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Part I describes the electronic spectra of various actinide containing compounds iso-
lated in solid Ar using laser induced fluorescence (LIF) spectroscopy. The IR spectra
for many of the same molecules were also recorded to aid in the identification of the
fluorescing species in the LIF spectra.

LIF spectra of UO, isolated in solid Ar were recorded to investigate the interac-
tions between actinide compounds and the rare gas matrix host. At the time of the
experiments, it had been proposed that for UOy and CUQO , the interactions between
the actinide containing molecule and Ar were strong enough to reorder the low-lying
electronic states of the molecule. The experiments presented here showed no evi-
dence of a reordering of low-lying electronic states based on comparison of the matrix
spectra with theoretical predictions and gas phase spectra.

An attempt to observe fluorescence from higher order uranium oxides was under-
taken. A matrix was made by ablating U metal in a 1.0% Oy / Ar mixture. UO3 was
a probable molecule formed in the experiment. And, while absorptions belonging to
UO3 were observed in IR spectra, LIF from the same matrix provided evidence that
another molecule was fluorescing. Two different vibrational frequencies observed in
the U-O symmetric stretching region were indicative of at least two low-lying elec-
tronic states in fluorescing molecule. UQj is a closed shell molecule, and it is unlikely
that it has any low-lying electronic states. Instead, the fluorescence was attributed
to the open shell species (UO3)™(Oy) ™.

LIF and IR spectra of thermally vaporized UCly isolated in solid Ar were recorded.
UCly contains U(IV), which is the most stable oxidation state other than U(VI).
Before these experiments, no fluorescence had been recorded that could be attributed
to UCly. Based on the observed vibrational frequencies in the fluorescence bands and
the lifetime of the fluorescence, it was determine that there was at least two different

fluorescing species. The short lived fluorescence was assigned to UCly, and the long-



lived fluorescence was assigned to UOCIL,. A low resolution map for the electronic
levels in UOC], was created.

One of the first LIF studies of actinide containing molecules was performed by
Grzybowski and Andrews|1| for UFg. While, the same group later recorded IR spec-
tra for the UF, fragements|2|, no fluorescence spectra were recorded. Spectra were
recorded here of UF, fragments trapped in solid formed by either passing UFg through
a microwave discharge or ablating U atoms into an Fy / Ar mixture. At the time of
these experiments, the IR spectrometer was not available, and the molecules produc-
ing the fluorescence could not be deduced solely from the LIF spectra. A comparison
with previous IR spectra|2| gave some indication of possible candidates.

In all the experiments that investigated uranium containing matrices with IR
spectroscopy, UNy was observed. A search was undertaken to observe fluorescence
from UN,. To insure a good yield of UNy, 1% N, was added to the carrier gas.
The fluorescence spectra observed in these experiments was very intriguing, but was
determined not to be coming from UN,, rather it appears to be coming from U atom
clusters. However further experiments are necessary to confirm how many atoms are
in the clusters.

The final part of this thesis focuses on the electronic spectra of Xe-OH isolated
solid Ar. Rare gas radical systems (Rg-X) such as Rg-OH are a good model system
for studying weak, long range intermolecular interactions. It is known that when
Rg=Xe, the strength of the interaction is much larger. For most Rg-OH complexes,
the spectroscopic constants have been determined previously[3]. However, the con-
stants for Xe-OH ares currently undetermined. Gas-phase studies were undertaken to
determined these constants.[4] However, these experiments were in conflict with pre-
vious LIF spectra recorded in a matrix in which Goodman and Brus|5] observed that
the A — X emission band for Xe-OH is redshifted approximately 5,000 cm~!, which

is unusually large. Additionally, they found Xe-OH relaxes much faster than other



Rg-OH species. The experiments in this part of the dissertation confirm the findings
Goodman and Brus with the exceptions being in the line shape of the fluorescence

bands and the extent to which Xe shortens the lifetime of the OH fluorescence.
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Chapter 1

Introduction

As the broad language in the title suggests, the molecules studied in this work are com-
prised of several different types, ranging from heavy actinides to rare gases complexed
with radicals. While seemingly very different, there are some common underlying
themes in the spectroscopy of both types of molecules stemming from the interaction
between a rare gas and sample molecule. Before exploring the spectroscopy of these
molecules, Chapter 2 introduces the reader to matrix isolation (MI) spectroscopy, the
common technique used to investigate both types of molecules. From there, the dis-
sertation is divided into two main parts. Part I focuses on the electronic spectroscopy
of matrix isolated actinides using laser induced fluorescence (LIF) spectroscopy, with
IR spectroscopy used as a complimentary technique to aid in the interpretation of
the electronic spectra. Chapters 3-8 discuss the various actinide compounds studied
in this program and provide an introduction to actinide spectroscopy. Part II deals

with the spectroscopy of rare gas-radical (Rg-X) complexes, specifically OH-Xe.



1.1 Actinide Spectroscopy

Actinide chemistry has been studied for approximately two centuries. In more recent
times, since the Manhattan project of the 1940’s, much attention has been focused
on using actinides to produce energy both for domestic power and atomic weapons.
While much of the attention surrounding actinides has dealt with nuclear power,
there are many other useful applications of actinides, some of them being very recent
developments. For example actinides have long been used to make the sensors in
smoke detectors and other electronic devices. And, researchers now have begun to
explore the role of actinides in the future of nanotechnology. With so many uses of
actinides, it is necessary to understand the electronic structure of actinide containing
compounds both for the treatment of nuclear waste and the development of novel
uses of actinides.

From a theoretical standpoint, researchers would like to develop models with ac-
curate predictive properties for actinides. Before such models are developed, cal-
culations for the simplest of actinide compounds need to be verified, preferably by
comparing the results obtained from the calculations with those from gas-phase ex-
periments. While the spectroscopic properties calculated for some actinide containing
molecules are in agreement with experimental results, there is no model which will
produce accurate results for all heavy metals, creating a need for further testing of
the calculations. Unfortunately, experimentally obtained gas-phase electronic spectra
for actinides are very sparse because the f orbitals in actinides result in a multitude
of low-lying electronic states, thus making gas phase spectroscopy more difficult for
actinides than lighter metals. Most of the data that does exist are IR or low resolu-
tion ultra violet (UV) / visible (VIS) absorption spectra for matrix isolated actinide
species. Artifacts of MI spectroscopy such as the relaxation of selection rules makes
this spectroscopic technique advantageous for heavy metals, as will be explained in

Chapters 2 and 3.



As an alternative to gas phase data, scientists would like to use the available matrix
data to validate their calculations if MI spectra for actinides show the same behavior
as MI spectra for molecules consisting of lighter elements. When light molecules
were studied in the early days of MI spectroscopy, it was shown that the matrix host
material did little to perturb the spectra causing at most tens of wavenumber shifts in
vibrational frequencies. However, experimentalists recently have demonstrated that
the magnitude of the interaction between a heavy sample molecule and a rare gas
matrix host is much stronger than first thought. This unusually large interaction
causes shifts in the spectra which people referred to as matrix shifts. An underlying
theme in this work on actinide spectroscopy is to understand the nature of these
interactions and determine if MI data is acceptable for testing theoretical predictions
for gas-phase actinide containing molecules.

The experiments described in Part I are an attempt to gather more electronic
structure information on actinides. Chapter 3 goes into more detail concerning the
goals of the matrix isolated actinide spectroscopy project, as well as discussing some
of the challenges of actinide spectroscopy. This chapter also explains what makes
actinides so different from d-block transition metals. Chapters 4-8 discuss the specific
molecules studied and the data collected, with a specific focus in Chapter 4 on the

matrix shifts for actinide containing molecules coordinated with Ar.

1.2 Rare Gas Radical Complexes

What is of interest in the Rg-X complexes (where Rg represents the rare gas and X
stands for a radical such as OH) is that the strength of the interaction between the
Rg and X gets larger as one varies the Rg down the periodic table. For over half a

century, researchers have known that the interactions between molecules and Xe are



much different than the interactions between the same molecules and the lighter rare
gases. The varying interaction strengths between Rg and X when Rg is varied from
Ne to Xe enable these systems to serve as test systems for studying the evolution
from weak intermolecular physical interactions such as van der Waals forces to more
"chemical-like" interactions.

However, while Xe-OH is a very interesting species, no gas-phase spectra for the
complex have been reported. Part II of the dissertation examines the spectroscopy
of Rg-X complexes with a focus on Xe-OH, gives some brief background on Rg-X
complexes and why they are of interest, and discusses the spectroscopic results of
the investigation on Xe-OH isolated in solid Ar. Both UV / VIS fluorescence and IR
absorption spectroscopy were used for this investigation. What is so interesting about
the spectrum of Xe-OH is that while most of the OH-Rg compounds that have been
studied over the past two decades show a physical interaction between the Rg and
OH in both the ground and excited states, the interaction between Xe and the Rg
in the excited state is more "chemical-like." The experiments presented in Chapter 9

are a companion to current gas phase experiments.



Chapter 2

Introduction to Matrix Isolation

Spectroscopy

Matrix isolation (MI) spectroscopy dates back to Vegard’s studies in the 1920’s, but
the name was first coined by Whittle et al. and Becker and Pimentel[12, 13| in 1954.
Originally, the technique was limited to highly specialized research laboratories. But
now, it is a much more common laboratory technique and is as widely available
as more common spectroscopic techniques. To date, there are many books that
give detailed descriptions of MI spectroscopy and the general technique will not be
discussed here.[13, 14] What this chapter will discuss is some of the benefits for using
matrix isolation spectroscopy to study the species presented in this work as well as
highlight the particulars of the matrix isolation setup used to collect the spectra

presented here.

2.1 Why is Matrix Isolation Spectroscopy Useful?

MI spectroscopy has several advantages over gas phase spectroscopy: (a) the ability

to study, at leisure, unstable molecules and ions because they are frozen in the ma-



trix, (b) the matrix host (usually Ar or Ne) is an inert gas and does little to perturb
the sample molecules, (¢) the ability in most cases to prevent thermal-rotational and
vibrational excitation, especially when the sample molecules are formed at high tem-
peratures as in the case of matrices containing metal oxides, (d) the ability to study
diffusion over time by slowly warming the matrix near its melting point, (e) the re-
laxation of selection rules for electronic transitions of species trapped in a matrix.[13]
Point (d) is useful in determining the composition of sample molecules in the matrix
when reactive fragments were initially trapped in the host. Because most non resonant
transitions for gas-phase heavy metals are very weak, point (e) is extremely useful for
obtaining their electronic spectra. In MI spectroscopy, one can excite heavy metals
with fixed frequency UV light and observe fluorescence bands. These bands can then
be investigated further using tunable radiation to produce a low resolution spectral
map. The spectra are called “low resolution” because no rotational information is
present. The abundance of low-lying electronic states would hinder in the gas-phase
search for a suitable resonant transition to investigate. The unavoidable thermal pop-
ulation in gas-phase spectroscopy would hinder in the assignment of spectral features
because of the multitude of electronic states. Additionally, when the work presented
here first began, the idea was to use this map to guide gas-phase spectroscopic studies
in which more complete spectra containing rotational information could be recorded.
The premise for this idea was the assumption that the rare-gas matrix host does
little to perturb the spectra, a premise which had been observed previously for light
molecules. However, as will be a theme in the following chapters, this assumption
may not be valid for heavy molecules.

Another useful application for MI spectroscopy is the ability to measure directly,
ground electronic state vibrational frequencies. Since its invention, one of the major
applications of MI spectroscopy was the study of light radicals and reactive species,

often using IR spectroscopy. It was found that vibrational frequencies measured



for matrix isolated samples agreed with gas phase measurements to within tens of
wavenumbers. Later, when researchers began using MI spectroscopy to study heavy
metals such as actinides, unexpected vibrational frequency shifts on the order of 100
cm ! relative to the gas phase were observed. Such variation in perturbations by the
matrix host is of considerable interest and also will be discussed in the chapters that
follow.

Finally, let us examine the other benefits of MI spectroscopy. Another advantage is
the ability to study reactive and unstable species at leisure. In gas phase experiments,
once the experimental conditions are optimized one has to record the desired spectra
immediately. If one were to return the following day, the experimental conditions
could need re-optimizing. In MI spectroscopy, the sample is frozen in a cryogenic
matrix and changes only minimally over time. Additionally, large amounts of sample
molecules can be frozen in the matrix so that fluorescence can be observed, even
from molecules with poor fluorescence quantum yields. And, with the relaxation
of selection rules, what would usually be a weak or forbidden transition may now
be allowed. Consequently, molecules can be studied without as much experimental

optimization as in gas phase fluorescence spectroscopy.

2.2 Experiment Setup

Figure 2.1 shows a schematic of the entire experiment setup. The details of this
matrix isolation refrigerator setup are described in reference|15]. But for complete-
ness a brief description will be presented here. A matrix was formed by flowing
gaseous sample molecules diluted with a rare gas onto a cold (12 K) copper mir-
ror or CsI window under vacuum (107° torr). Section 2.3 describes in detail how

matrix precursors (gaseous and solid) are prepared. Fluorescence was induced by ei-
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Figure 2.1: Experiment setup. An FTIR spectrometer, a butterfly valve, and a second
rough pump have been added since the time of reference[15].

ther an excimer-pumped dye laser system (Lambda Physik EMG101/FL302E) or an
Nd:YAG-pumped dye laser system (Quanta Ray DCR2A/PDL1). The fluorescence
was dispersed by a 0.64 m monochromator (ISA, 120 line/mm grating) and detected
by a photomultiplier tube (Electron Tubes Ltd. 9805QB). Signals were recorded with
a digital oscilloscope (Tektronix TDS 2014) or a boxcar integrator (SRS model 250)
connected to a computer. A Digi Lab FTS 3000 Excalibur spectrometer was to record
IR absorption spectra. A butterfly valve placed between the chamber and the diffu-
sion pump allowed the chamber to be isolated from high vacuum. During warm-up,
when a matrix was released, a second rough pump removed the resultant gas through
the sample fill lines, which saved time because the diffusion pump did not need to be
turned off.

Probably the most important addition to the apparatus since reference [15] was the
FTIR spectrometer which complimented the fluorescence capabilities of the current
set-up by recording IR spectra. The IR spectrometer was setup for an external
beam configuration. IR radiation was focused through the top of the matrix unit
and sent into a detector resting on the laser table below as shown in Figure 2.2.
When IR spectra were taken the copper disk was replaced with a CsI window to

allow transmission of the IR radiation. This window will be described in more detail
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Figure 2.2: FTIR and UV/VIS setup. (a) Drawing showing the external beam con-
figuration for the FTIR spectrometer. (b) Drawing showing the substrate position
for UV / VIS fluorescence measurements.
in Section 2.3.2.1. A purge box was constructed from Lexan to reduce background
absorptions from water or any other components of air because the IR radiation
traveled a considerable distance outside of the spectrometer. Figure 2.3 shows a
background spectrum for both purged (black) and unpurged (purple) conditions. It
is evident how much the background absorptions are reduced by purging and the
necessity for purging in our IR experiments. Some of the IR spectra presented here
were taken before the construction of the purge box and will be noted accordingly.
All matrices were made from an effusive flow of gas mixtures onto the cold sub-
strate at a rate of approximately 3 mmol / h. Typical deposition times were from
3-4 h. During the deposition process the cold trap above the diffusion pump was
filled with liquid Ny to freeze any impurities from back streaming onto the mirror
and affecting the IR spectra. Keeping the trap filled with Ny for the entire time a
matrix was held on the substrate was not necessary because it had little effect on
UV / visible fluorescence, which was the spectroscopic method used in the days after
deposition. When an IR spectrum was recorded, a background spectrum of the cold

Csl window was recorded just prior to deposition. After the matrix was deposited,
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Figure 2.3: The effect of purging with Ny on an IR background spectrum. The blue
trace is the background recorded without purging. The black trace was recorded
after purging both the external beam path and the spectrometer for a minimum of
30 minutes and clearly shows a decrease in the water absorptions.
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a sample IR spectrum was recorded from which the previous background spectrum
was subtracted. Following the sample IR spectrum, fluorescence spectra from fixed
frequency and tunable excitation were recorded. Figure 2.2 (b) shows the configu-
ration of the substrate used for recording UV / VIS spectra. If any photolysis or
annealing experiments were performed, a new sample IR spectrum was recorded both
immediately before and after these experiments because the IR throughput degraded
rapidly with time. The next section will discuss how sample precursors for matrices
were made. The term sample precursor refers to the molecules used to produce the

sample molecules of interest frozen in Ar.

2.3 Sample Preparation

In the studies reported here, there are two main types of sample precursors used for
the sample molecules frozen in an Ar matrix. The first type is any molecule that is
gaseous at room temperature. The second type are molecules that are solid at room
temperature and do not have sufficient room temperature vapor pressure to make
it into a matrix in concentrations great enough to produce observable fluorescence.
There is no magic number as to what the vapor pressure has to be in to order observe
fluorescence, as fluorescence is dictated by the fluorescence quantum yield. If however,
the vapor pressure is too low to trap enough sample in the matrix, then some heating
or other vaporization process is necessary. The prior (precursors with high vapor
pressure) will be discussed first because it is easiest to prepare a matrix from these

precursors.
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2.3.1 Room Temperature Gaseous Samples

Gaseous samples were prepared in either a 2 L glass gas collection flask or a 100 L
small gas cylinder. The cylinder was ideal if sample precursors were abundant because
a constant backing pressure could be maintained throughout the entire deposition,
thus insuring a constant deposition rate without any valve adjustment. Often times
when using the glass flask, the backing pressure would drop, and a valve adjustment
was necessary to maintain a constant flow rate. For many sample precursors it was
not practical to use the amount of precursor necessary to fill a cylinder.

The gas collection flasks contained a cold finger to either purify the sample pre-
cursor or control the vapor pressure during deposition. They were filled using a glass
Walter’s vacuum manifold (available from Ace Glass—not shown) connected to a Welch
Chemstar mechanical pump with an ultimate vacuum of 0.1 mtorr. This pump was
designed to handle the corrosive gasses in the higher concentrations used in sample
preparations. Pressure in the manifold could be read to within a torr. First, the sam-
ple gas was added to the flask. If it contained impurities, it was purified by freezing
it in the cold finger of the flask while pumping on the manifold. After pumping, the
gas was allowed to warm to room temperature. Three of these cycles were usually
sufficient to purify the gas. Second, the pressure inside the flask and manifold were
adjusted so that when the Ar was added, one would have the proper sample concen-
tration in Ar. Finally, Ar was added to bring the pressure inside the flask to near
atmosphere. The pressure inside the flask was kept slightly negative to prevent the
hollow ground glass vacuum stopcock on the flask from leaking.

Gas cylinders were prepared in a similar manner, but a brass gas mixing manifold
replaced the glass one used for the flasks. A regulator was connected to the end of
the manifold to read the pressure and to release the high gas pressures which built
up in the manifold during cylinder preparation. A Welch Duo-Seal pump with an

ultimate vacuum of 0.1 mtorr was used to evacuate the cylinder and manifold. The
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total pressure inside the prepared cylinder was typically 1000 psi. Sample gases were
added in order of increasing pressure. When the Ar was added, the Ar cylinder was

connected directly to the manifold without a regulator.

2.3.1.1 Cl, Shakedown Experiments

Before work on this project was undertaken, the MI unit described above was in
storage. The visible fluorescence spectrum of matrix isolated Cly is useful in test-
ing the cooling capabilities of the refrigerator. Such a spectrum was recorded and
compared with the literature spectrum.|[16] As shown in Figure 2.4, the fluorescence
spectrum shows a Cly ground electronic state vibrational progression. Bands five
through ten are labeled in the spectrum. Each peak in the spectrum is a doublet
with the lower intensity feature on the blue side corresponding to Cly monomer and
the dimer corresponding to the red shifted taller peak. A Cl; monomer is one Cl
molecule surrounded by Ar, and a Cly dimer is two Cly molecules, interacting with
each other, surrounded by Ar. There should be a broad feature on the red edge of
each band corresponding to higher order clusters of Cl,. However, when making a
matrix with a low concentration of Cly primarily monomers and dimers are formed.
As for using the spectra to test the refrigerator, if the refrigerator is not holding a
constant low temperature around 12 K, Cl; molecules can congregate around one
another forming higher order clusters in the matrix because the relative interaction

strengths between two Cly molecules is stronger than between Cly and Ar.

2.3.1.2 Using a Microwave Discharge to Fragment Samples

As discussed in Section 2.1 MI spectroscopy is convenient for studying reactive species.

To form such species from gas phase molecules, it is useful to pass either the matrix
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Fluorescence from Cl, Induced by 355 nm Radiation
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Figure 2.4: Cl, fluorescence. The fluorescence was induced by 355 nm light from a
Nd:YAG laser. Splitting in each peak corresponds to the Cly monomer and dimer,
with the dimer being red shifted. The spectrum shows the v(5) - v(10) bands.
host or the mixture of host and sample precursor through a microwave discharge
cavity prior to deposition. The former is a “less harsh” way of fragmenting the sample,
whereas the latter tears up the sample more. For the spectra for UF, (x<6) fragments
isolated in Ar discussed in Chapter 7, a mixture of UFs and Ar was passed through
a microwave discharge. Also, to form radicals from tightly bound molecules such
as the formation of OH from water as described in Chapter 9, vacuum ultraviolet
light, produced by the discharge is necessary. The problem with using a microwave
discharge to form fragments is that there is limited control over what fragments are
formed. This problem will be discussed in more detail when interpreting spectra in
later chapters.

Figure 2.5 shows the specific details of the microwave discharge apparatus. The
cavity of a microwave discharge power generator (Raytheon PGM-20 Series) was
attached to a 1/2” OD glass tube inserted in the sample fill line. A brass plate with

an O-ring sealed compression fitting connects the tube to the chamber. An O-ring
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Figure 2.5: Microwave discharge setup. Note that the glass tube is restricted at the
matrix end with a Imm orifice to create enough gas pressure to sustain a discharge.

sealed compression union connects the other end of the tube to the fill line (not
shown). The cavity is positioned on the tube as close to the chamber as possible
without making contacts with the fittings. This position of the cavity provides the
shortest path for the very reactive fragments to reach the substrate. Consequently,
there is less of a chance of recombination and other processes before the fragments
are frozen in the matrix. The glass tube is restricted at the matrix end with a Tmm
orifice to create enough gas pressure to sustain a discharge. Compressed laboratory
air was used for cooling the discharge cavity. When using the apparatus, the gas
flow through the cavity was adjusted so that there were several millitors of gas inside
the glass tube. The power for the discharge was set to under 17 W, and the cavity
was aligned for minimal reflectance which was around 2 W to prevent damage to the

discharge power supply.
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2.3.2 Room Temperature Solid Samples

Solid sample precursors are inherently harder to work with because they must be
converted into a vapor before mixing with the rare gas during deposition. For metal
precursors in the form of rods or disks, pulsed-laser vaporization is often used to
ablate the metal. For powered precursors, they are often heated to temperatures high
enough to achieve a suitable vapor pressure to obtain adequate sample concentration
in the matrix. Both of these techniques were used in this work and will be discussed

in the next two sections.

2.3.2.1 Laser Ablation

Atoms from a solid piece of metal are ablated when a powerful laser beam is focused
on the surface. Typically, either the fundamental or first harmonic (532 nm) from
a pulsed Nd:YAG laser is used. though in some cases the second harmonic is more
suitable then the first. For most of the experiments here, green laser-light was used
because the TR of the fundamental is invisible to the naked eye posing a potential
safety risk, though for some metals the second harmonic (355 nm) light was used
to avoid such risks. When the light hits the metal surface, it forms a very hot and
reactive plasma. A plume of metal atoms will come off in a direction perpendicular to
the surface. These atoms are allowed to mix with an effusive gas flow before sticking
to the matrix substrate. If the flow contains gases other than rare gases, the plasma
is hot enough to cause reactions.

