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ABSTRACT

Uranium containing clusters U,Om" and complexes U*(N2)n are produced in a molecular
beam via laser vaporization in a pulsed supersonic expansion. Mass—selected cations are
investigated using fixed frequency photodissociation with 355 and 532 nm Nd:YAG harmonics.
The most stable structures and stoichiometries are formed as fragment ions during
photodissociation. Infrared photodissociation spectra of U*(N2)n are measured with a tunable
infrared OPO/OPA.. Density functional theory is used to investigate those masses found to be
most stable. Computational predictions of infrared spectra are compared to experimental data.
Uranium oxide clusters were found to fragment to UO>*(UQ3)n regardless of the identity of the
ion photodissociated. Additional fragment cations (UO3)," are produced only from cluster
cations (UQOs)n* indicate the stability of the neutral (UO3)n cluster or n(UQs) eliminated. The
complex U*(N2)s was found to be a fully coordinated cube. Photodissociation of U*(N2)n with
355 and 532 nm light produced a regular ratio of photon energy to the number of ligands
eliminated. This was used to estimate a U*™-N2 bond dissociation energy of 12.1 + 1.3 kcal/mol,
which was found not to vary significantly with complex size. DFT calculations are in good

agreement with this bond energy and were able to accurately predict infrared spectra of U"(N2)s



and other fully coordinated uranium cation complexes. However, agreement between

experiment and theory was found to become poorer as complex size is reduced from n = 8 to 3.
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CHAPTER 1
INTRODUCTION AND REVIEW

The earliest substantial effort to study the chemistry of the actinide elements was during
the Manhattan Project.’® This resulted in the production of the first nuclear power sources,
atomic bombs, and hundreds of millions of gallons of so—called radioactive sludge. This waste
material is stored to this day, together with that generated by all nuclear reactors since. The
environmental impact and remediation of this waste motivates research into the chemistry of
actinide elements.®* The use of actinides as nuclear fuel requires research into their unique
chemical properties.’>*® These metals are also the only known elements that have f orbitals that
extend sufficiently to participate in bonding, leading to a great deal of interest in the field of
actinide synthesis.*®>** This leads to unique chemistry that is not possible for any other
elements, such as the formation of complexes like the n® actinocene complexes. The relatively
low radioactivity of thorium and depleted uranium allow for their safe use in laboratory research.
The unique catalytic and reactive properties of these two elements are areas of active research
with mass spectrometry.36-62 Spectroscopy on ions containing these elements is practically
unexplored compared to what is known about the transition metals.>®*'* Safety is not a concern
for computational treatment of these molecules and is duly a popular method of study. 14142
High quality gas—phase spectroscopy is necessary for benchmarking theory but has been applied
to fewer than two dozen systems.®” 113 This dissertation presents the gas phase chemistry, mass

spectrometry, and spectroscopy of uranium bearing cations.



The participation of f orbitals in chemistry is unique to the early actinides. The
lanthanides contain partially occupied valence f orbitals, but their relatively small radius relative
to the d orbitals hinders their participation in chemical bonding. The same is true of the late
actinides. The elements with atomic number 94, plutonium, and larger all exhibit contraction of
the f orbitals below the d orbitals in both spatial extent and relative energy.*® This results in 23
elements that behave roughly the same as a trivalent transition metal such as scandium. The
only f-block elements that have f orbitals that participate in chemical bonding are actinium,
thorium, protactinium, uranium, and neptunium. Of these only thorium and uranium are
abundant and can be worked with safely. The chemistry and catalytic properties of molecules
containing uranium and thorium have been the subject of condensed phase synthesis and
spectroscopy research.’®2 The gas—phase chemistry of these molecules has also been
investigated with mass spectrometry.36-%2 Spectroscopic study of molecules containing uranium
and thorium has largely been accomplished with matrix isolation or gas—phase electronic
spectroscopy of ions.®*1% A small number of infrared spectra have been published of ions.1%>
120

Early research by Schwarz and coworkers showed the remarkable reactivity of uranium
ions.%® Uranium cation was found to cyclotrimerize three ethylene molecules to form benzene in
a collision induced dissociation (CID) experiment. Tandem mass spectrometry experiments by
Gibson and coworkers have investigated the gas—phase reactions of actinide ions with oxygen
and various organic molecules.®-° CID mass spectrometry experiments by Armentrout and
coworker have studied the bond strength and reactivities of thorium and uranium carbides,
nitrides, and oxides.>*%° This research has found that the actinide—carbon, nitrogen, and oxygen

bonds are largely ionic in nature, though the degree of covalency is a matter of active research.



Infrared spectroscopy in matrix isolation has been conducted by Andrews.%*-"8 It has been
shown that in a cryogenic matrix uranyl coordinates to five noble gas ligands in a pentagonal
bipyramid structure.®>%°-"1 Electronic spectroscopy of small actinide containing molecules has
been measured by and Wang and coworkers.®82# Related photoelectron spectroscopy on
diatomic and triatomic actinide containing molecules has been conducted by Heaven and
coworkers.8 1% The large number of excited states possible for these molecules hampers
assignment of electronic and photoelectron spectra except in the cases of molecules with closed
shell singlet electronic structures, such as uranyl. Gas—phase infrared spectra obtained by van
Stipdonk, Oomens, Gibson, and coworkers represent the majority of such data published.02-111
The complexation and solvation of the ubiquitous uranyl complex has been the major focus of
these researchers. The low resolution of the spectra obtained with a free electron laser limits the
accuracy with which the structure of the studied molecules can be determined.

Given their radioactivity and toxicity, computational quantum chemistry is a much safer
and popular method of studying the chemistry of actinides.*?-4 Computational treatment of
actinides is challenging due to their high mass, nuclear charge, and number of electrons.
Relativistic effects and spin—orbit coupling are stronger in actinides than lighter elements.
Further challenges are posed by the presence of partially occupied f orbitals which result in
multireference electronic states. Numerical grid integration error is introduced by the convoluted
shape of the f orbitals. The reliability of density functional theory (DFT) has been the subject of
intense debate; this is of particular interest in transition metal complexes. The difficulties posed
by partially occupied d and f orbitals are similar, and DFT has been found to perform well for

transition metal complexes and clusters under certain conditions. In the case of mildly



multireference electronic states DFT is expected to outperform single reference ab initio
quantum chemistry in both accuracy and computational cost,*14115117-119

One approach to the computational treatment of actinides is to incorporate the effects of
relativity, spin—orbit coupling, and multireference electronic states into the
Hamiltonian,25130.132.133.138,143.144 The resulting calculations use a variety of relativistic all—
electron Hamiltonians such as the Douglas—Kroll-Hess Hamiltonian in combination with
multireference methods with complete active space multiconfiguration SCF (CASSCF). Such
calculations are too expensive to apply to molecules containing more than two or three atoms.
Research by Dixon and coworkers,*'® Peterson and coworkers,>’:°98596.99.100116,141 anq Gagliardi
and coworkers4-7791:132133,143,144 |50 these methods to examine the electronic structure of
actinides. This research has also helped confirm the closed—shell ionic nature of uranyl and its
isoelectronic uranium dinitride.

A variety of approximations are used to apply quantum chemistry to larger systems.
Effective core potentials (ECP), also known as a pseudopotentials (PP), replace 30 to 60 core
electrons with a single, highly detailed, and fictitious orbital computed to include relativistic
effects implicitly. This speeds up calculations substantially but introduces correlation error
between the core and valence electrons. The core electrons are the most strongly affected by
relativistic effects. Calculations including ECPs do not need to treat relativistic effects
explicitly, which speeds up calculations at the cost of accuracy. High field spin—orbit coupling is
better described as spin—spin coupling due to interactions of spin states with differing
multiplicity. The effects of angular momentum coupling can be treated with expensive
multiconfigurational methods such as CASSCF but are neglected for larger molecules where

such a calculation is intractable. Researchers such as Dolg and Cao have recently produced new



ECPs that offer an improvement in accuracy for low—cost calculations.*?®1?° These methods have
been used to examine larger molecules with multiple ligands coordinated to an actinide or actinyl
ion. 125-127

A better understanding of the fundamental chemistry of actinides is the primary
motivation behind research presented in this dissertation. There is a lack of experimental data
that can be used to verify the result of quantum chemistry calculations. Fixed—frequency
photodissociation of uranium oxide cluster cations is used to determine the most stable
stoichiometric ratios. The molecular formulas determined to result in stable clusters with mass
spectrometry are examined with theory to investigate their likely structure.®? In a second
experiment the chemistry of U* with N2 is explored with fixed—frequency photodissociation at a
variety of wavelengths. Infrared spectra of the observed U*(N2)» complexes are compared to
predicted spectra to yield insight into the structure of these molecules and to evaluate the

performance of commonly used computational methods.
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CHAPTER 2
EXPERIMENTAL AND THEORETICAL METHODS

EXPERIMENTAL APPARATUS

Pulsed supersonic expansion into a vacuum chamber is accomplished with the use of a
series 9 General Valve (Parker Hannifin Corp.). The expansion gas is generally a rare gas mixed
with a low concentration of a ligand of interest. Alternatively, ligands which are available a
compressed gas can be used pure in an expansion, i.e. carbon monoxide, carbon dioxide,
nitrogen. Laser vaporization of a metal rod produces a plasma that mixes with the expanding
gas. This initially creates a hot reactive gas mixture where complexes may react before rapidly
cooling due to the supersonic expansion. The extent of reaction between the metal and gas can
be controlled by confining the gas and plasma using metal blocks to contain the metal rod and
expansion gas, the varieties of which are detailed in Figure 2.1 and have been discussed in prior
publications.t Channels bored through these cluster sources allow for the metal rod, laser, and
gas to pass through. By varying the diameter and length of the channel through which the gas
flows the degree of clustering can be controlled. The standard cluster source simply has a gas
channel of consistent diameter bored through with a growth channel after the metal rod to force
the gas and metal plasma to interact before expansion and cooling. The diameter and length of
the gas channel are decreased and increased, respectively, to promote clustering at the cost of
signal and cooling. The cutaway source allows expansion at the point where the metal plasma
and gas first mix, resulting in fewer reactions and a colder expansion. The offset source allows

the expansion gas and metal plasma to expand before mixing, resulting in the coldest expansion.
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The molecules formed in the source move with uniform velocity through a skimmer to form a

molecular beam and pass into a differentially pumped mass spectrometer chamber.

Nd:YAG vaporization laser
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Figure 2.1. Diagram of commonly used laser vaporization cluster sources. The standard source
shown can be extended with threaded channels of various lengths and diameters. The cutaway
and offset offer colder expansions with less clustering.

A reflectron time—of—flight mass spectrometer is used for mass—analysis and mass—

selective photodissociation.? A diagram of this instrument is shown in Figure 2.2. The

molecular beam is produced by the gas expansion in the source chamber, which is separated
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from the mass spectrometer by the skimmer. The mass spectrometer chamber is differentially
pumped and baffled to maintain high vacuum (10-"~107° torr).

Wiley—McLaren style electrodes are used to accelerate ions orthogonal to the direction of
travel in the molecular beam.® These three electrodes are composed of a biased repeller, a
tunable draw—out—grid of intermediate voltage, and ground electrode. The draw—out—grid
voltage is adjusted to produce spatial focusing at the detector or the photodissociation region.
The draw—out—grid and repeller electrodes produce a weak electric field for spatial focusing
along the direction of travel of the ion packet. The stronger electric field produced by the draw-—
out—grid and ground electrodes is responsible for the bulk of the acceleration. A deflector
compensates for the translational energy of the ions in the molecular beam, though this
introduces a mass discrimination favoring heavier ions when voltage in increased. An einzel
lens is situated between the deflector and flight tube; the voltage is adjusted to focus ions at the
dissociation region or detector.

