experimental details refer to Chapter 4. This diagram is drawn to scale.
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Repeller Extractor Ground

Figure 3: Drawing of the Wiley-McLaren time of flight mass spectrometer used in the
second and final stages.
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1.5 The Final Stage

As was described in the last section, the second stage was able to produce mass
selected anions and photodetach them. Though photoelectrons were being produced,
electrons were not being detected; the neutrals remaining after detachment were instead
detected (See Chapter 4). Several additions to stage two were needed in order to detect
electrons with the velocity-map imaging technique. The photoelectron velocity-map
imaging spectroscopic technique will be discussed in detail later in Chapter 5. This
section will provide the reader with a brief description of the technique to compliment the
extensive discussion of the hardware and design of the photoelectron velocity-map
imaging spectrometer given here. Additionally, a sub-section describing the necessities

of a well-built velocity-map imaging optics setup is included.

Photoelectron velocity — map imaging spectroscopy is a variant of
photodetachment spectroscopy. Mass selected anions in the gas phase are intersected by
a fixed frequency laser above the detachment threshold of the anion. Detached electrons

from the anions will have quantized amounts of kinetic energy described by
hU =EA+ EBinding +eKE (Eq 1)

where hv is the photon energy, EA is the electron affinity of the neutral (detachment
threshold of the anion), Egindging IS the internal state energy of the neutral after
photodetachment, and eKE is the kinetic energy of the detached electrons. Based on Eq.
1, it can be seen that Eginding and eKE are correlated. Since EA is constant for a species,
the quantization of the internal states of the neutral species dictates that the kinetic energy

of the detached electrons must also be quantized.
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The spatial distribution of detached electrons traveling away from the anions with
various quantized kinetic energies (velocities) are known as Newton spheres. The unique
radii of these spheres are related to the quantized eKEs, while the anisotropy of the
distribution of the electrons about the outer surface of the spheres encodes the angular
momentum of the photoelectrons, and some molecular dynamics. The degree of

anisotropy can be measured from the photoelectron angular distribution (PAD), described

by

1(9)=i (1+BP, (cosh)) (Eq. 2)
where o is the total photodetachment cross section, P,(cos0) is the second Legendre

polynomial, and B is the anisotropy parameter having values between -1 and 2.

After photodetachment, the Newton spheres are accelerated towards and focused
onto a position sensitive detector by an electrostatic lens in a process called velocity —
map imaging. Velocity — map imaging maps charged particles with similar velocities
(kinetic energies) onto a common spot a fixed distance away. In the case of
photoelectron velocity — map imaging spectroscopy, electrons with the same quantized
amount of kinetic energy are detected on a spatially different area on the position
sensitive detector from all other electrons with different kinetic energies. Furthermore,
the intensity pattern produced upon the accumulation of tens of thousands of electron
impacts on the detector will reveal the PAD. The accumulation of electrons, producing

an image, is recorded with a charged couple device (CCD) camera.

Figure 4 shows the final stage with the additions to the second stage needed to

effectively detect electrons with photoelectron velocity — map imaging spectroscopy.
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The source chamber was unaltered from the second stage. It proved to be well-designed
for producing anions. A drawing of the source used is shown in Figure 5. The Jordan
valve was mounted through a 3.5 inch hole drilled in the center of a steel flange. It was
held in place by the force generated from compressing an o-ring around the valve with an
aluminum plate fitted around the valve. Bolts tightened into tapped holes on the vacuum
side of the flange provided the compressing force. This o-ring was also provided a
vacuum seal between the surfaces of the valve and the flange it was mounted in. An
ablation block similar to those used elsewhere!'! was mounted onto the front of the valve
through a custom plate. A stepper motor underneath the valve provided rotational motion
for a metal rod target. This motor was also mounted on a rail and car system to provide
vertical motion of the rod via a second stepper motor. The second stepper motor was
mounted perpendicular to the first and was attached to it with a string. As the motor
spun, the string would wine on the shaft of the motor, pulling the other motor vertically.
These motions allowed for laser ablation of a fresh surface on the target for each event

cycle of the experiment.

An Einzel lens and four sets of deflector plates were added in the second
chamber to focus and guide the anions into the center of the velocity-map imaging (VMI)
optics. A drawing of the Einzel lens is shown in Figure 6. This was modeled after the
Einzel lens example potential array given in the SIMION 8.0 software package.'*? The
dimensions of the original model from SIMION were doubled for ease of construction
and use. Each part of the lens was made from a stainless steel tube with an outer

diameter of 24 mm and an inner diameter of 18 mm. The lengths of each part were 14,
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Photodetach/ VMI Region

Jordan C-211
Pulse Vahe

Figure 4: Schematic of photoelectron velocity-map imaging spectrometer, the final stage. WM-TOF: Wiley-McLaren
Time of Flight, VMI: Velocity-Map Imaging. This figure is drawn to scale.
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Figure 5: Drawing of the Jordan valve/laser ablation anion source (Color). Flange (dark
grey), O-ring compression plates (yellow and orange), Stepper motor support ring (Tan),
Stepper motor (red), Jordan valve (grey), Custom face plate for Jordan valve (black),
Ablation block (Tan).



Figure 6: Drawing of Einzel lens. The end support plate has been made transparent for
clarity.

18
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18, and 16 mm, following the flight path of the anions through the lens. The parts were
separated from each other with 3/32 inches diameter ceramic balls. The lens was held
together by compressing the tubes and balls with 8-32 threaded rods and nuts attached to
support plates on either side of the lens (rods not shown in Figure 6). The assembly was
mounted on a similar 6 mm cage system as the WM — TOFMS mentioned in the previous
section. A negative potential was applied only to the center ring of the lens for focusing

conditions. The outer rings were kept at ground.

Two sets of the deflector plates were used to guide the anions into the VMI optics.
One of these assemblies is shown in Figure 7. Each deflector plate was made of a square
inch stainless steel plate 1/32 in thick and was attached to an aluminum L-shaped support
via 4-40 bolts, electrically separated by plastic washers. Each deflector plate support was
mounted onto an overall assembly support, positioned so that each deflector plate was
separated by a distance of one half inch. The two sets of plates were positioned
orthogonal to each other to provide guidance of the anions in two dimensions (vertical
and horizontal). One plate of each set was grounded while the opposite plate was
connected to a voltage source. The assemblies were also mounted on a similar 6 mm
cage system as the WM — TOFMS mentioned in a previous section. Two entire
assemblies were needed in order to be able to both angle and translate the anions along

their flight path. A fifth set of deflector plates was used as a mass gate.

The most important additions to the final stage were the VMI optics and the
imaging detector. The VMI optics were modeled after Le6n and Wang.2 The geometry
of the individual optic plates within the lens were kept identical to those of Leon and

Wang, expect the outer diameter of the plates, which was increased to 4.5 inches to be
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Assembly Support

D-Plate Support
D-Plate Support

Deflector Plates I

Figure 7: Drawing of a deflector plate assembly (Color). Deflector Plates (red), Deflector
Plate Support (D — Plate Support, green), Assembly Support (grey).
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compatible with an existing mounting system within the chamber. The plates were also
made of 304 stainless steel instead of gold plated, oxygen free copper. 304 stainless steel
was used instead for its rigidity, but should still produce similar results to the copper
plates used by Leon and Wang. The copper plates were gold plated to increase the work
function of the VMI optics. This allows for the use of higher energy photons for
detachment processes while avoiding electron emission from the plates themselves. Gold
plating of the 304 stainless steel plates is planned for future experiments. The VMI
optics were mounted on four ¥ inch diameter alumina tubes with 8-32 aluminum
threaded rods running inside them. They were separated by Teflon™ spacers cut to the
same dimensions as those reported by Ledn and Wang.? The alumina tubes and
aluminum rods were then mounted onto a support ring, which was supported by threaded

rods screwed into a flange on axis with the molecular beam.

Once photoelectrons were produced within the lens, they were accelerated down a
drift region to the detector 66 cm away (PHOTONIS USA, INC. 75mm Chevron stacked
microchannel plates (MCP) with a fiberoptic phosphor screen with P47 phosphor). This
region was shielded from external electric and magnetic fields by layers of mu-metal.
Electrons impacting the detector were recorded with a CCD camera (Physimetrics Ul-
2230SE-M-GL, 1024x768). The camera was mounted 60 cm from the detector screen,
housed in a black-painted aluminum tube bolted into the flange of the detector. This
mounting system allowed for the camera to be routinely positioned in the same
orientation with respect to the detector, and to shield the camera from room light. A 1

inch focal length spherical lens was placed 1 inch from the CCD array of the camera.
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Electrons impacting the detector were discriminatively detected from all other
charged particles by pulsing the voltage (gain) on the MCPs only when the electrons
arrived at the detector. Individual electron distributions from each cycle of the
experiment were recorded and summed over several tens of thousands of cycles to
produce an image. The final image was saved using the imaging software developed by
Suits.!® Transformation of the image from velocity space to energy was done using the
Polar Onion Peeling (POP) technique!!* and Maximum Entropy Velocity Legendre
Reconstruction (MEVELER).!® The illumination of the screen from electron or anion
impacts could also be monitored with a photomultiplier tube positioned off axis from the
camera. This form of detection produced the TOF-MS spectrum, and was extremely
useful in the optimization of anion and photoelectron production. The repetition rate of

the experiment was 10 Hz.

1.6 Developing High Quality Velocity-Map Imaging Optics

Two criteria must be met to achieve the absolute best resolution from a VMI
setup: the electrons must be focused well by the VMI optics onto the detector, and the
trajectories of the electrons as they travel to the detector must only be effected by uniform
potentials within the VMI optics. These two criteria are extremely difficult to achieve.
Over a year was spent on attempting to achieve these criteria in the final stage, but they
were not completely met. Resolution in the following text refers to the pixel width of

features in a raw image.
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Focusing the electrons well by the VMI optics onto the detector is a function of
three primary conditions: the focal plane of the VMI optics must be exactly at, and
exactly the same as, the plane of the detector, the interaction volume within the VMI
optics must be as small as possible, and the interaction volume must be at the axial center
of the VMI between the repeller and extractor electrodes (the first two plates). Meeting
each condition by itself is challenging, but what becomes even more problematic is that
the negative effects brought upon the resolution of the spectrometer by not meeting one
of these conditions is identical in appearance on the final image as not meeting all of the
conditions. For example, if the focusing conditions of the VMI are perfect, but
interaction volume is too large (~ >1 mm diameter sphere) the image will be blurry
(increased pixel width). However, if the opposite is true, the interaction volume is a near
point source, but the focusing of the VMI is far from perfect, the image will also be
blurry. Recording the sharpest image possible requires iteratively adjusting the above

three conditions until the resolution no longer improves.

Creating uniform electric fields within the VMI optics is also essential to the
resolution of an image. Under the assumption that the criteria in the immediate above
text are met, uniform potentials within the VMI will map the trajectories of the electrons
onto the detector as perfect spheres. This in turn will display ring structures as the
electron spheres are flattened from impacting the detector. Perfectly circular images are
needed when transforming an image in velocity space to energy space.*** Any non-
circularity in the image created from non-uniform potentials will degrade the resolution

since quadrant symmetrizing signal on different radii will broaden a ring.
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There are a few conditions that can cause non-uniformity of the potentials within
the VMI. The electric fields within the optics must be as close to symmetrical about the
center axis as possible. Any defects will break the symmetry and map electrons with the
same velocity vectors onto different radii. The surface quality and flatness of the
individual plates is very important in maintaining a uniform electric field between each
plate. Any defects such as scratches, chips, dirt and oil, or curvature can degrade the
electric field quality. Ideally, the finish on the electrodes should be mirror like. Another
factor is the degree of parallelism of each plate with respect to every other plate. If all of
the plates are not parallel to each other the electric field between them will be
asymmetric. Lastly, the VMI optics must be parallel to the detector. The electron
spheres created within the VMI optics must impact the detector head on. If there is any

drift from the center axis of the experiment, the image will become elliptical.

The effects of non-uniform potentials differ from the effects the previous
conditions cause on an image. Typically, misshaping of the image, drop in intensity
within large sections of the image, and pockets of blurriness rather than an overall
blurriness of the image are all indications that the electric potentials within the VMI

optics are not uniform.

To demonstrate the importance of symmetrical images, Figure 8 shows an image
of the photodetachment of the sulfur atomic anion, S*. This image is the highest
resolution image of any species recorded on this spectrometer. The energy resolution of
this image after transformation using the Polar Onion Peeling technique** is 18%. The
deconvoluted spectrum is shown in Figure 9 (Top). An energy resolution of 18% is about

a factor of 35 worse than the experimentally proven best resolution achievable of 0.53%
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for this VMI design.? One of the biggest contributors to the low resolution is the non-
circularity of the image, most easily seen in the bottom right quadrant. The radii of the
rings are smaller in this quadrant compared to the rest of the image. If the same image is
then transformed only using the top left quadrant, the resolution is improved to ~5%.
The deconvoluted spectrum is shown in Figure 9 (Bottom). While this is still an order of
magnitude worse than the best resolution possible, it demonstrates the importance of

having circular images.

The final stage is being used to study the photodetachment of BeO™ (See Chapter
5). Preliminary data has measured the previously unknown electron affinity of BeO and
the AG,, vibrational interval of BeO" yielding results that are in great agreement with

theoretical predictions.

1.7 Structure of the Remaining Dissertation

The remaining body of this dissertation is broken up into four chapters. Chapter 2
contains the published work on the aluminum — argon (AIAr) van der Waals complex,**8
Chapter 3 details the spectroscopy of the BeOH molecule,'*® and Chapter 4 presents the
autodetachment of dipole bound states of A10™.12° The content in these chapters is
identical to the published work with one exception. Figure 4 of Chapter 4 has been
replaced with the correct figure as detailed in the erratum?®?! to the publication. Lastly,
Chapter 5 gives a brief overview of photoelectron velocity-map imaging spectroscopy,
reports the unpublished work on the photoelectron velocity-map imaging spectroscopy of

BeO', and describes the experimental details and performance of the final stage.