In his experiments with matrix isolated iron oxides, Michel Macler, a former mem-
ber of the Heaven group, used a laser ablation apparatus made from a modified O-ring
sealed compression tee similar to the one shown in Figure 2.6 (a).[15] A hole was bored
in the center of the tee, and a microscope slide was epoxied there as a window to al-

low the laser to reach the target. A 1/2” OD glass or Cu tube connected the tee to
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the matrix chamber via a brass plate retrofitted with a 1/2” ID O-ring sealed com-
pression fitting. Because there is no motion of the metal target in this setup, the
position of the focused YAG laser had to be moved constantly in order to maintain
a plasma above the metal surface. Macler claimed this “freehand” movement of the
beam caused some uncertainty in the concentration of the metal mixed with the rare
gas making experimental data hard to reproduce, though all the results presented
here were easily reproduced. In the more recent experiments presented here, a second
flaw was discovered in the design of this apparatus. Because the mixture of the ab-
lated metal and rare gas traveled through a narrow 1/2” OD glass or Cu tube at least
3”7 in length before reaching the substrate, a majority of the matrix isolated species
collided with the walls of the tube and never made it to the substrate.

While some of the preliminary experiments to the work presented here used
Macler’s laser ablation apparatus, it was replaced with a different apparatus shown
in Figure 2.6 (b) for the first of the experiments presented here. The new apparatus
bolted directly to the chamber and eliminated the narrow coupling tube. The ID of
the ablation cell matched the 1 1/2” window openings on the matrix chamber, which
reduced the probability of the ablated atoms colliding with the cell before deposition.
The cell was soldered directly to a brass plate so that it could couple directly to the
matrix chamber. While this apparatus was an improvement over the prior design, it
was still hard to trap heavy metals in the matrix for two main reasons. First, the
direction of the vaporization beam would create a plume of metal atoms with the
greatest velocity upwards towards the ablation window and not the cold substrate.
Secondly, the target was still approximately 3” away from the substrate. A final design
shown in Figure 2.6 (c) was created to fix the two flaws of the apparatus in (b). The
design closely resembles the ablation setup used by Lester Andrews and positions the
ablation source inside the shroud of the matrix chamber.[17] In this setup a sample

rod was placed within a 1/2” of the matrix substrate. Soft steel was attached to the
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Figure 2.6: Various laser ablation apparatuses. (a) Shows the modified 1/2” ID O-
ring compression tee used by Macler.[15] (b) Shows a new vaporization apparatus used
because of the problems associated with the design in (a), this new vaporization cell
was used. (c¢) shows a third apparatus constructed to fix the problems associated with
(b), which follows a design used by Lester Andrews at the University of Virginia.[17].
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back end of the rod to allow movement by a magnet so that the target could be moved
outside the shroud, thus allowing the cold substrate to be rotated after deposition to
obtain the various spectra. A 1/2”7 OD glass tube was attached between the sample
fill line and the matrix chamber to hold the metal rod after deposition. A 1/16” hole
was drilled in the CsI substrate to allow focused laser light to pass through. (Csl
is soft enough that a hole can be drilled with fracturing the material). Light from
the YAG laser was focused through the Csl onto the metal rod. The majority of the
ablated metal atoms came off moving towards the substrate. This setup increased
the number of metal atoms sticking to the substrate so a greater flow of matrix host
gas was necessary. For some of the uranium experiments, a pure uranium rod was
used. For all other ablation experiments, the sample metal precursor was attached to
the end of a brass rod using high vacuum wax (Dow Corning) or epoxy (Hardman).
All the ablation experiments discussed in this work which were performed after the
acquisition of the FTIR used the ablation apparatus labeled (c) in this figure.

Cu Shakedown Experiments:

In order to test our laser ablation apparatus, spectra of Cuy and CuO were
recorded because there was difficulty in reproducing the spectra of uranium oxides
recorded several years earlier in the Heaven group. The fluorescence spectra of Cu,
and CuO previously were published in the literature and were better understood than
those of similar uranium compounds. Figure 2.7 shows the spectrum for Cus isolated
in solid Ar recorded during the course of this work. The matrix was made by ablating
a piece of Cu metal from a gasket used in the vacuum system with the 532 nm light
from the Nd:YAG laser. 0.5% Dy was added to the carrier gas to favor dimer over
oxide formation. There was no particular reason for using D, instead of Hy other than
it was more convenient at the time to prepare a flask with a Dy / Ar mixture. The
spectrum in the figure is in good agreement with the published spectrum by Mitchell,

et al.|18] The spectra for CuO (not shown) were in equally good agreement with the
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Figure 2.7: Cus isolated in solid Ar. 0.5% Dy was added to the carrier gas to favor
dimer over oxide formation.

literature.

2.3.2.2 Thermal Processes

Refractory powders are not very suitable for laser ablation because of their physical
nature. Heating these materials to high temperatures is often more effective. In order
to work with powder sample precursors such as the UCl, discussed in Chapter 5, the
apparatus shown in Figure 2.8 was used. 1/8” OD Cu tubing was wrapped around the
O-ring compression fittings that seal the glass tube to the matrix chamber and sample
fill line. Cooling water was flowed through the Cu tubing to prevent O-ring damage

and leaking. Kalrez O-rings were used in the fittings because they could withstand
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Figure 2.8: Thermal vaporization apparatus. This apparatus was used for vaporizing
solid powders not suitable for laser ablation.

higher temperatures than the viton ones supplied with new fittings. Thermocouples
(not shown), were used to measure the temperature of the glass tube wrapped in
the heat tape as well as the external temperature of the O-ring compression fittings.
The advantages of this apparatus were that it was easy to build and did not require
a specialized furnace or Knudsen cell. As evident in the spectra shown in Chapter
b, it also worked. The downside to the apparatus was the inability to control the
temperature accurately, which did not appear to be a major problem because matrices

formed using this setup were reproducible based on the recorded spectra.

2.4 Data Collection and Processing

When this MI apparatus was first restored for the experiments discussed in this
work, emission spectra were recorded using a boxcar integrator (Stanford Research
Systems SR 250) connected to a personal computer (PC) with an analogue to digital
converter (A/D) card (Measurement Computing PCI-DAS08). After recording many
spectra, it was found that replacing the A/D card with a digital multimeter (HP
4100) interfaced to a computer by GPIB greatly improved the signal to noise ratio.
Eventually an oscilloscope (TKTDS2014) was interfaced to the computer via GPIB to

collect the data. In this case, the boxcar was not used, and data was processed inside
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the computer. Both the boxcar and oscilloscope were triggered by either the thyratron
sync output of the excimer laser or the Q-switch sync output of the Nd:YAG laser.
Alternatively, a photodiode oftentimes was used as a trigger because there was a lot of
jitter noise inherent in the sync output signals. Data collection was controlled using in
house programs written with the LabVIEW programming package. For determining
the lifetimes of decay curves, a fitting routine using the Levenberg-Marquardt theorem
was used within LabVIEW or the data was exported to a data analysis package such
as Origin.

Another important aspect of the data collection process was the integration of
the PMT signal. When the oscilloscope was used to collect data, numerical inte-
gration was performed on the PC using the standard numerical integration subVI
available in LabVIEW. The trapezoidal rule was used for integration. It is also of
importance that the intensity (y) data downloaded to the PC was converted into
actual absolute voltage prior to integration. By converting the y data into voltages
the absolute intensity of peaks in different spectra could be compared directly once a
simple baseline correction was made, regardless of the vertical resolution settings on
the scope. However, there was no method to compare absolute peak intensities from
two spectra when one was recorded with the boxcar and the other was recorded with
the oscilloscope. Alternatively, the boxcar has a limited output range of 10 V, and
it was necessary to adjust the vertical resolution of the boxcar so that the maximum
output was not reached during integration. Therefore, absolute intensities of peaks
in two spectra could not be compared unless the same vertical resolution was used,
but the relative intensities of peaks in the same spectrum were meaningful. Of course
the above discussion assumed that variables such as PMT bias were kept constant.

The experiment timing also was controlled by a personal computer. Subroutines
written in LabVIEW were used to control both the ISA monochromator and the

Lambda Physik dye laser. Specifically the monochromator was interface through the
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serial port while the Lambda Physik dye laser was controlled by the digital outputs
of the A/D card. There was no personal computer interface for the Quanta Ray
dye laser, though scanning could be obtained using the MCI-1 dye laser controller.
Unfortunately, the MCI-1 only operated in a continuous scanning mode. When scan-
ning any instrument (laser or monochromator) in a continuous mode the box car and
multimeter or A/D card were used to record data. A delay time based on the laser
repetition rate and number of averages collected by either the oscilloscope or boxcar
was used to ensure data was collected before the laser or monochromator grating was
moved. For example, if the laser fired at 10 Hz, then a delay time of 3 s would be

necessary for averaging 30 decays in the oscilloscope.
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Chapter 3

Introduction to Actinide

Spectroscopy

3.1 Interests in Actinide Spectroscopy

Almost three quarters of a century ago, scientists discovered the neutron and nuclear
fission. By 1943, the United States realized the potential of using such heavy atoms for
weapons of mass destruction and embarked on the Manhattan project, led by a group
of army scientists including Albert Einstein. This project has sparked interest in ac-
tinide chemistry through modern times. After the successful building of the atomic
bomb, actinides were realized as a good source of domestic power. Coincidentally, ac-
tinides were used for domestic items such as the sensors in smoke detectors. Another
item worth mentioning here is the promising new role of actinides in nanotechnol-
ogy. Recently in 2006, scientists discovered a nanoparticle assembly mechanism used
by bacteria to combat the toxic effects of actinide exposure.[19] In this mechanism,
the bacteria assembled uranium or other actinides into nanocages, which prevented
the actinides from harming the bacteria. This mechanism has allowed researchers

to create a template for forming nanosized clusters of actinides. Additionally, scien-
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tists have discovered the self assembling of actinyl peroxide nanospheres in uranium
peroxide solutions.[20] These nanospheres automatically precipitated from solution
in the laboratory. The ability to form nanoparticles from actinides is very intriguing
because of their electronic, magnetic, and structural properties.

Returning to the topic of nuclear energy, one of the by-products of the Manhattan
Project was the generation of large amounts of liquid radioactive waste, which is still
present today. After the project ended, physicists continued to study the enrichment
and fission processes heavily to maximize their energy harvesting capabilities. Tra-
ditionally, physicists separated radioisotopes used in nuclear reactors, e.g. uranium,
by mass. However, during that time they carried out spectroscopic studies of ura-
nium hexafluoride (the stable compound used in mass isotope separation) and its
fragments in hopes of developing a new photochemical technique for separating the
isotopes.|21, 22, 23, 24, 25, 26, 27, 1] However, after the accidents at Three Mile Island
and other nuclear facilities, research on actinides was reduced because of public fear.
Now, over half a century later, there is a renewed interest in actinides as a solution to
providing clean energy to combat global warming and for novel uses. Scientists also
know they must now find a solution for dealing with the nuclear waste remaining from
the past endeavors such as the Manhattan Project. Specifically, scientist would like
to be able to separate the radioactive metals from other metals in the waste. While
the nonmetallic components of the waste such as HF and HCI are very dangerous,
standard acid / base chemistry can eliminate their harmful effects.

One of the key questions researchers would like to understand about actinides
is the role of f-orbitals in bonding. As one goes down the periodic table the atoms
become more massive and have a greater nuclear charge. At the same time the added
electrons do not shield the f electrons as efficiently, creating a greater effective nuclear
charge than that caused by simply increasing the number of protons. For lanthanides,

it has been found that the f-orbitals do not participate in bonding because of the
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lanthanide contraction. The name lanthanide contraction comes from the fact that
the f orbitals in lanthanide are contracted so much so that they do not participate
in bonding. Coincidentally, the increased effective nuclear charge causes the valence
electrons to move more rapidly around the nucleus. Specifically, a question researchers
want to answer is whether the f orbitals in actinides are as contracted.

Back in 1995, Norman Edelstein wrote an article discussing the known differences
in the electronic structure of lanthanides and actinides.[28] In the article, he states
that the major difference between 4f and 5f electrons was that the 4f electrons were
inert inner shell electrons, and as one moves across the lanthanide series, there is little
change in the reactivity of the f-electrons. In the actinides, though, the 5f electrons
are closer in energy to the 6d electrons, which do participate in bonding. However, as
one moves across the actinide series the f-orbitals become more localized and play less
of a role in bonding. A plot of the valence orbital distribution functions (plotted as
intensities) as a function of distance from the nucleus for Nd**and the corresponding
actinide, U3*, taken from Edelstein’s article is shown in Figure 3.1. Notice how the
5f orbitals are more delocalized than the 4f orbitals, giving them a greater potential
for involvement in bonding. Also, notice how the spatial extent of s and p orbitals
are almost identical in both lanthanides and actinides. However, the peaks of the 6s
and 6p distribution functions are a little closer to the nucleus. The increased nuclear
charge in actinides causes greater 6s and 6p character near the nucleus which means
that there is less 5f character there and a greater spatial extension of the f-orbitals.|29]
While the greater spatial extent of actinide f-orbitals is known, a question researchers
want to answer is whether the f orbitals play a role in bonding.

Bursten and colleagues have proposed the “Feudal” model for describing actinide
bonding.[30] “Feudal” is an acronym for “f’s essentially unaffected, d’s accommodate
ligands.” This model was created by comparing photoelectron spectroscopic studies

with density functional theory calculations. Bursten found that, especially in organo
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Figure 3.1: Spatial extent of Nd*tand U?" valance wavefunctions. Electron density
is plotted as relative intensity.[28]

actinides, the actinide to ligand bond consisted of mostly 6d character and contained
little of the U 5f orbitals. However, in the case of the highest occupied molecular
orbital of Cp3sThCI (Cp = n° — C5Hj;), which belongs to the Cs, point group, metal f
orbital / ligand interactions are observed. Here, the Cp 7y orbitals are of a; symmetry
and are ligand-ligand antibonding. For a; symmetry, interactions between the actinide
s, p, or d orbitals and the ligand are symmetry forbidden, while the interaction with
the f-orbitals is allowed. Though the f-orbitals are usually not involved in ligand-
actinide bonding (except for special cases such as the one above), Bursten’s model
proposed they do contain the 2 metal-localized electrons of U(IV) compounds. The
spectroscopy of U(IV) compounds will be discussed further in Chapter 5. While this
model provides a qualitative description of what is known so far concerning actinide
bonding, there is so much more uncharted territory with reagard to actinides, both
experimental and computational, that a lot more studies are needed before researchers
have a good understanding of the participation of the f-orbitals in actinide bonds.
Quantum-chemistry calculations now are reaching the point where they may accu-

rately model simple actinide compounds and begin to answers some of the questions
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concerning the electronic structure of actinides. A problem with current methods for
calculations is that they are not generalized and must be tailored to specific molecules.
Therefore, the results of such calculations must be validated with spectroscopic data.
The most basic of these calculations describe single isolated molecules in the ground
state, which are best studied experimentally using gas phase experiments at low pres-
sures and temperatures. The problem is, however, that gas phase data are lacking.
As the next best alternative, data from matrix isolation experiments have been used
because the data are more plentiful and because such experiments directly probe the
ground electronic state of molecules containing actinides. But, exactly how well do
matrix spectra provide information about the properties of single isolated molecules?
The rest of this chapter will discuss some of the challenges of actinide spectroscopy
and some of the other questions the experiments discussed in Part I will try to an-
swer, such as the strength of the interaction between actinide containing molecules
and rare gases. For those wondering about the inherent risk associated with working

with actinides, see the note about actinide radioactivity in Appendix A.

3.2 Theoretical Treatment of Actinides

3.2.1 Ligand Field Theory.

Often when one takes a qualitative look at bonding between a heavy metal and some
ligand such as oxygen, one will find that the valence molecular orbitals (MO) are more
like the orbitals of the free metal with small perturbations caused by the ligand(s).
A simple model of metal-ligand bonding which primarily uses metal centered atomic
orbitals (AO’s) is called ligand field (LF) theory. In the model, interactions between
the metal and the ligands are treated as Coulombic point charge interactions. For

heavy metals a spin-orbit term is added to the Hamiltonian.
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LF theory provides a traditional framework for an understanding of the electronic
structures of transition metal compounds. While LF theory first was applied to tran-
sition metals, scientists now use it to describe lanthanide bonding because f-orbitals
are not involved in bonding. However, it is still unclear if such a model will accurately
describe actinides because of the possible participation of f-electrons in bonding. Tt
is the f-electrons that make actinides challenging to study both experimentally and
computationally. One of the main differences in a quantitative description of heavy
metals compared to lighter transition metals is that spin-orbit coupling is strong,
that is, the spin-orbit interaction is much stronger than the inter electron repulsion.
(Spin-orbit interactions are greater than spin-spin and orbit-orbit interactions). A
brief quantitative review of LF theory and spin-orbit interaction, taken from Levine’s
Quantum Chemistry |31]will be presented here. This description initially assumes a
light atom, and then the differences for heavy atoms are described. For any atom the

Hamiltonian can be written as follows:

7:( = 7:{0+7:{rep + 7:[5.0. (31)

where H° is the sum of hydrogenlike Hamiltonians,

. - B2 Ze'?

0 __ 2

H = § j—zmevi— o (3.2)
=1

and ri; = (22 + y2 + 22)"/*, that is, the distance of electron i from the nucleus. The
first term is the kinetic energy operator and the second term is the potential energy
operator for an electron interacting with a nucleus. The 7:(Tep term describes inter-
electronic repulsions caused by the interaction of the ligands with the central metal

atom,
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ﬂrep = Z Z i_ (33)

2
i i W

1/

where r; = [(z; — 23)° 4 (v — y;) + (2 — Zj)2j| 2, the distance between electrons i

and 7. 7:{5,0, is the spin-orbit interaction term:

. 1 LdVi(r); . u -
Hs.o. ~ - dn L, -s; = 2@' (ri)L; - 8 (3.4)

2
2mec — T

where the & (r;) term describes the magnetic field felt by electron ¢ as it moves through
the electric field generated by the nucleus, which is based on the Coulombic potential,
Vi (1). l; and §; are the angular orbital momentum and spin orbital momentum

operators for electron ¢ and will be discussed more below. The spin-orbit energy for

an one electron atom can be written as:

%<§>h2[j(j—|—1)—l(l+1)—8(S+1)] (3.5)

¢> Eso. ~

For a many electron system, Bethe and Jackiw[32| showed that the spin-orbit inter-

action energy could be written as:

Bso.~ st [j(j+1) = 1(+1) = s(s+ 1) (5.

where,

yos = Y a(i)B (i) (3.7)

%

and

a(i)= (L)

31



Bi) = (sllsill s)- (3.8)

In a classical picture, 1 can be defined by the following:

L, = yp. — 2py (3.9)

ly = zp, — p, (3.10)

l, = xp, — ypy (3.11)

1= (o, 1y, L) P = L2+ I+ 2 (3.12)

Similarly, S can be defined as:

h

o = 5 ([+) (= [+ =) {+]) (3.13)
ih

sy = 5 (= [F) (= [+ =) {+) (3.14)
h

s: = 5 (1) (=1 =) (=) (3.15)

S = (Sq,8y,8:);8° = 8" + 5. + 52, (3.16)

with |[+)and |—) being egienkets of a spin operator.
When the term ﬂrep >>7:(5.O,, in Eq. (3.1), i.e., H o~ Ho+ ﬂrep, the L-S coupling
scheme known as Russell-Saunders coupling is valid. That is, the vectors L, S, and

J can be expressed as follows:

L=) 1 (3.17)

S=> s, (3.18)
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and

J=L+S8 (3.19)

because L and S commute with H. Unfortunately, the approximation giving rise to
(3.19) is only valid for light atoms because L and S do not commute with  when
the spin-orbit term is included. As one goes down the periodic table the value of the
Hs.o. term increases. A new coupling scheme, j-j coupling, must be introduced where

L, S, and J can be expressed as follows:
ji = li + S5 (320)

and
I=>j (3.21)

The quantum number J does commute with 7‘23.0., making this scheme useful when
7:{5,0_2 7:{rep. When dealing with atoms such as transition metals, the situation often
is intermediate between Russel-Saunders and j-j coupling. Figure 3.2 illustrates the
differences between L-S coupling and j-j coupling for a two electron system. In L-S
coupling shown in (a), the electronic spin angular momentum for electron one (si)
and electron two (sp) combine to produce a total spin momentum S. The same is
true for the electronic orbital angular momenta 1; and 1y, which combine to give L.
L and S rotate around the total electronic angular momentum for the system (J). In
j-j coupling shown in (b), the electronic spin angular momentum for electron one (s;)
and the electronic orbital angular momentum (1;) combine to give a total electronic
angular momentum for electron one (j;). The same is true for electron 2. j; and
j2 combine to give the total angular momentum for the system (J). It is of interest
to note that while the quantum number M/, is not valid in the j-j coupling scheme,

term symbols from L-S coupling still give a qualitatively good description for elements

33



Figure 3.2: Two spin-orbit coupling schemes. The drawings are for a two electron
system. (a) Russel-Saunders or L-S coupling . (b) j-j coupling.

which fall under the j-j coupling scheme and are often used. For example, the term
symbol for U often is given as °L{. Figure 3.3 shows a correlation diagram for group

IVA elements and the relationship of L-S term symbols to j-j coupling.

3.2.2 Other Theoretical Approaches

While ligand field theory may provide a simple description of metal ligand bonding
in actinides, many research groups are developing ab initio (AI) and density func-
tional (DF) methods for modeling them. These methods involve a full theoretical
treatment of the polyatomic molecule which involves calculating the electronic wave-
function for a full range of parameters such as bond lengths and angles, though DF
methods calculate the electron probability instead of the wavefunction. Roos and col-
leagues have been developing multi configurational configuration interaction methods

specifically, complete active space (CAS) self consistent field (SCF) (CASSCF) and
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Figure 3.3: Correlation diagram for Group IVA elements. The diagram shows that
L-S term symbols are qualitatively correct in the j-j coupling scheme. Note that the
drawing is not to scale.
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complete active space second order perturbation theory (CASPT2) methods. The
later is a cheaper alternative to multi reference configuration interaction (MRCI)
methods.|33] Coincidentally, Bursten and colleagues have been testing various DF
methods for modeling actinides.[34, 11] Such calculations are very difficult because
of the large number of electronic configurations resulting from open shell d and f
orbitals as well as the need to account for the spin-obit interactions and other rela-
tivistic effects. The next chapter will discuss some of these calculations pertaining
to UOy and CUOQ.|35, 36, 37, 38, 33, 8, 6] Because electronic spectroscopy for these
molecules was lacking, these papers mostly used ground state vibrational frequencies
measured in MI experiments to test the theory, which often showed that theory was in
agreement with the experiments. However, as mentioned earlier, a motivation for the
experiments here was to provide experimentally measured electronic structure data
to validate these calculations.

While the actinide spectroscopy had the primary goal of providing data to evaluate
theoretical predictions, the calculations have advanced to the point where they may
detect flaws in the experimental data and entice experimentalists to remeasure some
fundamental properties. One such example is the determination of the ionization
potential (IP) of UO,. Electron impact experiments dating back to 1974[39, 40, 41]
provided a value of 5.49(1) eV for the first IP. Later, both Zhou et al[8] (using
B3LYP /pseudopotential method) and Gagliardi et al.[33] (using multiconfigurational
wave functions CASSCF /CASPT?2, together with a newly developed method to treat
spin-orbit coupling) independently calculated the IP to be 6.27 eV and 6.2 eV respec-
tively. Gagliardi et al. were confident enough of their results that they encouraged
the experimentalists to reexamine the IP. Han et al.[42] repeated the measurements of
the IP of UO, using resonant enhanced multiphoton ionization spectroscopy (REMPT)
and recorded an TP of 6.128(3). It was determined that thermal population of UO,

in the electron impact experiments caused earlier underestimations of the IP.[42, 33].
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Despite what seemed to be an agreement between experimentalists and theoreti-
cians on the TP for UOy, more recent ab initio calculations by Tyagi[29] using a
60-electron core potential with cc-pVDZ quality basis set gave an IP of 5.6 eV, about
0.6 eV lower than DFT. When double and single excitations out of 6p to 6s were
allowed, the calculated value improved to 5.96 eV, but there was still a discrepancy.
Tyagi speculated that the low level of electron correlation effects in her calculations
as one possible source of error. As made evident by the discrepancy in various com-
putational methods, a generalized theoretical model for actinides has not yet been
achieved, and much more experimental data, such as the results presented here, will

be needed to help theoreticians improve their computational methods.