A pulsed deflector is located in the flight tube partway between the ion optics and
reflectron. This is used to reject all ions outside a given mass range from passing on to the
reflectron and detector. A high voltage complement pulse maintains voltage on the pusher,
rejecting ions passing through, at all times other than when an ion of interest passes through.
This allows for a specific mass from those observed to be studied exclusively with

photodissociation.
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Figure 2.2. This instrument diagram shows the so—called source chamber on the left where
supersonic expansion is carried out with an excess of pumping capacity. The skimmed
molecular beam follows the dashed red line into the mass spectrometer where mass analysis and

spectroscopy take place.

The reflectron is designed to maintain two regions of differing electrostatic field

gradients. lons entering the reflectron immediately lose most of their kinetic energy due to a
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steep initial electric field. The rear of the reflectron maintains a weaker electric field, increasing
the amount of time ions spend in this region. The relatively slow motion of ions in this region
makes it ideal for photodissociation, and laser radiation can be passed through the reflectron at
the point where the ions turn around. lons and any photodissociation products are then
reaccelerated by the reflectron towards the detector.

A section of the flight tube between the reflectron and detector is electrically isolated and
termed the post—accelerator. This can be pulsed to high voltage while ions are inside it, and
when ions exit they are accelerated. This increases the kinetic energy in eV of the ions by the
voltage on the post-accelerator, substantially increasing the signal to noise ratio. The ions then
impact the electron multiplier tube detector (Electron Multiplier Tube, Hamamatsu Photonics K.
K.).

A variety of lasers are used to produce light with sufficient fluence for pulsed
photodissociation. Fundamental frequency and second, third, and fourth harmonics (1064, 532,
355, 266 nm respectively) of a Spectra Physics GCR-150 Nd:YAG can be directed through the
reflectron for fixed frequency photodissociation. A Spectra Physics PRO-230 Nd:YAG laser is
used to pump a Laser Vision OPO/OPA laser system which produces tunable infrared light. The
optical parametric oscillator (OPO) produces near infrared light from 4500 to 9000 cm™ from
Nd:YAG second harmonic light at 532 nm. The near infrared and Nd:YAG 1064 nm light is
used for further difference frequency generation (DFG) by optical parametric amplification
(OPA) to produce mid infrared light from 2000 to 4500 cm™. An external AgGaSe crystal is
used to mix mid and near infrared for further DFG to produce far infrared light from 700 to 2000

cm L,
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Measurements of laser fluence are vital for accurate analysis of the laser power
dependence of an observed photodissociation process. To measure laser area, an impression of
the laser is made with either ZAP—IT or linagraph paper (Linagraph Direct Print Type 1985,
Kodak) which has been aged in sunlight. For lasers operating with more than 1 mJ/pulse average
power is measured with a calorimeter power meter (PowerMax PM30V1, Coherent Inc.). Lasers
operating below 1 mJ/pulse are not readily detectable with a calorimeter power meter, so a

radiometer power meter (RjP—435, LaserProbe) measures average pulse energy.

COMPUTATIONAL METHODS

CCSD(T)/aug—cc—pVTZ is considered a gold standard level of theory. However, the
computational cost of such a calculation with an actinide and ligands is staggering. The number
of ways partially occupied d and f orbitals can be constructed regularly results in multireference
character for transition metals and actinides. Single reference ab initio theory is expected to
perform poorly compared to DFT in mildly multireference systems, while neither may perform
well for strongly multireference systems.*°> The hybrid B3LYP and pure PBEh functionals are
reliable functionals in the treatment of transition metals and are popular choices for large actinide
calculations.*®

All-electron calculations are standard for molecules containing only light atoms. Atoms
heavier than zinc experience contraction of low angular momentum orbitals, primarily s, due to
electrons accelerating to relativistic velocities when approaching the nucleus. Several
Hamiltonians which include terms for relativistic effects have been proposed, including the zero—
order and infinite order relativistic approximation (ZORA and IORA)"!, the Douglass—Kroll—

Hess Hamiltonian (DKH)*214, and the exact two component relativistic Hamiltonian (X2C)*°.
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The necessity of including all electrons of an actinide and its ligands in the relativistic
Hamiltonian calculation render these methods prohibitively expensive for large molecules, and
surveying large number of isomers. Basis sets have been published for use specifically with the
DKH, ZORA, and X2C Hamiltonians.16-18

An alternative for computational treatment of all electrons is the use of an effective core
potential (ECP). In this scheme the core electrons are represented by a single highly detailed
wavefunction with an effective charge equal to the sum of all electrons replaced. The parameters
of the wave function are optimized to reduce energy in a relativistic Hamiltonian. Valence basis
sets are then constructed around the ECP intended for use only in that combination to avoid basis
set incompleteness error. This method provides accurate representations of relativistic effects on
the most strongly affected electrons, which are generally core electrons low in both n and |
quantum numbers. This provides the benefit of considering fewer electrons and speeding up
calculations. Older ECP basis sets such as Stuttgart/Dresden (SDD)!*-?! have recently been
superseded by the Stuttgart/Ko6In.?>?* These modern ECPs have been used to produce Dunning
style basis sets for relativistic atoms compatible with Dunning basis sets on other elements. This
family of basis sets is referred to in the literature as cc—-pVnZ-PP, or more infrequently AVnZ (n
=D, T,Q,5).

The presence of occupied f orbitals poses significant challenges to computational
quantum chemistry.?>? The large number of nodal planes and more detailed structure of f
orbitals can cause numerical errors when a grid of insufficient resolution is used for integration.
This is irrelevant in ab initio theory which makes use of analytical integrals, but all DFT uses
grid integration. Many actinide containing molecules require at least double the default grid

resolution of most computational packages.
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Wavefunction stability is a further concern for any molecule containing partially
occupied d or f orbitals.?’?° An initial guess of the electronic state of a molecule produced by
any software package must be tested for stability. This is usually accomplished with a CIS
excited state calculation, which seeks to identify if the test Hartree—Fock or Kohn—Sham
wavefunction is an excited or non-stationary state. Computational packages such as Gaussian16,
Orca, and Cfour all include wavefunction stability tests.3*? The ability to test the stability of a

wavefunction while using a relativistic all-electron Hamiltonian has not yet been implemented.
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ABSTRACT

Uranium oxide cluster cations are produced by laser vaporization of a uranium rod in a
pulsed supersonic expansion and detected with time—of—flight mass spectrometry. lons are
mass—selected and studied via multiphoton dissociation using the third harmonic of a Nd:YAG
laser (355 nm). Cations of the stoichiometry UnOsn-1" were observed as photofragments from all
photodissociated cluster cations. Un,Osn* clusters were also observed to result from dissociation
of larger UnOzn" clusters. Electronic structure calculations were used to predict the stability of
the observed uranium oxide cluster cations using density functional theory with the hybrid
B3LYP exchange—correlation functional and cc—pVnZ—PP basis sets (n = D, T), including
diffuse orbitals as computational expense and availability permit. Clustering energies, relative
energies and dissociation energies of the cations are reported. The Natural Population Analysis
results based on the Natural Bond Orbitals (NBOs) indicate clusters composed of uranyl UO22*
units bound together by bridging O%". Spin and charge are found to be localized to the 5f orbital

of a single uranium atom within each charged cluster.
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INTRODUCTION

Uranium oxide is found in nature containing uranium atoms in a variety of oxidation
states.’® UO2, and UO3 are known, though many ores with these oxidation states yield UsOs
upon exposure to atmospheric conditions.*> When uranium is mined, used in munitions, or
improperly stored, such as radioactive sludge found at the Hanford site, environmental
contamination can result in the form of small uranium oxide particles.®° The structure,
solvation, and chemistry of these particles are of interest. The spectroscopy of UO,* has been
studied extensively in the past.**® Recently, the spectroscopy of uranium containing molecules
has been developed into an effective tool for identification, electronic, and structural analysis.?%
24 Mass spectrometry research on uranium has focused on reactivity and isotopic analysis of the
uranium atom, though UO* and UO," are frequently observed during isotopic analysis.?>-
47 Theoretical studies on these species have been limited by computational expense in the past,
but recent advances in methods and basis sets have facilitated high quality calculations.*®-°
Both collisional dissociation and photodissociation with mass spectrometry have been used in the
past to determine stable stoichiometries of transition metal and lanthanide oxides. Only the most
strongly bound clusters are expected to result from energetic dissociation provided by
multiphoton absorption.>®" In the present study we examine the stable stoichiometries of small
uranium oxide clusters by use of mass spectrometry and fixed frequency photodissociation.

Previous research on the chemistry of uranium oxide has focused on the reactivity of UO*
and UO.". Schwarz and coworkers have shown that U* can catalyze the formation of benzene
from ethylene and compared the rates of reaction between UO,* and U*.3>3! Duckworth and
coworkers have investigated the interactions of UO™ with other unsaturated hydrocarbons and

found similarities to the reactivity of Sm*.3*% Gibson and coworkers have investigated the
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oxidation chemistry of uranyl and have discussed in detail the role that frontier f-orbitals play in
its chemistry.323+37 Notably the contraction of the 5f—orbitals in Pu and heavier elements limit
the role of these orbitals in reactions. Lighter actinides Ac—Np feature 5f—orbitals that participate
in bonding and reactions when symmetry allows, however periodic trends lack predictive power
for these elements.®* Van Stipdonk and coworkers have studied the complexation behavior of
the ubiquitous uranyl ion using infrared spectroscopy with the aid of high accuracy
computational chemistry.>*4* Computational chemistry investigating these elements is a
developing field that has seen rapid recent advancements. The relativistic effects that dominate
uranium chemistry necessitate either an all—electron calculation with a relativistic Hamiltonian or
the use of a high quality relativistic pseudopotential. This has led to the development of the cc—
pVnZ-PP basis set family by Peterson and relativistic pseudopotentials by Dolg and Cao which
have seen wide application in predictions of structure and reactivity in uranium bearing
molecules.>*>® To our knowledge, uranium oxide cluster cations have not been studied with the
use of photodissociation or computational chemistry.

Mass spectrometry has been successfully used to determine the stable stoichiometries of
small metal oxide clusters with a range of techniques.®®"* Mass—selected photodissociation is
insensitive to the technique used to produce ions, and laser vaporization produces large quantities
of metal oxide cluster cations in a number of oxidation states.”"2 Prior experiments have
succeeded in determining the stable stoichiometries of several transition metal and lanthanide
oxides. In some systems the preferred stoichiometry indicates a cluster oxidation state that is the
same as that found in the bulk metal oxide. This was found to be the case with lanthanum and
cerium oxides.®”®® Other metals have been found to fragment preferentially into stoichiometries

not common to the bulk material. Iron oxide is such a case where cluster cations contain FeO,
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rather than Fe,O3 or Fe3s04 commonly found in nature.%® DFT predictions of structures and
relative energies of possible isomers have yielded insight into how clusters relate to bulk phase
crystal structures. In the present study, we employ mass—selected photodissociation of small gas
phase clusters of uranium oxide to investigate their stability patterns. Computation chemistry is
employed to predict the structure, oxidation state, and binding environment of uranium atoms

within each cluster.