Figure 8: Photoelectron velocity-map image of the sulfur atomic anion, S°. For
experimental details of this image refer to Chapter 5.
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Figure 9: (Top) Deconvoluted image of S” using the entire image shown in Figure 4.
(Bottom) Deconvoluted image of S” using only quadrant 11 of the image shown in Figure
4.
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Chapter 2

Two-photon excitation of the 2IT1(4p)-X?I1(3p) transition of AlAr.

The 2T1(4p)-X? I1 (3p) band system of AlAr has been observed using two-photon
excitation. The spectrum consists of a short progression of doublet bands, with spin-orbit
intervals that are close to that of Al(4p). Potential energy curve fitting yielded a bond
dissociation energy for 2 IT (4p) of De=495(5) cm™ and an approximate bond length of

Re=3.33(4) A.

2.1 Introduction

The Al-Rg complexes (Rg=Ar, Kr, Xe) have been examined previously using
electronic spectroscopy techniques[1-4]. These open-shell species are of interest as they
can be used to explore the evolution of physical bonding forces as a function of electronic
excitation. It has been shown that binding of the lower energy states benefits from the
greater polarizability of the excited orbital[3]. At higher energies, where the states
become increasingly more Rydberg in character, the Al-Rg binding energy increases
towards the value expected for the ionic Al*-Rg complex. To date, spectroscopic studies

of Al-Rg complexes have focused on states that can be accessed by one-photon
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transitions. In the present study we report a band system of Al-Ar, accessed by a two-

photon excitation process.

Spectra for the B2L*(4s)-X2 I (3p) transition of Al-Ar were first reported by
Gardner and Lester[2], who used resonant two-photon ionization (R2PI) as the means for
detection of single-photon resonances. This transition was subsequently examined using
laser induced fluorescence (LIF) spectroscopy. Callender, Mitchell and Hackett[1]
characterized the dispersed fluorescence spectrum, from which they derived a ground
state dissociation energy of Do=136+65 cm™. McQuaid, Gole and Heaven[4] recorded
rotationally resolved spectra, from which the B22*(4s) state potential energy curve was
recovered via the RKR inversion process. Heidecke et al.[3] used R2PI to study a wide
range of states, spanning the range from B2x*(4s) all the way to the ionization limit.
Term energies and vibrational constants were reported for 33 electronically excited states.
The ionization energy was found to be 47418.5(+2.0) cm™. In the energy range of
relevance to the present study, 32400-33000 cm, they observed states that were
attributed to the Al(3d)+Ar and Al(4p)+Ar dissociation asymptotes. The two-photon

excitation spectra reported here provide new information concerning the 2I1(4p) state.

2.2 Experimental

The apparatus used for these measurements has been described previously[5]. Al-
Ar complexes were generated using a conventional pulsed laser ablation source[6]. The
fundamental from a Nd/Y AG laser (1064nm, =5 mJ/ pulse) was used to ablate the surface

of an Al rod. The ablation plume was entrained in pure Ar at a pressure of 7.6 atm, and
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cooled by supersonic free-jet expansion. Al-Ar complexes formed during this expansion
process. The core of the expansion was sampled via a conical skimmer, into the ion
source region of a time-of-flight mass spectrometer. The Al-Ar complexes were photo-
ionized by the beam from a tunable dye laser, operating over the wavelength range
606.06 - 617.28 nm. Three photons are required for ionization at this wavelength. As
there are no one-photon resonances in this range, resonantly enhanced ionization could be
unambiguously assigned to a 2+1 sequence. Spectra were recorded by monitoring the ion
current associated with the arrival time for AIAr* (m/e=67). The dye laser was operated
with a beam diameter of 2 mm and a pulse energy of approximately 5 mJ. The linewidth
(FWHM) was 0.3 cm™. Absolute wavelength calibration was obtained using a

commercial wavemeter (Bristol Instruments model 821).

2.3 Results and Discussion

Figure 1 shows the 2+1 photoionization spectrum. The bands in the low energy
range (two-photon energies of 32300 - 32580 cm™) were weak and the vertical scale has
been expanded to show them more clearly. The intensities in this trace have not been
adjusted for variation of the laser power over the scan. These features were readily
identified as the bands of the 2A(3d), 2I1(3d), 2X(3d) « X?I1(3p) series reported by
Heidecke et al.[3] The more intense features in the 32580 - 32850 cm™ range present a
simple vibrational progression of doublets that do not correspond to any of the systems
reported by Heidecke et al.[3] These bands were not rotationally resolved, and so we

present the band centers in Table 1, along with the doublet spacings.
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Figure 1. Two-photon excitation spectrum of AlAr. The peaks with vibrational numbers
are assigned to the 2IT(4p)-X?IT12(3p) transition. Note that the vertical axis was expanded
by a factor of 10 to display the weak features in the 32300-32580 cm™ range.
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Table 1. Band centers for the 2I1(4p)-X?11/2(3p) transition of AlAr

V' Ty T3 AE
0 32618.5 32637.0 18.5
1 32690.3 32703.4 13.1
2 32747.7 32760.4 12.7
3 32799.0 32810.9 11.9

The band centers are given in cm™ units, with uncertainties of 0.2 cm™. The fourth
column gives the interval between the spin-orbit components.
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To assign the new transition, we begin by considering the lowest energy band
observed at 32618.5 cm™. Heidecke et al.[3] determined that the ground state dissociation
energy was 122.4(40) cm™. Hence, the lowest energy band lies 32496.1 cm™ above the
Al(3p, 2P12)+Ar dissociation asymptote. This precludes assignment to a state that
correlates with Al(3d) as the highest energy component (*Day) is at 32436.8 cm™ relative
to (3p, 2P12)[7]. The obvious conclusion is that the new band system correlates with the
Al(4p, ?P)+Ar dissociation asymptote, which is consistent with the selection rules for
two-photon excitation in the atomic limit. Furthermore, the doublet splittings (Table 1)
are approximately consistent with the Al(4p, 2P) spin-orbit interaction constant of
Aso=10.55 cm™ (derived from the 4p 2P32-2P1s interval[7]). Without interactions
between the states of different electronic configuration, it is expected that the 2P(4p) state
would exhibit a spin orbit splitting that was close to Aso. It is likely that the larger
observed value for the lowest energy states reflects interactions between the Al(3d,

2Dgz)-Ar and Al(4p, 2Par2)-Ar configurations.

The intensity envelope of the new band system indicates that there is a significant
change in the equilibrium bond length on electronic excitation, and that the bands
originate from the ground state zero-point level. Based on the behavior of the numerous
excited states characterized by Heidecke et al.[3], it is almost certain that the excited state
has a smaller equilibrium bond length. For this situation the remaining problem is to
determine the vibrational numbering. A search for a doublet band of the transition at
energies below 32618.5 cm™* did not produce any promising candidates, suggesting that
the first observed level is v'=0. The vibrational assignment was further explored by

calculating excited state vibrational intervals and Franck Condon factors. For this
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purpose, the ground state potential energy curve was represented by a Lennard-Jones

potential of the form,

wew-ol[ A%

with Re=3.79 A and De=141.0 cm™* chosen to reproduce the existing experimental data.
For development of the excited state potential energy curve, the spin orbit interaction was
removed from the experimental data by considering the mean energies for each doublet.
The relative intensities were taken as the mean values for the doublets. To provide
flexibility, the Extended Morse Oscillator function was used to represent the excited state

potential energy curve. This is defined by the expression[8]

Vu(R)=D, (-0 (HRIR -R,))) @

with ¢(R)=d,+d,y(R) and y(R)=(R* —R?)/(R* +R?). The computer code Level

8.0[8] was used to compute the vibrational energies and Franck-Condon factors for

potentials 1 and 2. Trial-and-error fitting to the relative intensities and vibrational
intervals yielded excited state potential parameters of De=495(5) cm™, Re=3.33(4) A,
$0=1.78(3) At and ¢1=-1.15(4) A1, These parameters lead to a bond dissociation energy
of Do=456 cm™. The calculated vibrational intervals and Franck-Condon factors are
compared with the experimental data in Table 2. We note that the well-depth estimated
for 2I1(4p) is quite similar to that of the most deeply bound Al(3d)-Ar state, Do(3d,

2A)=525 cm™* (ref. [3]), while the equilibrium distance is somewhat larger than that of
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Table 2. Observed and calculated properties for the 2I1(4p)-X2I11/2(3p) transition of AlAr

V' AGyap (0bS)2 AGyaap (calc) Relative Intensity®  FCF
0 69.1 69.5 0.09 0.06
1 57.2 58.4 0.29 0.31
2 50.9 48.9 0.44 0.44
3 - 40.7 0.09 0.17

2 In units of cm™, these intervals are derived from the mid-points of the spin-orbit
doublets.

b These are the mean relative intensities for the spin-orbit doublets. They have been
scaled to produce agreement with the calculated Franck-Condon factor (FCF) for the 2-0
band. Itis likely that the experimental intensity for the 3-0 band is underestimated due to
the lower power from the dye laser at this wavelength.
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the B22" state (Re=3.05(1) A)[4]. The agreement between the observed and predicted

band intensities supports assignment of the lowest energy band as the v'=0-v"=0 origin.

Heidecke et al.[3] observed a progression starting at 32328.16(32) that was very
tentatively considered as a candidate for the IT(4p)-X?I1 transition. We did not observe
those bands in our two-photon excitation scan. Professor Morse has suggested that these
extra features may belong to a larger cluster (e.g., AlAr») that fragmented to produce

signals in the AIAr* detection channel.

2.4 Postscript

In the process of soliciting comments on this note we learned that the band
systems we observed had been recorded previously by Professor Okumura and his co-
workers. Their results were presented at an ACS meeting (M. Okumura, J. M. Spotts,
Chi-Kin Wong, J. A. Boatz, J. A. Sheehy, P. W. Langhoff, and R. J. Hinde, "Electronic
state mixing in AlAr clusters,” Book of Abstracts, 218th ACS National Meeting, New

Orleans, Aug. 22-26 (1999), PHYS-194).
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Chapter 3

Experimental and Theoretical Characterization of the
22A'-12A!' Transition of BeOH/D

The hydroxides of Ca, Sr and Ba are known to be linear molecules, while MgOH
is quasilinear. High-level ab initio calculations for BeOH predict a bent equilibrium
structure with a bond angle of 140.9°, indicating a significant contribution of covalency
to the bonding. However, experimental confirmation of the bent structure is lacking. In
the present study we have used laser excitation techniques to observe the 22A™-12A"
transition of BeOH/D in the energy range 30300-32800 cm™. Rotationally resolved
spectra were obtained, with sufficient resolution to reveal spin splittings for the
electronically excited state. Two-color photoionization was used to determine an
ionization energy of 66425(10) cm™. Ab initio calculations were used to guide the
analysis of the spectroscopic data. Multi-reference configuration interaction calculations
were used to construct potential energy surfaces for the 12A", 22A" and 12A" states. The
ro-vibronic eigenstates supported by these surfaces were determined using the Morse
oscillator rigid bender internal dynamics Hamiltonian. The theoretical results were in
sufficiently good agreement with the experimental data to permit unambiguous

assignment. It was confirmed that the equilibrium geometry of the ground state is bent,
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and that the barrier to linearity lies below the zero-point energies for both BeOH and

BeOD.

3.1 Introduction

The monohydroxides of the alkaline earth metals (MOH, M=Be, Mg, Ca, Sr, Ba)
have been the subject of numerous theoretical'!! and experimental studies?2°, One of
the motivations for this work has been the question of how the M-O bonding changes as a
function of the atomic number of the metal. Theoretical studies'! indicate that the
heavier members of the group, M=Ca, Sr and Ba, have ionic bonds that are formally M*-
OH". This results in a linear equilibrium geometry, as observed for the alkali metal
hydroxides®. The M*-OH- partial charge separation becomes more difficult to accomplish
for the lighter alkaline earth metals Be and Mg due to their higher ionization energies (in
eV units, 9.323 (Be) 7.646 (Mg), 6.113 (Ca), 5.965 (Sr) and 5.212 (Ba))?’. Electronic
structure calculations indicate that the bonding in BeOH and MgOH has significant
contributions from covalent interactions that favor bent geometries>*8. In the case of
MgOH, the interplay between ionic and covalent forces results in a potential energy
surface that has a linear equilibrium structure, but is almost flat with respect to angular

displacement near the minimum?,

High-level electronic structure calculations have consistently predicted bent
equilibrium structures for BeOH, with low barriers to linearity>58, For example, the
RCCSD(T) calculations of Koput and Peterson®, performed using a basis set of 5-zeta

quality, yielded an equilibrium bond angle of 140.9 degrees, with a barrier to linearity of
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136 cm™. Unfortunately, the existing experimental data could not be used to determine
the geometry. The earliest spectroscopic observations of BeOH were obtained for
samples isolated in cryogenic rare gas matrices. Brom and Weltner® recorded the ESR
spectrum, and concluded that the molecule was most probably linear. Thompson and
Andrews? trapped the products resulting from the laser ablation of Be in the presence of
H20. An IR absorption band at 1245.5 cm™ was tentatively assigned to BeOH, but this
did not provide any insight concerning the bond angle. Gas-phase emission spectra (300-
332 nm) for BeOH and BeOD were reported by Antic-Jovanovic et al.!? Chemical
evidence was used to identify the carrier of the band systems, but there was no attempt to
assign the highly congested structure. More recently, electronic spectra for jet-cooled
BeOH were obtained by Heaven et al.?® Partially resolved rotational structure was
observed, yielding a first estimate for the ground state rotational constant. The result was
in agreement with the predictions of the highest level theoretical calculations, but the

bands that might be used to probe the question of the bond angle were not identified.