3.3 Matrix Effects in Heavy-Metal Spectroscopy

MI spectroscopy has often been used for studying challenging molecules such as those
containing actinides because it was often easier than gas phase spectroscopy. The rare
gases used as matrix hosts, with the exception of Xe, were known to be inert and min-
imally perturbing to the sample molecules. Consequently, matrix experiments were
thought of as complimentary to gas phase experiments, providing some data that was
much harder to obtain in the gas phase. In 1985 and 1987 Marilyn Jacox published
two studies which compared matrix shifts observed in both the IR and fluorescence
spectra for various diatomic molecules.[43, 44| She reported that these shifts were
less than 2% with the exceptions primarily being group Ia and IIla halides as well as
the open-shell van der Waals molecules. Even transition metal oxides had very small
shifts. Therefore with the absence of sufficient gas-phase data for actinide containing
molecules, researchers assumed that the matrix data were adequate for evaluating the

theoretical predictions. However, for molecules containing heavy atoms, researchers
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are learning that the matrix host can have unusually large perturbations on vibra-
tional frequencies such as in the case for CUOI35, 36, 37, 38| isolated in solid Ar
discussed in Chapter 4. These papers suggest that the perturbations are so strong
that they reorder the low-lying electronic states of the actinide containing molecules.

Hence, the concept of a rare gas / actinide chemical bond is a topic of current interest.
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Chapter 4

Uranium Dioxide (UQO»)

4.1 Introduction

In the 1980’s the matrix shifts in both electronic levels and in vibrational frequencies
of small molecules were calculated.[43, 44| The shifts were found to be less than
1% and 2% for the electronic and ground vibrational levels respectively, with the
exception of such species such as open shell molecules. Up until the mid 1990’s the
idea of small matrix shifts was thought to be valid even for molecules for which the
shifts had not been calculated. However, Andrews and colleagues observed unusually
large matrix shifts for UO, UO,, and CUO when the host was changed from Ne to
Ar.|45, 8, 46| For example, Andrews and colleagues|8, 47| observed the antisymmetric
stretch of UOy at 914 em™! in Ne and at 776 ecm™! in Ar. Zhou et al.[8] used DFT to
investigate the cause of this large effect. Their calculations were the first to indicate
that UO, has a *® ground state derived from the U(5{7s) configuration. Prior studies
had concluded that the ground state was *H, derived from U(5f%). Zhou et al.[§]
found that the calculated vibrational frequency for the 3® state corresponded to the
Ne matrix result, while the frequency for the *H state agreed with the Ar matrix

data. Consequently, they proposed that the guest-host interaction in Ar reversed the
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ADF/PW91 Linear Transit Energy Curves for UO5 + 5Ar —> UO3(Ar )5 (D5p)
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Figure 4.1: ADF/PWO1 linear transit potential energy curves for UOy+ 5Ar —
UO3(Ar)s (Dsp).[6] Differential spin-orbit stabilization stabilizes *Hycurve by 0.23
eV.
energy ordering of the 3® and 3H states. Similarly, it had been proposed that the
interaction between CUO and Ar was large enough to reorder the low-lying electronic
states.|11, 48|

Also, to further support the theory of ground state reversal for UO,, Li et al.[6]
calculated transit potential energy curves for both the *®, and the *H, electronic
states of UOy using scalar relativistic DFT calculations (see Figure 4.1). It is im-
portant to note that the results as indicated by the solid curves in the figure are
for spin-free calculations. Even with the explicit addition of 5 Ar atoms, the 3®,
was lower in energy. However, the energy gap between the two states was small
enough that when the 0.23 eV spin-orbit differential stabilization energy (relative to
the 2@, state) calculated by Gagliardi et al. |33] was added to the calculations, the
3H, became lower in energy. While the previous results leading up to these exper-
iments presented here correlated the ground state frequencies for UOy in solid Ar
with the *H, electronic state, the ground state was never confirmed with electronic

spectroscopy. The electronic (fluorescence) spectrum for UOy would be very telling
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because one would observe a very different pattern of emission bands if the ground
state configuration changed from U(5f7s) to U(5f?). The experiments in this chapter
probed the ground state electronic configuration for UO, isolated in solid Ar and

investigated the rather large matrix shifts observed for actinides trapped in solid Ar.

4.2 Experiment Details

The source of uranium was uranium turnings (Johnson-Mathy) formed into a disk
using an arbor press. Uranium dioxide was obtained in the gas phase by laser va-
porization of the uranium metal target as discussed in Section 2.3.2.1. The ablated
material was carried to the matrix chamber in a effusive flow of Ar that contained
0.1% O,. This mixture was chosen because it provided optimal yields of UO, in
previous laser ablation studies.[8, 47| However, the target used in our matrix exper-
iments was so heavily oxidized that good yields of UOy could be obtained without
adding Os to the carrier flow, and hence, all the spectra shown in section 4.3 are
from matrices made without additional Os. During these experiments, the FTIR
spectrometer was not present, so the matrix setup with the Cu substrate was used.
After deposition, spectra were recorded in the manner described in section 2.4. A 0.4
us boxcar gate, delayed by 0.3 us relative to the excitation pulse, was used to record

dispersed fluorescence spectra.
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Flourescence from Ablated U + O, Induced by 266 nm Radiation
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Figure 4.2: UO, fluorescence induced by 266 nm radiation. An energy level diagram
for the U(517s) electronic configuration has been added to the right of the spectra for
ease of interpretation.

4.3 Results

4.3.1 Fixed Wavelength Excitation

Figure 4.2 shows a dispersed fluorescence spectra induced by 266 nm radiation for
a matrix formed from the products of an ablated U target mixed with Ar. The ob-
served bands have been assigned to UO,. The assignment of the 3®, ground state is
based upon a comparison with gas phase resident multi photon ionization (REMPT)
spectra.[49] The labeling of the levels in the energy diagram on the right side of
the spectrum is based on the predicted splitting in an U(5f7s) electronic configura-
tion. Table 4.1 summarizes the observed bands for UOy and shows that they are in
agreement with theory. These bands exhibited a line width of 150 cm [full width half

maximum (FWHM)|, which was broader than the resolution setting of the monochro-
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Band Positon Energy Theory (cm™) Theory (cm™) Theory (cm™) Theory (cm'™) Assi
4 1 3 T b I R P ignment
(cm™) (cm™) Changetal. Gagliardiet al. Gagliardiet al. Infante et al.
27,036 0 0 0 0 0 X3®2y
26,628 408 431 403 378 368 3d3y
26,265 771 X3®2y
25,942 1,094 1,088 1,935 2,567 2,231 3A2y
25,635 1,401 1,566 2,340 2,908 2,588 SA1u

a=reference [50]; b=reference [33]; c= reference [51]; d=reference [52]

Table 4.1: Measured low-lying energy levels of UO, compared with theory.

U+Ablated 02 Visible Fluorescnence Induced by 266 nm Radiation
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Figure 4.3: Visible UO, fluorescence induced by 266 nm

radiation. There were no resolvable features in this broad band.

Fluorescence decay curves were recorded for all of the resolved bands in Figure 4.2,
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U + O, isolated in an Ar matrix as shown in Figure 4.3.

mator (estimated to be 70 cm™! in this wavelength range, based on the width of the
scatted laser light when 355 nm excitation was used). It is probable that the res-
olution of the spectrum was limited by phonon wing broadening. Besides the UV

fluorescence bands described above, there is a visible band in the spectrum of ablated

(six different emission wavelengths) and four different regions of the broad emission

feature in Figure 4.3 ( 21,053, 20,619, 19,608, and 17,452cm ™). Beyond the scattered
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Figure 4.4: 25,942 cm ™! fluorescence induced by tunable radiation. The wavelength of
the monochromator was set to the position indicated by the arrow in the left spectrum
to record the excitation spectrum shown on the right. The tunable radiation was
scanned over the energy region around of the 3®, fluorescence band.

laser signals in the 0-0.100 s range, the decay curves were single exponential, yielding

a common fluorescence decay lifetime of 0.820 £0.020 us.

4.3.2 Tunable Wavelength Excitation

Tunable laser excitation was used to investigate the excited levels that gave rise to
the emission bands shown in Figure 4.2. Wavelength selected fluorescence excitation
spectra were recorded by scanning the excitation wavelength while monitoring the
light emitted by a specific emission band. The results from studies of gas-phase UO,
were used to determine the range of excitation wavelengths examined.[49] A scan of
the dye laser over the range from 27,778 to 26,881 cm ', with detection of fluorescence
at 25,942 cm, revealed a single broad excitation feature (Figure 4.4). This band

was centered at 27,470 em ' with a FWHM of 400 cm™'. The fluorescence decay
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lifetime of the 25,942 cm™ ' emission was examined using 27,470 cm excitation. The
beginning of the decay curve was obscured by intense scattered light from the laser
that was partially transmitted by the monochromator, but fitting the tail of the decay
signal yielded a lifetime of 0.120 £ 0.030 us.

An excitation spectrum, recorded using detection of the visible band emission at
20,833 cm , located two broad absorption features in the 27,778 to 26,881 cm
region. One feature was identical to the one described above. The second feature was
centered at 26,280 cm™! with a FWHM of 420 cm™!. Fluorescence decay curves for
the 25,942 cm~ ' emission, recorded using 27,470 or 26,280 cm  excitation, yielded a
lifetime of 0.090 £ 0.030 us.

A scan over the 30,303-27,778 cm range, with detection at 25,942 em ', yielded
a broad absorption feature that was centered at 29,410 cm™! with a FWHM of 420
cm . The fluorescence decay lifetime was 0.310 £ 0.020 pus. The visible emission
band system was not present for 29,410 cm™! excitation.

There were no features in the spectra obtained by UV excitation that could be
assigned to U atoms or UQO. To test for the presence of these species, matrices were
excited using tunable radiation in the 17,606-17,241 Cmflrange. From gas-phase
studies, it is known that both U[53] and UO[54, 55| have strong absorption bands in
this region. However, these experiments did not yield detectable emission from U or

UO.

4.4 Analysis and Discussion

Evidence that the emitting species observed in these experiments was UO, was drawn
from previous matrix experiments and complementary gas-phase studies. Hunt and

Andrews|47] used IR spectroscopy to examine the range of species made by laser
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ablating uranium metal into Ar/O, mixtures and trapping the products. They ob-
served bands of UO, UO,, and UOj3 in their matrices. Han et al. have examined
the products produced by laser ablating an oxidized uranium target using mass
spectrometry.[49, 42| Under the conditions of these matrix experiments, the prod-
ucts were found to be U, UO, and UQO,. As the visible excitation experiments did not
show the presence of significant quantities of U or UO in the samples, it seems most
likely that the emitting species was UQOs. This inference was further supported by
the observation that the features of the fluorescence excitation spectra and the high-
est energy emission band recorded in the matrix correlate with a strong absorption
feature in the spectrum of gas-phase UQs.

REMPI with mass selected ion detection has also been used to characterize the
electronic spectroscopy of UO3.[42] The REMPI spectrum shows strong features at
27,260 and 29,669 cm~!. The maximum of the 27,473 cm~! matrix band is blue-
shifted relative to the gas phase bands by 210 cm ™!, which is typical for an electronic
transition of a small molecule isolated in solid Ar.[44] Note that the red edge of
the 27,473 cm~'band (at approximately 27,100 cm™') overlaps the blue edge of the
27,027 cm~! emission feature, which extends to 27,137 cm~!. This is consistent with
a single electronic transition that is phonon broadened (blue-shading on excitation
and red-shading on emission, see Figure 4.5). The overlap of the excitation and
emission bands indicates that the zero-phonon transition occurs at 27,120 cm™!, just
140 cm ™! below the position of the corresponding gas-phase band. The fact that the
excitation and emission features overlap indicates that there is some inhomogeneous
line broadening due to differences in local trapping sites. The maximum of the 29,412
cm ™! excitation band is red-shifted 260 cm™! relative to the corresponding gas-phase
band by 260 cm™!. As noted above, this shift is within the range typically encountered
for Ar matrices.

Overall, the pattern of low-lying electronically excited levels of UOy revealed by
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Usually, in fluorescence spectroscopy, the red
edge of the excitation band 27,240 cm™ (bottom
right) will correlate with the blue edge of the
emission band 27,140 cm™ (bottom left).
However energy can be transferred to the matrix
host through vibrations in the lattice called

phonons, which produces lower energy emission l

as shown (top right).
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Figure 4.5: The phonon effect.
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the matrix emission spectrum is in quasi agreement with the predictions of high-level
theoretical calculations.[33, 50] It has been established that UQO is a linear, symmetric
molecule in the ground and excited states. Ab initio studies of UO, excited states
have been carried out by Chang|[50] and Gagliardi et al.[33] In agreement with the
DFT study by Zhou et al.,[8] these calculations predict that the lowest energy states
are derived from the U (5{7s) configuration. The ground state is X3®,,, with the
3®3, component lying at approximately 420 cm™! higher in energy (Han et al.[49]
found that these levels are separated by 368 cm™" in the gas phase). The calculations
of Chang|50] and Gagliardi et al[33] predict 2 = 1u and 2u levels, derived from
the lowest energy 3A state, that lie about 1,500 cm™! above the 3® states. This
pattern is readily discerned in Figure 4.2. Band assignments are given in Table 4.1,
and the theoretically predicted energies are compared with the intervals derived from
the spectrum. This assignment scheme carries the implication that the transitions
originate from an 0 =2g state. The emission band at 26,265 cm™!terminates on a
level that is 771 £ 10 cm~! above the ground state. This interval is consistent with
excitation of the U-O stretch vibration. The asymmetric stretch fundamental of UO,
in Ar[47, 56| is observed at 776 cm~'. The symmetric stretch has been observed at
728 ¢cm™! for the mixed isomer QU 0. From this observation, Gabelnick et al.[56]
derived a frequency of 765 cm ™! for U%0,. The uncertainty in the vibrational interval
from the emission spectrum is too great for assignment of the symmetry of the stretch
mode. However, as it is unlikely that electronic excitation would break the inversion
symmetry of the molecule, it is more probable that the symmetric stretch would be
active in the emission spectrum. Also, the assignment of the 25,942 cm~! band to
the 3A,, electronic state is questionable based on the latest calculations by Infante
et al.[52] Alternatively, they suggest that the band is one quanta of the stretching
frequency for the 3®s, excited electronic state. With this alternative assignment, it

is possible that origin bands of A, and 3A,, actually are observed in the congested
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Figure 4.6: IR Spectrum of ablated U + 1°0 /80 (5/1) isolated in solid Ar. Assign-
ments based on Hunt and Andrews’s spectra.[47]

25,510 -24,038 cm ™! range of the spectrum because the most recent calculations by
Gagliardi[51] and Infante|[52] predict their energy levels approximately 1,000 em™!
higher than the previous predictions by Chang[50] and Gagliardi et al.[33]. With all
the congestion, though, it is impossible to make any unambiguous assignments in this
region, which may contain excited vibrational levels of the X 3®,, and 3®;, states as
well.

It is also of interest to note here that in later experiments that attempted to look
at UOj3 fluorescence (Section 6), the mixed isomer *OU0 was observed using IR
spectroscopy (See Figure 4.6). While the mixed isomer QU0 was observed by
Gabelnick et al.[56], it was not observed by Andrews and colleagues|47]. The major
differences between the two experiments is that Gabelnick used a Knudsen cell to

vaporize the uranium atoms and Andrews used laser ablation. Andrews proposed the

following insertion mechanism for UO, formation:

U+ 0, — (OUO)" — O+ UO (4.1)
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(OUO)* — OUO. (4.2)

He suggested that unlike in the experiment performed using a Knudsen cell, there
was not enough energy to dissociate molecular oxygen because there was no mixed
isomer of UOs trapped in his matrix, which would easily form from a mixture of 150
and 80 atoms. Also, if there were trapped O atoms in the matrix, they could form
UO; during annealing, but the intensity of the UO, stretching absorption did not
change much after annealing. The results of the experiments here, though, called to
question the insertion mechanism for UO, formation because the mixed isotope was
observed.

As for the upper state that gives rise to the UV fluorescence, Chang’s calculations|50|
provide two plausible candidates for the upper level of the near UV emission bands.
The first is a state predicted to lie at a slightly higher energy (33,092 cm™!) that
belongs to the U(5{¢7po,) configuration and has a wave function that is 77% *®,,.
The second candidate level, derived from U(5{¢7po,), is at 26 222 cm~'. Tt is com-
posed of a mixture of singlet and triplet basis states (the leading terms are 48%'A,,
+ 30%°Ay,). It is apparent from both the energetics and the fluorescence decay
kinetics that excitation of the UO, bands using wavelengths shorter than 27,778
cm ™~ 'proceeds via nonradiative relaxation processes. The observation that the near
UV and visible emissions exhibit the same slow decay rate for excitation at 355, 308,
and 266 nm indicates that a common bottleneck is encountered in the paths to both
states. The shorter lifetimes obtained using longer wavelength excitation are likely
to be much closer to the intrinsic lifetimes of the emitting levels. Excitation at 308
and 266 nm was found to be more effective than excitation at 355 nm, which sug-
gests that the shorter wavelengths accessed transitions that had greater oscillator
strengths. Photons with A > 308 nm (32,468 cm™!) may have enough energy to reach
the U(5fpTpo,) 3@y, state, while 355 nm light must rely on the weaker transition

that excites U(5f¢7po,) *A/2A directly. Calculations for levels above 33,092 ¢cm™!
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are not available, so we do not have information concerning the states that might be
accessed by 266 nm excitation.

Excitation spectra show that the upper level of the visible emission band system
lies at least 1,190 cm ™! below the upper level of the near UV bands. Here, we consider
two alternative assignment schemes for the visible bands, derived from the energy level
calculations of Chang.[50| First, we assume that the upper level is directly excited by
26,281 cm ™! light. Because the visible bands span the range from 21,277 to 16,667
cm™! (cf., Figure 4.3), this assumption implies that the lower levels are 5,000-9,600

1

cm ™! above the X3®,, ground state, which is in reasonable agreement with the the-

L units given

oretical calculations that predict the following states (energies in cm™
in parentheses): 3u(5,398), 4u(5,756), 2u(5,864), and 3u(6,514). The alternative in-
terpretation is to assume that the upper level is populated by nonradiative transfer,
which is then followed by radiative decay to the same group of lower levels that are ac-
cessed by the near UV emission bands. This interpretation would place the upper level
of the visible bands at 21,280 cm™'. Chang’s calculations|[50] predict three plausible
candidates for this level, all of which have good oscillator strengths for emission back
to the ground state. The first two are a pair of 1g states at 20,262 and 20,938 cm ™!,
which are both derived from admixtures of the *A;,(5f¢7pou) and 3, (5fp?) states.
The third state (°II;,(5f¢,5f0,) +311,(5fm,5f0,)) is at 22,190 cm™'. At present, we
do not have enough information to determine whether 26,281cm~! light excites the
visible bands by a direct or indirect process. However, Infante et al. [52] speculate
that the U(5f'6d') state may contribute to the observed fluorescence spectra based
on results from Dirac-Coulomb intermediate Hamiltonian Fock-space coupled cluster
(DC-IHFSCCSD) calculations. This method provides the energies of all electronic
configurations in one calculation rather than performing individual calculations for

each configuration. The U(5f16d') was not considered in the previous CASPT?2 cal-

culations by Gagliardi et al.|33]
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The analysis presented so far is based on the assumption that the electronic struc-
ture calculations for gas-phase UO, will also be valid for UO, isolated in solid Ar. This
is usually a good approximation, but, as noted in Section 4.1, it has been suggested
that the guest-host interaction in Ar matrices reorders the low-lying electronic states
of UO,. Zhou et al.[8] propose that the ground state in Ar is U(5?) 3H. The present
results are not consistent with this assignment. As the ground state would change
from u to g symmetry, one would not expect to be able to correlate the gas-phase
and matrix excitation spectra nor interpret the matrix emission spectra in terms of
transitions to the lowest energy manifold of U(5f7s) u states. Figure 4.7 (a) shows an
illustration of the emission and excitation scheme consistent with an U(5f7s) ground
state. Figure 4.7 (b) shows an excitation scheme consistent with both the theoreti-
cal predictions by Zhou et al.[8] and the fluorescence spectrum shown in Figure 4.2.
However if scheme (b) was correct, one would not be able to directly excite the 'f'p(g)
because a g—g transition is forbidden. Also, the lowest energy states of the U(5f?)
configuration are predicted to be the 2 = 4g, 5g, and 6g components of the 3H term.
In addition, there is a ®II;, state just below *Hg, (which would not be optically ac-
cessible in an absorption-emission sequence that started from = 4). Chang’s[50]
calculations yield splittings between the 3H levels of 3,850 (5g-4g) and 3,550 ¢cm™!
(6g-5g). This same pattern of U(5f?) states was obtained by Gagliardi et al. (see
Figure 2 of reference [33] ). Clearly, the resolved bands of UO, in the 27,027-25,641
cm~! range are not readily explained in terms of the U(5?) energy levels.

From one perspective, it is not surprising to find that the ordering of the low-
est energy UO, configurations is not reversed by UQO,-Ar interactions. Ab initio
calculations|33, 50| yield estimates for the energy separation between the 3®, and
SHy, states of 8,389 and 4,200 cm™'. DFT calculations that did not include spin-

1

orbit coupling|8] gave a 3®-3H spacing of 1,930 cm™!. Tt also is of interest to note,

as mentioned previously, that the calculations by Li et al.[6] predict a 3H state close
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Figure 4.7: Two possible electronic configurations for UOs to describe the UV emis-
sion. (a) This diagram is the most simple explanation for the observed fluorescence
from UO; isolated in Ar, which corresponds to ¢, being the ground state. (b) If
the ground electronic state has a *H, configuration, then this diagram shows how

electronic transitions from the ground state could be allowed.
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enough in energy to the 3® ground state that spin-orbit effects can lower it below the
3% ground state. However, more recent calculations by Infante et al.[52] using DC-
[HFSCCSD predict a gap of 10,914 cm ™! between >H and the ground state, which is
too large to be reordered by the interaction with multiple Ar atoms. It seems unlikely
that interactions with Ar would be able to produce such large differential shifts in
the energies of the 3® and 3H states. In this context, it is of interest to consider
the analogous results for CUQO. Spin-free DFT calculations yielded a closed-shell 1¥F
ground state with a 3® state just 240 cm™"! higher in energy.[48] The C-UO stretching
frequency was predicted to be 1,049 and 902 cm™! for the singlet and triplet states
respectively. Calculations for CUO-Ar at the same level of theory yielded 3® as the

ground state, with a C-UO stretching frequency of 887 cm™!.