EXPERIMENTAL

Uranium oxide cluster cations are produced by laser vaporization’? in a pulsed nozzle
source and investigated in a reflectron time—of—flight (RTof) mass spectrometer.”® The third
harmonic (355 nm) of a Spectra—Physics INDI-HG Nd:YAG laser is used to vaporize metal
from a rod of depleted uranium metal. A gas mixture containing 3% oxygen in helium is pulsed
through a 0.5 mm diameter aperture of a Parker Series 9 valve, and over the rod in the “turbo”
block source with an additional half inch growth channel 5 millimeters in diameter as previously
described.”® lons produced by reaction between the metal plasma and gas are skimmed into a
differentially pumped mass spectrometer chamber. Pulsed voltages on the RToF repeller and
extractor accelerate ions, and a complement pulsed deflector permits the passage of mass—
selected ions. Photodissociation is produced with the third harmonic (355 nm) of a Spectra—
Physics GCR-150 Nd:YAG laser operating with a fluence of 1 — 20 mJ/cm? . The
photodissociation laser intersects the mass—selected ions as they turn around in the
reflectron. The resulting fragment ions and unfragmented parent ions are reaccelerated and
separated by the reflectron, detected with a Hamamatsu R595 Electron Multiplier Tube, and

recorded with the use of a LeCroy LT262 oscilloscope.
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Computations were conducted with the Gaussian09 package using the B3LYP exchange—
correlation functional.”* Basis sets of both double and triple zeta quality were used, with aug—
cc—pVNZ basis functions on oxygen, and cc—pVNZ-PP basis functions on uranium with the
ECP60MDF Stuttgart/Koeln pseudopotential.>*> Natural Population Analysis is carried out to
determine the degree of localization of the charge and spin. Clustering energies, relative
energies and dissociation energies of the cations are calculated for the resulting optimized

structures.

RESULTS AND DISCUSSION

The mass spectrum of uranium oxide cluster cations produced by laser vaporization of metallic
uranium is shown in Figure 3.1. Each group of peaks correspond to clusters containing the same
amount of uranium with varying amounts of oxygen included in the cluster. The labeled peaks
except for UO," all correspond to (UO3)n*, and a consistent preference for the formation of a 1:3
ratio of U to O in the ion source. Each group of peaks also feature a peak with only one oxygen
fewer than this 1:3 ratio corresponding to UO2*(UO3)n. Clusters with two fewer oxygen than the
1:3 ratio of U:O are absent or of minor intensity. The groups of peaks attributed to one or two
uranium atoms clustering with oxygen show alternating intensity with every other peak in
clusters containing an excess of oxygen. This is likely caused by clustering of molecular oxygen
about a uranium oxide cluster cation. This pattern of alternating intensity is present in heavier
clusters, though with an intensity that dies off rapidly with increasing mass. Because clusters in
the molecular beam all travel with the same velocity there is a mass dependence on the voltage
needed to optimize the deflector, which is used to compensate for molecular beam velocity. This

means that while larger clusters than those shown are likely formed, they are more difficult to
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detect with regular operating conditions and cannot be mass selected due to poor spatial

separation in the region of the mass selector.
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Figure 3.1. Mass spectrum of uranium oxide cluster cations generated using laser vaporization
of a uranium metal sample in a supersonic expansion of He seeded with 3% Ox.

Figure 3.2 shows the fragmentation mass spectra obtained by measuring the mass
spectrum of a mass—selected ion, and subtracting from it the mass spectrum obtained during
photodissociation. Dissociation of these clusters consistently yields UO2", which is also
observed as a particularly intense peak in Figure 3.1. This may indicate that U* is most stable in
the +5 oxidation state. The only other fragment containing just one uranium is UOs" which is
only observed as a photofragment of U2O¢* by elimination of UOs which is known as one stable

stoichiometry in the bulk material. Formation of UO>" from U.Os" would require elimination of
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UO4 which may represent a less stable oxidation state, or elimination of UO3 and atomic oxygen
which would require the additional energy required to break a metal oxygen bond. Elimination
of atomic oxygen is observed by formation of U.Os" from U,Os". Elimination of two oxygen

atoms, most likely in the form of O, is observed from U,0O7" which also yields U.Os".
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Figure 3.2. Mass spectra showing the photodissociation of U,07*, U20¢*, and U20s" with
355nm light. The negative peaks indicate loss of the parent ion to dissociation, and positive
peaks show the production of cationic photofragments. UO-" is seen to form by the
photodissociation of all clusters. U.Os" is observed as a low intensity product of the two larger
clusters. U20s" is found to fragment into either UO," or UO3" upon photodissociation.
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Photodissociation mass spectra of clusters containing three uranium are shown in Figure
3.3. Fragmentation of these larger clusters show photofragments consistently differing in mass
by UOs. Elimination of one or two units of UOs are found to be the only dissociation pathway
for UsOg*. This is also true of UsO10" with the additional elimination of O, to yield UsOg* which
then eliminates one or two units of UOs. It should be noted that the elimination of neutral
fragments from a parent cation may be sequential or concerted, yielding one cation and one or
more neutral clusters. The eliminated neutral is not detected in this experiment. UsOg* is found
to be like U206" in not only its 1:3 ratio of U:O but also the presence of fragment cations of the
same stoichiometric ratio. UsOg* can eliminate one or two units of UOs, which gives rise to
U206" and UO3* which are not observed for the other two parent cations. UszOq" is also seen to
eliminate an additional oxygen giving rise to two more intense fragment cations UO;", and

U20s*. Exclusive loss of atomic oxygen also yields a low intensity signal for UsOs™.
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Figure 3.3. Mass spectra showing the photodissociation of UsO10*, U3sOg", and UsOs*. U3Os*is
found to dissociate almost exclusively by elimination of one or two units of UO3. U3O10"
follows this same pattern of losses of UO3 with the additional elimination of O2. UzOq" is found
to either eliminate one or more units of UO3, or eliminate cations of the formula UO2"(UO3)n.
The study of larger cluster cations is limited not by the resolving power of the mass
spectrometer, but the spatial separation of ions in the region of the mass selector. This is located

approximately after one third of the total ion flight path. Because of this, ions containing four or
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more uranium are substantially more difficult to mass select. Figure 3.4 shows the fragmentation
mass spectra that were obtained for such heavy ions. The mass spectrum of UgO17" shows that

some ions with one more or fewer oxygen were able to pass the mass selector. These parent ions
are observed as negative peaks neighboring the peak indicating loss of UsO17*. The same is true
to a lesser extent for UsO1s5* and U4O12" and is evident not by the presence of negative peaks, but

broadening of fragment peaks, particularly UsOs".
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Figure 3.4. Mass spectra showing the photodissociation of UsO17*, UsO15*, and U4O12". Labels
for peaks UnOm™ are labeled n,m. UsO17*, which conforms to the formula UO2*(UQz)n, is found
to dissociate only through the elimination of one or more units of UO3. UsO15", and U4O12"
eliminate either units of UO3 to form cations, or form cations of the formula UO2*(UQO3)n.
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The fragmentation pattern observed for UsO17" shows nearly exclusive elimination of
UOs to form ions UO,"(UQO3). These fragment ions are observed for clusters containing a 1:3
ratio of U:O such as UsO1s" and UsO12". However, fragmentation of ions containing a 1:3 ratio
of U:0 also yield (UOz3)n* fragments. The presence of both patterns in all fragmentation mass
spectra corresponding to (UOs)a" suggests competition between two fragmentation pathways.
One fragmentation pathway, observed from all cations studied, leads only to the formation of
cations conforming to the formula UO2"(UQz3)n, and is likely the result of preferential formation
of particularly stable cations. A second pathway is observed only from ions (UO3),* which
yields (UOs3)n" by elimination of (UO3)n. This pattern may result from preferential formation of
particularly stable neutrals. This is a strong indication that the formation of undetected (UO3)n
neutral fragments is energetically favorable. This is also a form of uranium oxide known to be
relatively stable as a bulk material in atmospheric conditions, though it should be noted that bulk
UOs reduces by elimination of O» to UsOg upon heating.

Figure 3.5 shows the fragmentation mass spectrum of UzOs™ measured with various
intensities of the 355 nm photodissociation laser. The relative intensities of UO2" and U20s* do
not vary except at the highest power. Fragment intensity is expected to vary linearly with laser
power in the case of single photon absorption. If this were the case the relative intensity of the

two fragments would remain the same regardless of laser power.
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Figure 3.5. Mass spectra showing the photodissociation of UzOg* obtained with various
intensities of 355nm laser light. The relative intensities of the two primary fragmentation
channels, UO," and UOs", varies with laser power in a non-linear manner. This indicates that
multiphoton absorption is necessary to cause photodissociation.

Computational studies on those uranium oxide cluster cations observed as abundant
photofragments were conducted with the intent of determining both the structure and the

localization of charge. While UO>*(UQOz3)n clusters are observed directly in the mass
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spectrometer, the presence of clusters of (UOs)n are implied by the fragmentation patterns of
(UO3)n" cluster cations. Figure 3.6 shows the structures of UO," and UOs computed at the
B3LYP/aug-cc—pVDZ(O)/cc—pVDZ-PP(U) level of theory for multiple spin states. The low
energy spin state for UO," is predicted to be the doublet, representative of a +5 uranium with two
oxygens in the —2 oxidation state. This is structurally similar to the uranyl ion with the addition
of an electron to the f—orbitals of uranium. UOs is predicted to be in a singlet ground state with
two closely bonded oxygens in axial positions forming a uranyl-like structure, which is bound to

a third equatorial oxygen at longer distance.

2U02+ +0.0 kcal/mol 4U02+ +71.9 kcal/mol

1.77 1.77 1.81 1.81

U0, +0.0 kcal/mol ~ 3UO, +38.2 kcal/mol

181 181 1.81 1.81
1.86 2.05

Figure 3.6. Calculated structures of 2UO,", “UO,", *UO3, and *U0:s.
Figure 3.7 shows two predicted structures of U>0s" and U2Og in the doublet and singlet
states respectively. These spin states are predicted to be most stable by approximately 50

kcal/mol for these and larger clusters. U20s" is shown to have stable Cs and Cay isomers,
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however the Cs isomer is 18 kcal/mol lower in energy. NBO calculations show that this isomer
carries its charge entirely in the f—orbitals on the uranium in an asymmetric U-O bonding
environment. UOs is predicted to have a high symmetry Do, structure. Each uranium exhibits
short bonds to two axial oxygens creating a uranyl ion, that is then bound to the other uranyl ion

through longer U-O bonds to bridging oxygens.

2U,0.* +0.0 kcal/mol ~ 2U,0.* +18.0 kcal/mol

° 3

Figure 3.7. Calculated structures for two isomers of U205 and one of U20s. In the low energy
isomer of U20s" spin and presumably charge are predicted to be localized to an unpaired electron
in the f—orbitals of the uranium in the asymmetric environment. The unpaired electron is found
on the leftmost uranium in both isomers of U.Os".

Figure 3.8 shows the predicted structures of UzOg* and U3sOg in both ring and chain
isomers. The ring isomer of U3Og* includes two uranium in uranyl structures and one

asymmetrically bound uranium that carries the charge in its f—orbitals. The ring isomer of U3Og
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does not contain this asymmetric charge center, and instead consists of three uranyl ions bound
through three bridging oxygens. The two chain isomers shown are both predicted to be higher in

energy.

2U,05% +0.0 kcal/mol ~ 2U,0,* +0.0 kcal/mol

1 1
U3O9 +0.0 kcal/mol U3O9 +5.6 kcal/mol

Figure 3.8. Calculated structures for two isomers of UsOg" and two isomers of UsOq. The
unpaired electron is found on the leftmost uranium in both isomers of U3zOs™.

Figure 3.9 shows the lowest energy isomers predicted for UsO11* and UsO12. U4O11" is
predicted to be most stable in a cage isomer, while the chain isomer is 4.9 kcal/mol higher in
energy. The cage isomer includes two uranium in the uranyl configuration, while the charge is
still carried in the f—orbitals of the asymmetrically bound uranium. The two isomers of U401

presented differ only by 0.2 kcal/mol which is well below the error of this level of theory. Both
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structures are symmetric, the chain is Ci and the ring is Dan. These two structures differ
significantly in the presence of uranyl units within the larger structure. The ring isomer is
composed entirely of uranyl ions binding through equatorial bridging oxygens. The ends of the
chain isomer both exhibit uranyl structures but the central two uranium atoms are strongly bound
to only one oxygen with four longer bonds to bridging oxygens. This allows the central two
uranium to maintain the preferred +6 oxidation state while binding to five different oxygen

atoms.