The group Ila MOH species all exhibit allowed electronic transitions that can be
approximately described as metal-centered np<—ns electron promotions. The lowest
energy state arising from this excited configuration is of 2IT symmetry for the linear
geometry. The orbital degeneracy of this state is broken when the molecule is bent,
resulting in states of A’ and 2A" symmetry. For Ca, Sr and Ba, the states separate on
bending, but both retain the linear equilibrium structure!®2620-32  Spectra for MgOH?’
show that the 22A" state has a bent equilibrium structure (6e~119 degrees) and a barrier to
linearity of 1970 cm™. Theoretical calculations® also predict a bent structure for the 12A"

state. As would be expected from these trends, calculations for BeOH predict that both
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the 22A" and 12A" states will have bent equilibrium geometries. The calculations of
Theodorakopoulos et al.? yielded an approximate barrier to linearity for the 22A’ state of

3710 cm™.

In the present study we have examined the 22A'-12A" transitions of BeOH and
BeOD using laser excitation techniques. Jet-cooling was used to minimize the spectral
congestion. Laser induced fluorescence (LIF) measurements provided the best
resolution, while resonantly enhanced multi-photon ionization (REMPI) with mass-
resolved ion detection was used to confirm the attribution of bands to BeOH or BeOD. A
two-color ionization technique was used to determine the ionization energy (IE) of

BeOH.

Theoretical calculations were carried out to guide the interpretation of the spectra.
New potential energy surfaces for the 12A’, 2°A" and 12A" states were constructed using a
multi-reference configuration interaction method. The ro-vibronic eigenstates of the
surfaces were calculated and detailed comparisons with the spectroscopic data are

reported.

3.2 Experimental

The apparatus used for these experiments has been described in detail
previously®334, Gas phase samples of BeOH/D were generated by pulsed laser ablation.
The output of a pulsed Nd/YAG laser (Continuum Minilite 1l, operating at ~20 mJ per
pulse at 1064 nm) was focused onto the surface of a beryllium rod, which was

continuously rotated and translated to expose a fresh surface to each laser shot. The hot
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plasma produced by the laser vaporization was entrained in a pulse of high pressure
helium carrier gas, which was then expanded as a free jet. To promote the formation of
BeOH, HNO3 vapor was added to the He by passing the carrier gas over the surface of
nitric acid. Deuterated nitric acid was used for synthesis of BeOD. The gas pulse was
produced by a Jordan valve (0.5 mm orifice diameter) that was operated at source

pressures over the range of 20-65 psia, with a pulse duration of 60 ps.

LIF, REMPI and photoionization efficiency (PIE) spectra were recorded to
investigate the electronic structure and bonding of BeOH/D. LIF spectra were recorded
with the excitation laser beam positioned 7.5 cm downstream from the nozzle orifice.

For the recording of REMPI spectra and photoionization efficiency curves, the core of the
expansion was sampled by a 5 mm diameter skimmer into a differentially pumped
chamber that housed a time-of-flight mass spectrometer. A two-color excitation scheme
was used to record REMPI spectra with mass-resolved ion detection. The ionizing
photon was provided by a KrF laser operating at 248 nm (Lambda Physik Compex 102).
The counter-propagating laser beams were overlapped in time and space in the ionization
region of the time-of-flight mass spectrometer, along an axis perpendicular to both the

molecular beam and the flight tube of the mass spectrometer.

PIE curves were recorded using two tunable dye lasers in order to locate the
ionization energy. The first dye laser was set to excite a particular resonant transition of
BeOH while the second dye laser was scanned to locate the onset of ionization, registered

by the mass-resolved detection of BeOH" ions.

The tunable lasers used for these measurements consisted of a Nd/YAG pumped

system (frequency doubled Continuum 7010 Nd/YAG with a Quanta Ray PDL1e dye
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laser) and an excimer pumped dye laser (Lambda Physik Lextra pumping a FL3001 dye
laser). Both dye lasers, operated without intracavity etalons, yielded fundamental
linewidths close to 0.3 cm™ (FWHM). For a few measurements, an etalon was used to
reduce the linewidth of the Lambda Physik laser to approximately 0.06 cm™. Frequency
doubling of the outputs from both dye lasers was used to generate tunable light in the
near UV spectral range. Several laser dyes were used to record the spectra, and the
intensities were not corrected for variations in the laser powers. Absolute wavelength
calibration of the dye laser fundamentals was provided by a Bristol Instruments

wavemeter (model 821) and the simultaneous recording of the I, B-X LIF spectrum®.

3.3 Theoretical Calculations

Potential energy surfaces for the three lowest energy electronic states of BeOH
were generated using ab initio electronic structure methods. The MOLPRO 2010.1 suite
of programs®® was used for these calculations. Roos atomic natural orbital basis sets®’
were used for Be, O and H ((14s, 9p, 4d, 3f) contracted to [5s, 4p, 3d, 2f] for Be and O,
(8s, 4p, 3d)/[4s, 3p, 2d] for H). State averaged complete active space self- consistent
field (sa-CASSCF) calculations were carried out for 13 electrons distributed among 11
valence orbitals. The Cartesian axes were chosen with the molecule in the y-z plane, such
that z corresponds to the inertial a-axis. To ensure a smooth transition from linear to bent
geometries, the calculations did not employ symmetry (C1 point group). We found that
calculations performed using Cs symmetry yielded a larger artificial splitting between the
A'and A" components of the AI1 state for the linear geometry. Trial calculations were

performed with the first four orbitals (O1s, Bels, O2s and O2p,+H1s) constrained to be
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doubly occupied, leaving an active space of 5 electrons in 7 orbitals (5e/70; 490
configuration state functions, with active orbital leading contributions of O2py, O2px,
Be2s-O2p,+H1s, Be2py+H1s-0O2py, Be2px-O2px, Be2p,+H1s, Be2p,-H1s+02p;). The sa-
CASSCEF results were subsequently used as the starting point for multi-reference
configuration interaction3° calculations that included the Davidson correction*°
(MRCI+Q). In the following we denote this treatment as sa-CASSCF-MRCI+Q. As the
5e/70 active space proved to be computationally demanding for the generation of a
sufficiently fine grid of single point energies, we examined the consequence of reducing
the active space to 3 electrons in 6 orbitals (70 configuration state functions). Within the
range of coordinate space that was relevant to the present study, the effect of reducing the
active space was marginal. Consequently, the potential energy surfaces were generated
using the 3e/60 active space, with all electrons correlated in the MRCI step. The highest
energy molecular orbital held closed in this scheme (orbital 5) was predominantly
composed of the in-plane O2py, with small contributions from Be2s, O2s and H1s. As a
point of comparison, previous sa-CASSCF-MRCI calculations yielded excitation
energies for the first excited state of 3.92 (adiabatic for the linear geometry®) and 3.96 eV

(vertical'®), while the present calculations yielded 3.89 eV (adiabatic).

The singly occupied molecular orbital (SOMO) for the ground state is mostly Be
2s, while the 22A" and 12A" states are the Renner-Teller split components of a 2IT state for
the linear geometry. The SOMO's for the latter are predominantly Be2py+H1s-O2py
Be2px-O2px. To facilitate modeling for the excited state ro-vibronic structure, the spin-
orbit coupling constant was calculated for the 2IT state with Rh.0=0.95 and Ro.se=1.40 A

by diagonalization of the matrix for the Breit-Pauli Hamiltonian*!. The spin-orbit matrix
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elements were evaluated using the CASSCF wavefunctions for the X?2*, A2TI(A") and
AZTI(A") states (6x6 matrix). This yielded a value for Aso of 13.4 cm™. Note that the
value is greater than that of Be*(2p) (Aso=4.38 cm™)*2 due to mixing with the O2pn

orbitals.

Equilibrium structures for the ground state 12A" and the first two excited states,
22A and 12A", are listed in Table 1. Two-dimensional cuts through the potential energy
surfaces were produced with the H-O distance held at 0.95 A. Single point energies were
calculated on a grid with the bond angle (6) varied from 80 to 180 degrees, in 10 degree
steps. The O-Be bond length was varied from 1.20 to 1.78 A in 0.02 A steps. This
combination yielded a grid of 330 coordinate points. Calculations were also carried out
for variation of R0 (0.86 to 1.05 A in 0.01 A steps) and 6 (125 to 150 degrees in 5
degree steps) with Ree-o held at 1.40 A. Variation of the Ry.o distance, over the range
sampled by the zero-point motion, resulted in minor changes in the dependencies of the

surfaces on Ro-se and 0.

Two-dimensional cuts through the potential energy surfaces for Ru.0=0.95 A are
shown in Figures 1 and 2. The ground state surface (Fig. 1) corresponds to a bent
equilibrium structure with a barrier to linearity of 262 cm™. In comparison to the ground
state, the 22A" state has a much higher barrier to linearity and a more strongly bent

equilibrium structure.

The ro-vibronic eigenstates of the three potential energy surfaces were calculated
using the programs MORBID**** (12A") and RENNER** (22A" and 1?A"). The
analytical potential energy expressions used by these programs are defined in references

18and 4. Non-linear least squares fits to the single point energies were used to determine



Table 1. Calculated stationary points for the potential energy surfaces of BeOH

12A" 22A" 12A"

Ro-H(A) 0.944 0948 0.943

Ree-o(A) 1.401 1.446 1.434

O (degrees) 139.0 1182 1334
Barrier cm?)® 262 2322 129

& Energy below the minimum energy linear structure
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Figure 1. Potential energy contour plot for the 12A” state of BeOH (Rn0=0.95 A).
The contour lines are drawn at 400 cm™ intervals.
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Figure 2. Potential energy contour plots for the 22A” (left) and 12A” (right) states of

BeOH (Rno=0.95 A). The contour lines are drawn at 1000 cm™* intervals, relative to the

minimum of the 22A” state. The lowest energy contour line of the 12A° surface
corresponds to 3000 cm™,
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the potential function expansion coefficients. As the data obtained in the experimental
part of this study mostly characterize the electronically excited state, we provide the
coefficients for the 22A" and 12A" state surfaces in Table 2. The standard deviation for the

simultaneous fit to all 660 points of the two surfaces was 33 cm™.

Calculations for the ground state yielded a pattern of energy levels that was
similar to that obtained by Koput and Peterson®. Here we label the H-O stretch, the bend,
and the O-Be stretch using the quantum number labels v1, v2, and vs. As the molecule
executes a large amplitude bend in this state, the levels are approximately equivalent to
those of a linear molecule. The fundamental vibrational intervals for the H-O and O-Be
stretches were 3975, and 1267 cm™, respectively (2931 and 1251 cm™* for BeOD).
Excitation of the bending mode (v.=1) yields a state with a projection of the angular
momentum along the a-axis of £1 (denoted by the unsigned quantum number K in the
following). This state was at 90 (BeOH) and 50 cm™ (BeOD). These values were
somewhat lower than Koput and Peterson's® predictions of 100 and 58 cm™. Zero-point

energies from the MORBID calculations were 2836 (BeOH) and 2246 cm™* (BeOD).

To facilitate discussion of the rotational structure we define N as the quantum

number for angular momentum, exclusive of electron and nuclear spin. The total angular
momentum, J (exclusive of nuclear spin), is given by the vector sum of N and the

electron spin, S.

The levels with J=N+1/2 and J=N-1/2 are labeled as F1(J) and F2(J), respectively.
Our analysis of the predicted rotational structure pertains to levels with N=0 - 5, as this

was the range observed for jet-cooled BeOH/D. Spin-rotation coupling was not included
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in the model, and the rotational structure for the zero-point level was well represented by

the expression
E(N)=BN(N+1) )

with B (formally (B+C)/2) values of 1.2948 (BeOH) and 1.1553 cm™ (BeOD). The
effective Hamiltonian for a near-prolate asymmetric rotor,

A, = ARZ+ B(R2 —R2) + 2B (2 +R?)
4 @)

where 6B=(B-C), was used as a model to parameterize the v.=1 levels. The eigenvalues
of Eq. 2 were obtained using the spectral simulation program PGOPHER“®, The energy
levels predicted by the MORBID calculations were consistent with the B constants given
above and values for 3B of 0.045 (BeOH) and 0.060 cm™ (BeOD). The energies of the
vo=1, N=1 levels were reproduced using values for the A constants of 89.0 (BeOH) and
48.9 (BeOD) cm™. It is important to recognize these ground state A constants are fitting
parameters that are useful for comparison to experimental data. They do not provide a
well defined reflection of simple physical properties such as the bending frequency or the

a-axis moment of inertia, but are influenced by both.

The potential energy surface for the 22A" surface has a substantial barrier to
linearity, such that the lower energy vibrational levels can be described in terms of a bent
molecule model. The fundamental vibrational intervals were predicted to be 3842, 782,
and 1182 cm™ (BeOH, zero-point energy = 2993 cm™) and 2835, 600 and 1156 cm™
(BeOD, zero-point energy = 2349 cm™). The RENNER calculations included spin-orbit

coupling using a single value of 13.4 cm™ for the coupling constant. As for the ground
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state, spin-rotation interactions were not included. The spectroscopic data included
transitions that accessed excited state K,=0, 1, and 2 levels. Predicted rotational energies
for the 22A" (0,0,0) levels of BeOH and BeOD are presented in Tables 3 and 4. The spin-
orbit coupling was mostly quenched near the equilibrium bond angle, so the angular
momentum coupling was close to the Hund's case b limit. The effective zero-point
rotational constants were A=27.0, B =1.257, $B=0.05 (BeOH) and A=15.2, B =1.153,
5B=0.08 cm™ (BeOD). The values for 5B were close to those estimated using the

equilibrium coordinates (0.060 and 0.090 cm™).

The energy of the zero-point level of 12A", relative to that of the 22A state was
predicted to be 2103 (BeOH) and 2118 cm™ (BeOD). As this energy range was not
accessed in our experiments, we do not describe the energy level characteristics of 12A"

potential energy surface here.