These results were
used to account for the anomalous change in the C-UO vibrational frequency in going
from Ne (1,047.3 cm™') to Ar (852.5 cm™!) matrices. Table 4.2 summarizes both
these experiments and calculations for CUO. Roos et al.[37] raised doubts concerning
this interpretation. They carried out ab initio calculations for CUO that included
spin-orbit coupling (CASSCF/CASPT2/S0). At this level of theory, the spin-orbit
interaction was found to be large for the triplet state, such that the 3®, component
lies about 4,000 cm ™! below 'X* for unperturbed CUQ. Because the interaction with
Ar stabilizes the triplet state relative to the singlet, it would not lead to state reorder-
ing in going from Ne to Ar matrices. However, ab initio calculations of Bursten et
al.|34], carried out at the CCSD(T) level of theory, predict that the '] -3®, splitting
(5,500 cm™') is large enough that spin-orbit coupling would not be able to push 3®,
below 'YJ. The latest calculations by Visscher ef al. at the DC-CCSD(T) level of
theory, which included spin-orbit coupling, also predicted a 1X§-3®, splitting of 4,865
cm ™!, which was small enough to be re-ordered by the interaction of CUO with Ar in

a matrix. While it was clear that there were unusually large matrix shifts for CUO in

solid Ar and that the low-lying electronic states were close enough to be re-ordered,
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Experimental Calculated (relativistic DFT)

vobs (cm") 2c3c °0/'%0 vaalc (cm™)  ?C/®C  '%0/'®0
Ne matrix cuo('z)
8722 1.0020 1.0554 874 1.0023  1.0549
1.0361 1.001 1.0357  1.0019
CUOCD)
843 1.0127  1.0514
902 1.0260  1.0052
Ar matrix CUO(A)(A")
804.3 1.0196 1.0469 834 11025  1.0520
852.5 1.0188 1.0092 1.0260  1.0045

CUO(Kr)(3A")

803.1 832 1.0140  1.0512

851 885 1.0247  1.0076
CUO(Xe)(3A")

801.3 1.0202 1.0466 830 10155  1.0506

848 1.0181 1.0095 979 1.0233  1.0061

Table 4.2: Measured and calculated vibrational frequencies for CUO.[11] See the
reference for further details on the computational methods used. As is seen in the
tables the ground electronic state for CUO in Ne is !X+ and ground electronic state

for CUO in Ar is 3®”.
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Stretching Frequency (cm ™)

State Og ou Method Reference
) 874 931 B3LYP a
3@ 896 913 MP2 b
5o 927 958 CCD b
3da 948 923 CASPT2/S0 c
SH 792 814 B3LYP a

a=reference [8]; b=reference [57|; c=reference [33]

Table 4.3: Theoretical predictions for the stretching vibrational frequencies of UQ,.

it was still unclear if there was a reordering of the low-lying electronic states when
changing the matrix host form Ne to Ar. Because both the ground and first excited
states have the same symmetry, it would not be as easy as with UO, to determine
which electronic state was the ground state using electronic spectroscopy. As the
present results for UOy do not indicate a reordering of states in Ar, it is difficult to
explain both the low vibrational frequencies observed in Ar and the Ne/Ar matrix
shifts. Vibrational frequencies for UOs obtained from DFT and ab initio calculations
are collected in Table 4.3. In all cases, the frequencies for 3®, are significantly larger

than the matrix results (o,=765, 0,=776 cm™!).

4.4.1 Conclusions

It is evident from experiments and theoretical predictions that the configuration of the
ground electronic state for UO, is a 3®,, state and that the interaction between UQO,
and Ar in a cryogenic matrix is not strong enough to re-order the low-lying electronic
states. However, the interaction is strong enough to cause unusually large matrix

shifts. For CUQ, theoretical predictions indicate that the two lowest lying electronic
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states are close enough in energy that the interaction with Ar in a cryogenic matrix
could re-order these states. Unfortunately, because both the 3®, and the '] have
the same symmetry it would be hard to determine the ground state in a similar
manner as was done here for UOs, though selection rules should make the observed
fluorescence very different. Leaving the ground state mystery behind, it is apparent,
from the anomalous matrix shifts, that both UO, and CUO exhibit unusually strong
interactions with Ar and heavier rare gas atoms. This is an intriguing phenomenon

that deserves further experimental and theoretical attention.
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Chapter 5

Uranium Chlorides

As was stated in the prior chapters, the most stable oxidation state of U is the
6+ state, such as U(VI) in UFg. UFg was studied previously not only because it
was stable (aside from being hygroscopic), but also because it was a gas at room
temperature and could be used for gaseous diffusion. However, to obtain complete
information on the electronic structure of U for use in developing theoretical models,
other oxidation states of U have to be studied. The next most stable oxidation state
of U is the 4+ state found in UCl,. Less than a handful of studies dating back to the
1960’s were published on the electronic spectroscopy of this compound|58, 59, 60|, and
no one had ever reported fluorescence from UCl,. The experiments described below
were an attempt to characterize electronic structure of UCl, using visible fluorescence

spectroscopy.
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5.1 UCI, and Its Chemical, Physical, and Spectra
Properties

UCly is obtained as an emerald green powder that is very hygroscopic and is often
stored and handled in a glove box containing a Ny atmosphere. It also has a very low

vapor pressure given by the following:

(—7233 + 15)

log<Patm) = T

+6.77 £ 0.02 (5.1)

At room temperature the vapor pressure is 1.77 x10~% torr, and at 200 °C the
vapor pressure is 2.27 x107% torr, which is approaching a usable vapor pressure for
creating a matrix. It is obvious, then, from Eq. 5.1 that UCl; must be vaporized
for either gas phase or MI spectroscopy. The usual vaporization technique is thermal
vaporization because UCly is a powder. The first laboratory spectra of UCl; was
published by McLaughlin in 1962.[60| He recorded single-crystal spectra (at liquid
He temperatures to avoid thermal broadening) and was able to assign roughly 100
lines to their corresponding electronic states. The electronic ground state (3H; 2571L)
and Dy; symmetry were proposed based on comparison of the spectra with splitting
parameters obtained from crystal field theory.

Results from a second experiment investigating the spectra of molten UCIl, were
published by Morrey a year later.[58] However, this experiment, at best, only provided
information on the coordination chemistry of U (IV). The only gas-phase spectra of
UCly were published in 1966, also by Morrey et al.[59] The spectra were hot spectra
recorded at temperatures between 950 to 1,250 K and were compared with the pre-
vious single-crystal spectra. Morrey had proposed a tetrahedral (T;) geometry for
gaseous UCly claiming that is was possible for the distortions in crystallized UCIl, to

favor the Doy geometry. He also noted that all vibrational modes should occur around
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300 cm~!. Unfortunately, his spectra were not resolved enough for him to confirm
his proposal. UCIl, was not spectroscopically studied again until a 1984 study by
Arthers and Breattie in which they recorded the IR spectra of UCly molecules iso-
lated in an Ar matrix.[61] Unfortunately, in terms of providing more background for
the UCl, experiments in this chapter, their paper spent more time on ThCly. The
authors, though, did propose a distorted C,, geometry for UCl,. A similar study was
carried out in 1994 by Hunt et al. in which they recorded the IR absorptions for the
products of ablated U atoms mixed with Cl, trapped in solid Ar.[2] While there were
many different molecules in his resulting “soup,” Hunt et al.’s[47] measurements for
UCl, were in good agreement with Arthers and Breattie.[61] Table 5.1 lists the peak
assignments for spectra recorded by Arthers and Breattie and Hunt et al.. These
two experiments were a confirmation that UCl, had only low frequency vibrational
modes, which were outside the energy range of the MCT detector. Hence IR spectra
cannot be used to confirm the identity of UCly in the MI experiments presented in

this chapter.

5.2 Experiment Details

UCl, was obtained from Los Alamos National Laboratory or prepared in house (see
Appendix B) and was stored and handled in the nitrogen atmosphere of a glove box
because it is very hygroscopic. In order to make UCl,/Ar matrices, 0.07g UCl, was
placed in a 1/2" OD tube as described in Section 2.3.2.2. Samples were heated to
approximately 400° C, and the subsequent vapor was mixed with Ar and allowed to
flow at a rate of 3 mmol/h for about 3 hours onto a cold CsI or Cu plate held at 12
K. Usually, IR spectra were recorded immediately following deposition, though for

the preliminary experiments the IR spectrometer was not present, and no IR spectra
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UClx in Ar Absorptions

Assignment Position (cm™)? Position (cm™)°

UCly 355

UCly 353

UCly 346.2 346
UCly 344 .8

UCly 3414

UCly 337.6 337
UCly 334.9

UCly 3304

UCly 328

UCly 327

UCly 322.8 323
UChk 312
UChk 308

(a)=reference|61]; (b)=reference|2]

Table 5.1: UCI, IR absorptions. The table shows that there are no IR active modes
for UCl, above 360 cm™".
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Long Lifetime Emission Induced by 21,075 cm™ Excitation Long Lifetime Emission of UO,CI, in Acetone Induced by 23,915 cm™
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Figure 5.1: Comparison of UCly trapped in solid Ar with UOyCly in acetone. (a)
Spectrum of thermally vaporized UCl, trapped in solid Ar. (b) Spectrum of UO5Cl,
in acetone recorded by Goerller-Walrand et al..|[62] Notice the similarity between the
spectra.

were recorded. Following the recording of the IR spectra, the matrices were excited
using light from various pulsed laser sources.

Figure 5.1 (a) shows a fluorescence spectrum of a matrix containing thermally
vaporized UCly in Ar recorded for the experiments presented here. Notice how there is
an observed stretching frequency of approximately 890 cm !, which was not observed
in any prior IR spectra for UCl,. During a search of the literature for information
on UCly the spectrum in Figure 5.1 (b) was found for UO5Cly in acetone, which is
very similar to the spectrum in (a) with an apparent blue shift possibly caused by the
acetone.|62] The four different traces in (b) are for different uranyl to chloride ratios
ranging from UO3T to [UO,Cly]*~. If the fluorescence spectrum in Figure 5.1 (a) is
from UO,Cly, how easy is it to form UO,Cly from UCl,?
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5.3 The Uranyl Ion and the Oxidation of UCIl, to

Form UO,Cl,

With UOsCl, as a possible candidate for the molecule producing the fluorescence
observed in the preliminary experiments, it is useful to understand how UO,Cl, forms
from UCl, and some of it’s properties. UO,Cly is the partially oxidized form of UCly

and is formed by the following reaction|63]:
UCly(green) + Oy — UO5Cly(yellow) 4 Cly;AE, = 12 £ 2kcal/mol. (5.2)
UO,Cl; can be further oxidized by the following reaction:
UO4Cly(yellow) + Oy — UsOq(black);AE, = 45 + 5kcal /mol. (5.3)

The product of Eq. 5.3 is black in color and has barely any vapor pressure compared
with UCly and UO,Cl, at the same temperature. Similar reactions under aqueous
conditions would produce liquid HCL

When interpreting spectra containing UO,Cl, it is best to think in terms of a
uranyl ion, UO52", and 2C1~ “spectator ions” which only slightly perturb the spectrum
of the uranyl ion. No matter what counter ions are present, all spectra of the uranyl
ion look similar. For example, Souter and Andrews|64| reported the antisymmetric
stretching frequency for UO,Fy at 939.6 cm™! which is 20 cm ™! red shifted from the
same mode for the bare UO5?", which is at 952.3 cm~!. Common characteristics to
fluorescence spectra containing the uranyl ion include absorption in the UV, violet,
and blue regions of the spectrum (v > 20,000 ¢cm™!), which gives rise to a yellow
color and green, yellow, and orange fluorescence (20,000 <v< 15,000 cm™1).[62]

One of the first “modern” spectroscopic studies of the uranyl ion was in 1938 by

Conn and Wu.[65] Since that time, there have been several spectroscopic studies of
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uranyl containing species, most focusing on IR absorptions.|66, 67, 68, 62, 47, 69, 70,
71, 72, 73] The most extensive of these studies were those by Denning and colleagues
in which the uranyl ion was studied experimentally in the crystalline form CsUO,Cly
and CsUO3(NO3),.[69, 70, 73] While the crystal stabilized the UOo?T ion, the crys-
tal field effect should have caused perturbations in the spectra that were so large
that Denning’s experiments should not have been worth comparing to the matrix
experiments presented here. However, they provided test data for later calculations
performed by Pitzer’s group.|74, 75, 76| For the calculations, they used a relativistic
effective core potential approximation and spin-orbit configuration interaction with
various basis sets such as the U cc-pVDZ. Because the calculations were based on
Denning’s crystalline experimental work, they would not be a good comparison for
matrix or gas phase experiments. Probably, the most useful spectroscopic data pub-
lished concerning the uranyl ion at the time these experiments were performed were
the spectra of UO,Cly in acetone|62], though still very much different from data de-
scribing single isolated molecules. However, since that time there have been more
extensive theoretical predictions for the electronic states of the uranyl ion, all of
which include spin-orbit coupling and relativistic effects.[52, 77| Unlike the previous
calculations, these calculations described single isolated molecules, and were suitable

for comparison with the MI experiments presented here.

5.4 Further Experiments

5.4.1 IR Absorption Spectra

Figure 5.2 shows the products trapped in a matrix formed from thermally vaporized
UCly in Ar. The spectrum shows two predominant stretching frequencies at 896+0.5

and 972+0.5 cm™!. The insert shows the R(0) line for HCI, a product of the oxida-
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IR Absorption Spectrum of Vaporized UCI,

Asymmetric stretch 972 cm™
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Symmetric stretch 896 cm™

Absorbance

HCI
T T T T T T T T 1 2800 3000 3,200

800 850 900 950 1,000 1,050 Energy (cmi')

Energy (cm'1)

Figure 5.2: IR absorptions of thermally vaporized UCl, trapped in solid Ar. Two
predominant stretching frequencies at 8964-0.5 and 97240.5 cm~! are observed. The
insert shows the R(0) line for HCI, a product of the oxidation / hydrolysis reaction
of UOQClQ

tion /hydrolysis reaction of UCly. There is a curved baseline in both the spectrum and
the insert because there was no background subtraction. Only when the absorption
of interest overlapped with a component of air did background subtraction clarify a
spectrum. Furthermore, the IR spectra for the experiments discussed in this chapter
were collected before the purge box was constructed (see Section 2.2). Consequently,
when such a large background was present, extra care was needed when subtracting

the background to avoid “losing” the absorptions of interest, and the extra effort was

not necessary for these experiments.

5.4.2 Fixed Frequency Excitation

Various fixed frequency UV pulsed lasers were used to excite the matrix. While 266,
308, and 355 nm excitation all produced strong fluorescence in the green and yellow
regions of the visible spectrum, the fluorescence induced by 355 nm excitation was the

best resolved. Laser excitation of the matrix at 355 nm produced the emission spectra
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shown in Figure 5.3. By varying the time delay during which the fluorescence was
recorded from 0.20 us to 15 us, it was determined that a group of resolved features in
the 18,750-16,250 cm ™! range (Figure 5.3 (a)) were long-lived (~ 50us). The bands
that are shown in Figure 5.3 (b), originating at 18,122 cm ™!, have an interval of 88447
cm~ ! . The average of the two spacings observed for the mode was reported because
the energy difference between the 29 « 03 and 19 « 1Y transitions was less than the
error in the measurement of vibrational energy. A second vibrational frequency of
23047 and 230+£7 cm~!was also observed, with the higher frequency corresponding
to the 2§ « (0 transition. Another similar band system, originating at 18,504 ¢m ™!,
showed intervals of 8654+12 and 1094+12 cm~!. The frequency for the latter was an
average of all four measured values because the values only differed within the error
of the measurement.

Excitation at 355 nm also produced short-lived ( ~1.5 us) fluorescence in the
21,360-18,640 cm™! region (see Figure 5.3 (a)). One band system with a roughly
360+8 cm~! vibrational progression begins at 21,115 cm~!. Another emission band
system begins at 19,390 cm™! with a similar 36048 cm™!progression. Additionally,
there were three red fluorescence bands best induced by 308 nm excitation recorded
with a short delay (0.2 ps) and gate (0.2 us) (Figure 5.4). The bands were spaced

I apart from each other.

roughly 550 cm™

Fluorescence decay curves were recorded for all of the bands in Figures 5.3 and
5.4. Figure 5.5 (a) shows a typical decay curve for what is tentatively [, fluorescence,
which has a lifetime of 55.57 + 0.07us. Figure 5.5 (b) shows a decay curve for 18,504
cm~! (3y) fluorescence, which has a lifetime of 54.52 & 0.06us. Figure 5.5 (c) shows
the fluorescence from the short-lived band located at 21,119 cm~! has a lifetime of
1.328 +0.004 us. Figure 5.5 (d) shows the band located at 19,390 cm™! has a lifetime
of 1.310 £ 0.004 us . As was the case with all decay curves fitted for this work, much

more error arose from the data collection than the actual fitting routine, which was
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Fluorescence from Vaporized UCI, in Ar Induced by
355 Excitation
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Figure 5.3: Fluorescence from thermally vaporized UCl, in solid Ar induced by 355
nm radiation. (a) The short-lived fluorescence shown here was recorded using a 0.200
us delay and a 0.300 us gate width with respect to the laser firing. Features showing
characteristics of the uranyl ion are in blue, and features initially unassigned are in
pink. (b) The long-lived fluorescence shown here was recorded using a 15 us delay
and a 15 us gate width with respect to the laser firing. The a and 3 labeling scheme

Energy (cm'1)

is discussed in Section 5.5 .
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Short Lifetime Emission Induced by 308 nm Excitation
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Figure 5.4: Short-lived fluorescence induced by 308 nm radiation. The spectrum was
recorded with a 0.2 us gate delayed 0.2 ps with respect to the laser firing.

estimated to be tens of microseconds. Consequently, there is no significant difference
between the lifetimes of the a and 3 fluorescence. The steplike features near the

baseline are an artifact of low oscilloscope resolution.

5.4.3 Tunable Excitation

Tunable laser excitation was used to investigate the excited levels that gave rise to the
long-lived emission bands shown in Figure 5.3 (b). Wavelength selected fluorescence
excitation spectra were recorded by scanning the excitation wavelength while moni-
toring the light emitted by the 18,122 cm ™! emission band, which was chosen because
it is the blue-most of the long-lived bands («p). The excitation spectrum consists
of a band system beginning at 21,027 cm~! and exhibits both a 7504£20 cm~! and

a 1504+20 cm™! progression (Figure 5.6 (a)). Exciting the matrix with 21,076 ¢cm™!
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Figure 5.5: Fluorescence decay curves from thermally vaporized UCl, in solid Ar

induced by 355 nm radiation. (a) 17,606 cm™! fluorescence ((3;) from has a lifetime of
55.57+ 0.07us. (b) 18,504 cm™! fluorescence (y) from has a lifetime of 54.52+0.06
ps. (¢) 21,119 em™! fluorescence has a lifetime of 1.31040.004 ps. (d) 19,390 cm™
fluorescence has a lifetime of 1.28+0.004 us.
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light produces a much sharper emission spectrum (Figure 5.6 (b)). The short-lived
bands observed in the 355 nm induced fluorescence spectrum are labeled ¢ in this
spectrum. Notice how the weaker intensity of the ¢ fluorescence relative to the «
fluorescence confirms the shorter lifetime of the ¢ bands.

Tunable laser excitation also was used to investigate the excited levels that gave
rise to the short-lived emission bands shown in Figure 5.3 (a). Wavelength selected
fluorescence excitation spectra were recorded by scanning the excitation wavelength
while monitoring the light emitted by the 19,390 cm™' emission band (¢). Two
doublets were observed at 21,433 and 21,833 cm ™!, with a nearly identical splitting
of 4043 cm™! within each doublet (Figure 5.7 (a)). The energy between the doublets
was 400£18 cm™!. Again, exciting the matrix with 21,433 ecm™! light produced a
more resolved spectrum (Figure 5.7 (b)). However, what appears to be structure
on the red side of the large peak was attributed to random noise because it was not
repeatable. The peaks at 14,600 cm ™! are the same short-lived features seen in Figure
5.4.

Fluorescence decay curves were also recorded for each of the bands is Figures 5.6
(b) and 5.7 (b). The lifetimes for the fluorescence induced by tunable excitation were
almost identical to the ones for fixed frequency excitation. Because of lower dye laser

power, the decay curves were much weaker and consequently are not shown.

5.5 Analysis and Discussion

5.5.1 Long-Lived Fluorescence

While the quick comparison of the long-lived fluorescence recorded here with the
fluorescence observed by Goerller-Walrand|[62| (Figure 5.1) would suggest this flu-

orescence was coming from UQ,Cl, there are some major problems with this as-
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Excitation Spectrum from Vaporized UCI, in Ar
Recorded by Monitoring Long-Lived 18,122 cm™ Fluorescence.
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Figure 5.6: Excitation spectrum of thermally vaporized UCly trapped in solid Ar
recorded by monitoring long-lived fluorescence. (a) Excitation spectrum produced
while observing 18,122 cm ™! fluorescence. Fluorescence recorded using a 15 us delay
and a 20 us gate width with respect to the laser firing. A v, = 7604£20 cm~! and a
vy = 360 £ 20 cm ™! progression was observed for the excited state. (b) Fluorescence
produced by 21,076 cm™! excitation. Fluorescence recorded during the same time
window as in (a). ¢ refers to the short-lived bands observed in the 355 nm induced

fluorescence spectrum.
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Excitation Spectrum from Vaporized UCI, in Ar
Recorded by Monitoring Short-Lived 18,832 cm™' Fluorescence.

(a)

ﬂ ﬂ v=40 cm™
= v=400 cm*
2
2
£

A ATE TN EN ET PR ENEN APET TS BTN BRI B ATA AT SR

21,500 21,700 21,900 22,100

Energy (cm'1)
Short-Lived Emission from UCI4 Induced by 21 ,487 ' cm Excitation
(b)

Intensity

-

13,000 15,000 17,000 19,000

Energy (cm'1)

Figure 5.7: Excitation spectrum of thermally vaporized UCly trapped in solid Ar
recorded by monitoring short-lived fluorescence. (a) Short-lifetime wavelength se-
lected excitation spectrum. Spectrum produced while observing 18,832 cm™! fluores-
cence (¢). The spectrum was recorded with a 0.200 us delay and a 0.300 us gate
width with respect to the laser firing. Intervals of 400+18 ¢cm~! and 4043 cm™!
were observed. (b) Short-lived fluorescence induced by 21,487 cm™! excitation. The

spectrum was recorded with the same time window as in (a).
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signment. First, the measured symmetric stretching frequency for UO,Cl; in ace-
tone is approximately 830 ¢cm™1.[62] This value is almost identical to the symmetric
stretch (also about 830 ¢cm™') measured by the same authors for UO,Cly(TBP),
(TBP=tributylphosphate) in methyl-i-butylketone. The symmetric stretch for the
solvated molecules also is very close to the value reported by Barker et al[78] for
crystalline Cs,UO,Cly (vp = 832 em™!). However, Krupa et al.[79] observed the sym-
metric stretch for single crystal UO,Cly at 875 cm™!, though there was no mention
of the discrepancy with the earlier crystalline experiments. What is clear is that the
symmetric stretch reported here is some 15-60 cm™! larger at 89047 cm ™! than all
previous experiments. It seems highly unlikely that, if the symmetric stretching fre-
quency remains virtually unchanged when going from an organic solvent to a crystal
lattice, interactions with Ar in a matrix would produce such a shift. The second prob-
lem with assigning the long-lived fluorescence as coming from UO,Cl, is the position
of the 0’—0 emission band. In the spectrum of UOyCly in acetone|62], it appears at
20,136.9 cm™!. Tn Barker et al.|78] and Krupa et al.[79] it appears at 20,095 cm™! and
20,549 respectively. The energy for the same transition reported here is 18,122 cm™*.
Again, with the shifting of the 0’—0 emission band due to solvent or crystal field
effects at most 454 cm ™!, it seems highly unlikely that interactions between UQ,Cl,
and Ar would cause a 1,973 cm ™! shift.