0,.F +4.9 kcal/mol

2
U4 11 4 1

e +g.o kcal/mol 2U

'0,0,, +0.0 kcal/mol  'U,0,, +0.2 kcal/mol

Figure 3.9. Calculated structures for two isomers of UsO11" and two isomers of UsO12. The low
energy isomer of U4O11" contains an unpaired electron on the lowest uranium atom, while in the
higher energy isomer the unpaired electron is on the second leftmost uranium.

In all presented structures, U-O bonds are found to fall into two distinct categories. Some

oxygens are doubly bound in axial positions on uranium; in uranyl ions two such oxygens are

present. Other oxygens form single bonds in equatorial positions to bridge two uranium atoms.
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The predicted bond energies of these types of bonds for the structures presented are shown in
Table 3.1. These values were computed with using CCSD(T) and CBS extrapolation with
pseudopotentials and the third order Douglass—Kroll-Hess Hamiltonian as computational
expense allowed. The bond energies for oxygen in axial positions were assumed to be constant
regardless of cluster size past the structures containing only one uranium. While the bond
energies for the axial doubly bonded oxygens are found to be near 175 kcal/mol for these small
clusters, the U-O single bonds are found to vary between 80 and 105 kcal/mol.

Table 3.1. Average U-O Bond Dissociation Energy in kcal/mol calculated at the B3LYP/aug—
cc—pVDZ-PP level of theory. Higher accuracy ab initio calculations were included as

computational expense allowed. Binding energies for equatorial oxygen were calculated
assuming that the axial bond energy values are constant.

Molecule U-O Position Highest level Average BDE
lU0; — 3U0, +30  Equatorial CBS-PP 146.6
CBS-dk3 147.7

DFT 135.1

Axial CBS-PP 174.7

CBS-dk3 174.2

DFT 180.5

3U0O; (Duen) Axial CBS-PP 174.7
CBS-dk3 174.2

DFT 180.5

2UO2"(Duch) Axial CBS-PP 173.5
CBS-dk3 173.3

DFT 182.0

3U,05(Cs) Equatorial CCSD(T)/aT 102.2
DFT 82.8

2U205*(Cav) Equatorial ~ CCSD(T)/aT 99.1
DFT 90.0

2U,05*(Cs) Equatorial CCSD(T)/aT 101.9
DFT 97.2
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1U,06

2U308"(C1)
2U30s"(Cs)
1U309(C2v)
2U4011%(chain)
2U40117(ring)

1U4012(Dan)

1U4012(Ci)

1Us015(Dsh)
1Us015(Cs)
2Ue0177(cage)
2Ue0177(cage)
2Ue0177(chain)

Equatorial

Equatorial
Equatorial
Equatorial
Equatorial

Equatorial

Equatorial

Equatorial

Equatorial
Equatorial
Equatorial
Equatorial

Equatorial

CBS-PP
DFT

DFT

DFT
CCSD(T)/aT
DFT

DFT

DFT
CCSD(T)/aD
DFT
CCSD(T)/aD
DFT

DFT

DFT

DFT

DFT

DFT

93.9
85.3
90.9
931
98.7
104.0
104.6
89.1
99.6
89.5
100.8
89.7
95.3
95.7
96.2
95.9
92.9

Table 3.2 shows the calculated dissociation energy required for clusters to eliminate UO3
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or dissociate completely to UOz. One photon of 355 nm light contains 81 kcal/mol, which is
enough to eliminate only one UOs from several of the studied clusters. In Figure 3.5 a change in
the relative intensities of the two fragments is observed with increasing laser power. This may
be attributed to an increase in the probability of multiphoton absorption with increasing laser
power. The ionization potential is also expected to decrease as clusters grow larger, and the
charge would be expected to remain on the fragment with the lowest ionization potential. This
means the formation of U.Og would require the input of additional energy equal to the difference

in IP of U206 and UO3. When UzOg" dissociates to yield UO2™ may also eliminate 2(UOs3) or



U20s. Both dissociation pathways would require multiple photons of 355 nm light and is still
observed with as little as 1 mJ per pulse of light.

Table 3.2. Dissociation energies for lowest energy spin states calculated at the B3LYP/aug—cc—
pVDZ(O)/cc—pVDZ-PP(U) level of theory.

Reaction AH29sk (kcal/mol)
U206(D2n) — 2UO3 71.1
U20s"(Cs) — UOs + U0, 717
U205 (Dag) — UOs + UOz2* 139.1
U308"(Cs) — UOs + U05"(Cs) 62.5
Us08%*(D2n) — UO3 + U205 (D2g) 95.7
UsOs(C1) — 3UO3 123.7
UsOe(Cav) — 3UOs 129.0
U4012(Ci) — 4U0O3 176.9
UsO12(Dan) — 4UOs 175.7
UsO11*(C1) — UOs + UsOs*(Cy) 71.9
U4011%*(C1) — UO3 + U3082*(D2n) 84.0
UsO15(Cs) — 5UOs 2235
UsO15(Dsn) — SUOs 219.6
UsOw2*(C2) — UO3 + Us01>*(C1) 32.9
UsO18(Ci) — 6UOs 281.6

CONCLUSIONS

Uranium oxide cluster cations were produced by laser vaporization of depleted uranium
in an oxygen seeded helium supersonic expansion. While clusters with substantially more
oxygen than (UOs)»* were also produced, the only clusters containing less oxygen were of the
stoichiometry UO>"(UQ3)n. Mass spectrometry of the resulting cluster cations showed that
(UO3)n" were most intense. Mass—selected photodissociation showed that all clusters produce

UO,"(UOs)n as photofragments. The exclusive formation of UO2"(UO3), from most studied
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clusters indicates that this formula represents the most stable form of uranium oxide cluster
cations. Only (UOs)n" parent clusters photodissociate to yield clusters of different stoichiometry,
namely (UOs)n* photofragments. The consistent spacing of UO3 between observed
photofragments, and the preferred elimination of (UOz3)» from (UOz3)»" is a strong indication that
(UO3)n is the stable stoichiometry of neutral uranium oxide clusters. B3LYP/aug—cc—pVDZ-PP
calculations indicate that the structures of the observed cation photofragments contain a uranium
atom in the +5 oxidation state that carries the charge and spin in the 5f—orbital. The rest of the
cluster is composed of +6 uranium in the form of UO,?* bonding to two additional bridging
oxygens. lon mobility could be used in future studies to verify the proposed structures.
Furthermore, photoionization could potentially be used to detect the eliminated neutral clusters

and investigate if they are (UOz)n as suggested by the observed mass loss on photodissociation.
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ABSTRACT

Laser vaporization of uranium in a pulsed supersonic expansion of nitrogen is used to
generate complexes of U™(N2)n (n = 1-8). Complexes are mass selected in a reflectron time—of—
flight mass spectrometer and spectra are measured using tunable infrared laser photodissociation
spectroscopy. The spectra of U™(N2)n reveal intact N2 ligands rather than the formation or
uranium nitride, NUN. The N stretch is observed about 130 cm™? to the red of the free—
molecule frequency for complexes with n = 3-8. Fixed frequency photodissociation at 532 and
355 nm indicate that the U-N2 bond dissociation energy varies little with changing coordination.
The consistent ratio of photon energy to the number of ligands eliminated allows an estimate of
U*-N2 average bond dissociation energy of 12.1 + 1.3 kcal/mol. Density functional theory is
used to predict that U* is most stable in the sextet state with one to eight N2 in an end—on
orientation. The fully coordinated complex is predicted to be U*(N2)s with ligands forming a
cube about the uranium cation. These calculations also predict infrared spectra that do not agree
with experiment for smaller complexes. Despite the failure to accurately predict infrared

spectroscopy, theory provides a prediction of the U™-N. average bond dissociation energy of
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11.8 + 0.5 kcal/mol, in remarkably good agreement with the value estimated with 355 and 532

nm photodissociation.

INTRODUCTION

Uranium nitrides are a class of ceramic materials that is being implemented as a new
nuclear energy source.® The use of these materials and their likely presence in nuclear waste
necessitate research into the chemistry of nitrogenous uranium.®?* Uranium dinitride, NUN, is
of particular interest because it is isoelectronic with the uranyl ion, UO22*. Few uranium
complexes are known that contain uranium nitride or uranium dinitride. Metalloorganic
complexes incorporating nitrides or bonds to N2 are prevalent in chemistry and represent likely
intermediate structures in the Haber—-Bosch ammonia synthesis. Transition metal neutral and
ionic complexes with N2 have been studied extensively with a variety of spectroscopic
methods.??3® The effect of 5f electrons on the reactivity and catalytic activity of uranium
complexes is an area of active research.>® The 5f and 6d orbitals are found to vary in both
relative size and energy across the actinide series. The 5f orbitals are contracted and stabilized
by increasing nuclear charge more strongly than the 6d orbitals. Because of this only the first
five actinides possess 5f orbitals diffuse enough to act as valence orbitals. The role of the 5f
orbitals in covalency between uranium and N is of particular interest.*%¢ Mass spectrometry
techniques have been used to investigate several uranium ion complexes and clusters.**%? This
class of compounds has been studied in matrix isolation®®"2 in the gas phase,”®>*° and
computationally.®-%%7 In this study we employ infrared photodissociation spectroscopy to

investigate complexes of uranium cation and nitrogen.
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Liddle and coworkers have contributed a large body of work on the synthesis and
characterization of actino—nitrides such as uranium nitride.!>74446 Matrix isolation has been the
primary route of investigation for uranium nitrogen complexes.®*"? Uranium dinitride is of
particular interest because it is isoelectronic with the uranyl cation, UO2?*, which is ubiquitous in
the aqueous chemistry of uranium. Andrews and coworkers have published several papers on
the infrared spectroscopy of uranium nitride compounds in rare gas and nitrogen matrixes.%*-"°
This includes a study on molecular nitrogen complexes of uranium, uranium nitride, and uranium
dinitride.”® Gas phase spectroscopy on uranium compounds is similarly limited. Gas phase
spectroscopy has focused largely on complexes of the oxides of uranium, chiefly uranyl.”>-76.78-
828790 A study by Bowen and coworkers measured the photoelectron spectrum of the uranium
dinitride anion.® This revealed a closed shell electronic structure with uranium in the +6
oxidation state, isoelectronic with the uranyl cation. The insertion of U into N3 is found to result
in a linear structure with each nitrogen triple bonded to the uranium.

Actinides present a range of challenges for computational chemistry. Accurately
modeling the effects of relativistic electron velocity and occupied f orbitals are active areas of
research. The large number of electrons poses further issues of computational cost. Relativistic
Hamiltonians with all-electron treatments are preferred but are prohibitively expensive for large
molecules or surveying many isomers. Fully relativistic effective core potentials (ECP) reduce
computational expense but provide accurate treatment of valence electrons, where core—
correlation error is low. Previous computational work on U(N2)» molecules by Gagliardi and
coworkers used B3LYP with the SDD relativistic ECP and large Pople basis set to investigate
the many isomers and spin states possible.57° These computations predict that the fully

coordinated complex contains seven nitrogen molecules bound end-—on to the neutral uranium.
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The recently published cc—pVnZ-PP basis set using the Stuttgart/Koln fully relativistic 60
electron ECP for use with uranium is compatible with Dunning basis sets on non-relativistic
atoms such as nitrogen.%®1% Fuyrther development of computational chemistry in this field is
dependent on comparison to gas phase spectra of uranium complexes, of which there is only a
small body of work.