At the ground state equilibrium geometry, the sa-CASSCF calculations yielded
values for the electric dipole transition moments of |(2 *A'|u,|1 2A’)|=3.8 D and
|(2 2A"|ua|1 2A')|=0.14 D. Hence, the transition is expected to follow b-type selection
rules (AKa=x1, AJ=0, £1), and the allowed bands originating from cold BeOH/D should
correspond to Ka'=1«K,"=0. When this selection rule is taken into account, the
calculations described above predict that the lowest energy feature arising from the zero-
point level of the ground state will be at 31532 (BeOH) and 31466 cm™ (BeOD), defining

an isotope shift of 66 cm™.
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Table 3. Calculated and fitted rotational energy levels of the 22A' (0,0,0) state of BeOH

Fi(A) Fi(A") Fa(A)) Fa(A")
K=0, N
0 0.00
1 2.51 (2.50) 2.51 (2.50)
2 7.54(7.50) 7.54 (7.50)
3 15.08 (15.01) 15.08 (15.01)
4 25.13(25.01) 25.13 (25.01)
K=1, N

1 2841(27.39)
33.27 (32.40)
41.04 (39.96)

E-N VS N )

50.61 (49.57)
Ko=2,

N
2 110.28 (106.82)
3 117.70 (114.24)
4

127.67 (124.20)

28.36 (27.35)
33.44 (32.54)
40.69 (39.67)
51.19 (50.05)

110.28 (106.82)
117.70 (114.24)
127.67 (124.20)

27.91 (27.01)
33.01 (32.06)
40.86 (39.82)
50.47 (49.46)

109.19 (105.98)
116.98 (113.68)
127.13 (123.77)

27.85 (26.97)
33.19 (32.21)
40.52 (39.54)
51.05 (49.94)

109.19 (105.98)
116.98 (113.68)
127.13 (123.77)

Energies are in cm™ units. The numbers in parentheses were generated from fitted
molecular constants. See text for details.
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Table 4. Calculated and fitted rotational energy levels of the 22A" (0,0,0) state of BeOD

F1(A") F1(A"™) F2(A") F2(A™)
Ka=0, N
0 0.00
1 2.31 (2.30) 2.31 (2.30)
2 6.92(6.91) 6.92 (6.91)
3 13.84 (13.82) 13.84 (13.82)
4 23.05(23.03) 23.05 (23.03)
Ka=1, N
1 1656(16.00) 1647 (1591)  16.28(1581)  16.19 (15.72)
2 2096(2040)  21.23(20.67)  20.81(2031)  21.08 (20.58)
3 2827(27.71)  27.72(27.17) 2816 (27.64)  27.62 (27.10)
4 36.75(36.20) 37.66 (37.10) 36.68 (36.15) 37.58 (37.05)
Ka=2, N
2 6341(6142)  6341(6142)  62.81(61.01)  62.81 (61.01)
3 70.26(68.30)  70.26(68.30)  69.85(68.02)  69.85 (68.02)
4 7945(77.49)  79.45(77.49)  79.14(77.28)  79.14 (77.28)

Energies are in cm™ units.

molecular constants. See text for details.

The numbers in parentheses were generated from fitted
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Here we correct a misstatement concerning the transition type made in the
preliminary discussion of the spectrum by Heaven et al.?° It was noted that the prominent
Q-branches seen in the spectra were indicative of a perpendicular transition (relative to
the a-axis), which therefore constrained the upper state to be of A" symmetry. The first
part of this assertion was correct, but the symmetry implication is not. As demonstrated
below, the Q-branch intensities are consistent with b-type selection rules for a 2A'-2A’

transition.

3.4 Experimental Results and Analyses

Figure 3 shows low-resolution survey scans for BeOH and BeOD recorded using
REMPI detection. Over the energy range examined (30300-32800 cm'Y), the spectra
exhibited a dominant vibrational progression with average intervals of 730 cm™ (BeOH)
and 560 cm™ (BeOD). Weaker features were present, in positions that were consistent
with those predicted for the sub-bands associated with the main progression. From the
band spacings and the isotope shifts, the main progression could be unambiguously
assigned to the bending mode. Transitions involving excitation of the H-O stretch were
not observed in this study, so we label the excited state vibrational levels using the

notation (v2, v3)Ka.

An expanded scan of the 30840-31015 cm region, recorded using LIF, is shown
in Fig. 4. DNOs was used as the hydroxyl source for this experiment, but bands of both
BeOD and BeOH were clearly present. For these conditions the bands showed partially

resolved rotational structure. The central feature of this trace is the Ki'=1<K;"=0 sub-
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Figure 3. Low resolution REMPI survey spectra for BeOH and BeOD
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Figure 4. Laser induced fluorescence spectrum for a mixture of BeOH and BeOD
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band of the BeOD origin transition. The P-, Q-, and R-branch structure of this band,
along with the relative branch intensities, confirm that this is a AKa=+1 transition. The
equivalent band for BeOH can be seen at the high frequency end of Fig. 4. As discussed
below, the P-branch regions of the Ka'=1«Kj;"=0 sub-bands also include additional lines
that belong to the Ka'=2«-K4"=1 sub-bands. The AK,=-1 transitions arising from K;"=1
are also present in this trace, with Q-branch features near 30874 (BeOH) and 30864 cm
(BeOD). As expected for AKa=-1, the P-branch lines were more intense than those of the
R-branch. The first lines of each branch, labeled using the N quantum number, were P(1)
and R(1) for the AKa=-1 sub bands and P(2) and R(0) for the Ks'=1«-Ka"=0 sub-bands,

confirming the Ka assignments.

Higher resolution spectra for the origin bands were recorded using an intracavity
etalon to reduce the laser linewidth. Figures 5 and 6 present the more intense lines of the
Ka'=1«K,"=0 sub-bands, where the low-N lines show spin splitting. Modeling of the
higher resolution spectra was carried out using the program PGOPHER*®. Both the
ground and excited states were represented using the rigid near prolate top Hamiltonian
given by Eq. 2. The spin-splitting in the 22A” state was reproduced by adding the term
arising from the a-axis spin-rotation interaction (g,,)***°. Examples of the fitting are
shown as the downward-going traces in Fig.'s 5 and 6. All fits were carried out using the
least squares fitting capabilities of PGOPHER*. The rotational temperature was set to 8
K. Initial fitting of the Ka'=1«Kj,"=0 sub-bands was accomplished by varying v, (the
band origin), B', B' and ,,. The parameters A', A", 3B' and 5B" were held at the values
derived from the theoretical calculations. This yielded fits with standard deviation below

0.05 cmL. In the next step, data for the Ky'=0«-K;"=1 and Ks'=2<—K,"=1 sub-bands were
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Figure 5. High-resolution LIF spectrum for the origin band of the 2°A°-12A” transition of BeOH. The upper trace shows the
rotational lines of the Ka=1-K,=0 sub-band, while the insert show the R(1) feature of the the K,=2-Ka=1 sub-band. The
downward-going trace is a simulation based on the constants given in Tables 5 and 6.
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Figure 6. High-resolution LIF spectrum for the origin band of the 2°A°-12A” transition of BeOD. The upper trace shows the
rotational lines of the Ka=1-K,=0 and 2-1 sub-bands, The downward-going trace is a simulation based on the constants given in

Tables 5 and 7.
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included, and all of the parameters listed above were treated as variables. In this model
the spin-splittings were determined by &;, while the combination defect (displacement of
the Q-branch relative to the P- and R- branches) was controlled by 6B’ and 6B". At this
stage the dependence of B on K, was neglected. For the ground state, this proved to be
an acceptable approximation. However, for the BeOH origin the fits were improved

when the excited state B constant was slightly decreased for K4'=0.

Due to correlations between the upper and lower state constants, fits where all of
the constants were allowed to vary simultaneously were often unstable, yielding
physically unreasonable parameter values. Consequently, multiple fits were carried out
to systematically refine the constants by freezing out different sub-groups. With this
approach the standard deviation for the constants from the constrained fits were
artificially low. The uncertainties given in Tables 5, 6 and 7 were estimated by exploring
the range of value choices for a given constant that could be accommodated by physically

reasonable adjustments of correlated constants.

The best fit molecular constants for the ground states of BeOH and BeOD,
derived from the higher resolution spectra, are presented in Table 5. Note the large
values for the A" constants, which are consistent with the present theoretical calculations
and those of Koput and Peterson®. The observation of transitions from K"=1 indicates
that the Ka population distribution was not in thermal equilibrium with the N-based

rotational distributions.

The system of Ky'=0, 1, and 2 sub-bands described for the origin was also observed in
association with the vo=1 and 2 levels of BeOH, and the v>=1, 2, and 3 levels of BeOD.

In addition, the sub-bands of the vs=1 O-Be stretch were recorded for both isotopologues.



Table 5. Ground state properties of BeOH and BeOD

Property BeOH BeOD Source
A 99.9(1) 57.9(1) a
B 1.295(4) 1.155(4) a
5B 0.04(2) 0.06(2) a
E(Ka=1, N=1) 101.2(2) 59.0(2) a
E(Ka=1, N=1) 99.9 58.1 b
E(Ka=1, N=1) 90.1 49.9 c

2 Experimental values in units of cm™,
b Theoretical calculations of Koput and Peterson®

¢ Present theoretical calculations



Table 6. Molecular constants for the 22A" state of BeOH

(Vz ,V3) Ka Vo A § oB €aa

(0,000 30972.6(1) 26.0(1) 1.251(4) 0.05(1) 0.52(6)

(0,0)1

(0,0)2 " " 1.261(4)

(1,000 31719.92) 30.2(2) 1.260(5) 0.07(2) 0.70(8)

(1,0)1 " " 1.240(5)

(1,0)2 " " 1.240(5)

(0,1)1  32106.2(2) 27.2(2) 1.257(5) 0.05(2) 0.5(1)

(2,000 32425.6(2) 32.3(2) 1.220(5) 0.05(2) 1.7(1)

(2,0)1 " " 1.261(5)

(2,0)2 " " 1.261(5)

Constants in units of cm™



Table 7. Molecular constants for the 22A" state of BeOD

(V2,v3)Ka Vo A B 5B £aa
(0,000 30921.4(1) 14.7(1) 1.152(4) 0.09(1) 0.25(6)
(0,0)1

(0,0)2

(1,000 31499.2(2) 16.8(2) 1.160(5) 0.09(2) 0.25(8)
(1,01 1.152(5)

(1,0)2 1.152(5)

(0,10 32038.6(2) 15.4(2) 1.139(5) 0.06(2) 0.25(8)
0,1)1

(0,1)2

(2,000 32058.5(2) 185(2) 1.140(5) 0.09(2) 0.25(8)
(2,0)1

(2,0)2

(3,0)1 32572.2(2) 22.1(2) 1.152(5) 0.10(2) 0.25(8)

(3,0)2

Constants in units of cm™
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Table 8. Vibrational intervals for the 22A' state of BeOH/D

Isotopologue  Interval  Observed Calculated
BeOH (1,0)-(0,0) 747.3(3) 782.4
" (2,0)-(1,0) 705.7(3) 736.3
" (0,1)-(0,0) 1140.0(3) 11819
BeOD (1,0)-(0,0) 577.8(3) 600.5
" (2,0)-(1,0) 559.3(3) 573.7
" (3,0)-(2,0) 513.7(3) 536.1
" (0,1)-(0,0) 1117.2(3) 1156.5

Energies in units of cm™.
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These vibrationally excited levels were recorded at a resolution of 0.5 cm™, which was
sufficient to resolve the rotational lines, and partially resolve some of the spin-splittings.
In fitting these data the molecular constants for the ground states were held fixed at the
values given in Table 5. Excited state molecular constants are listed in Table 6 for BeOH
and Table 7 for BeOD. The band origin (vo) values in these Tables correspond to the
hypothetical N'=Ka'=0<-N"=K,"=0 transitions. Vibrational intervals for the 22A' state,

derived from the vo values, are listed in Table 8.

The ionization energy (IE) of BeOH was determined by recording the two-photon
ionization efficiency spectrum. For this measurement the first laser was tuned to the R(0)
line of the Ka'=1<-K;"=0 origin band at 30999.5 cm™. The second laser, which was
temporally overlapped with the first, was tuned through the energy range where
ionization was expected®°, The result of this scan is shown as the upper trace in Fig. 7,
where the lowest energy feature observed is marked with an arrow. The lower trace in
Fig. 7 was recorded with a delay of 20 ns between the two laser pulses. This was done to
check for features that might have arisen from one-color, two-photon ionization. None
were detected at the threshold energy. The ionization spectrum shows resolved structure
resulting from autoionizing resonances. The first prominent feature, used here to
determine the IE, also appears to be a resonance. This spectrum was recorded in an

electric field of F=145 V/cm. Correcting the threshold energy for the field, by means of

the expression®® AE(cm™)=6,/F(V/cm), yielded an IE of 66425 cm™. Taking into
account the uncertainties associated with the determination of the low-energy edge of the

first feature, we estimate that the error range for IE is £10 cm™.
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Figure 7. Photoionization efficiency spectrum for BeOH. The first laser was tuned to the
R(0) line of the Ka’=1-K5”=0 band at 30999.5 cm™
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3.5 Discussion

The level of agreement between the theoretically predicted properties of BeOH/D
and the near UV band system was sufficient to achieve unambiguous assignment of the
observed ro-vibronic features. The ground state B constants derived from both the
present calculations and those of Koput and Peterson® were within the error limits of the
values determined from our highest resolution spectra. The measured intervals between
the Ka"=1 and K,"=0 levels were higher than both the predictions of Koput and Peterson®
and the present calculations, with the former being closer to the experimental values.
Although the present calculations yielded a higher barrier to linearity, we found that it
was primarily the behavior of the effective bending potential at the outer turning points
(smaller values for 6) that determined the Ky" 1-0 intervals. One-dimensional cuts
through the potential energy surfaces showed that the surface of Koput and Peterson® was
steeper at smaller angles, producing larger spacings. Based on this analysis, it seems that
the surface generated from the RCCSD(T) calculations of Koput and Peterson® is of
better quality than our CASSCF/MRCI+Q results. This may be attributed to the larger
size basis sets used in the former study (up to aug-cc-pV5Z) combined with optimization
that was focused on just the ground state. The agreement between the experimental and
theoretical results is close enough to confirm that the ground state zero-point level of

BeOH/D is quasilinear.