With both UO,Cly and UCly, unlikely candidates for producing the observed fluo-
rescence, it is of interest to examine other possible intermediate compounds formed in
the oxidation or hydrolysis of UCl,. Figure 5.8 was borrowed from a report by Hass of
Oak Ridge National Laboratory[80] and shows the thermodynamic stability of all the
possible compounds observed in the oxidation, reduction, and chlorination of U. From
the figure, UOCIl,, UOCI3, UOCly, UO,Cl, and UQO4 are all possible intermediates in
forming UO4,Cl,, and hence, candidates for producing the fluorescence. The spectrum

for UOy was discussed previously in Chapter 4 and is ruled out as the molecule pro-

73



O/U, Atom/Atom

Uranium
Valence >2
u(0) L||
|
|
Uiy I
|
374 |
|
u(v) |
|
|
|
¥
u(v) U,0,
+16 |
|
: : |
Y v \
U1y " >UOCl= === » U0,

——————— »Displacements; free energy in kJ / (O - Cl,)
----------- » Chlorinations; free energy in kd / atom CI
—————Oxidations; free energy in kJ / (O + Cl,)

—— > Reductions; free energy in kd / (C - CO)

Figure 5.8: Conversion reactions for U-O-Cl compounds and free energy at 900 K.[80]

ducing this fluorescence. Also, as mentioned in Section 5.3, the experiments by Souter
and Andrews|64] on the UOyF5 analogue are quite revealing. In those experiments the
vibrational frequencies of UOsF5 and UOsF in Ar, were reported as 939.6 and 867.8
cm ! respectively. In this analogue to the U-O-Cl system it appears that removing a
fluorine lowers the stretching frequency significantly. Therefore, UO,Cl is ruled out
as a carrier because the proposed molecule has one less chlorine and the symmetric
stretching frequency observed here is greater than that of UO,Cly. Consequently, it is
quite likely that the molecule producing the fluorescence has one less O than UO,Cls.
In a 2006 paper, Goncharov et al.[81] reported the symmetric stretching frequency
for UO* at approximately 912 em~! which is close to the 890+7 em~! observed here.
UO* can be considered the one oxygen analogue to UO3". While the remaining
candidates each contain the UO subunit, looking at the free energies given in Figure

5.8, it is reasonable to say that fluorescence is coming from either UOCIl, or UOCI;
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because the formation of UO,Cl is more favorable than the formation of UOCI,. Ad-
ditionally, the IR spectrum showed the R(0) line for HCI, a byproduct of the UCly
hydration reaction (Figure 5.2). Further support comes from a 1965 investigation
by Selbin and Schober|[82] of products derived from the hydrolysis of UCl using IR
spectroscopy. In the investigation UCl, was dissolved in deoxygenated water, the
solution was heated, and the resultant vapor was investigated with IR spectroscopy.
In the spectra several U-Cl complexes were observed, each complexed with OH and
water. The molecule UOCI, was also observed, though all assigned vibrations to the
UO stretch (719 em™!) were well below the value observed here (890+7 cm™1). It is
quite possible that the amount of water vapor surrounding the UOCI; could cause a
rather large redshift in the vibrational frequency. Unfortunately, most of the other
experiments published concerning the decomposition of UCly focused on the oxida-
tion mechanism and not the hydrolysis mechanism. Consequently, more theoretical
predictions are necessary to determine exactly how many Cl atoms are contained in
the molecule.

It is also of interest that some IR and fluorescence spectra of thermally vaporized
UCly in Ar recently were recorded that were different from the ones reported here.[83]
Lacking from the IR spectra is the pronounced symmetric and antisymmetric stretch-
ing frequency at 8954:0.5 and 9724:0.5 cm ™! respectively. What is observed is an IR
vibration at 835+0.5 cm™!. In the fluorescence spectra a strong progression reassem-
bling the one seen by Goerller-Walrand et al. [62] begins at 20,290 cm™! and shows a
symmetric stretching frequency of 83542 cm™!. These spectra more closely resemble
the spectra observed in previous experiments for UOoCly[62, 79, 78], and have been
assigned to that molecule. Further support comes from the fact that the lifetime for
this new fluorescence is on the order of magnitude of 100 us versus 50 ps.

A closer examination of the 355 nm induced fluorescence spectrum (Figure 5.3 (b))

also supports the assignment of either UOCI, or UOCI;3 as the fluorescing molecule,

5



and the molecule will be referred to as UOCI, in the future. In the figure, transitions
from the first observed excited state to the ground state are labeled as a. Common
spectroscopic notation is used for numbering the vibrational progressions contained
in the a band system with 0Y being the origin band. Nearly identical frequencies
for both the vy, UO stretch (890 +7 cm™!), and vy, UO bend (150420 cm™!) are
observed in the fluorescence induced by 355 nm and tunable (blue) radiation. The
bands labeled 3 can then be assigned to transitions from a different excited state to
a low-lying electronic state which is not the ground state. Unlike UOyCly, UOCI,
contains lone pair electrons around the U, which can easily interact with chlorine p
electrons to produce closely split low-lying states. The UO symmetric stretch of 865
+7 em™! for 3 is significantly different from the 890 &7 cm™! measured for the o
fluorescence, and it would be hard to explain this difference if the o and [ transitions
terminated on the same electronic state. Figure 5.9 shows the absorption and fluo-
rescence scheme observed here for UOCI,. The black arrow on the left represents the
308 nm excitation up to an excited state. Then the electron relaxes via non-radiative
decay to either the o or 3 excited states from which fluorescence to either the ground
state or another low-lying state is observed. Note that the absolute position of the
pink arrow with respect to the blue one cannot be determined from the present data.
However the [ level is high enough above the « level that the fluorescence indicated
by the pink arrow was not observed when the « electronic state was directly excited.
The electronic excitations shown in the diagram are probably ligand to metal charge
transfer excitations, where an O 2p electron is excited to a vacant metal orbital.
More energy is required than produced by a single photon from the laser to excite a
U electron to a vacant metal orbital. Additionally, this description can explain the
relatively long lifetime of the UOCI, fluorescence. During excitation an electron is
promoted from a singlet state to a triplet state. The electron then becomes “trapped”

in the triplet state, which leads to the long lifetime.
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Figure 5.9: Energy level sketch of the absorption and fluorescence of UOCI,.
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5.5.2 Short-Lived Fluorescence

The assignment of the short-lived fluorescence is a little more tentative. Evidence
that this fluorescence belongs to UCl, was drawn from (a) the lacking of a UO or
OUO stretch in the fluorescence spectra and (b) the short lifetime (~ 1.5us) of the
fluorescence. The 36048 cm ™! vibrational progression that is observed for the band at
19,390 cm ™! does not match any of the predicted UCI stretches for UO,Cl, predicted
at 326 and 332 ¢cm™'.[84]. And, while there are no predictions for UCI stretches in
UOCI,, one would expect the frequencies to be similar to the UCL stretches UO,Cls.
Rather, the frequency is much closer to the 355 cm~! IR absorption measured by
Hunt et al.|2] for UCly. Unfortunately, the vibrational frequencies for ground state of
UCly could not be measured here directly using IR spectroscopy because of the limited
range of the MCT detector. The above findings make it highly unlikely that the short-
lived fluorescence comes from UQO5Cly or UOCI,. This unlikelihood combined with
studies on the decomposition of UCI4[63, 85] makes UCIl, the most probable fluorescing
species. The short-lived fluorescing species at 21,115 cm™! may also be coming from
UCly because it has the same lifetime. However, an excitation spectrum similar to
the one recorded for the 19,390 cm ™! fluorescence should be observed for this feature.
Unfortunately, due to experimental conditions, the scatted light from the dye laser
was too great at 21,115 cm™! to record an excitation spectrum. New experiments are
planned to resolve this problem, which will include better filters to block laser scatter
and realignment of the optical path so that the most intense scattered light is slightly
off the axis of the fluorescence focused into the monochromator.

As for a detailed analysis of the short-lived fluorescence emission and excitation
spectra, there has been very little theoretical investigations concerning UCl,. For
the spectra of UO, presented earlier, it would have been impossible to assign the
electronic states involved in the fluorescence without such predictions. The spacing

(1,725 em™!) between the two band systems assigned to UCly (Figure 5.4) is large
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enough that the most probable explanation is that the fluorescence is coming from
two different upper states. All the vibrational modes of UCIl, are much too low in
energy for this spacing to be related to vibrations. Additionally, UCly is a closed shell
molecule for which it would be unusual to find closely spaced low-lying electronic
states. As was observed for UOCI,, it is possible for emission from different excited
states to have lifetimes indistinguishable by the method used here to record decay
curves and calculate lifetimes. Unfortunately, without theoretical predictions it is
nearly impossible to determine the actual states involved in the fluorescence. It is
hoped that when this work is eventually published, it will inspire theoreticians to
perform more calculations on the electronic energy levels of uranium chlorides.
Lastly, there are three short-lived red fluorescence bands yet to be discussed. If
the primary matrix isolated species identified so far that are capable of fluorescing are
UCly and UOCI,, it would be appealing to assign these bands to UCl; based solely
on a lifetime argument. The frequency measured between the blue most peaks in
Figure 5.3 is 56548 cm™!, while the other observed frequency is 52448 cm~!. The
observed anharmonicity of the vibrational progression is unusual because as one goes
higher in energy within the potential the vibrational interval often decreases slightly.
Also, there are no vibrational modes predicted for UCl, above 360 cm™!, and excit-
ing a combination of modes would require at least 600 cm~!. Based on the lifetime
measurements, it is also just as unlikely that UOCI, is the fluorescing species, though
there are no theoretical predictions for the vibrations of these molecules. Unfortu-
nately, the assignment of this red fluorescence to UO,Cly is just as troubling. There
are no modes predicted by Pitzer|84] which could be assigned to this progression.

And in the new spectra assigned to UO,Cl,, these bands are not present.|[83]
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5.6 Conclusion

A detailed analysis of the fluorescence spectra from the products of thermally vapor-
ized UCly isolated in solid Ar has been presented. The fluorescence spectra reported
here appear to be from two different carriers, UOCI, and UCl,. The UOCI, fluores-
cence is long-lived (55.6+ 0.07 us ) and shows a OU stretch of 890+7 cm™!. The OU
symmetric stretch is a common feature to the fluorescence observed from all molecules
containing U and O. While it is easy to rationalize the transitions giving rise to the
fluorescence, more theoretical predictions are necessary to confirm the number of Cl
atoms in the molecule and the exact electronic states involved.

Based on the current understanding of the decomposition of UCl, the most prob-
able candidate for the carrier of the shorter lived fluorescence (1.240.004 ps) is UCly.
There are no high frequency modes observed in this fluorescence common to fluores-
cence from molecules containing U and O. While this may be the first report of UCl,
fluorescence, there are many anomalies in the fluorescence spectra from UCIl, that
warrant further investigations. Additionally the theoretical predictions for the elec-
tronic levels of the UCl, are scarce compared to those published for UO,Cly, which
makes the interpretation of the spectra all the more challenging. It is hoped that
data from electronic structure calculations for UCl,; will be available to guide future

experiments.
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Chapter 6

UO3 and Higher Order Oxides

6.1 Introduction

Most of the gas phase and MI experiments pertaining to uranium oxides have fo-
cused on UO and UQO,. The higher order uranium oxides such as UOj3 have not
received the same attention in terms of spectroscopy. Unlike UO,, there is only a
handful of papers in the literature pertaining to the gas phase spectra of UO3. While
the dominant fluorescence in Chapter 4, obtained by ablating a target comprised of
uranium turnings, was attributed to UO,, an attempt was made here to observe flu-
orescence from higher order oxides. The idea was that adding more oxygen to the
Ar gas mixture would favor the formation of higher order oxides. With an increase
in Oy concentration during ablation, a likely candidate formed from the ablation of
U metal in the presence of O, is UQOs3, if not only because it is a neutral molecule
containing three O atoms and because it is stable under atmospheric conditions. It is
of interest to note the proposed structure of UO3 as shown in Figure 6.1. In terms of
the electronic structure, UOj3 consists of an uranyl cation (UO§+) subunit perturbed
by an association with an O3 anion. In Chapter 5, the concept of the uranyl ion was

introduced as a dominant feature in the spectroscopy of molecules containing O and
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Free UO,>

161°

Figure 6.1: Predicted geometry of UOj3. The insert shows the geometry of isolated
UO3* for comparison.
U using uranyl chloride as the example molecule. Here one can envision replacing the
chlorine atoms of uranyl chloride with an additional O. Figure 6.1 shows the predicted
geometry of UO3. The original calculations by Pyykko et al.[7] predicted that one
of the UO bonds was longer, but more recent calculations by Zhou et al. [8] predict
equal UO bond lengths. Also note that the geometry of UO3" in UQj3 is no longer
linear, but rather bent by approximately 20°.

The first spectroscopic identification of UO3 was in the FTIR study of the products
of U, thermally vaporized at 1,800 K in the presence of O, isolated in solid Ar.[86, 56,
87| The first two papers published from this study focused on the stretching frequency
region of the IR spectrum. The geometry of UO3 was proposed as T-shaped, belonging
to the Cy, point group, and the frequencies of three modes were calculated to be:
vy (A) = 843.5(0), 15 (A;) = 746.2(0), and vy (By) = 852.7(5) ecm™1.[86, 56] The
latter two also were measured experimentally using an FTIR with v, = 745.6(5) and

vy = 852.6(0) ecm~!. Assignments were made with the help of isotopic substitution. In
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the third paper, three low frequency vibrational modes (Ca, symmetry) were observed:
v3 (Ay) = 186.2(1), v5 (By) = 211.6(1), and v (Bz) = 151.5(1)em™~*.[87] Over a decade
later, Hunt et al. studied the products of ablated U + O,.[47] Among the UO, bands
discussed in the previous section, he found that the two observed bands for UO3(852.5
and 745.5 cm™!) were in good agreement with earlier experiments.

The IR experiments above provided useful data about the ground state geome-
try of UO3, but IR experiments in general cannot provide direct information about
the electronic structure of a molecule. Instead, IR spectra can be compared with
theoretical predictions of the vibrational frequencies for various low-lying electronic
states. This comparison can lead to the assignment of the ground electronic state
of the molecule, but does not provide information concerning other low-lying excited
states. Therefore, it is necessary to complement IR spectroscopy with electronic spec-
troscopy to obtain sufficient data to thoroughly test calculations. In the case of UOs3,
no fluorescence spectra for either the gas phase or matrix isolated molecule have been
reported in the literature. The following experiments were an attempt to survey the
low-lying electronic states of uranium oxides. While UQj is likely to be observed in
the spectra, as mentioned previously, it is very hard to control what products are
formed during laser ablation. What can complicate matters further is that many U
compounds containing O all contain subunits closely resembling the uranyl ion, which

in turn can make the spectra very similar for all such compounds.

6.2 Experiment Details

A uranium rod (Oak Ridge National Laboratory) was used as a source of uranium
atoms. The rod was fed into the matrix chamber through the glass tube of the

sample fill line described in Section 2.3.2.1. During the ablation, the U atoms were
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mixed with an effusive flow (approximately 3mmol/h) of a gaseous Oy / Ar mixture.
The oxygen in most of the experiments was not enriched and contained only the
natural abundance (0.2%) of '8O. Later, though, enriched Oy (20% '0) was used
as is evident in the IR spectrum shown in the following section. The materials were
deposited for 3 hours onto the cold CsI substrate. Matrices were made with different
Oy /Ar concentrations ranging from 0.1% to 2%. The spectra described here were
from matrices with a 1% Os/Ar concentration. Immediately following deposition,
IR absorption measurements were made. Afterward, the matrices were excited using
light from various pulsed laser sources. IR absorption measurements also were made

later to observe the effects of photolysis.

6.3 Results

6.3.1 Infrared Absorption Spectra

Figure 6.2 shows the IR absorption spectrum recorded after deposition of an U+'0, /160,
(1/5)/ Ar mixture as well as the IR absorption spectrum recorded following a min-
imum of 1 hr UV photolysis. The various species observed were assigned using the
spectra recorded by Andrews and colleagues.[47] The black trace was recorded im-
mediately following deposition. The purple trace was recorded after one hour of 266
nm photolysis. No quantitative measurements were made for the IR absorptions be-
cause the signal strength is so sensitive to alignment conditions and the extra effort
required to make such measurements would not provide much useful data. Qualita-
tively, though, the absorption belonging to UOj3 is unchanged after photolysis. The
absorption belonging to UO, decreases, while there is an increase in the absorptions
for the complex (UO2)?*(05)*". Figures 6.3 and 6.4 show an enlargement of the

(UO2)?T(02)*" and UO; stretching regions respectively.
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Figure 6.2: IR absorption spectra for ablated U + ¥04/'%0, (1/5) in Ar. The black
trace was recorded immediately following deposition. The pink trace was recorded
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trace has been shifted for ease in distinguishing the two spectra. Assignments based
on spectra recorded by Hunt et al..[47]
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Figure 6.4: Enlargement of the UOj3 stretching region.

6.3.2 Fixed Wavelength Excitation

Laser excitation of the matrix at 355, 308, and 266 nm produced an emission spectrum
with long lived fluorescence that consisted of a group of resolved features in the
16,300-13,000 cm~! range. While the shape of the observed features was the same
for all three wavelengths, 308 nm excitation induced stronger fluorescence than the
other two wavelengths, and the fluorescence spectrum induced by 308 nm radiation
is shown in Figure 6.5. The bands show 849+8 and 29248 cm™' progressions. It
is worth noting that progressions were not harmonic and exhibited different spacing
between the different vibrational levels as labeled in Figure 6.5. Also, the peaks to
the left of the ay band are probably a continuation of the a and [ progressions, but
were too weak to be accurately labeled. No attempt was made to observe short-lived
fluorescence (ns) similar to what was observed for UOy as described in Section 4.3.1
because it was best induced by 266 nm radiation, which also produced short-lived
(ns) interfering fluorescence from the CsI substrate. Fluorescence decay curves were
recorded for all the bands shown in Figure 6.5. All the peaks had similar lifetime of
approximately 59.64+0.1 us. Figure 6.6 (a) shows a typical decay curve for fluorescence

induced by 266 nm radiation.
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Long-Lived Fluorescence Induced by 308 nm Radiation
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Figure 6.5: Long-lived fluorescence from ablated U + 1% O, in Ar induced by 308
nm radiation. « bands represent emission from the first observed electronically-
excited state, while the 3 bands are emission from the second observed electronically-
excited state. The pink arrow indicates the energy of the observed fluorescence in the
excitation spectrum shown in Figure 6.7 (a).
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Figure 6.6: Lifetimes of fluorescence from ablated U +1% O, in Ar. (a) 15,576 cm™*
(ap) fluorescence induced by 308 nm radiation has a lifetime of 59.6 ps. (b) 15,576

cm ™! (ap) fluorescence induced by 20,882 cm ™! radiation has a slightly shorter lifetime
of 45.9 us.
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6.3.3 Tunable Excitation

Tunable laser excitation was used to investigate the excited levels that gave rise to
the long-lived emission bands shown in Figure 6.5. Wavelength selected fluorescence
excitation spectra were recorded by scanning the excitation wavelength while moni-
toring the light emitted by the center of the o emission band (15,566 cm™'). g was
chosen because it was the most intense band in the emission spectra. The excitation
spectrum (Figure 6.7 (a)) contains a vibrational progression beginning at 20,210 ¢cm™*
with an 806+£2 cm ™! spacing. As in the fixed frequency UV excitation spectrum, the
progression is not harmonic, and the frequencies for the spacing between the various
vibrational excited states are labeled in Figure 6.7 (a). Exciting the matrix at any
of the excitation peaks produced the same fluorescence observed with fix frequency
UV radiation (Figure 6.7 (b)), though much weaker because of the lower power of
the dye laser compared with the excimer laser. Fluorescence decay lifetimes were also
measured for each of the peaks in Figure 6.7 (a). All of the peaks had similar life-
times around 45.840.1 us. Figure 6.6 (b) shows a typical decay curve using tunable
excitation. While the lifetimes as determined by the least squares fitting procedure
are significantly different for the fixed frequency and tunable excitation, the reported
error limits are only for the least squares fitting and not other systematic error which
was usually estimated to be £10 pus. All the observed emission and excitation peaks
are listed in Table 6.1 and are labeled using the notation described in the discussion
section. Omne should note that the energies listed in the table are for the blue edge
of the indicated emission band and the red edge of the indicated excitation band be-
cause the observed bands were so broad. However, the band centers were used when
obtaining wavelength selected excitation spectra. Also, the peaks, corresponding to
a combination of the stretching mode and one quanta of the bending mode for the 3
electronic state, overlap the stretching progression for the « state and are not labeled

on the spectrum or listed in the table.
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Excitation Spectra Recorded by Monitoring Long-Lived Fluorescence
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Long-Lived Fluorescence Induced by 21,022 cm’” Radiation
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Figure 6.7: Excitation spectra of ablated U + 1% O3 in Ar recorded monitoring long-
lived fluorescence. (a) Excitation spectrum produced with various dyes in the blue
and violet regions of the spectrum while observing the center of the oy fluorescence

(15,566 cm ™) indicated by the arrow in Figure 6.5. The 17 band was excited and the
fluorescence in Figure (b) was recorded.
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Emission Excitation

Peak (+8cm™)  Assignment Peak (+2cm™)  Assignment
15,654 05 o 23,433 15 o
15,359 2] o 23,256
15,033 05 B 22,589 15 o
14,797 1? o 22344
14,509 19 29 o 21,788 12 o
14,196 19 B 21,544
13,954 19 o 20,988 15 o

20,755
20,211 09 o

Table 6.1: UV /visible bands from ablated U +1% O, in Ar.
6.4 Analysis and Discussion

Evidence that the emitting species observed in these experiments was (UO9)™(Og)~
was drawn from a comparison of the IR spectrum with a similar spectrum recorded by
Andrews et al.[47], and then, correlating the IR spectrum with the visible fluorescence
spectra induced by 308 nm radiation and the wavelength selected fluorescence excita-
tion spectra (Figures 6.2, 6.5, and 6.7). As was previously mentioned, Andrews pro-
duced primarily UO, UO,, UO3, the (UO,)™(O,)~ complex, and the (UO3)*T(0,)?~
complex by ablating U in an Ar/O, mixture. Because the fluorescence spectra did not
show evidence of UO or UQO,, the observed bands were presumed to be coming from
UQOs3, (UO2)T(0q)7, or (UO2)*"(0,)?~. Unfortunately, the vibrational frequency of
84948 cm™! observed in the visible fluorescence spectrum (Figure 6.5) could be as-

signed to any of the three molecules within the error limits of matrix broadened line
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widths. Therefore, photolysis experiments were used to help identify the molecule
that gave rise to the fluorescence. The change in intensities of the IR absorptions
after photolysis for the spectrum in Figure 6.2 did not match the changes reported
by Hunt et al.[47] In their experiments, Hunt et al. observed a roughly 20% increase
in the absorptions belonging to UOy and (UO,)*"(0,)?~ after 30 min UV photolysis.
The increase in UO3 absorptions was a marginal 10%, while there was a decrease of
about 50% for the (UO2)*(O3)~. Here, in contrast, after photolysis, the IR absorp-
tions belonging to UOs decreased. There was no obvious change in UOj3 absorptions.
Also, the absorptions in the proper position to be assigned to (UOy)™(Oy)~ were ini-
tially so weak that neither a definite assignment could be made nor could an observed
change after photolysis be observed. The only similarity between this work and Hunt
et al. was the increase in the (UO9)?"(0O5)*~ absorptions. For the fluorescence spec-
tra, despite efforts to keep experimental conditions constant, it was not possible to
determine if there was any change in fluorescence intensity after photolysis without
modifying the experimental setup to allow direct measurement of the excitation laser
power, because the change should have been small based on the IR spectra recorded
for this work. In the experiments presented here, it was not warranted to make such
modifications. With the discrepancy between this work and the work by Hunt et
al. and the uncertainty in fluorescence intensity in this work, photolysis experiments
could not be used to determine the fluorescing species. Therefore, a closer investiga-
tion of the fluorescence spectra was needed to determine the fluorescing species.
The fluorescence spectrum in Figure 6.5 is labeled as follows: transitions from
an excited upper state to the ground state are labeled as «; transitions from the
same upper state to a low-lying excited state are labeled 3. Common spectroscopic
notation is used for numbering the vibrational progressions contained in both the «
and 8 band systems with 09 being the origin band. « emission is long lived (50 us)

and shows the OUO symmetric stretch frequency between 84748 and 855+8 cm™!
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and a low frequency bending progression between 28848 and 29548 cm™'. The
emission has a similar lifetime and also exhibits the symmetric stretch. The label o is
used for the progression in the excitation spectrum because the observed fluorescence
was the ag band in the fluorescence spectrum induced by fixed frequency radiation,
though the spectrum could also have been recorded while observing the (3, line. An
indication of the fluorescing species was the observation of the 29248 cm™! bending
mode. Section 6.1 discussed the known vibrational modes of UOj3. The vibration
in question here does not fit any of those modes. Also, both a and [ emission
have a similar lifetime, which indicates a common upper state that gives rise to the
fluorescence rather than two upper states and a common ground state. Because UO3
is a closed shell molecule, it would be very hard to rationalize how it would have
some closely spaced low-lying electronic states. (UOg)?T(05)?" is also a closed shell
species and would probably not have two closely spaced low-lying electronic states.
Alternatively, the interaction between an oxygen 2p electron and a metal 5f electron
in (UO2)™(O2)~ could cause closely split low-lying electronic states. Consequently,
(UO2)"(0O9)~ is the most probable fluorescing species. What is troubling with this
assignment is that the presence of (UO2)"(O2)~ in the matrix could not be confirmed
with the IR spectra. This finding is not all that surprising after the fact that the
results of the photolysis experiments do not match the results reported by Hunt et
al.|47] Additionally, many species may have a fluorescence quantum yield that is
much greater than the IR absorption strength, which makes it possible to observe
fluorescence from species not seen in the IR spectra.