Infrared photodissociation spectroscopy is a technique that has been applied to transition
metal-N2 complexes.>*% These are generally observed to have an N stretch that is IR active
and a red shift of about 100 cm! compared to the free N, frequency due to interaction with the
transition metal. This technique has also been successful in previous investigations of uranium
oxide, superoxide, carbonyl, and oxide carbonyl.8>8 U*(CO)s, isoelectronic with U*(N2)s, was
observed to have a CO stretch about 60 cm™ to the red of the free CO stretch. The complexes of
V* and Nb* with N, have also been investigated.3*? In both the case of V*(N2)» and Nb*(N2)n
the N stretch was observed to become IR active and red shifted about 100 cm* due to
interaction with the transition metal cation. Comparison to DFT computations indicated nitrogen
binding end—on, with a slight lengthening of the N2 bond. The red shift and bond lengthening
are described by the Dewar—Chatt—Duncanson (DCD) model of binding, in which the ligand
donates electron density from its 6 bond and the metal back—binds to provide electron density to
the unoccupied ligand n* orbital. The effects that f electrons may have on such a bond are
investigated here in U"(N2). Infrared photodissociation spectroscopy and comparison to DFT
computations are used to investigate the structure of U*(N2), complexes and the nature of the

U™—N> bond.
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EXPERIMENTAL

Uranium cation-nitrogen complexes are produced in a pulsed supersonic expansion of
100 psi nitrogen (UHP, Airgas) with laser vaporization of uranium. A Spectra Physics INDI
laser is used to produce up to 20 mJ/pulse of 355 nm light for vaporization.!® Mass separation
and selection are carried out in a reflectron time—of—flight mass spectrometer previously
reported.!*! After mass selection, photodissociation and further mass separation of dissociation
products is conducted in the reflectron. Tunable infrared light for photodissociation is produced
with a Laser Vision OPO/OPA. Infrared radiation is passed through the photodissociation region
of the reflectron and retroreflected with a concave gold mirror to improve the photodissociation
yield. Laser radiation at 355 and 532 nm is produced by a Spectra Physics GCR-150 for
photodissociation with only one pass at energies of 0.22 — 106 MW/cm?.

Uranium cation—nitrogen complexes are investigated with B3LYP/cc—pVTZ-PP.1*? The
product of insertion chemistry, NUN™, was investigated only for the smallest complexes. The
energy of all proposed isomers of U*(N2)n (n = 1-8) were calculated for doublet, quartet, and
sextet spin states. Isomers incorporating either side—on, or end—on bonds, or both in combination
were considered and optimized without structural constraint. Vibrational frequency and natural
bond orbital (NBO) analyses were conducted on all optimized structures. A scaling factor of
0.951 was calculated by predicting the frequency of the N2 stretch at the same level of theory.

All predicted spectra are shown only in the N2 stretching region and scaled.

RESULTS AND DISCUSSION
The mass spectrum produced with uranium laser vaporization in a nitrogen supersonic

expansion is shown in Figure 4.1. The peak for U™ is off scale and about twenty times larger
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than any complex or cluster cation observed, indicating inefficient clustering with molecular
nitrogen. The mass coincidence between UN* and (N2)o" leaves some confusion as to the
identity of the small peaks between each of the numbered U*(N2)». However, the similar
intensity of the well resolved (N2)»" peaks between U?* and U" is strong evidence that all or most
of these mass coincident peaks are due to pure nitrogen cation clusters. The small peak observed
as a sharp shoulder on the left side of UO* is UN* and/or (N2)s*. Complexes of U?*(N2) were
observed with low intensity in the 100 to 200 amu range. These peaks are less intense than the
N2 cation clusters of similar mass. Complexation of U* with N2 produces only small quantities
of U*(N2)n from n = 1-8, with some slight variations in intensity. The peaks for even values of n
tend to be more intense, particularly for n = 8. With n > 8 the intensity of U*(N2), is diminished
by an order of magnitude. This is a significant indication that the fully coordinated complex is n
= 8. No such drop—off in intensity is observed for the small peaks between the numbered peaks
that may be (N2)n" or UN*(N2)n, which is further evidence for the attribution of these peaks to

pure molecular nitrogen cation clusters.
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Figure 4.1. Mass spectrum obtained using a 100 psi pure N2 expansion and laser vaporization of
uranium metal. Complexes of U*(N2), are found to be relatively intense only forn=1-8. A
large decrease in intensity observed for n > 8 may indicate that this is the fully coordinated
complex.

Fixed frequency photodissociation at multiple wavelengths was used to investigate how
photon energy affects dissociation. Difference mass spectra were calculated by subtracting the
mass spectrum observed with photodissociation from that measured without. In such mass
spectra positive peaks indicate the masses of cations formed from the dissociating species, and
negative peaks indicate the loss of signal for the dissociating species. The difference mass

spectra observed for U*(N2)s are shown in Figure 4.2. The photodissociation laser fluence power

dependence of the fragment ion peak intensity was studied for this ion. It was found that the
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relative intensity of U" to the other fragments responds non-linearly as laser power is varied for
both 532 and 355 nm photodissociation. For measurement with 355 nm, then=1, 2 and 3
fragments are observed with the same intensity relative to each other regardless of laser power.
The same is true of the n = 3 and 4 fragments observed at 532 nm. This shows that it is likely
that these fragments are all the result of a single photon process. The elimination of 6-7 N2 from
U*(N2)s with the laser photon energy of 28170 cm™ indicates an average bond energy of 11.5—
13.4 kcal/mol. The elimination of 3—4 ligands with 18800 cm™ similarly indicates 10.8-13.4
kcal/mol. The similarity of these values could be taken to indicate that the energy with which

each successive N2 bonds to U™ is very similar.

2 Photodissociation of
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Figure 4.2. Photodissociation of U*(N2)» for n = 8 measured with 355 and 532 nm Nd:YAG
harmonics and 2212 cm™ light in the infrared. The ratio of photon energy to N2 eliminated is
consistent at both 355 and 532 nm, indicating an average U*—N bond is 12.1 + 1.3 kcal/mol.
Photodissociation from the 2212 cm light is likely multiphoton in origin.
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If the average U™-N_ bond dissociation energy (BDE) is in the range of 10.8-13.4
kcal/mol, then single photon photodissociation should not be observable with infrared light in the
range of 2200 cm™%, with photon energy of 6.3 kcal/mol. The lower trace of Figure 4.2 may be
the result of single photon photodissociation, and the estimate of BDE obtained with 355 and 532
nm photodissociation would then be substantially high. Alternatively, it is possible that the
infrared dissociation is a multiphoton process, because the infrared measurements were made
using a concave folding mirror, which causes a focal point in the photodissociation region of the
mass spectrometer. In this region of the spectrum the infrared laser can produce only 1 mJ/ pulse
on average. The focused light was necessary for producing detectable photodissociation with
low laser power. It was found to produce a non-linear response in fragmentation intensity to
changes in photodissociation laser power. This is an indication of multiphoton absorption,
making this the likely process.

The small peaks between U™ and n = 1 in Figure 4.2 were determined to result from
intense photodissociation to form U™ and U*(N2) by nearby masses not fully attenuated by the
mass—selector. There is no evidence for the formation of any molecule containing an odd
number of nitrogen atoms from the photodissociation of U*(N2)s or any other investigated
complex. This is evidence for a lack of reactions between U* and N2 to would form UN*(N2)» or
NUN(N2)n. UN¥(N2)n should produce fragment ions with odd numbers of nitrogen which were
not observed. Furthermore, if the NUN™ ion is strongly bonded, like the uranyl ion, the smallest
ion produced may be n = 1, though it was observed to be U* in n = 8 in Figure 4.2, as was found
to be the case for complexes n = 1-7.

Infrared photodissociation mass spectra for U*(N2)» for n = 3-8 were measured at

the peak absorption found for each complex. Those ions larger than n = 4 all dissociate to give
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some amount of n = 4, while ions n = 4 and smaller eliminate fewer N,. This is a clear indication
that the n = 4 complex possesses some additional stability beyond that of larger complexes. This
complex would possess a halffilled inner coordination if the fully coordinated complex isn =8
as indicated by the mass spectrum in Figure 4.1. This stability may derive from a higher
symmetry structure, such as the tetrahedral or square planar configurations possible for a
tetravalent complex. If each N2 ligand donates electron density from both 7 bonds, then a total
of 21 electrons are in circulation about the uranium. This increased stability may derive from the
22—electron rule. Some actinides exhibit behavior associated with the similar 18 electron rule for
transition metals. The d orbitals in some actinides are higher in energy than the s, p, and f
orbitals, leaving a 22—electron valence shell of the s?p®f'4. Examples include
U(cyclooctatetraene)z also known as uranocene, uranium hexacarbonyl, and uranium
hexahalides, all of which are stable with 22 valence electrons interacting with uranium.

The infrared photodissociation spectra of U*(N2)» (n = 3-8) are shown in Figure 4.3.
Infrared photodissociation was not observed for complexes with n =1 or 2, and rare gas tagged
complexes were not observed. The spectrum of n = 3 is found to be more complicated than those
observed for larger complexes. The peak at 2245 cm is likely the N stretch, which is red
shifted 85 cm™ from the free N stretch at 2330 cm™, marked by the red vertical dashed line.
The low, broad features at 2194 and 2394 cm™ may be the same vibration present in multiple
isomers, or could be attributable to multiphoton absorption due to the high photodissociation
laser fluence needed to produce observable signal. This blue shifted feature is also observed for
n =4 at 2371 cm™, though significantly diminished, and is not observed for any other complex.
The N2 stretch is found to red shift slightly more as n increases from 3 to 7. This trend reaches a

maximum with the N stretch 132 cm™ to the red of the free vibration. The n =8 complex is the
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largest complex produced in the mass spectrometer with sufficient intensity to allow a spectrum
to be measured. The only observed peak is found at 2212 cm™, less red shifted than n =5, 6, or
7. This peak is also more intense and narrow which may indicate that all other complexes are
present in multiple isomers while n = 8 is not. This narrow peak may also be caused by a higher
symmetry structure in which most or all of the local N2 stretches are degenerate. This conclusion
may be warranted by comparison to spectra of U*(CO)g, which is predicted to have cubic

coordination.
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Figure 4.3. Infrared photodissociation spectra of U*(N2), for n = 3-8 in the N stretching region.
The position of the normally infrared inactive N2 stretch is marked with the red dashed line.
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Computational chemistry at the B3LYP/cc—pVTZ-PP level was used to predict the
electronic state, nuclear structure, and vibrational frequencies of U*(N2), for n = 1-8, and
NUN(N2)n-1 for n = 1-3. For all isomers of U*(N2), for which doublet, quartet, and sextet
electronic states were found to be stable, the sextet is invariably lower in energy by about 9
kcal/mol, followed by the quartet, then doublet which is usually 12 to 20 kcal/mol higher in
energy than the sextet. It should be noted that DFT tends to over—stabilize high spin states,
though this effect is unlikely to produce an error as large as 9 kcal/mol. The opposite trend is
observed for computations of NUN*(N2)n_1, where the doublet is invariably lower in energy.
This is likely due to the closed shell nature of NUN, which consists of U in the +6 oxidation state
triple bonding to two axial nitrogen atoms. Formation of NUN™ in higher spin states then
corresponds to ionization of excited states of NUN, because an ionized closed shell neutral can
only produce a doublet unless excited. lonization of this species requires the removal of an
electron from a core orbital of uranium. The ionization potential (IP) of NUN is predicted to be
about 3 eV higher than that of uranium at 6.2 eV. The NUN* doublet is expected to lie 11.9
kcal/mol above the energy of U"(N2). Low energy structures of NUN*(N2)n-1 forn =2 or 3 are
also predicted to be less stable, 9.4 and 8.3 kcal/mol higher in energy than the non—inserted
isomers.