Our theoretical calculations predicted that the first Q-branch line of the 22A'-12A"
origin transition (Ka'=1-K3"=0 sub-band) would be observed at 31497 (BeOH) and 31443
cm™ (BeOD). These values overestimated the experimental results by 500 and 508 cm™,

which is an acceptable level of agreement for an electronic transition energy of this
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magnitude. The measured and calculated isotopic shifts (62 vs. 54 cm™, determined
using the Q(2) lines) were also in respectable agreement. The adiabatic excitation energy
predicted by Theodorakopoulos et al.® (31620 cm™) and the vertical energy of Zaidi et

al.1% (31940 cm™) are also consistent with the experimental results.

For the zero-point levels of BeOH/D 22A", comparisons of the observed and
predicted rotational energies are presented in Tables 3 and 4. The experimentally
determined energies, which are given in parentheses, were generated using the fitted
molecular constants from Tables 3 and 4. Energy intervals associated with the B’
molecular constant were found to be very close to the measured values. The predicted
spacings between the K;'=0, 1, and 2 manifolds were slightly too large. As noted above,
BeOH/D can be treated as a bent molecule for levels near the bottom of the 22A' state.
Consequently, the Ka' spacings can be related, via the A rotational constant, to the
average bond angle. The calculated A constants were overestimated by an amount which
indicated that the vibrationally averaged bond angle of the theoretical calculation was too
large by 1.5 (BeOH) and 1.3 degrees (BeOD). The 22A’ state spin splittings were

adequately reproduced by the RENNER calculations using Aso=13.4 cm™.

From Tables 6 and 7 it can be seen that the A constants increased with increasing
excitation of the bending mode. This trend was also exhibited by the theoretical
calculations, which yielded A constants for 22A' BeOH(D) of 27.2(15.4), 31.9(17.8),
32.4(19.4) and (22.2) cm™ for v,=0, 1, 2, and 3. The calculated and measured intervals
between successive bending levels, and the frequencies for the O-Be stretch fundamental
are presented in Table 8. Here it can be seen that the bending mode was markedly

anharmonic. The frequencies of both the bending levels and the O-Be stretch
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fundamentals were overestimated by the calculations, indicating that the potential energy
surface is somewhat too steep for motions along these vibrational coordinates. Despite
this shortcoming, the predictions for vibrationally excited levels were close enough to the
experimental data to provide the correct ordering for the nearby (0,1) and (2,0) states of
BeOD (c.f. Fig. 3). Assignment of the experimental data for these two bands was based

on the behavior of the A constants.

As part of their study of the HBeO isomer, Zaidi et al.'° reported a vertical
excitation energy for BeOH of 31940 cm for the 22A'-1%A transition, derived from a
large-scale sa-CASSCF/MRCI+Q calculation that included correlation of the Be 1s
electrons. The present calculations are in reasonably good agreement with this result and
both are consistent with the experimental observations. Theodorakopoulos et al.8 carried
out a more extensive study of the 22A! potential energy surfaces. Their equilibrium
parameters (determined with Ry.o fixed at 0.9435 A) were Ro.se=1.48 A and 6=116
degrees, with a barrier to linearity of 3710 cm™. Compared with the properties given in
Table 1, the smaller bond angle of Theodorakopoulos et al.2 is in better agreement with
the experimentally determined A constants, while the equilibrium bond length provided
by the present calculations is in better agreement with the observed B constants. The
barrier heights predicted by the present calculations and those of Theodorakopoulos et
al.8 are significantly different. As the latter study did not report vibrational energies, it is
difficult to know if their potential energy surface is consistent with the spectroscopic
data. Although the present calculations yielded a lower energy barrier, the potential
surface led to bending frequencies that were too high. Examination of the angular cut

through the potential energy surface of Theodorakopoulos et al. (Fig. 4 of ref. 8) indicate
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that this surface will also overestimate the bending frequency, and that the irregular shape

of the curve near 140 degrees may produce erratic vibrational intervals.

Theodorakopoulos et al.® estimated the IE of BeOH by considering the energy
difference between the minimum energy linear structures for BeOH and BeOH".
Geometry optimization confirmed the expected linear geometry of the cation. Given the
low barrier to linearity for the ground state of BeOH, the IE of the linear molecule should
provide a good approximation for the adiabatic IE. The present measurements
established an IE of 66425(10) cm™. Assuming that the zero-point energies of BeOH and
BeOH" are comparable, the calculated value of 65330 cm™ is found to be reasonably

accurate.

3.6 Conclusions

Comparison of the spectroscopic data and theoretical calculations for BeOH/D
confirms earlier predictions that the molecule is quasilinear in the ground state. The
potential energy surface has a bent equilibrium geometry, but the zero-point vibrational
level lies well above the barrier to linearity. These findings support the expectation that
bonding in BeOH has a greater degree of covalency than is found for any of the other
alkaline earth monohydroxidest. The ground state potential energy surface and ro-
vibronic eigenstate calculations of Koput and Peterson® were found to be in very good

agreement with the experimental data.

The electronic transition observed in this study, 22A'-12A', can be attributed to a

mostly Be-centered 2p-2s electron promotion. The 22A' potential energy surface has a
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bent equilibrium structure with a moderately high barrier to linearity. As a consequence,
the lower energy ro-vibronic levels follow the behavior expected for a bent molecule.
Theoretical calculations were used to predict the potential energy surface and the ro-
vibronic eigenstates of the 22A! state. The results were in respectable agreement with the
spectroscopic data and the characteristics of the surface were broadly in agreement with
the results from a previously published MRCI calculation®. The favorable comparison
indicates that the low-lying electronically excited states of BeOH can be predicted with a

useful level of confidence using multi-reference electronic structure techniques.
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Chapter 4

Autodetachment Spectroscopy of the
Aluminum Oxide Anion Dipole Bound State

The X+ « X 'X* ground state to dipole bound state (DBS) electronic transition
of AIO™ has been studied by means of autodetachment spectroscopy. Vibrational and
rotational molecular constants for AIO™ have been determined for both the ground state
(v"=0,1) and the excited DBS (v'=0,1). These data provide an improved determination
of the electron affinity for AlIO (2.6110(7) eV) that is consistent with an earlier
measurement. The electron binding energy of the DBS was found to be 52+6 cm™,
Experimental results are compared with the predictions from high level ab initio

calculations.

4.1 Introduction

Studies of anions in the gas phase are relatively scarce compared to those of neutral
species and positive ions. Of the existing studies, photodetachment spectroscopy has
been the most common method for the characterization of anion ground states. Much of
the geometric information (bond lengths and angles) extracted from these studies has
been derived from Franck-Condon simulations of the vibrational band intensity
envelopes. Higher resolution techniques, such as resonant two-photon photodetachment

spectroscopy™?, could reveal the rotational structure needed for the determination of
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geometric parameters for small anions. Unfortunately, the electronically excited states
needed for these studies typically lie above the electron detachment threshold.

A solution that can be applied to some systems is near threshold autodetachment
spectroscopy of excited dipole bound states (DBS)>24. These states exist near the
detachment threshold of an anion whose neutral counterpart has a dipole moment that is
sufficient to bind the electron?. This excited electron can be described as being in a very
diffuse orbital situated far from the molecular core, bound by the attraction to the positive
end of the molecular dipole moment. DBSs of anions are analogous to Rydberg states of
neutrals, where the Coulomb interaction of a Rydberg bound state is replaced with a
dipole-electron interaction. Since the excited electron is believed to reside ~twenty to
hundreds of Angstroms from the molecular core, the dipole-electron interaction is
expected to be very weak, ranging from a few to a couple of hundred wavenumbers in
binding energy. The geometry of a DBS of an anion is expected to mimic that of the
corresponding neutral molecule, just as molecules in Rydberg states adopt the geometry
of the cation.

Extensive theoretical studies of DBSs have been conducted!’:?>2°, One of the points
of interest has been the determination of the minimum dipole moment needed to support
at least one DBS, often called the critical value. It was estimated that the minimum
dipole moment needed to bind an electron to a non-rotating dipole moment is 1.625 D (®
and references therein), giving rise to an infinite number of excited states within the
stationary field. With the inclusion of the rotational operator Hr = (h?/21)j? the

number of excited states becomes finite and the critical value increases to about 2 D.
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Several examples of dipole bound states have been reported in past decades.
Lineberger and co-workers were among the first to obtain rotationally resolved spectra
for dipole bound states of several small molecules using autodetachment spectroscopy.
The observed anions included FeO™ (u~3.2 D)3, CH,CHO™,*!%!2 CH,CN~and
CD,CN~ %! H,ccc~ 2 and CH,COF~’ (with u = 3-5 D), amongst others.* More recent
studies of DBSs include AuF~,> C¢Hs0~,'* and the dehydrated uracil radial.*®

In the present study we have investigated the AIO™ anion by characterizing the
electronic transition between the ground state and an excited DBS. AlO™ was chosen
because it has (1) a known electron affinity from photoelectron experiments®®®, (2) a
dipole moment323 that is well above the critical value needed to support a DBS, and (3)
a rotational constant B that is large enough to facilitate rotationally resolved
measurements®®, The first and only gas phase experimental studies of AIO™ were
conducted using photodetachment spectroscopy in a magnetic bottle time-of-flight
apparatus.®>3! A detachment threshold of 2.60(1) eV and an anion vibrational frequency
of 900(50) cm™* were reported (1o uncertainties are given in parentheses). Several
computational studies of AIO™ have been published?%36-¥ providing estimates of the bond
length, vibrational frequency and photodetachment threshold.

The characteristics of neutral AIO X2=* are of importance for the present study as
they predominantly define the properties of the AIO” DBS. Calculations for neutral
AlO(X) predict a dipole moment of approximately 4.4 D at the equilibrium distance3233,
Interestingly, these calculations indicate that the dipole moment is almost independent of
the internuclear separation, at distances close to the equilibrium value. In formal terms,

this effect was attributed to the evolution from AI?*O% to AI*O" as the bond distance
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increases. There have been many gas phase spectroscopic studies of neutral AIQ%-46,
Recent work includes a high-resolution survey of the B2x*- X2<* transition®3, and a
millimeter wave study of the pure rotational transitions of the X?Z* v=0, 1, and 2 levels*’.
In the experiments presented here, near threshold autodetachment spectroscopy of
AlO™ was used to record rotationally resolved data for the DBS-XX" transition.
Determination of the rotational constants for the v=0 and 1 vibrational levels of both the
anion ground state and DBS state was achieved through observation of the 0 — 0 and 1 —
1 sequence bands. These data also provided an accurate value for the electron affinity of

AlO and the first vibrational interval of ground state AlO".

4.2 Experimental

Fig. 1 shows the main components of the apparatus used to generate AIO™ and record
the photodetachment spectrum. AIO™ was produced through laser ablation of an
aluminum rod (6061 Al, McMaster-Carr) in a Smalley style laser ablation source*. The
frequency-doubled output of a Q-switched Nd:YAG laser (Minilite 11, 532 nm, ~5-10 mJ)
was focused onto the continuously rotating and translating Al rod. Helium seeded with
10% oxygen was pulsed through a supersonic valve (R.M. Jordan PSV C-211, 0.5 mm
nozzle diameter, backing pressures of 4 — 20 psig), entraining the ablated material. The
gas and ablated material was supersonically expanded into a vacuum chamber held at a

working pressure of ~1x107 Torr by a 5200 I/s diffusion pump.
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The core of the expansion entered a differentially pumped metal sleeve through a 6
mm diameter hole about 20 mm from the exit channel of the ablation source. This
region, maintained at a working pressure of ~1x107° Torr, housed a Wiley-McLaren time
of flight mass spectrometer (WM-TOFMS) in a perpendicular orientation with respect to
the direction of the expansion. Fast rising, negative pulsed voltages were applied to the
repeller and extractor of the WM-TOFMS by high voltage switches (Directed Energy,
Inc. PVX-4140), accelerating the anions into a drift region (working pressure 5x107
Torr) to allow for mass separation. The resolution of the mass spectrometer was t/At =
690.

After mass selection, the anions entered a photodetachment region 1.9 meters from
the repeller plate of the WM-TOFMS. The anions were intersected by the output of an
excimer pumped dye laser (Lambda Physik Lextra 200 (308 nm) pumping a Lambda
Physik FL3002 dye laser), operating at wavelengths expected to induce photodetachment
of AIO™. The pulsed laser was synchronized with the arrival of the AIO™ ions (see below)
and propagated along an axis that was perpendicular to the molecular beam. Typical
detachment laser pulse energies were in the range of 2 — 6 mJ, with a beam diameter of
about 5 mm. Wavelength calibration of the laser was established using a commercial
wavemeter (Bristol Instruments model 821). After photodetachment the resulting AIO
and the undetached A1O™ continued their field free drift towards a microchannel plate
detector (R.M. Jordan, 18mm Chevron stack), 0.58 m downstream. Just before detection,
the neutral/anion packet traveled through a retardation zone consisting of a ground plate
and negatively charged plate separated by 7.6 cm. This zone slowed the anions with

respect to the neutrals, separating the two species. Both species were then detected and a
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spectrum of detached anions verses laser frequency was recorded. Corrections for source
fluctuations were made using the signals from the anions. All signals were captured by a
digital oscilloscope (Agilent Technology DSO1024A) and integrated using a homemade
LabVIEW 8.6 program. The experiments were conducted at a pulse repetition rate of 10
Hz. Note that the AIO™ ions were selectively photodetached by timing the laser pulses to
coincide with the arrival of the AlIO™ pulse. To set the timing, the time-of-flight spectrum
was measured using the microchannel plate detector without applying the retardation
field. The arrival time for AIO™ was then scaled by the distance ratio (5.8/7.7) to set the
timing for the photodetachment pulse. As there were no other species with m/e ratios

close to 43, this procedure yielded signals from AlO™ alone.