There are no explicit theoretical predictions for the electronic states of ( UO2)*(Oy)~
and the predictions for the electronic structure of the closed shell (UO2)?*™(03)*" com-
plex cannot be used for a comparison. However, it is expected that the excitations
that give rise to the fluorescence are charge transfer transitions occurring from an

occupied oxygen 2p orbital to a vacant metal centered orbital. Direct excitation of
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a metal centered electron would require much more energy than could be found in a
single photon from any of the lasers used here. Alternatively, the oxygen 2p electrons
lie much closer in energy to a vacant metal orbital. This charge transfer causes the
reduction in the stretching frequency from 84848 cm ™" in the ground state to 80642

U'in the excited state (see Table 6.2). Denning’s methodology[88] used to ex-

cm™
plain the charge transfer excitations in CsUO,Cly is also applicable to ( UO2)*(O2) .
Denning says that electronic excitations for CsUO,Cly occur by promoting an O 2p
(either oy,0,4,m,, or m,) electron to an empty U orbital (d,0r ¢,). Specifically in the
visible region of the spectrum a o, electron is promoted, which weakens the UO bond,
thus causing a lower stretching frequency.

While there have been no explicit calculations for the electronically excited levels
of (UO3)™(02)~, Zhou et al. [8] published theoretical predictions for the ground state
stretching frequencies for (UO3)T(O2)™ to complement their IR spectra of uranium
oxides isolated in solid Ne. Calculations were carried out using the B3LYP variant
of DFT. Table 6.2 compares the calculated frequencies with experiment. It should
be noted that Zhou et al. did not provide frequencies for the low frequency modes.

I mode observed

Consequently, there is no assigned symmetry to the 29248 cm™
in the fluorescence spectra. Also, it should be noted that the calculations are for
isolated gas phase species and do not take into account matrix effects as is evident
by comparing the calculated versus the experimentally measured frequency for the by
mode. Therefore, it is surprising to find the frequency for the a; mode measured in
this work in such good agreement with the theoretical prediction. Further calculations
are necessary to confirm all the observable frequencies for (UO2)™(Oq).

Lastly, there are some features in the fluorescence spectrum induced by 308 nm
radiation (Figure 6.5) and in the wavelength selected excitation spectrum (Figure 6.7

(a)) that have not been discussed. Among them is the broad fluorescence that lies

higher in energy (v> 15,700 cm™') in the 308 nm induced spectrum. This fluorescence
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Frequencies

Mode  Calculated (cm™) Experiment (cm’)
292+8°
a1 5292
a1 8542 848+8P/ 806+2 (excited state)°
b2 9252 892.3°, 886.1 (site)°
an 936°

(a)= reference [8]; (b)= this work (fluorescence); (c)= references [47];

Table 6.2: Comparison of experimentally observed (UO3)*(O5)~ vibrations with the-
ory. Modes are labeled assuming cy, symmetry. All frequencies are for the ground
state unless otherwise indicated.

was not observed in the 21,022 cm™! induced spectrum shown in Figure 6.7 (b), and
hence that region of the spectrum was not shown. It also is worth mentioning that
the choice of excitation wavelengths in the blue and violet region was because of
the known spectral properties of the UO3" subunit, which is a common fluorescing
subunit of many uranium oxide molecules. No effort was undertaken to scan further
into the UV while attempting to observe the v> 15,700 cm™! fluorescence. The other
unassigned features are some bands in the tunable excitation spectrum (see Table
6.1). The spacing between these bands do not fit with a bending progression in the
excited state. More spectroscopic studies are necessary to determine the nature of

these bands.

6.5 Conclusion

The low-lying electronic states for what is presumed to be (UO2)*(O3)~ isolated in

solid Ar have been mapped using UV /VIS fluorescence spectroscopy. While there were
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no explicit calculations predicting the electronic energy levels for (UO2)*(Oy)~ the
assignment was made by eliminating other possible candidates based on experiments
and theoretical predictions for the uranyl ion. Further theoretical studies are needed
to fully interpret the fluorescence spectra presented here. Also, investigating the blue
most absorption bands using REMPI coupled with a mass spectrometer should help
identify the mass of the fluorescing species. A major complication in this experiment
is that (UO2)"(O2)~ and other charged species may only be stable when frozen in a
matrix and may not be observed in gas phase spectroscopy. Therefore, it is possible
that (UO3)™(O2)~ may not be observed in REMPI experiments, but could still exist
in a rare gas matrix. A final important point from these experiments is that they
demonstrate how critical experimental conditions are when forming a matrix and
when recording spectra. Evidence of this point is shown in the correlation of IR
spectra taken for this work with the spectra recorded by Andrews at al.[47, 8] Though
a useful tool in MI spectroscopy, IR spectroscopy cannot always be used to identify

the fluorescing species in a matrix.
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Chapter 7

Uranium Fluorides

7.1 Introduction

The 6+ oxidation state of U found in UFg is the most common oxidation state of U.
Except for being hygroscopic, UFg is very stable. As mentioned in Section 3.1, UFg
was the molecule used for enriching uranium because it is easily vaporized making it
suitable for mass isotope separation. As a result, huge waste containers of depleted
UFg remained, which made the material readily available for scientific experiments.
[Obtaining a small quantity (50g), though, for a spectroscopic study proved much
more challenging than obtaining a 50 gal drum|. LIF spectra of UFy isolated in solid
Ar were recorded in the late 1970’s by Andrews and colleagues.|1, 89| However, there
was no such study of the electronic spectra for the fragmented UFg, namely UF,
(x < 6). IR spectra, though, were recorded by Andrews in the 1990’s for a variety of
actinide compounds including UF, isolated in solid Ar, formed by ablating U atoms
in an Ar/Fy mixture.|2]

To complement the experimental studies mentioned in the previous paragraph,
researchers have preformed several ab initio studies on UFg and UF, dating back as

early as the late 1970’s.[90, 91, 92, 93] The first of these studies examined UFj.[90]
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Figure 7.1: The geometry of UF5.[90]

In the study, Wadt and Hay found two possible geometries for the ground state,
Cy, and Dgy,. Calculations including spin orbital coupling concluded that the Dsgy
geometry was roughly 350 cm~!lower in energy. However, the geometry easily can
fluctuate between Cy, and Ds; with only small amounts of internal energy. Wadt
and Hay’s predicted structure for the D3, geometry is shown in Figure 7.1. Note
that the geometry was optimized without spin-orbit coupling. The ground state for
this geometry was calculated to be 2E". The authors also note that while the lowest
energy transitions are f—f and are dipole forbidden for the U atom, most are allowed
for the molecule. Unlike many of the other actinide containing molecules, there are
allowed low-lying metal centered transitions for UFs.

Over two decades later, Federov et al.[92] reported ab initio theoretical predictions
for the lowest 18 Q levels of UF. The calculations, SO-CASCI, predicted °Ay; ), as
the ground state. Unfortunately, Federov et al. did not report any information on
the transition probabilities between the low-lying states, quite possibly because there
had been little published on the electronic spectrum of UF at the time. Fluorescence
spectra are still necessary to obtain spectroscopically a complete picture of the low-
lying electronic states and to test the theoretical predictions. The primary goal for the

experiments presented here was to create a low resolution spectral map for studying
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the low-lying electronic states of UF,, which could guide future gas phase experiments.

7.2 Experiment Details

There are two primary methods for producing UF,, either by passing UFg through a
microwave discharge or by mixing ablated U atoms with Fy gas. The former method

will be discussed first, while the latter will be discussed in Section 7.3.2.

7.2.1 Formation of UF, by Passing UFs through a Microwave

Discharge.

The sample precursor for UF, was UFg (obtained from Oak Ridge Laboratory via
United States Enrichment Corporation) added to a 2 L gas collection flask as described
in Section 2.3.1. Ar was then added to the flask so that the UFg concentration was
0.5%. One of the complications with working with fluorine compounds is that Fy
is so electronegative that it can attack the glass or metal surfaces common in most
spectroscopic chambers. Eventually, Fy will react with the entire surface to form a
coating that is resistant to further reaction with more Fy. This process of forming
such a coating is called passivation, and the resistant surface is said to have been
passivated. Any surface will remain passivated until it is exposed to water vapor or
air. Therefore the flask and Walters vacuum apparatus were passivated with either
a I'y/Ar mixture or UFg prior to filling the flask with the sample precursor (UFg)
and matrix host (Ar). Once the flask was connected to the MI apparatus, gas from
the flask was allowed to flow through the system in order to passivate it. As a check
for system passivation and to ensure the equipment was working properly, the LIF

spectrum of UFg was recorded.
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Fluorescence from UF, Induced by 355 nm Radiation

Intensity

T I T I T I T I T 1
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Energy (cm’)

Figure 7.2: Visible fluorescence from UFg induced by 355 nm Radiation. The peak
assignments, made by a comparison with Grzybowski and Andrews’s[1| spectra, are
listed in Table 7.1 rather than being labeled on the actual spectrum because of the
close proximity of the peaks.

7.2.1.1 Preliminary Spectra of UFg

To make the matrix, the gas from the sample flask was deposited onto a cold (12 K)
Cu mirror at a rate of approximately 3 mmol/h for 3 h. The spectrum of UFg was
recorded and is shown in Figure 7.2. Because of the close proximity of the spectral
features, they are listed in Table 7.1 rather than labeled on the spectrum. The values
from Grzybowski and Andrews’s|1| spectra are also listed in the table for compari-
son. The table shows that the data from this experiment were in good agreement
with the data reported in the literature, and any discrepancy probably arises from

either a poor signal to noise ratio or the resolution of the spectrum recorded here.
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Specifically, the notations used in the table are as follows: the various vibrational
progressions are labeled with a letter and number, e.g. A(0); A(0) means the first
band in the first observed vibrational progression; B(0) means the first band in the
second observed vibrational progression; a double value listed for each series indicates
a splitting caused by matrix site effects; a dash indicates a broad feature in Figure 7.2
which overlaps the area of a sharp peak identified by Grzybowski and Andrews; a "?"
next to the series label indicates uncertainty in the identification; “Not seen” refers
to peaks unidentifiable in Figure 7.2, but were present in Grzybowski and Andrews’s
spectra. After analyzing the various vibrational progressions observed, Grzybowski
and Andrews determined that there were three active modes: v, = 661 & 2 cm™!,
vs = 198 £ 2 em™!, and v = 144 £ 2 em~!. From the spectrum in Figure 7.2, one
can assume that the system was properly passivated, even though there were some
discrepancies in the assignments of the bands. Because the primary goal for the
experiments presented here was to study the spectroscopy of UF, and not UFg no
effort was spent to resolve the discrepancies. Additionally, the signal to noise ratio
was much poorer than in Grzybowski and Andrews’s spectra, and there was broad
background fluorescence producing a curved baseline, all of which could affect the

identification of bands in the spectrum recorded here.

Once the MI system was passivated, the gas mixture (prepared above) was then
allowed to pass through a microwave discharge (Section 2.3.1.2) and was deposited
onto a cold (12 K) Cu substrate at a rate of approximately 3 mmol/h for approx-
imately 3 h. After deposition, the matrices were excited using light from various
pulsed laser sources. IR absorption measurements were not made on these matrices

because the IR spectrometer was unavailable.
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Peak Values Valuein Peak Values Valuein
Series  (Andrews)? Spectrum ° (cm™) Series  (Andrews)? Spectrum ? (cm™)
(cm™) (cm™)
A0) 24,649 24,641 Not seen C(1) 23,790 23,783 23,798-23,801
A 24621 24625 Cc' 23,764 23,762
A1) 24450 24,443 24 435-24453 C(2) 23,592 23,585 23,579
A 24,423 24,420 c' 23,566 23,568
A2) 24253 24,246 24,237-24260 C(3) 23,394 23,387 23,406
A 24227 24225 C' 23,367 23,370
A(3) 24,055 24,049 24,047-24,053 C@4) 23,194 23,188 23,196-23,207
A 24,030 24,033 D(0) 23,844 23,837 23,832
A4) 23,857 23,852 23,861 D(1) 23,647 23,640 23,646
A(5) 23657-23669 D' 23,621
A 23,630 23,635 D(2)? 23,448 23441 23,466
B(0) 24505 24,498 24,494-24 507 D' 23,423 23,427
B(1) 24307 24,300 Not seen D(3) 23,248 23,242 23,242-23,248
B(2) 24,109 24,103 24,102-24,108 D' 23,225 23,226
B' 24,084 24,073 D(4) 23,049 23,043 23,052-23,062
B(3) 23911 23,905 23901 23,915 D' 23,026 23,015-23,023
B' 23,887 23,875 E(0) 23,326 23,329
B(4) 23,712 23,707 23,708 E(1) 23,129 23121
B’ 23,688 23,694 E(2) 22931 22924 22,931
B(5) 23511 23,506 23,510 F 23,157 23,156
B' 23,489 23,499 F(1) 22,985 22,978
B' 23,291 23,288-23,294 F 22,960 22,954
B(7) 23,114 F(2) 22,792-22,779
B' 23,092 F(3) 22,588 22,581 22,586
C(0) 23,988 23,981 23,998 G(0) 22,665 22,668
C' 23,962 23,966

(a)=reference [1] (b)= Figure 7.2

Table 7.1: Peak assignments for UFg.
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7.2.2 Formation of UF, by Mixing Ablated U with F,

Matrices containing UF, also were made by mixing ablated U atoms with an Fy/Ar
mixture. The TR spectra from such matrices were recorded earlier by Andrews et
al.|2], but no visible fluorescence was recorded. The thought was that Andrews et
al.’s experiment, however, could help in the identification of the various products that
could be formed from the sample precursor.

The source for U in these experiments was the same U disk described in Section
4.2. The metal was vaporized with the green light of the Nd:YAG laser (10 Hz / 40
mJ/pulse) using the ablation cell in Figure 2.6 (b). The resultant vapor was mixed
with 0.5 % Fy / Ar mixture and allowed to deposit on the cold Cu mirror at a rate of 3
mmol/h for approximately 3 h. After deposition, the matrices were excited using light
from various pulsed laser sources. As mentioned previously, the FTIR spectrometer

was not available during these experiments.

7.3 Results

7.3.1 Spectra for UF, Products Generated by Passing UFj

through a Microwave Discharge.
7.3.1.1 Fixed Frequency Excitation

Fixed frequency excitation was preformed by exciting the matrices with the 355 nm
light from the Nd:YAG laser, and the resultant spectrum is shown in Figure 7.3.
The spectrum contains a number of fluorescence features, none of which has been
assigned to UFg. The fluorescence from 23,225 cm~! to 20,014 cm™! is definitely
not from UF4 and is tentatively assigned to some other U and F containing species.

Although this feature appears to contain a vibrational progression, it is not resolvable
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Fluorescence from Discharged UF, in Ar
Induced by 355 nm Radiation

Intensity

| T | |
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Energy (cm’)

Figure 7.3: Fluorescence from UFg, passed through a discharge and frozen in Ar,
induced by 355 nm radiation. The spectrum was recorded with a 0.20 us gate delayed
0.10 ps with respect to the laser firing.

enough to determine the frequency of the observed mode, especially because the
fluorescence may be coming from more than one species. Fluorescence decay lifetimes
were measured at different energies in the spectrum and are listed in Table 7.2. All
the recorded lifetimes were several hundred microseconds. The error indicated in
the table is purely from the least squares fitting routine and does not reflect other
systematic errors. Because the signals were weak and the resolution of the scope was
only 8 bits, the decay curves had a lot of noise from digitization, which was a much

larger source of error in the fits.
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Fluorescence Detected (cm™) Lifetime (£0.004 us)

355 nm excitation

22,989 0.419
22,090 0.260
21,299 0.428
21,137 0.378
20,325 0418
19,546 0.489

430 nm excitation
21,368 0.355
20,408 0.682

Table 7.2: Fluorescence lifetimes for UFg, passed through a discharge and frozen in
Ar.

7.3.1.2 Tunable Excitation

Tunable laser radiation was used to investigate the energy levels giving rise to the
fluorescence bands in Figure 7.3 in order to better resolve them and to determine
how many different species or electronic states of the same species were involved.
Wavelength selected fluorescence excitation spectra were recorded by scanning the
excitation wavelength while monitoring the light emitted by the 21,277 cm ™! emission
band (Figure 7.4). The dye tuning curve was also recorded to make sure features in
the spectrum were real and not an artifact of laser power. In addition, a spectrum
with the same profile, though less intense, was recorded for the 21,368 cm™! emission

! emission band (Figure

band. Another spectrum was recorded for the 20,408 cm™
7.5 (a)). Notice the red edge of the spectrum is very sharp and the blue edge decays
with laser power. Lifetime measurements also were made for the fluorescence induced

by tunable radiation and are given in Table 7.2. The 20,408 cm~!fluorescence has

a longer lifetime (0.682+0.004 ps) than most of the other fluorescence. The error
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Excitation Spectrum of Discharged UF, in Ar
Recorded by Monitoring 21,277 cm™ Fluorescence

Intensity

I T I T I T I T I
23,000 23,200 23,400 23,600 23,800
Energy (cm’)

Figure 7.4: Excitation spectra of UFg, passed through a discharge and frozen in Ar
recorded by monitoring 21,277 cm~! fluorescence. The spectrum was recorded with
a 0.20 us gate delayed 0.10 us with respect to the laser firing.
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Excitation Spectra of UF in Ar Recorded by Monitoring
20,408 cm™" Fluorescence

(a)
P
D
[
Q ‘ \
£ 23,000 23,500
T [
23,000 23,500

Energy (cm’)

Figure 7.5: Excitation spectra of UF, in Ar recorded by monitoring 20,408 cm™!
fluorescence. Both spectra were recorded with a 0.20 us gate delayed 0.10 ps with re-
spect to the laser firing. (a) Matrix formed by passing UFg in Ar through a microwave
discharge . (b) The same spectrum recorded from a matrix made from ablated U +
0.5% Fo/Ar. The bands in (a) and (b) are identical except less of the emitting species
is present in (b), which causes a weaker intensity.

106



indicated in the table is purely from the least squares fitting routine and does not
reflect other systematic errors. Because the signals were weak and the resolution of
the scope was only 8 bit, the decays curves had a lot of noise from digitization, which

was a much larger source of error in the fits.

7.3.2 Spectra from the Formation of UF, by Mixing Ablated

7.3.2.1 Fixed Frequency Excitation

Fixed frequency excitation was preformed by exciting the matrices with the 355 nm
light from the Nd:YAG laser, and the resultant spectrum is shown in Figure 7.6. The
broad band in the middle of the spectrum is from some species containing U and F,
but is quite different than the fluorescence observed in the discharge experiments. It
is possible that hidden beneath this broad feature are the bands seen in Figure 7.3.
The peak at 14,085 cm™! is the second order of the 355 nm excitation laser, and the
two peaks on the far left are second order of the two peaks on the right side of the

spectrum.

7.3.2.2 Tunable Excitation

Tunable laser radiation was used to investigate the energy levels giving rise to the
fluorescence bands in Figure 7.6 in order to determine if the sharper fluorescence
bands from the discharge experiments were still present in the ablation experiment.
Wavelength selected fluorescence excitation spectra were recorded by scanning the ex-
citation wavelength while monitoring the light emitted by the 21,277 cm™! emission

band (Figure 7.4 (b)), as it was the most intense feature in the discharge experi-
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Fluourescence from Ablated U + 0.5% F, in Ar Induced by 355 nm Radiation

2" order laser scatter

Intensity

™

T
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T T
15,000 20,000

Energy (cm™)
Figure 7.6: Fluorescence from ablated U + 0.5% F5 in Ar induced by 355 nm radiation.

The spectrum was recorded with a 0.20 us gate delayed 0.10 pus with respect to the
laser firing. Notice the bands present in Figure 7.3 are not observed.
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ments. Though less intense, the shape of the feature is identical to one observed in
the discharge experiments. The other features observed in the wavelength selected
fluorescence excitation spectra for the discharge experiments were not observed indi-

cating a different matrix composition.

7.4 Analysis and Discussion

Let us first examine the predominant and broad fluorescence shown in Figures 7.3 and
7.6. In many of the other experiments presented here, the matrix composition was
determined by comparing an IR spectrum with one recorded by Andrews or another
group. In the case of UQO,, it was a fluorescence spectrum that was compared. Unfor-
tunately, the IR spectrometer was not available at the time of the UF, experiments,
so no direct comparison can be made with Hunt et al.’s experiments.|[2]. Additionally,
the vibrational frequencies of UF, are too low in energy to be detected by the MCT
detector. An indirect comparison, though, can be made. Table 7.3 list the peaks and
positions for Andrews’s IR spectra of ablated U + F5. Not evident from the table is
that the primary product trapped in the matrix when the ablation laser was oper-
ated at 30 mJ/pulse was UF. Only very small amounts of UF, and UF, were present
immediately after deposition, and virtually no UF5 or UFg was present. When the
matrix was annealed to 20 K, the UF; peak greatly intensified and peaks for UF5 and
UFg appeared. After annealing to 35 K, the UF5; and UF¢ features dominated.

In the experiments presented here, a comparison of Figures 7.3 and 7.6 with Figure
7.2 showed that UFg was not the fluorescing species in the microwave discharge or
ablation experiments. A comparison of all the spectra from the microwave discharge
and ablation experiments suggested that there were at least two different species

fluorescing in the discharge experiments, one of which was not present in the ablation
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UFx in Ar Absorptions

Assignment Position (cm™")
UFe 620
UFs 584
Fy 561
UF4 537
UF4 532
UF3 496
UF; 446
UF 400

Table 7.3: IR absorptions of U + F5.[2]

experiments. For the following analysis it is best to define low order and high order
UF,. Low order refers to UF, compounds where =1, 2, or 3. High order refers to UF,,
compounds where x=4, 5, or 6. (The assumption is that the maximum coordination
number for U and F is six). Based on Hunt et al’s annealing studies described in
the previous paragraph, low orders of UF, form during deposition and only after
annealing are the high orders of UF, formed. When the microwave discharge was
used, the sample precursor was UFg, a high order UF,. Therefore, it is possible
to initially trap high orders of UF, in the matrix using the microwave discharge
method. A reasonable assignment of the fluorescence is that the fluorescence common
to both experiments is from UF,. Notice that the 20,408 cm~! fluorescence from the
ablation experiments is less intense, indicating it was not the primary product. The
species giving rise to fluorescence ohserved only in the discharge experiment was
probably UF5 because it appeared by eye to be the weakest (other than UFg) directly
following deposition in Hunt et al.’s|2| experiments, which makes it possible that UF5
fluorescence may not be observed in the ablation experiments. However, fluorescence

intensity is determined by fluorescence quantum yields, which are often much different
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from IR absorption strengths. Consequently, some species with weak IR absorptions
may produce strong fluorescence, making it difficult to use an IR spectrum to predict
a fluorescence spectrum. At any rate, there was a species not present in the ablation
experiments that was present in the discharge experiments, and UF5 was the most
logical assignment.