Predicted structures of U*(N2), for n = 1-8 are shown in Figure 4.4. The isomers
presented here are predicted to be the most stable structure for each value of n. Complexesn =4
and 5 have trigonal pyramidal and trigonal bipyramidal coordination respectively. Complexes n
= 6-8 show cubic coordination with ligands bound at the corners of a cube centered on U*. The
minimum energy structures for n = 6 and 7 both have unoccupied binding sites, while n =8 is

predicted to have the symmetry of a cube, the Tq point group. These structures all consist of
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entirely end—on bonds between U* and N». This results in a slight elongation of the N2 bond by

3.3 pm in the 1a sextet. This effect decreases as n grows and N is only elongated by 0.8 pm in

the 8a sextet.

& o

1a

Figure 4.4. The lowest energy structures of U*(N2), for each value of n. The complexes shown
are all in the sextet state which was found to be the lowest energy spin state for all U"(N2)n
isomers which are stable in the sextet state. The n =4 and 5 structures show preference for
trigonal bipyramidal coordination, while n = 6, 7, and 8 successively build a square prism.

The measured spectrum of U*(N2)3 is shown in Figure 4.5 with simulated spectra
predicted for the lowest energy 3a isomer with several possible multiplicities and isomers 3b, 3c,

and 3d. The spectra predicted for isomer 3a in the sextet, quartet, and doublet states all vary

considerably, though the increase in relative energy with lower spin states makes the presence of
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these isomers less likely. The 3a sextet is predicted to show a large peak which should be
accompanied by a smaller peak higher in energy. This large peak is predicted at 2068 cm™ while
the major peak in the measured spectrum is at 2245 cm™. The spectra predicted for the 3a
quartet and doublet both have two major peaks which may explain the pair of peaks measured at
2194 and 2245 cm™t. However, like the 3a sextet these doublet and quartet state vibrations are

all far too low in energy to be considered to match experiment.
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Figure 4.5. The experimental spectrum of U*(N2)s with simulated spectra of the lowest energy
isomer, 3a, in the sextet, quartet, and doublet states. Below are simulated spectra of isomer 3b,
3c, and 3d sextets. Side—on bonding and NUN™ formation are both predicted to yield spectra
closer what was observed, though they are both predicted to lie higher in energy than the 3a
isomer.
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Other isomers which may produce a satisfactory match with experiment were explored
and several low energy isomers are shown in Figure 4.2. The 3b and 3c sextets both include one
and two N2 ligands, respectively, binding side—on. This increases the relative energy of these
isomers by 3.2 kcal/mol for 3b and 4.1 kcal/mol for 3c. These structures both predict a large
infrared absorption within 20 cm™ of the 2245 cm™ peak. The 3b and 3c isomers are both
predicted to have vibrations at about 1880 cm attributed to the stretching of the side—on bound
N2. These vibrations are expected to be much less intense than those of the end—on bound
nitrogen whose stretch occurs at 2227 cm in isomer 3b. The doublet of isomer 3d was also
investigated to see if insertion chemistry produced a stable structure that matched the
experiment. This structure is predicted to produce nearly no red shift of the N stretch in the
end—on ligands. These ligands are predicted to vibrate at 2326 cm™, nearly identical to the
frequency of the free N2 stretch at 2330 cm2. The formation of the NUN™ structure is expected
to be energetically unfavorable, decreasing the relative stability of the complex by 8.3 kcal/mol.
It should be noted that the vibration at 2336 cm™* predicted for isomer 3d is the closest any
isomer comes to explaining the origin of the peak at 2394 cm™. No predicted spectrum of any
isomer or spin state of U*(N2)3 or NUN*(N2). provides convincing evidence for the structure of
this complex.

The experimental spectrum of U*(N2)a is shown in Figure 4.6 with simulated spectra of
isomers 4a, 4c, and 4d. With this size complex and larger there are multiple ways to arrange the
end—on N2 ligands to produce isomers such as 4a and 4c, and side—on binding produces
additional isomers. The 4a and 4c isomers are both predicted to have intense absorptions which
might be attributed to the observed 2232 cm™ peak. However, as was the case with U*(N2)s,

these vibrations are predicted too far to the red of the measured absorption. The peak predicted
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at 1978 cm! for isomer 4a is not evident in the experimental data, as only baseline is observed to
the red of the 2232 cm™ peak. The 4d isomer predicts the side—on binding N2 ligands to vibrate
in the region of 1900 cm™ where no signal is found. In the predicted spectra for both U*(Nz), for
n =3 and 4, the N, in an end—on bond is expected to have a vibration over 100 cm™ to the red of
the observed peak, and the side—on binding N stretch is expected over 300 cm™ to the red of the
observed peak. It may be that these calculations over—estimate the effect of the uranium cation
on the end—on nitrogen. If this is the case, then it is plausible that isomer 4c is the observed
structure and its two peaks are simply not resolved. Furthermore, none of these spectra predict
any vibration which could provide an explanation for the peak at 2371 cm. This peak may be
the result of a combination band of the N stretch with either a U™—N stretch or U*NN bend.
Alternatively, this peak could originate from the presence of a small amount of NUN*(N2)s. The
NUN*(N2)2 spectra for isomer 3d in Figure 4.5 is predicted to yield the highest frequency N2
stretch. This may be the case for NUN*(N2)z as well, from which the 2371 cm™ peak might

originate.
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Figure 4.6. The experimental spectrum of U*(N2)s with simulated spectra of isomers 4a, 4c, and
4e sextets. No predicted spectrum provides a satisfactory match with experiment. Side—on
bonding is expected to cause a substantial N red shift in isomer 4d among others. No
photodissociation is detected in this region of the spectrum, from 1800 to 2000 cm 2.

The spectrum of U"(N2)s is shown in Figure 4.7 with predicted spectra for the three
lowest energy isomers. These spectra mark a departure from the poor matches between
experiment and theory shown in Figures 5 and 6. The assignment of the peak predicted for
isomer 8a at 2184 cm™ to that observed experimentally only 28 cm™ higher in energy is obvious.
No other isomer of this complex is predicted to produce a spectrum consisting of a single narrow

peak. The 8a isomer optimized to cubic coordination without any symmetry constraints and is
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expected to represent the fully coordinated complex. The isomers 8b and 8c both contain N3 in
the side—on position. Because of the large coordination of these complexes, side—on binding
introduces steric strain not evident for the n = 3 or 4 complexes. Rotation of two ligands from
end-on to side—on bonds results in an increase in energy by 18.5 kcal/mol for isomer 8b and 18.7
kcal/mol for isomer 8c. The similar rotation of two ligands in U*(N2)s was found to increase
energy by only 5.2 kcal/mol in the case of isomer 4d in Figure 4.6. This much larger increase in
energy for side—on bonding in n = 8 complexes is attributable entirely to steric crowding of
ligands about the uranium. This steric crowding also results in a change in coordination
geometry from cubic to square antiprismatic in isomers 8b and 8c. This was predicted to be the
stable coordination of U*(CO)g, although in that complex all carbonyl ligands are expected to
bind end-on in a U*-CO configuration.

Bond dissociation energies (BDE) for the U*(N2)n complexes are detailed in Table 4.1.
The BDE calculated for the elimination of one nitrogen from a complex with any n ligands
assumes dissociation to form the most structurally similar isomer with n—1 ligands. This value is
found to vary significantly throughout the range of isomers presented. The BDE of then=4
complexes is 14.0 kcal/mol, which is predicted to be the strongest U*— (N2) bond. This could be
attributed to stability of a complex nearing 22 electrons, though this complex is the cation of a
neutral 22—electron complex, having only 21. The average bond energies of these complexes are
calculated from the total bond energy of the complex from U* and N2 units divided by n. These
values are found to be remarkably consistent as for different values of n. This is in good
agreement with the patterns observed from 355 and 532 nm photodissociation in Figure 4.2.
Excitation at Both wavelengths removed a number of N2 ligands proportional to the photon

energy; the average BDE predicted from this experiment is 12.1 + 1.3 kcal/mol. If the lowest
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energy isomer for each complex with n Nz is considered, the range of values for average BDE is
11.3-12.2, well within the error of the experiment. This is a remarkable agreement given how
poorly these calculations predicted infrared spectra.

Table 4.1. Relative energies of isomers of U"(N2) for n = 1-8 and bond dissociation energies

(BDE) calculated for one N> ligand or as an average over all N2 ligands. All energies are listed
in kcal/mol. For brevity only the lowest energy spin state of selected isomers are presented here.

Isomer Rel. Energy BDE last N2 Mean BDE per N2
la sextet +0.0 13.1 13.1
1b doublet  +11.9 13.0 13.0
1c sextet +14.2 -1.1 -1.1
2a sextet +0.0 10.2 11.6
2b sextet +0.3 9.8 115
2¢ sextet +3.0 7.2 10.1
3a sextet +0.0 10.8 11.4
3b sextet +3.2 10.6 10.3
3c sextet +4.1 9.7 10.0
3d doublet  +8.3 11.9 12.5
4a sextet +0.0 14.0 12.0
4b sextet +1.6 12.4 11.6
4c sextet +4.1 9.9 11.0
5a sextet +0.0 13.1 12.2
5b sextet +1.7 11.4 11.9
5c sextet +8.0 10.3 10.6
6a sextet +0.0 10.4 11.9
6b sextet +0.1 10.3 11.9
6¢C sextet +1.2 10.9 11.7
7a sextet +0.0 10.4 11.7
7b sextet +13.8 9.7 7.0
7c sextet +20.0 4.9 8.9
8a sextet +0.0 8.7 11.3
8b sextet +18.5 4.0 9.0
8c sextet +18.7 3.7 9.0

These computational results show excellent agreement with the experimentally
determined average bond energy, but poor agreement with infrared spectra. Disagreement

between theory and experiment in the infrared spectra is found to be substantially worse in the

85



smaller complexes, but much better for the n=8 complex. While the agreement between
experiment and theory could be improved upon, the 28 cm™ error for n = 8 marks a large
improvement on the accuracy of predictions for smaller complexes shown in Figures 4.5 and 4.6.
A systematic error is observed infrared spectra predicted for U(N2)» complexes with
B3LYP/cc—pVTZ-PP. As n decreases from 8, the N> stretch is predicted increasingly to the red
of the observed peak. The smallest complex for which spectra were measured is the n = 3, which
is predicted to vibrate 180 cm™ to the red of the observed vibration. The B3LYP/cc—pVTZ-PP
calculations used to make these predictions was compared to prior predictions and published
infrared gas phase spectra of uranium complexes. However, few gas phase infrared spectra of

uranium cation complexes have been published.
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Figure 4.7. The experimental spectrum of U+(N2)8 with simulated spectra of isomers 8a, 8b,
and 8c sextets. The predicted band position for the cubic isomer 8a is close to the observed peak,
while the less symmetric isomers predicted would all be predicted to yield more complex
spectra.
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The only previous vibrational spectroscopy on small uranium cation complexes is our
work on U*(CO)s, UO2*(CO)s, UO4*, and UOs*.8>8 This spectroscopy was accompanied by
infrared transitions predicted with the PBE functional with VTZP on carbon and oxygen with
SDD on uranium. To validate the theoretical methods used in the present work on nitrogen
complexes, we have re—investigated the spectroscopy of these complexes studied previously.
The B3LYP/cc—pVTZ-PP predictions are seen to be in good agreement with experiment in
Figures 4.8 through 4.11. It is also shown that these B3LYP calculations are an improvement on
the PBE results originally published with the spectra. For B3LYP calculations the scaled
vibrations are lower in frequency than experiment for seven of the eight vibrations observed in
Figures 4.8 through 4.11. This trend was observed for U*(N2)s in Figure 4.7 in which the N2
stretch was predicted to be 28 cm™ lower in energy than was observed. These complexes are
fully coordinated in the case of U*(CO)s, UO>"(CO)s, and U*(N2)s, and nearly so for UO."(O.)
and UO*(02)2. There are no published spectra of incompletely coordinates U* complexes with
which to evaluate these computational methods. The accuracy of B3LYP calculations seems to

improve for UOs* over UO4*, with average absolute errors of 9 and 32 cm™? respectively.
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Figure 4.8. Infrared photodissociation spectrum of U*(CO)s with simulated spectra calculated at
two levels of theory. The PBE functional with VTZP on carbon and oxygen and SDD on
uranium are shown with B3LYP/cc—pVTZ-PP.
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Figure 4.9. Infrared photodissociation spectrum of UO."(CO)s with simulated spectra calculated
at two levels of theory. The PBE functional with VTZP on carbon and oxygen and SDD on
uranium are shown with B3LYP/cc—pVTZ-PP.