4.3 Experimental Results and Analysis

Photodetachment of AlO™ was studied within the energy range of 20830 — 21275
cm™ (480 — 470 nm). The most informative region of this spectrum is shown in Fig. 2.
This trace was taken with 128 shot averaging, 5-point smoothing, and at a wavelength
step size of 0.001 nm (0.044 cm™ at 476.5 nm), well below the linewidth of the laser (0.3
cm™). Fig. 2 was assembled from two separate scans taken on the same day under similar
conditions. They are joined at 21017 cm™. Note that multiple additional spectra were
recorded for this energy range, in runs that were spread over several weeks. The scan
shown if Fig. 2 was chosen for presentation as the conditions yielded well-defined lines
for both the 0-0 and 1-1 bands. The latter were sometimes weaker due to conditions that

yielded lower temperatures. Spectra taken by scanning to energies lower than 20830 cm™?
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Figure 2. Autodetachment spectrum of AIO™. Rotational line assignments are indicated by the vertical lines.



91

revealed no detachment signals, and scans to higher energies yielded signals that were too
congested for unambiguous assignment.

Rotational line series consisting of two P- and two R-branches can be identified in
Fig. 2. As discussed below, these branches originate from the 0 — 0 fundamental band
and the 1 — 1 sequence band of the 'X* « X X+ anion ground state to DBS electronic
transition. An electron excited above the detachment threshold will undergo direct
detachment to the neutral continuum. This process, which is always present, gives rise to
the underlying baseline of the spectrum. Superimposed on this background is a
significant increase in fast neutral production when a resonance between a bound state of
the anion and a quasibound DBS level was encountered. The widths of these features
were determined by the laser linewidth, indicating that the autodetachment rates were
below 4x10%° 1. The intensities of the lines attributed to the 1 — 1 band changed with
source conditions, whereas the lines assigned to the 0-0 band remained relatively
constant. This provided evidence that the former were part of a hot band. The relatively
small energy spacing between the 0-0 and 1-1 features ruled out the possibility that the
higher energy lines are from the 1-0 band.

The rotational line assignments indicated in Fig. 2 were established using
combination differences. It was assumed that the rotational constants for the DBS would
be closely similar to those of the corresponding vibrational levels of the neutral molecule.
Note that the rotational branches in Fig. 2 lack transitions to upper state levels with a
rotational quantum number (J°) less than 9. We interpret this cut-off in the rotational
structure of the 0-0 band to be an indication that v’=0, J'=9 is the first level of the DBS

that is above the AIO(X) + e” detachment threshold. Close inspection of Fig. 2 shows a
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peak at 20995.6 cm™ that could be assigned to P(9). However, the sharp onset of the R-
branch at R(8) shows that the J’=8 level does not contribute to the spectrum. Hence, we
assign the feature at 20995.6 cm™ to the 1-1 band P(22) line. Molecular constants were
derived from the autodetachment spectra by means of least squares fitting to the
rotational line centers. The program PGOPHER*® was used for this task. Alternative
rotational line assignments were examined, using the criterion that the resulting upper
state rotational constants should be suitably close to the values for AIO(X). These
calculations confirmed that the numbering shown in Fig. 2 is unique. All parameters
(lower and upper rotational B constants, and the band origins) were then fitted to the line
positions, and the resulting constants are collected in Table 1.

The rotational temperature of the spectrum in Fig. 2 was in the range of 100-150 K. This
is a rough estimate since the relative peak intensities were difficult to determine due to
the underlying wavelength dependent direct detachment process. Additional

uncertainties were contributed by fluctuations of source conditions.

4.4 Electronic Structure Calculations

Single-point energies have been calculated at internuclear separations between
1.3-3A at the CASSCF/MRCI+Q level®™5 for the electronic ground states of both AlIO
and AlO. It has been shown that an active space including the 3s,3p and 2s,2p orbitals of
Al and O, respectively, is insufficient to reliably calculate the potential energy curve
(PEC) of the X?z* state of AIO%*. Including an additional set of s and p orbitals in the

active space allows for better description of the changing electronic structure of AlO over
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Table 1. Molecular constants and term energies for the DBS X « X X AlO™
transition. All values are in wavenumbers (cm™). EA = electron affinity, eBE = DBS
electron binding energy.

v —v DBS T « X "2 AlO” X “2 AlO
0-0 Too 21006.5(2)
By 0.627(2)
By 0.637(2) B, = 0.63849184"
1-1 T, 21018.2(2)
B, 0.624(2)
B, 0.635(2) B; = 0.632691(04)"

XxAIOT DBS 1z  XZzAlO

AGy ), 953.7(5) 965.4° 965.455"
¢BE 52(6)
EA - - 21059(6)

2 Valves taken from Ref. 26 ° Based on the assumption that the vibrational intervals of AlO and
the DBS of AlO" are the same.
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the full range of internuclear separations. We utilized an active space in the CASSCF
procedure in which all valence electrons of both AIO and AlO™ were distributed among
twelve orbitals, viz. CASSCF(10,12) for AlO". Core orbitals were constrained to be
doubly occupied, but were optimized in the CASSCF procedure. Standard aug-cc-pVXZ
(X' =Q, 5) basis sets (denoted aVXZ herein) for both Al and O were used, to which a
second set of augmented functions were incorporated in order to better describe the
diffuse nature of the AIO frontier orbitals. The exponents of the added basis functions
were determined using an even-tempered expansion of the two lowest exponent functions
of the aVXZ basis sets, which yielded,

Al

aVQZ: s, 0.006670; p, 0.003670; d, 0.003469; f, 0.021995;g, 0.065571.

aV5Z: s, 0.006706; p, 0.003584; d, 0.010290; f, 0.019929; g, 0.045348; h, 0.115536.

O

aVQZ: 5,0.023429; p,0.016343; d,0.053414; £,0.122207; 9,0.276163.

aV5Z: 5,0.023457; p,0.015480; d,0.048341; f,0.093459; g,0.224802; h,0.452167.

The resulting basis sets are referred to as d-aVXZ. Total interaction energies have been
extrapolated to estimate the complete basis set limit using the two-point formula of
Halkier et al.>® We refer to this extrapolated basis set limit as d-aV(Q,5)Z. All
calculations were performed using MOLPRO 2010.1%. The bound ro-vibrational levels
of the resulting PECs were calculated using the LEVEL 8.0 program®’. The lowest
vibrational levels were least squares fit to the standard Morse energy level expression,
yielding effective values of we and weXe. Predictions for the electron affinity were made
with the inclusion of the zero point vibrational energies. The results for the ground states

of AlO and AIO" are collected in Table 2, where it can be seen that the agreement



95

between the observed and calculated properties of AIO was respectable. Fig. 3 shows the
AIlO ground state potential energy curve and dipole moment, taken from the d-aV(Q,5)Z
calculations. Expectation values for the dipole moment ((u),, = (v|u|v)) of (u),=4.8171
and (u),=4.8173 D were obtained using Level 8.0%".

The EOM-CCSD method was used to calculate the energy of the DBS of AlO", at the
fixed internuclear distance of 1.618 A (the experimentally derived Re of AlO). The
electron binding energy (eBE) was determined from the difference between this total
energy, and that of AlO calculated at the same internuclear separation at the CCSD level.
Further sets of diffuse functions were added to the aVTZ basis sets, the exponents of
which were determined from an even-tempered expansion of the lowest two exponent
functions of the previous basis set. Table 3 lists the eBE values for basis sets increasing
in size from aVTZ to 7-aVTZ (where the initial number specifies the number of diffuse
functions). Note that five sets of diffuse functions were required to obtain a positive
binding energy, and that the calculations appeared to be converged with the addition of

seven functions.

4.5 Discussion

The first question to address concerns the nature of the excited state of AIO™ observed
in these experiments. We have assigned this as the DBS based on the energy of the state,
the rotational selection rules, and the agreement with the rotational constants of AlO.
Gutsev et al.?® did predict a °IT valence excited state of AlO that is bound, relative to
AlO + ¢, by about 600 cm™. The rotational and vibrational constants predicted for this

state (Be=0.618, we= 978) were not consistent with the experimental data (c.f. Table 1).
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Table 2. Spectroscopic constants calculated at the CASSCF+MRCI+Q level of theory.
All values are in units of cm™, except Re which is in units of Angstrom.

Re BO Bl e MeXe AG1/2 EA

X?L AlO

d-avQz 1.632 0.627 0.621 963.2 7.49 948.2 20854

d-av5Z 1.626 0.632 0.626 971.9 7.53 956.8 20897
d-av(Q,5)Z 1.620 0.637 0.631 981.0 7.55 965.9 20939

Expt. # 1.6179 0.6387 0.6328 979.525 7.036 965.45 20970(80)

X3 AlO
d-avQz 1.654 0.611  0.606 952.0 516 9417

d-aV5Z 1.649 0.615 0610 9576 518  947.2
d-av(Q,5)Z 1644 0.619 0.614 963.5 521  953.0

2 The experimental values are from ref. 34, with the exception of the EA which is from ref. 3

Table 3. Calculated electron binding energies for the DBS of AlIO"

Basis Set eBE /cmt
avTZ -6249.1
d-avTZ -1311.8
t-avVTZ -241.7
g-avTZ -0.2
5-avVTZ 48.7
6-avVTZ 56.5

7-aVTZ 56.3
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Conversely, the simple P- and R- branch structure of the spectrum is consistent with a 1>*
- 13* transition. Hence, we are confident that the DBS was observed.

In order to observe an autodetachment event, the final state of the transition must lie
above the detachment threshold. Once excited, the state will decay either through
autodetachment or radiative relaxation, but the former usually dominates. In general, an
anion can autodetach via vibrational relaxation, with a Av = —1 propensity, or rotational
relaxation. These processes are manifestations of a breakdown in the Born-Oppenheimer
approximation, where the DBSs couple with the continuum through vibrational-electronic
and rotational-electronic coupling, respectively.367210.1258 Eqr the 0 — 0 band, there
cannot be a loss in vibrational energy since the v’=0 level of the DBS autodetaches to
v = 0 of AlO. Therefore, the DBS v’=0 level must undergo rotational-electronic
autodetachment.

As mentioned above, the 0-0 band rotational branches in Fig. 2 are incomplete, with
the final levels J’=0-8 being unobserved. The most straightforward interpretation of this
observation is that these levels are below the detachment threshold. This situation is
illustrated in Fig. 4. If J’=9 is the first level above the threshold, the AIO(X) v=0 product
would be produced in rotational levels with N<3, where N is the angular momentum
exclusive of spin (if N=4 was open for J’=9, the J'=8 level could autodetach to N=0 and
1). Itis likely that the rate for autodetachment increases with a decrease in the change in
the molecular angular momentum required. However, the present experiments were not
sensitive to this rate provided that it significantly exceeded the radiative decay rate. The
abrupt onset of the R-branch evident in Fig. 2 is consistent with a detection process that is

predominantly governed by the energetic threshold. Bracketing of the threshold between
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the /'=8 and 9 levels yields a detachment energy of 21059(6) cm™ (2.6110(7) eV), in
good agreement with the results of Desai et al.3! (2.60(1) eV). The bracketing also
provides a value of 52(6) cm™ for the binding energy of the electron in the DBS. The
eBE predicted by our theoretical calculations is excellent agreement with this result (to a
degree that is probably fortuitous).

Autodetachment is an energetically accessible channel for all rotational levels of the AlO
DBS with v’=1. Despite this fact, the rotational structure of the 1-1 band showed the
same onset for the R-branch at R(8), as was observed for the 0-0 band. This indicates
that rotational autodetachment dominates over the vibrationally mediated process for this
vibrational level. Note that the calculated dipole moments for AIO(X) in the v=0 and 1
states (given above) are almost the same. As the electron binding energy in the DBS is
determined by the dipole moment, it is entirely reasonable that the rotational
autodetachment process would show approximately the same rotational energy threshold
(within the bracketing) for v’=0 and 1. The low probability for vibrational
autodetachment may also be related to the weak dependence of the dipole moment on the
bond length near the equilibrium separation.

As described in the Introduction, it is expected that the molecular constants of the
DBS will be very close to those of the neutral molecule. In keeping with this expectation,
we find that the DBS rotational constants obtained from the spectral fitting are the same
as the constants for AIO(X), to within the experimental error limits. Hence, it is
reasonable to assume that the first vibrational interval (AGy/2) for the DBS will be very
close to that of AIO(X) (965.455 cm™). With this approximation, the interval between

the 0-0 and 1-1 band origins of Fig. 2 yields a vibrational interval for the ground state of
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AlO" of AG12=953.7(5) cm™ (c.f. Table 1). This result is consistent with the value of
900(50) cm reported by Desai et al.®

The energy for dissociation of AIO™ into the products Al + O7, Do(AlO"), may be
determined using the relationship:

Do(AIO")=EA(AIO)+Do(AIO)-EA(O)

where Do(AlO) is the experimentally derived dissociation energy of the neutral ground
state of AlO of 5.27(2) eV®°, EA(O) is the electron affinity of O, 1.4611 eV®, and
EA(AIQ) is the electron affinity of AIO determined in this study (2.6110(7) eV). Such an
analysis results in a value of 6.42(2) eV for Do of AlO", which is considerably larger than
that of the neutral AlO species.

Table 4 presents a comparison of the results from electronic structure calculations
for AIO™ with the molecular constants derived from the autodetachment spectrum.
Overall, the theoretical predictions are in reasonably good agreement with experiment.
The calculations all produced equilibrium bond lengths that were slightly too long. The
value of AGa, of 953.7(5) cm™ is in good agreement with MRCI/d-aV(Q5)Z value of
953.0 cm™ calculated in this work. However, in order to compare with the vibrational
frequencies determined in other work, it is helpful to derive an estimate for we based on
the experimental data. For this purpose we use the equation, derived from the Morse
approximation, AG1,=we-me?/2De Where D is the dissociation energy. Using the
experimental value for AG1> and the value of De=6.42 eV yields an estimate for we of
963 cm™. The theoretically calculated values are again in respectably good agreement.

The Do calculated in this work (6.420 eV) is identical to the CCSD(T) value of Gutsev et



Table 4. Calculated and measured constants for AlO"

Do/eV (Delcm-l EA%eV Ref.
1.645 945.2 3.08 37
1.675 - 2.92 36
1.64 975 2.44 39
1.643 6.42 969 2.652 26
1.644 6.420 963.5 2.596 Present work
1.636(3)° 6.42(2) 963° 2.6110(7) Exp.