Without the determination of the species trapped in the matrix, it is almost im-
possible to assign the peaks in Figure 7.3 to a vibrational progression. Unfortunately,
the excitation and emission bands are so closely spaced together that this congested
spectrum cannot be better resolved. Probably the best way to unravel these spectra
would be to record the gas phase fluorescence spectra, in which the scattered light
problem will not be as severe and rotational data could help identify the trapped
species. Additionally, the REMPI mass spectrum should confirm what species should
have been trapped in the matrices. Also, it is worth revisiting the calculations dis-
cussed in the introduction. To date the only quantitative predictions for the electronic
levels of uranium fluorides were for UF.[92] It is quite apparent that the fluorescence
observed here involves energy levels lying well above those levels calculated by Federov
et al.[92] As a result, those calculations are of little help in interpreting the spectra
presented here. However, they do suggest that better resolvable fluorescence may
be found in the IR region of the spectrum, which unfortunately the MI experiment
setup here cannot detect. Alternatively, the energy of the observed fluorescence fits
better with the ligand to metal charge transfer transitions observed for other actinide
containing molecules discussed previously.

Lastly, there are some relatively sharp bands in Figures 7.2 and 7.6 that have
yet to be discussed. The peak at 24,455 cm™! in Figure 7.2 is always present in a
matrix containing U, but has yet to be assigned. An U atomic line is a good first
guess for this peak because it appears regardless of other sample precursors in gas

mixture used during deposition. However, there are two selection rules governing
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atomic transitions. One rule is that there must be a change in symmetry, that is,
only g < u and u < g transitions are allowed. The other rule is that all AJ=0, +1,
or -1 transitions are allowed, where J is the total electronic angular momentum as
described in Section 3.2. Because there is only one peak in the spectrum instead of
three closely spaced peaks, it is very unlikely that this transition is from atomic U.
In Figure 7.6 the peak at 24,455 cm™! is the same peak seen in Figure 7.2 discussed
above. The peak at 25,536 cm ™! also has not been assigned thus far and is not likely
to be an atomic line based on selection rules. The two peaks to the left of the laser

scatter are second order of the 24,455 cm™! and 25,536 cm ™! peaks.

7.5 Conclusion

Fluorescence spectra for UF, (z<6) in Ar were successfully recorded. However, from
the methods used to produce the UF,, x in the fluorescing species was unclear because
a number of different UF, compounds were probably produced. Therefore without
knowing the species giving rise to the fluorescence, it was hard to further interpret the
fluorescence bands. Also, it is much harder in M1 spectroscopy to identify the carrier
of the fluorescence than in gas phase spectroscopy because for compounds containing
heavy metals, no rotational structure is present. As a result, it was proposed either
to use gas-phase LIF or REMPI to determine the fluorescing species from a number
of possible candidates that could be trapped in the matrix. This proposal was based
on the belief at the time that the data collected here could guide future gas phase
experiments by providing a low resolution spectral map. Coincidentally, researchers
began to realize the large perturbations on actinide compounds caused by the rare
gas, especially Ar as discussed in Chapter 4. The perturbations for Ne are far less.
(Knowing the latter, it would be desirable to use Ne as the host gas for all the

experiments presented here, but the MI refrigerator used in this setup cannot freeze
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Ne). With the uncertainty in matrix effects, one could not be certain of the blue shift
in the gas-phase bands relative to the matrix bands, which could make the gas-phase
experiments more challenging. The uranium fluoride experiments, however, solidified
the need to obtain an IR spectrometer so that LIF and IR spectra recorded for the
same matrix could be correlated, thus making the interpretation of the LIF spectra
easier. Now that the IR spectrometer is present, IR spectra can help identify the

composition of the matrices in the above experiments.
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Chapter 8

The Search for the Electronic Spectra

of Uranium Nitrides

8.1 Introduction

In order to obtain the most conclusive results from the fluorescence MI spectroscopy, it
was pertinent to know what species were trapped in the matrix. From the IR spectra
recorded during the MI spectroscopy of uranium oxides (Chapter 6), there was enough
background Ny impurities to always form UNy when U metal was ablated (see Figure
8.1). However, no fluorescence in the previous experiments was ever attributed to
UNj. The only previous spectroscopy studies of uranium nitrides were a study by
Green and Reedy|94] and several studies by Andrews and colleagues|95, 96, 97|, both
using IR spectroscopy.

The geometry of UNj is predicted to be linear (D) with a UN bond length of
1.726 A (see Figure 8.2).[96] UN, is isoelectric with the UO2T discussed in Chapter 5.
The electronic configuration for the ground state is "3 ¥ (5f%), which is the same for the
uranyl ion.[98] The configuration was determined by comparing predicted vibrational

frequencies with the experimentally measured frequencies. Because experimental data
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Figure 8.1: IR absorptions of ablated U + 1% O, in Ar. In every IR spectrum
recorded for the experiments in Chapter 6, the absorption for UN, was present.

1.726 A

Figure 8.2: The geometry of UNy.[96]
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on the electronic structure of UN, is lacking, there is also a lack of explicit theoretical
predictions for excited states of the molecule. Based on the similarity with uranyl
ion, a search for UN, fluorescence was logical because its presence in a matrix could
be confirmed via IR spectroscopy and no such spectra had been reported previously.
It was also logical to expect fluorescence in the green, yellow, and orange region of
the visible spectrum, which could easily be detected with the experiment setup here.

Additionally, one would expect strong absorption bands in the blue spectral region.

8.2 Experiment Details

The source of U atoms was a U rod (Oak Ridge National Laboratory). A piece of
steel was epoxied to the end of the rod so that is it could be moved with a magnet as
described in Section 2.3.2.1. Green light from the Nd:YAG laser (40 mJ/pulse; 5 Hz)
was used to ablate the metal. The laser spot on the surface was manually moved by
adjusting the focusing lens. During the ablation, a mixture of Ny/ Ar was flown over
the metal at a rate of 3 mmol/h and the resultant mixture was allowed to deposit on
the cold Csl substrate. For most of the following spectra, unless otherwise noted, the
N, concentration in the host gas was 1%. Immediately after deposition, prior to any
fluorescence measurements, an IR spectrum was recorded. Then, the matrices were

excited by various pulsed laser sources and the resulted fluorescence was recorded.

8.2.1 IR Absorption

Figure 8.3 shows two IR spectra recorded for U + Ny. The black trace was recorded
immediately following deposition and the purple trace was recorded after fixed fre-
quency excitation, which could induce photolysis. Both 355 and 266 nm irradiation

produced the same results. The peaks in the spectra are labeled according to the
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IR Spectrum of Uranium Nitrides
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Figure 8.3: IR absorption spectra for U+ 1% Ny in Ar. The black trace was recorded
immediately following deposition. The purple trace was recorded following 355 nm
photolysis, though 266 nm photolysis produced an identical spectrum. Note that for
ease in interpreting the spectrum, the absolute absorbance for the purple trace has
been shifted. Peaks are labeled according to Hunt et al.’s spectra.[95]

spectra recorded by Hunt et al.[95] An important method to using the IR spectra
to determine the species producing the fluorescence described in the next two sec-
tions is to compare the intensity changes after photolysis. With the exception of
(UO2)?*T(04)?™, all the absorptions labeled in the spectrum increase after photoly-
sis. As time elapses after deposition, the total IR radiation that reaches the detector
decreases, making it a safe assumption that all observed increases in IR absorptions
are real and not an artifact of alignment. This decrease is most likely caused by the
degradation of the optical quality of the matrix due such effects as surface cracking.
Also, the only optics that are adjusted between the recording of the IR spectrum and
photolysis is the position of the CsI substrate. Table 8.1 summarizes the changes
in the IR spectra shown in Figure 8.3 induced by photolysis. Another item worth

noting here is the lack of the UN absorption in the spectrum, which occurs at 1,000.9
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IR Absorptions

Peak (cm™") Assignment Increase After Photolysis?
1,050 UN:2 yes
1,041 UN2-N2 yes
1,031 UN2-(N2)2 yes
1,021 UN2-(N2)3 yes
954 (UO2%)(022) no
776 UO2 yes

Table 8.1: Summary of the IR absorptions for U + 1% N in Ar.

cm ™!, There are two possible reactions involving U + Nj:

U+Ny — UN+N (8.1)

U+ N, — NUN (8.2)

Equation 8.1 is often referred to as an extraction mechanism, while Equation 8.2 is
know as an insertion mechanism. According to Hunt et al.[95], the bond energy, D,
of Ny is 225 kcal/mol, whereas D(UN) is 12645 kcal/mol. Consequently, Equation
8.1 is not energetically favorable. However, D(Os) is 118 kcal/mol, where as D(UO)
is 17947 kcal/mol. Thus, the reaction for U + Oy analogous to Equation 8.1 is
energetically favorable, and in the study of uranium oxides, UO was formed from
the ablation of U metal in an Oy/Ar mixture. The IR absorption for UN has been
observed in prior experiments|[94, 96, 97|, but these experiments used NO (D=150
kcal/mol)[99] or NOy (D—117 kcal/mol)[100].
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8.2.2 Fixed Frequency Excitation

Excitation of the matrix with 355 and 266 nm radiation produced several long and
short lived emission features as shown in Figure 8.4 (a) and (b) and Figure 8.5. The
short-lived fluorescence induced by 266 nm radiation was not recorded because the

Csl substrate interfered with such a spectrum.

8.2.2.1 Tunable Excitation

Tunable laser excitation was used to investigate the excited levels that gave rise to
the emission bands shown in Figure 8.4. Wavelength selected fluorescence excita-
tion spectra were recorded by scanning the excitation wavelength while monitoring
the light emitted by the 15,924 cm™! emission band, as indicated by the arrow in
Figure 8.4 (a). Figure 8.6 shows the several spectra spanning the blue-green region
of the visible spectrum. FEach segment of the Figure 8.6 was fluorescence induced
by a different laser dye. What is peculiar is that the middle segment has the best
signal to noise ratio, but the lowest peak intensity. Additionally, all three segments
were recorded using the same PMT biased by the same high voltage. Data also were
recorded using the oscilloscope and PC as described in Section 2.4, which described
how a comparison of absolute intensities in different spectra was meaningful. There-
fore, some change in experimental conditions such as the alignment of the laser spot
on the matrix must have changed over the course of the three scans that produced
Figure 8.6. After the excitation spectra were recorded, the radiation of wavelength
(21,673 cm™!) producing the strongest fluorescence (indicated by the pink arrow in
Figure 8.6) was used to excite the matrix. The resulting spectrum is show in Figure
8.7. The same spectrum could be obtained by exciting the matrix with radiation
corresponding to any of the peaks in Figure 8.6. Unfortunately the spectrum is no

better resolved than those obtained with the fixed frequency UV excitation. Table
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Short-Lived Fluorescence fromU + 1% N, in Ar Induced by 355 nm Radiation
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Figure 8.4: Fluorescence from U + 1% N, in Ar induced by 355 nm radiation. (a)
The spectrum was recorded with 0.20 ps delay and 0.30 us gate width with respect
to the laser firing. (b) The spectrum was recorded with 15 us delay and 20 us gate
width with respect to the laser firing.
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Long-Lived Fluorescence from U + 1% N, in Ar Induced by 266 nm Radiation
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Figure 8.5: Fluorescence from U + 1% Ny in Ar induced by 266 nm radiation. The

spectrum was recorded with 15 us delay and 20 us gate width with respect to the
laser firing.
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Excitation Spectra Recorded by Monitoring Long-Lived
15,924 cm' Fluorescence

}

Intensity

T T T T
18,000 20,000 22,000

Energy (cm’)

Figure 8.6: Excitation spectra of U + 1% Ny in Ar recorded by monitoring 15,924
cm~! fluorescence. The spectrum looks disjoined because several spectra were pasted

together to form the spectrum. Consequently, peak intensities cannot be compared.
The pink arrow indicates the excitation wavelength in Figure 8.7.
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Long-Lived Fluorescence Induced by 21,673 cm " Radiation
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Figure 8.7: Fluorescence from U + 1% N, induced by 21,673 cm™! radiation. The
shape of the fluorescence bands are identical (though weaker) to the fluorescence
observed in Figure 8.4 (b).

8.2 summarizes the change in visible fluorescence after UV photolysis. As mentioned
in the previous chapters, the experiment setup used here made any observation of
absolute fluorescence intensity tentative.

Fluorescence decay curves were recorded for all of the emission bands in Figure
8.4 (b) and all the excitation bands in Figure 8.6. By fitting the decay curves to a
biexponential function, it was determined that there must be two species or electronic
states involved in producing the fluorescence. The decay curve for 15,924 cm™! fluo-
rescence induced by 21,739 cm™! radiation is shown in Figure 8.8. There is long-lived
(~ 51.6£0.5 ps) fluorescence and even longer lived fluorescence (~ 167.7£0.7 us).
Because the fluorescence decay curves for the other bands are nearly identical they

are not shown here.
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Excitation Emission

peaion’y e At peaion’y  resse

18,188 no 15,159 no
18,346 no 15,425 no
19,040 no 16,036 no
19,919 no 16,680 no
20,445 no 16,894 no
21,107 no 17,342 no
21,653 no 17,624 no
21,895 no

Table 8.2: Summary of U + 1% Ny in Ar Fluorescence.

Data: 15,924 cm™ Fluorescence
Model: ExpDec2

Chi"2 = 1.6904E-6
R*2 = 0.99975

XXX RO 0K

yo 0 +0
Al 014226 $0.00153
t1 51.63084 050787
A2 021157 +0.00163

2 167.66762 +0.70903

Intensity

1 1 1 1 1 1 1 "~ 1 "~ 1 1T ™ 1
200 100 O 100 200 300 400 500 600 700 800 900
Time (us)

Figure 8.8: 15,924 cm ™! fluorescence induced by 21,739 cm™! radiation. The fluores-
cence is biexponential with 51.64+0.5 and 167.72+0.7 us being the values of 7, and 7
respectively.
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Visible Absorptions of U + 1% N, in Ar

Relative absorbance
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Figure 8.9: Visible absorptions of U + 1% Ny in Ar.

8.2.3 Visible Absorption

Visible absorption spectra were recorded in hopes of locating some absorption bands
which would yield better resolved fluorescence when directly excited. With the sub-
strate being Csl it was very simple to take an absorption spectrum using a tungsten
lamp and the same 0.65 m monochromator used for the fluorescence spectra. Figure
8.9 shows the visible absorption spectrum for U + 1% Ny in Ar. It is important to note
that a background scan was recorded and subtracted to obtain this figure. Absorp-
tions found in this spectrum that were not observed in Figure 8.6 were investigated

using tunable laser excitation, but no resolvable fluorescence was observed.
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8.3 Determining the Fluorescing Species

In other experiments presented here the species giving rise to the fluorescence could
be determined in a variety of ways. For UO, the Ar matrix spectrum was matched
with previous gas phase spectra and theoretical predictions. In other experiments, the
IR spectra were compared with those recorded by Andrews to determine the matrix
composition. Then, by correlating the visible vibrational progression frequencies with
the IR absorption frequencies, the fluorescing species was determined. In this case, it
was much more difficult to determine the fluorescing species because of the behavior
of the matrix upon photolysis. The visible spectroscopy of (UO3)?*T(03)?>~ and UO,
was discussed in Chapters 4 and 6, and those molecules clearly were not the carrier
of the fluorescence. Table 8.1 indicates the identified IR absorptions that increase
after photolysis, which includes all the observed absorptions except (UO3)*"(05)%".
However, no such behavior is observed for the visible fluorescence, which is unchanged
after photolysis (Table 8.2). These results would lead one to believe that the a
uranium nitride or oxide is not the species giving rise to the fluorescence. However,
no laser power measurements were made, and that fact combined with the instability
of the laser power, made it very uncertain if there really was no change in fluorescence
intensity. Alteration of the sample precursor would be necessary to eliminate possible
candidates that were fluorescing. A series of experiments were preformed to determine
the fluorescing species.

In the first of these experiments, the assumption was that N, was necessary to
produce the fluorescing species because the fluorescence band in Figure 8.4 was not
observed in previous U experiments. Based on the IR spectrum, the uranium nitrides
present in the matrix after deposition are UNy and UNy(Ny),. The latter of these
species should only form in the presence of excess N,. Therefore, reducing the con-
centration of Ny in the carrier gas should favor the formation of UN,. Figure 8.10

shows IR spectrum recorded when the Ny concentration in the carrier gas was reduced
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IR Spectra Of U + N, in Ar
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Figure 8.10: IR spectra for U + Ny in Ar. The pink trace is for U + 0.5% N, in
Ar and the black trace is for U + 1% Ny in Ar shown for comparison. Note that
the absolute absorbance for both traces has been shifted for ease of viewing the two
traces.

from 1 to 0.5%. In this spectrum the intensity of the UN3(Ny), bands decreased with
respect to the UNy. As a result, if UNy(Ny), produced the fluorescence, then the
fluoresce band intensity should be weaker relative to those in Figure 8.4. Because the
visible fluorescence was identical to the fluorescence recorded for the 1% N, matri-
ces, it will not be shown here. However, the fluorescence intensities suggested that
UN2(Ny), was not the fluorescing species.

After eliminating UN5(Ny), as candidate for the fluorescing species, the only other
nitride possibility was UNy. The second experiment was designed to verify the pres-
ence of N in the fluorescing molecule. For this experiment, 0.5% D5 replaced the N,
in the previous experiments. The D, was used as a reducing argent to prevent the
formation of nitrides and oxides. The IR spectrum for this experiment is shown in
Figure 8.11. Notice that all the features related to uranium nitrides are gone with the

exception of a hint of UNy. The peak in the pink trace near the position of UNg(Nj)y
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IR Spectra Of Uranium Nitrides and Duterides
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Figure 8.11: IR spectrum for U + D, in Ar. The pink trace is for U + 0.5% D, in Ar.
The black trace is the same U+ 1% Ny in Ar spectrum which has been used before
for comparison.

is actually some impurity slightly to the blue of the real peak. Fluorescence exper-
iments (not shown) confirmed that the fluorescence observed in Figure 8.4 was still
present.

The last experiment in this series was used to verify that U was necessary to pro-
duce the fluorescing species. Instead of ablating U, Cu was ablated in 0.5% Dy/Ar
mixture. Figure 8.12 shows a dispersed fluorescence spectrum induced by fixed fre-
quency UV radiation. The Cu dimer spectrum (see Section 2.3.2.1) is evident in the
spectrum as well as CuO, but the fluorescence from Figure 8.4 is absent. The bands

appearing to the red of the laser scatter line are second order fluorescence.
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Short-Lived Fluorescence from Cu + D, Induced by 355 nm Radiation
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Figure 8.12: Fluorescence from Cu + 0.5% Dj in Ar induced by 355 nm radiation.
The tall spike in the spectrum is second order laser scatter.

8.4 Analysis and Discussion

After three separate experiments to determine the fluorescing species, it was probable
that the fluorescing species consisted of only U atoms. Granted, Ar was present as
the host in all the matrices, but from what is know so far, Ar should only cause
perturbations in the spectra with only some shifting of the band positions. In other
words, if the Ar was replaced with Ne in all of the prior experiments in this chapter, the
spectrum should look almost identical to the ones shown. The first logical assignment
of the fluorescence spectra would be to U atomic lines. Because of the vast number of
electronic states of actinides, it is actually very easy to match many of the fluorescence
bands shown in the prior figures with atomic U lines. Atomic transitions, though,
must obey selection rules. One rule is that there must be a change in symmetry, that
is, only g «— u or u < g transitions are allowed. Another rule is that all AJ=0,
+1, or -1 transitions are allowed, where J is the total electronic angular momentum

as described in Section 3.2. The problem with assigning the observed features to
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atomic lines is that for each atomic transition there should be a series of three closely
spaced lines corresponding to each of the allowed values of AJ. As a consequence of
the selection rules governing atomic transitions, the observed fluorescence cannot be
coming from atomic U.

If atomic U is discredited as the fluorescing species, then the next most probable
candidate is U atom clusters. The setup for the ablation is the configuration shown in
Figure 2.6 (c¢). Unlike the UOq experiment which used the ablation setup in Figure 2.6
(b), the metal target was ablated much closer to the substrate, and ablation occurred
with comparable laser power. Therefore, it is conceivable that more U would make
it to the substrate as compared with the UO,y experiments, which could lead to the
formation of U clusters instead of U atom monomers. While no further experiments
have been performed to verify the fluorescence is from clusters or the cluster size, the
idea of forming U clusters is very exciting. In the past decade Gagliardi and collab-
orators have published papers on the nature of the diuranium bond in both neutral
and charged species.[101, 102] To date there is no experimental data on such species,
and it is not known if they actually can be formed experimentally. Hopefully, fur-
ther experiments, such as decreasing the U atom concentration by means of lowering
the ablation laser power, will shed light on the cluster size. Another question worth
asking is how much of a role the Ar plays in stabilizing the clusters? In other words,
could U, exist in the gas phase? Uj has been observed in the mass spectrometer by
the Heaven group, but the parent molecule could not be determined.

While the observed fluorescence is not from UNs, a question arises as to why
UN, fluorescence was not observed because it is evident from the IR spectra that
the molecule was produced during the ablation process. One explanation for this ob-
servation is that the lowest allowed electronic absorption may be too high in energy
to be reached by 355 or 308 nm radiation. Consequently, 266 nm radiation may be

needed. If the resultant fluorescence transition has a lifetime on the order of magni-
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tude of 0.1 us, it would be nearly impossible to see if the matrix was deposited on the
Csl substrate because of interfering fluorescence from Csl. This explanation could be
confirmed using the Cu substrate instead of the Csl. Based on the similarity between
UN, and UO3™, one would expect to observe the symmetric stretch in the fluorescence
spectra, which was predicted at 1008.3 ¢cm~1[95] and 1070.1 cm~'[96] in Ar and in
the gas phase respectively and could be used to identify the fluorescence. Another
explanation for the lack of fluorescence is that the electronically excited molecule
relaxes through non-radiative decay to very low-lying excited states. Fluorescence
then can occur between these states and the ground state. Because these excited
states are so close to the ground state, the fluorescence will be in the IR region of the
spectrum. Though no attempt was made to look in the IR region of the spectrum for
fluorescence, such fluorescence is unlikely given that UNj is isoelectric with UO3". As
discussed in Chapter 5, the lowest electronically excited level for UO2" lies roughly
19,100 ecm™'above the ground state.|[77] It would be difficult to rationalize how there

would be very low-lying electronic states.