2176

89



1015
UO4Ar2+
1163
. 1929
1001
UO,*(Oy)
PBE/VTZP(C,0) 1216
SDD(U) - L
UL
967
UO,*(0y)
B3LYP/cc-pVTZ-PP
1157
!

IllllllllllllllllllllllIIIIII

600 800 1000 1200 1400 1600 1800 2000

cm’’
Figure 4.10. Infrared photodissociation spectrum of U*(O)4 with simulated spectra calculated at
two levels of theory. The PBE functional with VTZP on carbon and oxygen and SDD on
uranium are shown with B3LYP/cc—pVTZ-PP.
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Figure 4.11. Infrared photodissociation spectrum of U*(O)s with simulated spectra calculated at
two levels of theory. The PBE functional with VTZP on carbon and oxygen and SDD on
uranium are shown with B3LYP/cc—pVTZ-PP.
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The errors in the vibrational frequency observed for prediction of U*(N2), are larger with
fewer ligands, though it is not clear why this should be the case. Any of the approximations that
are used to make actinide theory on large molecules computationally affordable may be at fault.
This includes the use of an ECP and the implicit neglect of core—valence correlation. The
electronic state of U* is most likely better represented with a multireference wavefunction.
Strong field spin—orbit interaction in uranium causes further coupling between states of different
multiplicity. Multireference calculations and appropriate treatment of spin—orbit coupling are
unaffordable in complexes containing more than two or three atoms in addition to uranium.
While this level of theory appears to perform well in fully coordinated complexes, smaller

complexes may require more rigorous treatment in the future.

CONCLUSIONS

Laser vaporization and supersonic expansion were used to produce U*(N2), complexes
for n = 1-8. These complexes were mass selected and studied via photodissociation in a mass
spectrometer. Fixed frequency photodissociation shows that all molecular nitrogen bound to
uranium is readily eliminated. Photodissociation to eliminate only N2 and never N indicates a
lack of insertion of U* into the N2 bond to form uranium nitride or dinitride. A consistent ratio
of photon energy to N2 ligands eliminated across multiple complexes and laser powers was found
with 355 and 532 nm photodissociation. This provided a convenient method of estimating an
U*—N average bond dissociation energy of 12.1 + 1.3 kcal/mol. The infrared photodissociation
spectra show that the N stretch becomes infrared active and red shifts 100 to 130 cm™ because
of interaction with uranium cation. Computations at the B3LYP/cc—pVTZ-PP level are used to

predict that the sextet U"(N2)s is a fully coordinated with eight N2 bound end on with cubic
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coordination. These calculations were found to predict an exaggerated redshift for smaller
complexes for which agreement between experiment and theory was not found. However, these
calculations did correctly predict a fully coordinated complex. Furthermore, predictions of
average BDE place it in the range 11.3-12.2 kcal/mol for n = 1-8. The predicted value is
consistent between complexes of different size, and consistent with estimates of average U™-N>
BDE obtained with 355 and 532 nm fixed frequency photodissociation. Given the failure of
theory to reproduce infrared spectra these seemingly accurate bond energies may be a fortuitous
result, having no basis in a sound treatment of the electronic structure of the complex, and this
issue certainly warrants further investigation. Future experiments will seek to validate the
accuracy of this level of theory in predicting infrared spectra of gas phase U complexes.
Further research into the possible formation and spectroscopy of NUN* complexes or UsNm*

clusters would be more broadly applicable.
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CHAPTER 5
CONCLUSION

The goal of the research presented in this dissertation is to develop a better understanding
of the chemistry of uranium. This is motivated by the possibility of novel chemistry involving
the f orbitals, and the implications such chemistry may have towards environmental remediation
and new catalysts. The chemistry of two uranium bearing systems has been explored. In
chapter 3 the stability of cluster cations of uranium oxides were examined with fixed—frequency
photodissociation. In chapter 4 the structure of uranium complexes with molecular nitrogen was
determined with tunable infrared photodissociation, and the bond energies were experimentally
determined using fixed frequency photodissociation.

Clusters of UnOm"™ were mass selected no hyphen and photodissociated with 355 nm laser
light. This invariably yielded fragment cations UO."(UQOz)n, which were determined to represent
the most stable stoichiometry for cluster cations containing uranium oxides.! Photodissociation
of (UO3)n* was found to produce additional fragment cations with the same 3:1 ratio of O:U.
This is presumed to result from increased stability of (UO3), which is eliminated during
photodissociation of (UOs3)a". The structure of the complexes was investigated with
computational quantum chemistry. B3LYP/cc—pVTZ-PP calculations predict that these (UO3)n
clusters are composed of repeating units of UO2, which is linear and strongly resembles uranyl.
These UO> units in the =6 oxidation state bind through oxygen atoms bonding to two uranium
atoms simultaneously. Cluster cations contain charge which is highly localized to the f orbitals

of one uranium, resulting in structures containing (UO3), with a UO* charge center in a =5
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oxidation state. The consistent stability of (UOs)» and the +6 oxidation state marks a sharp
departure from the behavior of bulk uranium oxides. Naturally occurring uranium is found as
pitchblende, UO>, containing uranium in the +4 oxidation state. On exposure to air pitchblende
oxidizes U3Og containing uranium in both the +5 and +6 oxidation states. The apparent stability
of multiple oxidation states of uranium is a characteristic of the bulk material, and as particle size
approaches the size of clusters studied only the +6 oxidation state is stable in neutral clusters.

Complexes of U*(N2)n were studied with mass—selected infrared photodissociation
spectroscopy. The mass spectrum shows U*(N2)g is intense relative to larger complexes, which
indicates that it represents a fully coordinated complex. Fixed frequency photodissociation with
355 and 532 nm revealed a consistent ratio of photon energy to the number of N eliminated.
This allowed for a measurement of U*(N2) bond energy of 12.1 + 1.3 kcal/mol. Furthermore,
photodissociation with an excess of photon energy and laser fluence resulted in elimination only
of even numbers of nitrogen atoms. Had there been NUN™ present loss of an odd number of
nitrogen atoms should have been observed. Because the infrared photon energy is too low to
reach the bond dissociation energy (BDE) of 12.1 + 1.3 kcal/mol, the infrared spectra were likely
obtained through multiphoton absorption. These spectra reveal that bonding to U* causes the N2
stretch to become IR active and red shifts it by 100-130 cm™. U*(N2)n (n = 1-8) NUN*(N2)n 1
(n = 1-3) were studied computationally with B3LYP/cc—pVTZ-PP. Side—on bonds allow U* to
interact with the 7 system of N2 but is not energetically favorable and was not observed
spectroscopically. Insertion of U™ into N2 was also found to result in a rise in energy despite the
stability of UN,. End on bonding of N, to ®U* was found to result in the lowest energy isomer
for all values of n. This is predicted to result in a coordination that first builds to a trigonal

bipyramid for n = 5, then incorporation of additional N2 results in a cubic coordination for n = 8.
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The U*(N2) BDE was predicted to be 11.3-12.2 kcal/mol for n = 1-8, which is in good
agreement with experiment. The infrared spectra predicted by these calculations were found to
agree with experiment well in fully coordinated complexes such as U*(N2)s. Comparison to
previously measured gas phase infrared spectra also revealed good agreement between
predictions made by this level of theory and U*(CO)s and UO2*(CO)s. A systematic
underprediction of vibrational frequencies of about 20 cm™ was identified. However, in partially
coordinated complexes these calculations failed to produce a satisfactory prediction of infrared
spectra. Infrared absorption for partially coordinated complexes is consistently predicted over
100 cm to the red of the observed peaks.

There is an urgent need for gas phase spectroscopy of uranium ion containing complexes,
both so that it can be better understood and so that computational methods can be improved. The
number of researchers working in this field is highly limited. Wang and coworkers have
measured the photoelectron spectra to investigate the electronic structure of several important
uranium containing ions.2”" This research is intended to study uranium oxides and halides, both
of which are common in the mining and processing or uranium. Additional photoelectron
spectra have been measured by Heaven and coworkers, and Bowen and coworkers.2?! Research
using photoelectron and photoionization is limited in scope by the accuracy with which the
complicated electronic structure of uranium can be treated computationally. Most research using
gas phase electronic spectroscopy techniques on uranium is limited to diatomic and triatomic
systems where expensive calculations can be implemented. Alternatively, the electronic
spectroscopy of uranium hexahalides and dioxides generally contains uranium in the +6
oxidation state. Uranium in the +6 oxidation state is closed shell, having shared all valence

electrons in ionic bonds, resulting in significant simplification to observed spectra.
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Additional gas phase spectroscopy has been published by van Stipdonk, Oomens,
Groenewald, Gibson, and coworkers in the infrared.?>3! These spectra use the FELIX free
electron laser, and generally have broad infrared transitions. Use of an electrospray source on
this instrument results in ions which are substantially hotter than those produced in a supersonic
expansion. Furthermore, electrospray ionization generally uses an aqueous sample which results
in the exclusive formation of uranyl. While the ubiquity of uranyl complexes in aqueous
chemistry means that the study of their spectroscopy is valuable, the study of uranium cation
complexes has been neglected. Gas phase infrared spectra published by Duncan and coworkers
are well resolved because of the narrower linewidth afforded by an OPO/OPA laser. 3> The use
of supersonic expansion cools ions and reduces the number of occupied rovibrational states also
aids in obtaining well resolved spectra. Future implementation of OPO lasers operating in the
visible and ultraviolet open the possibility of electronic photodissociation spectroscopy of cold
ions in the future.