& Electron affinity
b R, value derived from By’
¢ Calculated from the measured AGy/, value. See text for details.
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al., and in excellent agreement with the value of 6.42(2) eV derived from our
experimental electron affinity. Lastly, the EA is the most challenging property for
electronic structure calculations. In Table 4 it can be seen that the CCSD(T) calculations
of Gutsev et al.?® and the present d-aV(Q,5)Z calculations were the most successful in

predicting the EA.

4.6 Conclusion

The electronic transition between the ground state and the dipole bound excited
state of AIO™ has been characterized using autodetachment spectroscopy. Rotationally
resolved data for the 0-0 and 1-1 bands provided molecular constants for the upper and
lower states. Observed rotational thresholds for autodetachment yielded an accurate
value for the electron affinity of AIO (2.6110(7) eV) and the electron binding energy of
the dipole bound state (52+6 cm™). Comparisons to these results show that high-level
theoretical calculations for this prototypical anion are reasonably reliable. The
dissociation energy, Do of the AIO anion has been derived to be 6.42(2) eV, which is
higher than that of the corresponding neutral species. This study establishes benchmark

data that can be used to further evaluate theoretical models for anions.
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Chapter 5

Photoelectron Velocity-Map Imaging of the Beryllium Oxide Anion, BeO

The X 1=+-X 2%+ anion ground state to neutral ground state electronic transition
of BeO™ has been studied by means of photoelectron velocity-map imaging spectroscopy
in a newly constructed apparatus. The AG,, vibrational interval and the electron
detachment threshold of BeO™ were determined for the first time. Experimental results
are compared to high level ab initio calculations. Details of the spectrometer and its

performance are also reported.

5.1 Introduction

As mentioned in the introduction to this chapter in Chapter 1, the evolution of
bonding within molecular metal clusters and metal — oxide clusters as they grow in size is
of great interest.)” Fundamental questions regarding clusters are: how do their properties
develop as a function of cluster size, and at what size do clusters exhibit the properties of
bulk metal? There is no one property that can be measured that will identify the exact
cluster size that can be defined as being a bulk sample. Instead, molecular identities such

as ionization energy, bond energies, geometric structure, and the energy gap between the
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highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO) are all used to interpret cluster to bulk evolutions.

BenOnm clusters have been seen as a promising target for researchers to answer
these principle questions since they are both intriguing theoretically and experimentally.
Beryllium contains only four electrons making it suitable for high level ab initio
calculations, while the light masses of beryllium and oxygen make the smaller clusters

candidates for rotationally resolved spectroscopies, allowing for geometric analysis.

The smallest beryllium oxide cluster unit, the diatomic BeO, has been
investigated for the past several decades, both experimentally®® and theoretically.'%-%
Since this molecule is a diatomic, obtaining the desired information above is relatively
trivial with established spectroscopic techniques. However, as described in Chapter 1, as
a cluster size grows by either the addition of Be or O atoms, complications can arise
making the spectroscopy and/or analysis of results difficult. It was also proposed in
Chapter 1 that probing the ground state of a beryllium oxide neutral cluster via
photoelectron velocity-map imaging spectroscopy on its anionic form would provide
valuable insight in understanding the transition from cluster to bulk material. There is
little data on any of the small BenOm clusters (n, m > 1), 28 and no experimental data
for the anions. Therefore, the present work focuses on the smallest beryllium oxide anion

cluster unit, BeO'.

Though BeO has been well-studied, the anion has received far less attention and

only from a theoretical point of view.1®182%31 Previous studies of BeO™ have predicted a

23 *ground state symmetry, and a vertical electron detachment energy between 2.1 — 2.2
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eV. The additional electron is proposed to reside mostly on the positively charged Be

atom, in the predominately non-bonding 2s orbital.

Presented here are the previously unmeasured electron affinity of BeO and the
AG, , vibrational interval of BeO™ obtained by photoelectron velocity-map imaging
spectroscopy. These results are also compared with the predictions of new high level ab
initio calculations, revealing great agreement between the theoretical and experimental
data. Additionally, details of the spectrometer and its performance are discussed, along

with a description of the photoelectron velocity-map imaging technique.

5.2 Experimental Procedure and Photoelectron Velocity-Map Imaging Spectroscopy

The data presented here were measured using photoelectron velocity-map
imaging spectroscopy. The details of the technique have been described extensively in
other publications®23* and will be briefly elaborated on here, while describing the
experimental procedure. Detailed descriptions of individual components of the
spectrometer were presented earlier in Chapter 1.

The imaging apparatus used in this study was modified from an existing setup described
elsewhere® (also see Chapter 1, and Chapter 4). Figure 1 shows a diagram of the
apparatus used to study BeO™. BeO™ was produced in a laser ablation source®® that was
coupled to a pulse valve. The helium carrier gas was seeded with 5% N2O at backing
pressures of 18 — 34 psia. The anions produced in the ablation process 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
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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 t/At = 690. Along the flightpath 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.

Once inside the VMI optics, the mass selected anions were intersected by the
polarized, focused output of a Nd:YAG pumped dye laser (Continuum 7010 (532 nm)
pumping a Quanta Ray PDL-2 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 1 — 2 mJ, with a beam diameter of <2 mm. Wavelength calibration
of the laser was established using the gas phase absorption spectrum of the B — X

transition of room temperature I,.

The photoelectrons produced within the 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. 75mm Chevron stacked microchannel plates (MCP)
with a fiberoptic phosphor screen with P47 phosphor). Electrons impacting the detector
were recorded with a CCD camera (Physimetrics UI-2230SE-M-GL, 1024x768). These
electrons were discriminatively detected from all other charged particles by pulsing the

voltage (gain) on the MCPs only when the electrons arrived at the detector. Individual
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Figure 1: Schematic of photoelectron velocity-map imaging spectrometer. Figure drawn to scale. WM-TOF: Wiley-

McLaren Time of Flight, VMI: Velocity-Map Imaging
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cycles of the experiment were recorded and summed over several tens of thousands of
cycles to produce an image. The final image was saved using the imaging collection
software developed by Suits.*® Transformation of the image from velocity space to
energy was done using the Polar Onion Peeling (POP)*® and Maximum Entropy Velocity
Legendre Reconstruction (MEVELER) techniques.*® The illumination of the screen from
electron or anion impacts could also be monitored with a photomultiplier tube positioned
off axis from the camera. This form of detection produced the TOF-MS spectrum, and
was extremely useful in the optimization of anion and photoelectron production. The
repetition rate of the experiment was 10 Hz. All images were calibrated using the known

transitions from detachment of the sulfur anion, S-.41"4

The VMI optics used in this study were modeled after those used by Ledn and
Wang®3. VMI optics act as an electrostatic lens that accelerate the photoelectrons
produced within the interaction region towards a position sensitive detector, in such a
way that a sharp image is formed. The electrons are created in an initial distribution
(object) set by the volume of the intersection of the photodetachment laser and the anion
packet. This process is called velocity-map imaging.®* Velocity-map imaging has the
capability of mapping charged particles with the same velocity vector onto the same
position some distance away, accounting for spatial distributions of their initial starting
position. This feature is only true if the charged particles are observed at the focal plane
of the VMI optics (lens). The focusing properties of the VMI optics can be adjusted by
varying the voltage ratios of the electrostatic plates that make it up. This adjustability is

very convenient since it is much harder to move the detector (observer).
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Velocity-map imaging also allows for the separation of charged particles of
different kinetic energy while maintaining the particles’ angular distributions. Placing a
position sensitive detector in the path of the accelerated particles at the focal plane of the
VM1 optics makes it possible to detect both the particles’ kinetic energies and their
angular distributions. Measurement of their kinetic energies directly determines the
energy levels of the anion and neutral species. The electron angular distribution encodes
orbital symmetries and molecular dynamics. These measurements can be made for any
photo-process involving one or more charged particles,#44° but only situations

involving electrons are addressed in this thesis.

When multiple detachment channels of a species are accessible with a given
photon energy, all electron kinetic energies released can be detected simultaneously if the
acceleration from the VMI optics is adequate. While the focusing properties of the VMI
optics can be changed (tuned) by altering the potential differences between the individual
electrodes of the electrostatic optic, the total kinetic energy given to the electrons in the
direction of the detector is governed by the net voltage across the entirely of the VMI
optic. Given the fixed distance from the detachment region to the detector (the drift
region), varying the degree of acceleration to the photoelectrons varies their flight time
before detection. This property allows for tunability of the resolution of the VMI and the
dynamic range of the spectrometer with respect to electron kinetic energy (eKE). The

total energy given to the photoelectrons can be described by the standard equation of

. ,ZE
motion v=_|—.
m
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The tunability of the VMI optics is utilized in many situations. If two or more
detachment channels are close in energy the overall voltage of the VMI optics can be
lowered to provide less acceleration to the photoelectrons towards the detector. This will
create a longer flight time for the electrons, allowing for a greater spatial separation of the
slightly differing eKEs, and in turn allow for the detachment channels to be resolved.
Alternatively, a higher voltage can be applied to the VMI optics, greatly accelerating the
photoelectrons. This voltage increase will, of course, have the opposite effect and
shorten the flight time of the photoelectrons. Though a loss in resolution will be had for
small differences in eKEs, a relatively large energy range of eKEs can be detected

simultaneously, giving an overview of the level structure of a species.

5.3 Electronic Structure Calculations

Electronic structure calculations were performed by Dr. Adrian M. Gardner on
both the anion and neutral beryllium oxide molecules. This was done to assist in the
assignment of the spectra, and to aid in the understanding of the mechanisms of beryllium
bonding. For both beryllium and oxygen, the aug-cc-pwCVXZ (X =T, Q, 5) basis sets
were employed, denoted 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.
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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. These PECs are shown in Figure 2. In the
RCCSD(T) calculations, all electrons were included in the correlation treatment. The
active space in the CASSCF calculations consisted 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 in order to aid convergence. For both the anion and neutral BeO
species, all electrons were included in the correlation treatment in the subsequent MRCID
calculation in an attempt to recover the core-valence correlation energy. The Davidson
correction was applied in order to partially correct for the size inconsistency of the MRCI
calculations. Total RCCSD(T) and MR-CISD interaction energies have been
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
levels were least squares fit to the standard Morse energy level expression, yielding
effective values of we and weXe. Predictions for the electron affinity were made with the

inclusion of the zero point vibrational energies.

Initially, the restricted Hartree — Fock RCCSD(T) (RHF-RCCSD(T)) calculations

were attempted for the expected 2L* ground state of BeO". Although the T; diagnostic, a
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commonly employed test of the degree of multi-reference character of the electronic
wavefunction, has values of ~0.022 at internuclear separations in the vicinity of the
expected equilibrium bond length of the anion (1.3-1.5 A), it rises to ~0.04 at an
internuclear separation of 1.8 A. Additionally, convergence of the RHF wavefunction
become unstable at longer bond lengths. Values of the T diagnostic lying above 0.044
suggests distinct multi-reference character. Note that CCSD calculations using a spin
unrestricted reference wavefunction are not supported by MOLPRO. 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 therefore 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. As a result, 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 T1 diagnostic below 0.04 being obtained at internuclear separation
between 1.0 — 5 A, which raised at longer separations. This is referred to as B3LYP-

RCCSD(T) later in the discussion section.

5.4 Calibration with Sulfur Anion, S
When analyzing an image, the binding energies of the states of interest are
determined using

Eginding = hv — EA — eKE (Eq. 1)



118

where EA is the electron affinity of the species, eKE is the electron kinetic energy of the
photoelectrons, and hv is the energy of the detachment photon. In order to determine
eKE, the VMI optics must be calibrated. The only way one can convert from pixels on
an image to eKE at a particular voltage setting (focusing conditions) on the VMI optics is
through a calibration. This calibration is done by recording images of a species with
known electron detachment transitions. Each transition from the known species will
provide one calibration value of eKE. Taking multiple images at different photon
energies, but the same VMI voltages, will yield additional calibration points since the
eKEs will differ, as seen from Eq. 1.

The data for BeO™ shown later were calibrated using the known transitions from
photodetachment of the sulfur atomic anion, S™.***® Figure 3 shows the raw image of S
photodetached at a photon energy of 17537 cm™ (570.22 nm). There are six accessible
transitions at this photon energy arising from the two spin-orbit states of the anion ground

state detaching to the three spin-orbit states of the neutral ground state:
3 . .. . .
Py 10— 2P3,2, 12- These six detachment channels can be seen as the six rings in Figure

3, and in the photodetachment spectrum in Figure 4 generated from the deconvolution of
the image in Figure 3 using the POP algorithm. Images from S™ photodetachment were
taken at two additional photon energies, 16949 and 17100 cm™ (not shown), in order to
increase the dynamic range of the calibration over the majority of the screen pixels.

It should be noted that a measurement of the overall energy resolution of the

spectrometer was determined to be in the range of % = 5-10% based on the spectrum

in Figure 4. Here, AeKE is the full width half maximum of the transitions at a given
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Figure 3: Raw image of S~ photodetached at a photon energy of 17537 cm™ (570.22 nm)
(Color). Intensity of electron signal increases from blue to red.
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Figure 4: Photodetachment spectrum of S” at a photon energy of 17537 cm™ (570.22 nm). Transition Energy is given by hv — eKE.
Inset: General energy level diagram for the photodetachment of ground state S™ to ground state S (not drawn to scale).
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eKE. This form of resolution is used since all the electrons have an initial velocity
distribution (Av) within the anion packet. Since Av is constant throughout an image, all
rings in an image will have the same the width in pixels (Ar). The radius of a ring of an
image in pixels (r) scale in energy as

E=cr? Eq. (3)
where c is a proportionality constant related to the conditions of the VMI optics.
Therefore, as r increases r (increasing eKE), AeKE will also increase. A range is given in
Figure 4 based on the error in measuring AeKE due is a limited number of points per
peak. This range equates to about 20 cm™ resolution for the lowest eKE electrons

detected with S".