8.5 Conclusion

The search for UNy fluorescence from ablated U + Ny in Ar did not produce any
fluorescence spectra that could be attributed to UN,. However, fluorescence spectra
were recorded for matrices containing ablated U + Ny in Ar. While no definite carrier
of the fluorescence has been determined, various matrices were made from different
sample precursors in order to rule out possible candidates. From these experiments,
it was determined that neither N nor O was necessary to produce the fluorescing
molecule. It was also determined that U atoms were necessary to produce the molecule
because the fluorescence did not appear in matrices where Cu replaced U as a sample

precursor. Consequently, the most probable candidate for producing the fluorescence
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is U atom clusters, though the exact composition of the clusters is undetermined.
Given the fact that UN, is isoelectric with UO3", it is still unclear why there is
no resolvable fluorescence that can be assigned to UN,. Further experiments and
theoretical investigations are necessary to fully understand the electronic structure of
UN, and the species that produced the fluorescence in the experiments described in

this chapter.
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Part 11

Electronic and Infrared Spectroscopy

of OH-Xe Isolated in Solid Ar
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Chapter 9

OH-Xe

9.1 Introduction

The spectroscopy of an open shell molecule, HX, such as OH/D complexed with
a closed shell species such as a rare gas atom (Rg) can provide much insight into
weak and long range intermolecular interactions such as van der Waals forces. Such
forces play a role in reaction dynamics. In the Rg-HX model system, the strength
of the interaction can be varied by changing the rare gas. Table 9.1[3] summarizes
some spectroscopically derived constants for Rg-OH complexes. In the table w/ is the

excited (A?X7T) state stretching frequency along the van der Waals bond and w/x

Complex s' 0sxs’ Do’ Do”
Ne-OH 43 6.5 47-52 28
Ar-OH 170.2 9 717 107
Kr-OH 233.3 7.3 1752 117
Xe-OH

Table 9.1: Experimentally determined vibrational constants for Rg-OH.|[3]
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Figure 9.1: Fluorescence from various OH containing species. 5|

is the anharmonicity constant for the excited (A*X71) state. D} and Dy’ are the
dissociation energies for the A2X* and X°?II states respectively. From the table one
can see that the strength of the bonding in ground electronic state of the Rg-OH
complexes (Rg= Ne, Ar, and Kr) is consistent with a weak long range interaction.
However, the bonding in the excited state is stronger, and in the case of Rg—Kr, it
is much stronger than a typical long-range interaction.

One should notice that the data for Xe-OH is lacking in Table 9.1. While there
is no accurate determination of these constants for Xe-OH, it would be expected
that the strength of the Xe-OH bond would be even stronger than a Kr-OH bond.
Early experiments by Goodman and Brus[5] in the 1970’s showed a roughly 5,000
cm ™~ 'redshift in the A?X+ — XZ2II emission band of Xe-OH in solid Ar, compared
with OH in an Ar matrix (see Figure 9.1). Brus and colleagues|5] were interested in the
difference between a hydrogen bond, which is mediated by a proton, and other weak
interactions. At the time of their study the strongest known bound rare gas complex is
XeF(X?2Y), which is bound by roughly 1,200 cm™!. The lowest electronically excited
state is the XetF~ charge transfer state. Because OH is isoelectric with F, Xe-OH

was good candidate to study. Specifically, Brus and colleagues |5, 103| were interested
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in the charge transfer between the heavier rare gases and OH and the ability for OH
to hydrogen bond with very polarizable rare gases such as Xe. However, they did not
determine the spectroscopic constants for Xe-OH either in the ground or first excited
state.

Another item of interest for Brus and colleagues|5, 103] was the participation of
molecular rotations in radiationless relaxation of Rg-OH species. By deconvoluting
the fluorescence lifetimes for the A2X*, v = 1 they were able to measure the vibra-
tional relaxation rates of Rg-OH and Rg-OD, and found the rate for Rg-OH to be
faster. One would expect the pure vibrational relaxation rate of Rg-OH to be much
slower than Rg-OD because it has a higher vibrational frequency. It is the energy
dissipation into molecular rotations that shortens the lifetime of OH relative to OD.
Additionally, Brus and colleagues[103, 5] observed a shortening of the lifetime of the
Rg-OH complex as the rare gas became heavier. Table 9.2 summarizes the lifetimes
and band centers for the fluorescence from the various molecules Brus and colleagues
have studied.

More recently, some of the constants for X2II the have been determined by Gili-
jamse et al.|9]. They studied the collisions between a molecular beam of OH with
tunable velocity and Xe. Using LIF spectroscopy, the were able to examine the ener-
getics of the OH radicals after the collision. Even though they did not form a stable
Xe-OH complex, the information obtained from the collisions provided information
about the interaction potential for the ground electronic state of the complex. Using
ab initio calculations Gilijamse et al. also constructed potential energy surfaces for
the ground state Xe-OH to interpret the information obtained from the experiments.
There are two potential energy surfaces for the X?II state: A’ corresponds to the
unpaired electron of the OH in the plane of the Xe, O, and H atoms; A” corresponds
to the unpaired electron in the plane of the Xe, O, and H atoms. Figure 9.2 shows

the ground state potential energy surfaces for the A’ (top) and A” (bottom) ground
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(0,0) Emisson

Species Lifetime (us) Band Center (cm ")
OH
In vacuum 0.788+0.013 324742
In solid Ar 0.475:0.010 29,412
In solid Ne 0.582:0.010 32,362
In solid Kr 0.450:0.020 27,548
In solid Xe 0.100-0.040 22,727
ArHO
In solid Ne 0.690-0.010
XeHO
In solid Ne 0.450-0.030 24,390

(a)= reference [104]

Table 9.2: Radiative lifetimes and emission band centers for (0,0) emission from
different OH containing species.|5] For each measurement, the A*Y T« X?TI band
of OH was excited and v(0,0) fluorescence was observed. There was no significant
difference in the lifetimes of line centers for OH species versus OD species. There is
however a shift in the asymmetrical distribution of the line shape.|5]
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Figure 9.2: Xe-OH ground state potential energy surfaces.|9] The top surfaces is the
A’ surface and the bottom one is the A” surface. The A’ potential shows a T-shaped
configuration with © near 90°. The top half of the potential is for the configuration
where the unpaired electron of OH resides in a p orbital in the plane of the molecule.
The bottom half is for when the it is out of plane.

state along with a cartoon depicting the ground state geometry for the absolute min-
imum. The figure shows that the global minimum for the ground state (A’) surface
has a T-shaped geometry, with a weakly bound secondary minimum for the hydrogen
bonded linear configuration. The D, for the global minimum is roughly 224 cm™!,
which is indicative of a weak electrostatic bond. With such a shallow minimum and
roughly only a 20 cm™!barrier between the two configurations it is likely that there

is enough zero point energy that the ground state is delocalized.
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Excitation Spectrum of Xe-OH from Exciting Near OH A?X*-X?II, ,(0,0)
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Figure 9.3: Fluorescence from Xe-OH induced by exciting OH A?X" « X?2I1(0,0).
The bands belonging to Xe-OH are marked with a "*".

Although, the experiments and calculations by Gilijamse et al. provided infor-
mation on the X?II state of Xe-OH, no information was obtained about the A2Y*
state. Additionally, there has been no published report of gas-phase LIF spectra for
the Xe-OH complex. To investigate the excited state Han et al.|[4] recorded the LIF
spectra of gas-phase Xe-OH (see Figure 9.3) by exciting the OH A?Y+ «— X2I1(0,0)
transition. In the figure the bands belonging to Xe-OH are labeled with a "*". The
spectrum in Figure 9.3 is quite different from those recorded by Goodman and Brus
in Figure 9.1. Additionally, the lifetime of Xe-OH in the gas phase recorded by Han
et al. was 0.106 us, which is roughly 4 times shorter times than the lifetime recorded
by Goodman and Brus for Xe-OH in Ne.

Taking into account that MI spectroscopy mimics gas-phase spectroscopy, espe-
cially for lighter molecules such as OH, it was very puzzling why there is such a
discrepancy between the gas-phase and MI data. The experiments presented in this

chapter reinvestigate the spectroscopy of matrix isolated Xe-OH to further probe the
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difference the gas-phase and MI results.

9.2 Experiment Details— Generating OH and Xe-OH

After generating OH radicals, Xe-OH forms when Xe is added to the carrier gas or
matrix host gas. Generating OH is a process that deserves a little more attention.
Several papers pertaining to atmospheric chemistry describe the 193 nm photolysis
of HNO3 or HONO to produce OH.[105, 106, 107] Photolysis of NoO/Hs by 193 nm
laser light also produces OH radicals. However, 193 nm laser light is usually created
with pulsed excimer lasers. The problem with pulsed laser photolysis during matrix
deposition is that the commonly used deposition process is continuous, and therefore,
very little of the deposited material would be photolyzed. (There are methods for
pulsed deposition of a matrix, but none of them were used here). Several other
techniques have been used to produce OH for matrix experiments, all of which pass
the sample material through a microwave discharge prior to deposition. The earliest
method used to generate matrix isolated OH was passing a rare gas / water mixture
through a discharge. The resulting vacuum ultra violet light would produce OH,
even if the water was already frozen on the substrate.[108] A more recent paper
compared the IR spectra of OH formed by passing four different samples through the
discharge namely, water, Os+Hsy, NOo+Hs, and O3+H,.[109] Based on this paper it
was concluded the Oy+Hs and O3+ Hs methods produced spectra with the best signal
to noise. Because oxygen is easier to handle than ozone, the oxygen method was used
for the OH and Xe-OH spectra shown here.

In order to make OH and Xe-OH matrices from the Oy, Hy, and Xe precursors,
the microwave discharge apparatus described in section 2.3.1.2 was used. For the
OH experiments, a gas cylinder was prepared in house with 0.5% each of O, and H,

with a balance of Ar using the techniques described in section 2.3.1. For the Xe-OH
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IR Absorption Spectra for Discharged 0.5% H, + 0.5% O, in Ar
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Figure 9.4: Infrared spectrum of discharged 0.5% O, + 0.5% Hs in Ar. Two peaks in
the spectrum are assigned to OH and labeled accordingly.

experiments, a similar cylinder was filled with anywhere between 0.5% to 4.0% Xe
and 0.5% each of Oy and Hy with a balance of Ar. The gas mixtures were allowed to
pass through the discharge and deposit on the Csl substrate at a rate of 3 mmol/hour

for about 3 hours.

9.3 Results

9.3.1 IR Spectra

IR spectra were recorded immediately after deposition, and again after any annealing
experiments. Figure 9.4 shows the IR spectrum of discharged 0.5% O + 0.5% H, in
Ar. Other OH containing species such as HO, were observed and are also labeled.
Figure 9.5 shows the IR spectrum for a similar matrix except that 4.5% Xe was added

to the gas mixture. While the “free” OH in Ar is observed, nothing in the spectrum
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IR Absorption Spectra for Discharged 4.5% Xe + 0.5% H, + 0.5% O, in Ar
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Figure 9.5: Infrared absorptions of discharged 4.5% Xe + 0.5% Oy + 0.5% Hy in Ar.
“Free” OH is still present in this matrix. Xe containing species such as XeO were not
observed. To date, no absorption has been assigned to Xe-OH.

could be assigned to a Xe containing species. For both the Xe containing and non
Xe matrices, after annealing, the optical transmission of the matrix degraded enough

to make the observed peaks less distinguishable, and there were no new features or

growth / decrease of existing ones relative to each other.

9.3.2 Fixed Frequency Excitation

308 nm and 266 nm laser light was used for fixed frequency excitation of the matrices.
Both laser energies produced almost identical emission spectra. Spectra taken with
308 nm excitation had a better signal to noise ratio, probably as a result of the higher
and more stable excimer laser power. Therefore, 308 nm light was used to induce the
fluorescence in the spectra shown in this section. It should be noted that the grating

of the ISA 0.6 m monochromator was not suitable for recording first order spectra
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around the 29,492 cm™! region of the OH fluorescence. Unlike the experiments in
Part I, a Jarrel Ash 0.25 m Ebert monochromator was used for recording the spectra
presented here because it was more suitable for dispersing near UV fluorescence.

In order to ensure complex formation, the first Xe-OH matrices were formed with
a gas mixture containing 4.5% Xe. It was found in later experiments that with
this relatively high Xe concentration, most of the OH formed in the discharge was
complexed with at least one Xe atom in the matrix (see Figure 9.6(a)). Figures 9.6
(a), (b), and (c) show several spectra from matrices made from Xe+Hy4O, passed
through a discharge. In (a) a gate with no delay with respect to the laser firing and
with a 0.06 us width was used in recording the spectrum. Even when the gate was
varied, the band belonging to Xe-OH (24,450 cm™!) was much stronger than one
belonging to OH (29,412 cm™!). In (b) the matrix only contained 0.5% Xe. The gate
was the same in (a). Notice that the higher energy band has a long trail protruding
in the red direction all they way out to the Xe-OH band. When a longer delay (~0.40
us) was used to record the fluorescence from the matrix in (b) the sharp feature at
24,450 cm~! flattened out as observed in Figure 9.6 (c).

Figures 9.6 (b) and (c) clearly show variation in radiational lifetimes for the two
band systems. A closer look at the decay curves for both bands (Figure 9.7) shows
that OH in Ar has a radiational lifetime 0.4064-0.003 us and can be fit with a single
exponential. The Xe-OH band can be fit with a double exponential. The short time
component has a lifetime of 0.035+0.004 s and can be attributed to Xe-OH. The
longer lived component (0.379+0.007 us) is attributed to the broad red tail of the OH
in Ar band. Again, the error given for the lifetimes is from the least square fitting

routine analysis and does not reflect larger systematic error.
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Fluorescence from Discharged 0.5% H, + 0.5% O, + Xein Ar
Induced by 308 nm Excitation
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Figure 9.6: Fluorescence spectra of discharged 0.5% Hy+ 0.5% O + Xe in Ar induced
by 308 nm radiation. The matrix that gave rise to spectrum (a) contained 4.5% Xe.
A gate with no delay with respect to the laser firing with a 0.06 ps width was used in
recording the spectrum. The matrix that gave rise to spectrum (b) contained 0.5%
Xe. A gate with no delay with respect to the laser firing and with a 0.06 us width
was used in recording the spectrum. (c) is from the same matrix as in (b). However,
a gate with delay of 0.4 us with respect to the laser firing and with a 0.3 ps width
was used in recording the spectrum.
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Data: 24,445 cm" fluorescence
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Figure 9.7: Fluorescence decay lifetimes of OH in Ar and Xe-OH in Ar. (a) The
lifetime of the OH in Ar (29,412 ¢cm™?!) emission band is 0.406+0.003 us. (b) The
lifetime of the Xe-OH (24,450 ¢cm™!) emission band is biexponential due to the long
tail overlapping from the OH in Ar band as seen in Figure 9.6 (c). The lifetime for
the Xe-OH in Ar fluorescence is 0.035+0.004 pus.

9.3.3 Tunable Excitation

Tunable laser excitation was used to investigate the excited levels giving rise to the
fluorescence in Figure 9.6 (a). The band shown in Figure 9.6 (b) belonging to OH was
not investigated because spectra for this band were previously recorded by Goodman
and Brus.[5]. Wavelength selected excitation spectra were recorded by scanning the
excitation wavelength while monitoring the light emitted by the 24,450 cm ™! emission
band (Figure 9.8). A 340 cm ™! progression was observed for the Xe-OH A state. The
region on the blue side of the spectrum is unresolvable because the bands are so broad
that they overlap. Matrices made from sample precursors containing both 0.5% and
4.5% Xe produced the same spectrum. The spectrum was not recorded further in
the red direction because of excess scattered light, even though appropriate long pass
filters were used to ensure the observed spectra was fluorescence and not laser scatter.
Again, the laser scatter issue was an artifact of this particular MI experiment setup,

and no effort was spent to correct the problem because it had little effect on most of
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Excitation Spectra Reorded by Monitoring the 24,450 cm™" Emission Band
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Figure 9.8: 24,550 cm™! fluorescence from Xe-OH in Ar induced by tunable radia-
tion. There is an observed 340 cm™! progression. Both 0.5% and 4.5% Xe matrices
produced the same spectra.

the experiments discussed here.

9.4 Analysis and Discussion

Evidence that both OH and Xe-OH were trapped in the Ar matrices came from a
comparison of Cheng et al.’s[109] and Acquista et al.’s[108| IR spectra and Goodman
and Brus’s[5]| fluorescence spectra. While, no peaks in the IR spectrum could be
assigned to Xe-OH or other Xe containing species, the fluorescence spectra confirmed
the presence of Xe-OH in the matrix. As is seen in Figures 9.5 and 9.7, all the
observed peaks have a width of several wavenumbers. It is quite possible that matrix
broaden peak assigned to OH masks the Xe-OH. It is unclear the exact extent Xe

will perturb the OH stretching frequency, one might predict the perturbation to be
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minimal because the ground state binding energy for the complex is only 224 cm™!.

Another factor that could make it harder to observe the OH stretch in Xe-OH is the
low IR absorption strength. In many cases, the fluorescence quantum yield is much
stronger than the IR absorptions for the same molecule making it much easier to
observe the fluorescence. Additionally, the total IR throughput is very weak in this
experiment setup , making many absorptions appear only slightly greater than the
baseline. However, there is no reason why one would expect the strength of OH the
IR absorptions for Xe-OH in Ar to be different from Oh in Ar.

The line centers of the UV and visible fluorescence bands for OH in Ar and Xe-OH
in Ar coincide with the results published by Goodman and Brus.[5|. However, the
FWHM for each of the bands is significantly narrower than the bands recorded by
Goodman and Brus|[5]. One possible explanation is that the concentration of the sam-
ple precursor in Goodman and Brus’s experiments was higher so that various dimer,
trimers, etc. were formed during the deposition process. These "clusters" would in
turn cause inhomogeneous broadening of the bands. Additionally, the lifetime of Xe-
OH in Ar reported here to be 0.035 us is roughly and order of magnitude faster than
Goodman and Brus’s 0.450 us for Xe-OH in Ne, and rather is closer to the 0.100 us he
measured for OH in pure Xe. One likely explanation for the discrepancy in lifetimes
is that Goodman and Brus may have used a single exponential function to fit their
decay curve for Xe-OH in Ne. When the decay curve in Figure 9.7(b) is fitted with
a single exponential function, the resultant lifetime is 0.2894+0.001us, which is more
in line with the value Goodman and Brus reported. Based on the lifetimes reported
in Table 9.2 the lifetime reported here is in good agreement with the trend that as
the rare gas gets heavier, the lifetimes gets shorter. A contributing factor to the
shortened lifetime of matrix isolated species versus the gas phase species is the index
of refraction of the matrix. As one goes down the periodic table the polarizability of

an element increases. In the case of the rare gas matrix host, in addition to a greater
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interaction strength, this increase also increases the refractive index of the matrix
and thus shortens the lifetime. The index of refraction for Ar is 1.000281 which is
consistent with the observed shortened lifetime of OH in Ar versus the gas phase
lifetime.

The 340 cm™! progression shown in the excitation spectrum has been assigned to
the A state stretching frequency of Xe-OH along the R axis. What is odd about this
matrix excitation spectrum is that it is very different from unpublished gas-phase
spectra also recorded in the Heaven group|4|. In the gas-phase, three vibrational
levels close to D, were observed for the excited A state in the excitation spectrum.
The spectrum was resolved enough to show the P, Q, and R branches, but the rota-
tional structure within the branches was not resolvable. Transitions from the ground
electronic state to vibrationally excited levels in the A state that are near the dis-
sociation limit may be the favored electronic transitions based on a Frank-Condon
analysis. In contrast, vibrational levels closer to the bottom of the A state potential
well are observed in the MI spectra in an Ar matrix. The more favorable Frank-
Condon factors between the ground electronic state and lower vibrational levels in
the A?2Y* state may be a result of the stabilization of the ground state potential well
by the Ar relative to the excited state.

The best way to understand the differences between the two experiments is by
calculating a high quality potential energy surface for the Xe-OH excited state. Such
a potential surface for the ground state was shown in Figure 9.2 and was discussed in
Section 9.1.[9] Using the two surfaces the Frank-Condon factors could be calculated.
At the time of these experiments, no such surface was available for the A state.
However, very recently, the A state surface has been calculated by Merrit and Heaven
and is shown in Figure 9.9.[10] Unlike in the X state, the global minimum geometry
is predicted to be the oxygen bonded linear configuration (D, ~12,500 cm™!). The

hydrogen bound configuration is still a secondary minimum (D, &2,500 cm™1).
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Figure 9.9: Xe-OH(A)potential energy surface.[10]
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The next step in interpreting the gas-phase and MI spectra is to use the potential
energy surfaces to calculate the bound state wavefunctions for both X and A states.
Using the wavefunctions, the Frank-Condon factors can then be calculated. One point
to keep in mind is that the potential surfaces are for gas-phase Xe-OH. It is quite
possible that the Ar matrix host may help to stabilize certain configurations in both
states. Further theoretical investigations should help understand the stabilization

effect of Ar.

9.5 Conclusion

While there have been numerous studies on the family of Rg-HX complexes, data for
Rg=Xe has been lacking. It has been known for a long time that Xe is different from
other rare gases. The goal of these experiments was to obtain as much electronic
structure information as possible from LIF MI experiments, which could help with
interpreting gas phase LIF spectra and ultimately lead to an accurate potential energy
surface for the Xe-OH A state. Also, observing the IR stretching frequency would give
a indication of the interaction strength between the OH and Xe. Both LIF spectra
from fixed frequency and tunable radiation were recorded. Unlike in the gas phase
spectra, vibrational levels closer to the potential minimum in the A state (v ~ 350
cm™!) were accessible. Since the time of the MI experiments, the A state potential
energy surface has been calculated. This surface can be used with the ground state
surface|9] to calculate the Frank-Condon factors, which involves computing the bound
state wavefunctions for both states. As with the experiments in Part I, it is intriguing
that Ar can cause such large perturbations. Also, it is equally intriguing that the
electronic spectra of Xe-OH are so different from other Rg-OH complexes. These

observations should provide motivation for future experiments on Rg-OH complexes
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Appendix A

A Note About Actinide Radioactivity

Mention the word uranium and people become sacred and panic as if a nuclear bomb
was detonated. Majority of actinide spectroscopy performed today uses either U or
Th, both of which have stable, non-radioactive isotopes. The common isotopes used
are either 28U or 232Th. These isotopes are often referred as the depleted form because
the fissionable isotopes have already been removed for nuclear energy. Depleted U
and Th have the same toxicity as any heavy metal such as lead. A big misnomer
to the general population not working with depleted actinide compounds is that
the actinide part of the molecule is what is so dangerous, when quite the opposite is
true. For example, when UFg is exposed to water vapor in air, HF, one of the nastiest
compounds, forms. While much of the actinide spectroscopy is performed in university
laboratories without the necessary equipment to handle radioactive material, there is
still a need for spectroscopic data for radioactive compounds such as Pu. There are
facilities at Oak Ridge National Laboratory capable of dealing with the aemission

from the radioactive actinides.

151



Appendix B

The Synthesis of Uranium Chloride

The synthesis of UCIl, rather simple, provided one has the ability to carry out re-
actions under a dry atmosphere. The procedure used here was adapted from an
article published by Kiplinger, Burns, et al.[110] 55 mL of hexachloropropene (Sigma
Aldrich) was added to 200 mL 2-neck Schlenk tube containing a magnetic stir bar and
connected to a Schlenk line. 5.3 g of UO3 (Strem Chemicals) was added to second
smaller Schlenk tube (~10 mL) which was connected to the side neck of the larger
tube. A Schlenk frit was connected to the top neck of the larger tube. The tube
containing the hexachloropropene was placed in an oil bath and heated to 190°C un-
der strong nitrogen flow. While stirring, the UO3 was added slowly by rotating the
smaller flask. Upon addition of the UOj3 to the hexachloropropene, a very exothermic
reaction occurred. So care was taken not to added to much UQOj3 at a time. Once all
the UO3 was added the mixture was left to reflux overnight under nitrogen flow. The
solution changed color from orangish-brown to a dark red as the reaction progressed.
Temperature was measured by a thermometer in the oil bath.

The next morning the reaction was allowed to cool to room temperature. The
mixture was then filtered on the Schlenk line and washed with methylene chloride

(~100 mL) until the rinsing liquid became colorless. The remaining dark green powder
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on the frit was left to dry overnight before it was taken into a glove box and transferred
to a storage jar. Small vials of UCl; were removed from the glove box as needed.
The key to a successful synthesis is keeping the temperature just below the boil-
ing point of hexachloropropene to provide the necessary activation energy without
evaporating the solvent. The oil bath used here helps with this purpose. Also, the
quantity of the reaction can easily be changed (as the published reaction used ~10 g
UQO3), but the reaction size vessel should be altered so that UOj3 is completely covered

by the solvent.
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