5.5 Results and Discussion

Shown in Figure 5 is the raw image from photodetachment of BeO™ taken at
18200 cm™ photon energy. Figure 6 is the photoelectron spectrum resulting from the
transformation using the MEVELER algorithm on the image in Figure 5. In order to
achieve the best photoelectron spectrum from the image, only the top half (designated by
the horizontal white line) was used in the transformation process due to the quality of this
image being degraded for several reasons, which will be discussed in detail in a later
section.

Two broad features are present in Figure 6. The feature at 17510 cm™ is
identified as the (v’ —v'") 0 — 0 origin band. This value, taken at the peak of the feature,
places the vertical electron affinity of BeO at 17510 + 25 cm™ (2.17096 + 0.0031 eV).

The electron affinity is in remarkable agreement with theoretical calculations done in this
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study, under predicting by only 23 cm™ for B3LYP-RCCSD(T) as can be seen in Table 1.
Previous theoretical predictions from Jordan et al.*® and Gutsev et al.®! are also in great
agreement at 17340 cm™ (2.162 eV) and 17437 cm™ (2.15 eV), respectively. The values
from the present theoretical and experimental work are listed in Table 1, along with all
the spectroscopic parameter from the current study.

It can be seen that the band at 17510 cm™ has a sharp onsets at lower energy and
then decrease towards higher energy. These features are due to two factors. First, since
there is population in the v = 1 vibrational level, and possibly v’ = 2,the 1 -1 and 2 -
2 sequence bands can occur with sufficient detachment photon energy. The detachment
photon used to acquire the spectrum in Figure 6 was 700 cm™* above the detachment
threshold. This energy is much greater than the separation of the sequence band
transitions (~80 cm™), 0 — 0 being the lowest energy transition. Therefore, it is believed
that these bands are unresolved. Second, simulated rotational transition profiles to the
spectrum in Figure 6 (not shown) were conducted using calculated rotational constants
from the present study for the first three vibrational levels of the anion ground state (not
reported) and the experimentally determined rotational constants for the first three
vibrational levels of the neutral ground state.3! It was estimated from this simulation that
the rotational temperature of BeO™ was on the order of 300K. This rotational temperature
would undoubtably broaden the spectrum since the resolution of the apparatus is much
poorer than two times the rotational constant of BeO (~3.2 cm™).

The feature located 1400 cm™ lower in energy is labeled as the 0 — 1 hot band and

determines the AG; /, vibrational interval of BeO™ (AGj ;) as 1400 + 25 cmt. Franck-

Condon simulations shown in Figure 7 support this assignment, where Av = 0 direct
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Figure 5: Raw photoelectron velocity-map image of BeO™ taken at 18200 cm™. Double
arrow line indicates the direction of polarization of detachment laser. Horizontal line
indicates the dividing line used in analysis (See text). Inner ring spawns from the origin
band and 1 — 1 sequence band transitions. Outer ring spawns from hot band transitions.
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Figure 6: Photoelectron spectrum of BeO™ at 18200 cm™ photon energy. Transition
Energy given as hv — eKE.
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Table 1: Experimental and theoretical spectroscopic parameters determined in this study.
All values are in units of wavenumbers (cm™) expect Re which is given in Angstroms.

BeO"
Re AGip e MeXe eBE
Exp. 1400 17510

RHF-RCCSD(T) 1.364 1377.6 13974 9.9

B3LYP-RCCSD(T) 1.364 1374.7 1394.2 9.7 17487

MRCI 1.364 13758 1397.6 10.9 17236
BeO
Re AGip e ®eXe EA
Exp. 1.331 1487.32 11.83 17510

B3LYP-CCSD(T) 1.330 14711 14935 11.2 17487

MRCI 1.329 14794 1502.7 11.6 17236
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electron detachment from the anion ground state to the neutral ground state has by far the
greatest Franck-Condon overlap. The values for AG},, obtained from the MRCI and
RCCSD(T) calculations were in agreement, but they were ~30 cm™ below the
experimental value. This difference falls close to the lower limit of the estimated error of
the experimental data of + 25 cm™. Therefore, it is difficult to determine the magnitude
of the discrepancy in the calculations. This band has a similar profile as the band at
17510 cm™®. With the inclusion of the 1 — 2 hot band transition, the unresolved structure

is attributed to rotational broadening and the overall resolution of the spectrometer.

The AGyy. vibrational interval of BeO ground state is 1510.91 cm™.8 This value is
over 100 cm™ greater than AG;,. The lower vibrational interval of the anion ground
state suggest a weakening in the beryllium — oxygen bond with the addition of the extra
electron. Calculations show a lengthening of the equilibrium bond length from Re =
1.330A for BeO to Re = 1.364A for BeO™ (Table 1), also suggesting that the orbital
occupied by the unpaired electron of the anion has some anti-bonding character. The
anti-bonding character coincides with the predicted anti-bonding character of the LUMO
o*molecular orbital obtained from molecular orbital theory. However, since the orbital is
largely Be 2s in character, residing on the positively charged beryllium atom, the electron
density gained on Be will most likely lower the charge polarity of the bond, causing it to
lengthen to accommodate the new charge balance. A lower harmonic vibrational

frequency for the anion was also predicted in past studies.?3!
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It should be noted that the spectroscopic parameters determined at the RHF-
RCCSD(T) and B3LYP-RCCSD(T) levels were in excellent agreement with one another,
confirming that despite the differing reference wavefunctions/densities employed, the
final electronic structure reached in the RCCSD(T) calculation were very similar.

In order to determine the symmetries of the initial and final states involved in a
photodetachment process, the photoelectron angular distribution (PAD) can be examined.
The PAD is the measurement of electron signal as a function of 0, the azimuthal angle
between the polarization of the detachment photon and the velocity vector of the ejected
electron. For single-photon detachment,*® the PAD is given by

1(e)=i (1+BP, (cosh)) (Eq. 2)
where o is the total photodetachment cross section, P, (cos0) is the second Legendre
polynomial, and B is the anisotropy parameter having values between -1 and 2.
Calculating B by fitting Eq. 2 to a photoelectron velocity-map image will determine the
angular anisotropy of the detached electrons at a given eKE. This information will, in
turn, allow the identification of either the initial or final state symmetry through direct
product of their irreducible representations within the molecular point group, assuming
only one of the state’s symmetry is known.

Identifying the state symmetries of the ground states of BeO and BeO' is quite

trivial and can be done a priori of the experiment. The ground state of the closed shelled

neutral has been experimentally verified to be '$* 2% There is no experimental work on

the anion, but different levels of theory have concluded that the anion ground state

.2 . . .
symmetry61829-8Ljs “3*  Therefore, since the electronic state symmetries are already
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known, and the uncertainty of the assignment of the transitions seen is low, the PAD for
this experiment will mostly be an indication of the quality of the image.

Figure 8 shows the relationship between the anisotropy parameter and electron kinetic
energy for the X 1Z+-X 2%+ transition of BeO™. P can be seen to oscillate between 0 and
0.5 spaced about 110 cm™ apart around the origin band. The spacings are in decent
agreement with the spacings of the 0 — 0, 1 — 1, and possibly the 2 — 2 sequence bands,
given the uncertainty in peak positions due to the low resolution. However, based on
both ground state symmetries being Z, one would expect a 3 value very close to 2,
signifying an electron angular momentum of I = 1. A value of | =1 would arise from an
s-type electron being detached, meaning it resides in an s(c) atomic(molecular) orbital.
Likewise, the electron must gain one unit of angular momentum from the incident photon
since the neutral BeO does not gain this unit of momentum, on the grounds that the
molecular symmetry stays as X (AA = 0). B for the hot band transition peaks at 1.5,
closer to the predicted value of 2. In order to explain the discrepancies between the

measured and expected values of § the quality of the image must be analyzed.

5.6 Image Quality and its Effects on Spectrometer Resolution

There are a few features to be discussed about the image in Figure 5. First is the
intense spot towards the bottom of the image. This spot is due to anions that have
detached during their flight from the source that happen to impact the detector at the
same time that the photoelectrons arrive. These neutrals are usually not a problem since
the detector’s “on” time is so short (tens of nanoseconds), but it is sometimes a difficult

situation to avoid (the solution being to blindly alter source conditions). Furthermore,
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this problem only becomes apparent after an image has been accumulating for several
thousand cycles. This spot will greatly affect the quality of the transformation from
velocity space to energy since it overlaps the signal of interest. Only the top half of the
image was used to eliminate the effects of the neutral signal. This elimination could be
done with little consequence, so long as each quadrant of an image is identical upon a
combination of a simple rotation about the center of the image and a vertical or horizontal
reflection. This requirement is true in most cases. The negative effects of not using the
entire image to reproduce the spectrum is a considerable loss in signal to noise, since one
is literally removing signal.

As mentioned above, the quality of an image greatly affects the value of B
calculated. There are two critical reasons the image in Figure 5 would produce
inaccurate 3 values. The first is that the raw image is rotated counterclockwise about the
center with respect to the polarization of the detachment laser. Recall that the PAD is a
measurement of the angle of ejection of the electrons with respect to the polarization
vector of the incident photon. The polarization vector is assumed by the POP and
MEVELER algorithms to be along the double-headed arrow in Figure 5. If the true
polarization of the laser deviates from this position in the plane of the detector surface
(image) it will rotate the image about the center axis orthogonal to the plane of the image,
as itis in Figure 5. When quadrate symmetrizing during transformation of the image, any
rotation in the image will result in “extending” the intensity of the ring about its
circumference. This gives a value for 3 closer to 0, resembling an isotropic intensity
distribution. Rotation of the image does not affect B for transitions that are truly

isotropic.
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The second reason for the potential inaccurate 3 measurements is the instrument
distortion of the image. The image is visibly non-circular, most notably in the bottom
right quadrant. It is not entirely clear what effect(s) are contributing to the deformation
of the electron distribution, but it is believed that the most probable cause is due to the
construction of the VMI optics. The electric fields within the optics must be as close to
symmetrical about the center axis as possible. Any defects will break the symmetry and
map electrons with the same velocity vectors to different radii. Much trial and error has
led to the conclusion that at least four factors could be the source of this problem. The
surface quality and flatness of the individual plates is very important in maintaining a
uniform electric field between each plate. Another factor is the degree of parallelism of
each plate with respect to every other plate. If all of the plates are not parallel to each
other, the electric field between them will be asymmetric. Lastly, the VMI optics must be
parallel to the detector. The electron spheres created within the VMI optics must impact
the detector head on. If there is any drift from the center axis of the experiment, the
image will become elliptical. Eliminating these problems is an ongoing effort.
Regardless of these faults, the image in Figure 5 is the highest quality image taken of

BeO" on this spectrometer to date.

5.7 Conclusion

The X 'x*-X 2+ electronic transition of BeO™ was studied by means of
photoelectron velocity-map imaging spectroscopy in a newly constructed apparatus. The
AG; /, vibrational interval of BeO and the electron affinity of BeO were determined for

the first time. Experimental and theoretical results were compared and agreed very well.
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Details of the spectrometer and its performance were discussed and possible reasons for
the underperformance were outlined.

Efforts to improve the circularity of the images, thus greatly increasing the
resolution of the spectrometer, are ongoing. The spectroscopy of BeO™ will be revisited
in the future upon the improvement of the spectrometer’s performance. This
improvement will diminish the error bars on the values reported, by up to an order of
magnitude. Accurate values of B will also be able to be measured.

Photoelectron velocity — map imaging will also be applied to study the unexplored

low lying a *TI state of BeO. This state is optically forbidden from the BeO ground state
(a *TI—X 12+) based on electron spin selection rules. Detachment from the anion

ground state, however, is spin allowed (a *IT—X 2Z+).
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Conclusion to Dissertation

The design and functionality of the first two stages of the spectrometer described
in the preceding chapters displayed excellent performance in recording cold, high
resolution molecular spectroscopic data of previously unreported systems. The 2I1(4p) —
X 21 (3p) band system of AlAr van der Waals complex was observed using two-photon
excitation. The spectrum revealed a short progression, showing doublet bands consistent
with the spin-orbit intervals of Al(4p).

Rotationally and vibrationally cold spectroscopic data were measured for the 2 2A'
— X 2A transitions of the BeOH/D radicals. Several bending mode transitions were
identified for both species, allowing for comparison with previously published MRCI
calculations. Predictions that the molecule is quasilinear in the ground state were
confirmed. Lastly, the 1=+ « X 'S+ electronic transition between the ground state and
the dipole bound excited state of AlO™ was characterized using autodetachment
spectroscopy. Rotationally resolved data for the 0-0 and 1-1 bands provided molecular
constants for the upper and lower states, the electron affinity of AlO, and the electron
binding energy of the dipole bound state. These benchmark studies laid the foundation
for the incorporation of a velocity — map imaging (VMI) spectrometer. With this
addition, photoelectron kinetic energies (eKE) and their angular anisotropy upon
detachment could be measured.

The overall construction and testing of the photoelectron velocity — map imaging
spectrometer was shown to be successful with respect to the recording of focused images

of photoelectrons produced from the photodetachment of mass selected anions. A
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resolution that allowed for unambiguous assignment of the six detachment transitions of
3 . . -
S ( Py 2P3/2, 12 ) was achieved, providing accurate eKE measurements for

calibration of the VMI optics. While the sequence band transitions seen for the
detachment of BeO™ were unable to be resolved, the measurements of the electron
detachment threshold energy and the AGu/2 vibrational interval of the anion were

determined and found to be in agreement with theoretical predictions.

Moving forward, steps will be taken to improve the resolution of the VMI optics.
When completed, the order of magnitude better resolution that could be realized with the
current VMI optical design will greatly reduce the uncertainty of the experimental values
reported for BeO". Additionally, the improved resolution will be necessary in
determining the vibrational intervals and overall energy level structure of larger neutral
and anionic beryllium containing molecules and clusters. These measurements will help
evaluate theoretical predictions of the electronic structures of these species.
Experimentally verified theoretical models will provide insight into the unusual bonding

characteristics of beryllium.