To our knowledge, the publication of spectra of U*(N2)» marks the first publication of gas
phase spectra of partially coordinated U* complexes. Computational treatment that can
accurately predict infrared spectra of fully coordinated complexes produces unsatisfactory results
in smaller complexes. This discrepancy may not result simply from the degree of coordination
but may also result from any of the approximations employed. Inexpensive computational
treatment of relatively large molecules like U*(N2)s requires the neglect of multireference
electronic states, spin—orbit and spin—spin couplings, and relativistic effects on valence electrons.
This is in addition to more commonly employed tools like scaling harmonic frequencies, frozen
core approximation, and the Born—-Oppenheimer approximation. Investigation into the source of

this computational error is the next step in furthering the research on gas phase U* chemistry.
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Quantum chemistry calculations employing various approximations need to be benchmarked

against experimental spectra of gas phase uranium complexes with a variety of ligands and

coordination numbers. There are not enough known infrared spectra to make the results of such

a computational study meaningful, so more gas phase infrared spectra of other U* or Th*

complexes need to be measured.
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APPENDIX A
EXAMPLE GAUSSIANQO9 CALCULATION OF A URANIUM COMPLEX
An example of a Gaussian16 input file used to efficiently optimize ®U*(N2) is shown
below in italics. Notes on the function of each section of code are inserted above without italics.
This input file contains five sections separated by “--link1--" which all use the same checkpoint
file (%Chk=U_N2_sextet.chk), memory (%omem=7GB), and number of processors in parallel
(%nprocshared=4). It is necessary to structure calculations like this to perform the
wavefunction stability test, and to speed optimization by initially using a smaller basis set. The
first section performs a wavefunction stability test at the B3LYP/cc—pVDZ-PP level. The #p
keyword is required to include computational timing and SCF convergence data in the log file.
The B3LYP functional and the manually input basis are called by b3lyp/genecp. The
wavefunction stability test, stable=opt, must be run without symmetry, nosymm. Constrained
symmetry imposed on the electronic structure (density matrix) and may lead to spurious results.
The keyword line used in increase the integration grid resolution is
integral(grid=superfine,NoXCTest). The default integration grid size is inappropriate for most
calculations and must be increased to ultrafine at a minimum. In the case of actinides, a superfine
grid is usually appropriate. NoXCTest is included to prevent errors during slow SCF or DFT
convergence common in actinides. The final keyword line is
scf(maxconventionalcycles=500,xgc,damp,ndamp=200,tight,maxcycles=10000) which includes
several options that aid in convergence on an electronic structure. maxconventionalcycles=500

increases the number of SCF or DFT iterations before the quadratic convergence algorithm is

117



implemented by xqc. damp instructs Gaussian16 to limit changes in the electron density matrix
and is on by default but only for the first 10 iterations. Extending this to 200 iterations with
ndamp=200 slows SCF and DFT convergence but reduces numerical error. This likely extends
this calculation by a matter of seconds. tight SCF and DFT convergence is called for because
structural optimization will later also specify tight convergence thresholds. maxcycles=10000
prolongs the calculation in the common case of slow convergence. The #p, b3lyp/genecp,
integral, and scf,keywords remain unchanged in all five sections of this input file. The line
reading insert text is may be used for notes but cannot be left absent or blank. The charge,
multiplicity, atomic numbers and Cartesian coordinates of nuclei are listed below.

%Chk=U_N2_sextet.chk

%mem=7GB

%nprocshared=4

#p b3lyp/genecp stable=opt nosymm integral(grid=superfine,NoXCTest)

scf(maxconventionalcycles=500,xgc,damp,ndamp=200,tight,maxcycles=10000)

insert text

16

92  0.000000000 0.000000000  0.000000000

6 3.000000000  0.000000000  0.000000000

6 4.200000000  0.000000000  0.000000000

The basis set input is below. The cc—pVDZ basis is specified for hydrogen and carbon
without need to input numerical values. The valence basis set for uranium is copied from a
database produced by Hill and coworkers. This repository of relativistic correlation includes the
cc—pVnZ-PP basis sets of Peterson which are not available in the EMSL basis set exchange.
Below this is the ECP input section. The ECP60MDF parameters and formatting are copied

from the database produced by Dolg and coworkers. The 60—electron fully relativistic ECP is

preferred for all calculations. It replaces fewer electrons than other available ECPs of similar
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accuracy, and the fully relativistic calculation used to produce the parameters of the ECP is more
accurate than other methods previously implemented.

HO
cc—pvdz

Co
cc—pvdz
uo
S141.00

3.212010E+04
4.835380E+03
1.107940E+03
3.161190E+02
5.609150E+01
3.510380E+01
2.198910E+01
1.030160E+01
2.739410E+00
1.434630E+00
6.106860E-01
2.763810E-01
5.705200E-02
2.334200E-02
S141.00
3.212010E+04
4.835380E+03
1.107940E+03
3.161190E+02
5.609150E+01
3.510380E+01
2.198910E+01
1.030160E+01
2.739410E+00
1.434630E+00
6.106860E-01
2.763810E-01
5.705200E-02
2.334200E-02
S141.00
3.212010E+04
4.835380E+03
1.107940E+03
3.161190E+02

3.9000000E-05
2.8200000E-04
1.2580000E-03
2.6430000E-03
4.0059000E-02
—2.4831200E-01
6.5642500E-01
—1.1390300E+00
1.0393670E+00
3.7145100E-01
4.3863000E-02
1.6592000E-02
1.7280000E-03
5.3800000E-04

—3.0000000E-05
—2.2800000E-04
—9.3000000E-04
—2.3320000E-03
—1.7449000E-02
1.1691900E-01
—-3.4608200E-01
6.9333300E-01
—-1.0201010E+00
—-3.6711200E-01
8.5601400E-01
4.7827700E-01
1.3394900E-01
6.8713000E-02

1.5000000E-05
1.1200000E-04
4.5000000E-04
1.1550000E-03
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5.609150E+01
3.510380E+01
2.198910E+01
1.030160E+01
2.739410E+00
1.434630E+00
6.106860E-01
2.763810E-01
5.705200E-02
2.334200E-02
S141.00
3.212010E+04
4.835380E+03
1.107940E+03
3.161190E+02
5.609150E+01
3.510380E+01
2.198910E+01
1.030160E+01
2.739410E+00
1.434630E+00
6.106860E-01
2.763810E-01
5.705200E-02
2.334200E-02
S11.00
2.334200E-02
P 13 1.00
4.549280E+02
1.063200E+02
2.584910E+01
1.616450E+01
1.011100E+01
6.326010E+00
3.093820E+00
1.633020E+00
7.914730E-01
3.836060E-01
1.778290E-01
5.572800E-02
2.121900E-02
P 13 1.00
4.549280E+02
1.063200E+02
2.584910E+01
1.616450E+01

7.6020000E-03
—5.1846000E-02
1.5714900E-01
—-3.2307700E-01
5.1106000E-01
2.0099400E-01
—5.9232700E-01
—4.5856800E-01
7.4640800E-01
4.4966800E-01

—3.4000000E-05
—2.5900000E-04
—1.0610000E-03
—2.6570000E-03
—1.7361000E-02
1.1136300E-01
—-3.3421600E-01
7.0871200E-01
—1.4845000E+00
4.9568000E-02
2.7876600E+00
—2.1349260E+00
—6.7740800E-01
1.0971260E+00

1.0000000E+00

2.4000000E-04
1.2790000E-03
—1.8383000E-02
1.9759000E-01
—4.9023300E-01
2.9013000E-02
6.7499700E-01
4.4001000E-01
7.7394000E-02
2.1638000E-02
9.6910000E-03
4.3700000E-04
—6.0000000E—-06

—1.5500000E-04
—6.9000000E-04
6.7870000E-03
—1.0183900E-01



1.011100E+01
6.326010E+00
3.093820E+00
1.633020E+00
7.914730E-01
3.836060E-01
1.778290E-01
5.572800E-02
2.121900E-02
P 13 1.00
4.549280E+02
1.063200E+02
2.584910E+01
1.616450E+01
1.011100E+01
6.326010E+00
3.093820E+00
1.633020E+00
7.914730E-01
3.836060E-01
1.778290E-01
5.572800E-02
2.121900E-02
P 13 1.00
4.549280E+02
1.063200E+02
2.584910E+01
1.616450E+01
1.011100E+01
6.326010E+00
3.093820E+00
1.633020E+00
7.914730E-01
3.836060E-01
1.778290E-01
5.572800E-02
2.121900E-02
P11.00
2.121900E-02
D91.00
8.282420E+01
1.765580E+01
9.772590E+00
3.595110E+00
1.873000E+00
9.169040E-01

2.9290300E-01
—6.2231000E-02
—4.7373800E-01
—-3.1240300E-01
3.6893300E-01
6.1737700E-01
2.5899200E-01
1.8542000E-02
—1.6990000E-03

4.1000000E-05
1.6000000E-04
—1.2250000E-03
2.3619000E-02
—7.0784000E-02
1.3779000E-02
1.2842400E-01
7.4143000E-02
—1.0889800E-01
—2.6085800E-01
—6.9155000E-02
6.0807000E-01
5.1786500E-01

1.3500000E-04
4.0700000E-04
—1.5300000E-03
6.4934000E-02
—2.0720100E-01
3.0385000E-02
4.4040200E-01
2.2929300E-01
—6.9741100E-01
—4.9874000E-01
6.8679700E-01
6.3386700E-01
—2.4468000E-02

1.0000000E+00

1.1800000E-03
2.4028000E-02
—-1.0640700E-01
4.0578300E-01
5.0382400E-01
2.1535100E-01
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3.847570E-01
1.497800E-01
5.412200E-02
D 91.00
8.282420E+01
1.765580E+01
9.772590E+00
3.595110E+00
1.873000E+00
9.169040E-01
3.847570E-01
1.497800E-01
5.412200E-02
D91.00
8.282420E+01
1.765580E+01
9.772590E+00
3.595110E+00
1.873000E+00
9.169040E-01
3.847570E-01
1.497800E-01
5.412200E-02
D11.00
5.412200E-02
F 81.00
4.514350E+01
1.550220E+01
5.859440E+00
2.786150E+00
1.341820E+00
6.184540E-01
2.661430E-01
1.009820E-01
F 8 1.00
4.514350E+01
1.550220E+01
5.859440E+00
2.786150E+00
1.341820E+00
6.184540E-01
2.661430E-01
1.009820E-01
F11.00
1.009820E-01
G11.00

2.2675000E-02
—6.2500000E-04
2.1200000E-04

—4.8800000E-04
—6.4480000E-03
3.1717000E-02
—-1.5249400E-01
—-1.7763700E-01
5.0268000E-02
4.2168600E-01
5.1077900E-01
2.2820900E-01

1.1890000E-03
8.2190000E-03
—5.3112000E-02
2.6981500E-01
5.5125300E-01
—7.3682500E-01
—6.2067800E-01
6.4165500E-01
3.2769500E-01

1.0000000E+00

2.7140000E-03
1.8290000E-02
7.7353000E-02
2.7005600E-01
3.7709600E-01
3.3401600E-01
2.0505900E-01
6.8957000E-02

—3.3120000E-03
—2.1223000E-02
—1.0010900E-01
—-3.1128000E-01
—-3.6669700E-01
2.2457700E-01
5.4064100E-01
3.0290800E-01

1.0000000E+00
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9.610000E-01  1.0000000E+00

*hkk

uo

ECP60MDF 5 60
H-Komponente

1

2 1.00000000 0.00000000
S-H

4

2 16.91870874 529.53526911
2 3.40970576 4.27018845
2 0.79302733 0.09998874
2 0.19378381 0.00626781
P—H

8

2 13.16953414 100.93359134
2 10.60784728 175.95423897
2 2.69049397 —-0.00210787
2 2.08929800 —-0.19041648
2 0.54050990 0.00494627
2 0.40482776 —0.01652483
2 0.11250285 0.00082033
2 0.09508873 —0.00100028
D-H

8

2 9.06784123 62.85927902
2 8.53362678 90.20882494
2 1.63646790 —0.08282418
2 1.54425719 -0.15307917
2 0.47961552 —0.00008720
2 0.41164502 0.00484078
2 0.13990510 —-0.00006136
2 0.17494682 —0.00240839
F-H

8

2 5.14746012 15.68628229
2 5.29241394 22.32105345
2 1.05726701 —0.20689333
2 0.98063114 —0.08434451
2 0.48259555 0.06084446
2 0.55434882 0.00231264
2 0.23674544 —0.00204069
2 0.21559852 0.00348388
G-H

6
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2 18.83643086 —44.41029420
2 18.74850924 —53.65339478
2 6.49279545 —2.55219343

2 6.57472519 —3.34380088

2 2.58151924 0.04527524

2 2.58690949 0.05637947

This is the second input section which instructs Gaussian16 to optimize the geometry of
U*(N) at the B3LYP/cc—pVDZ-PP level. The nosymm and stable=opt commands are removed
and opt(maxcyc=1000) is included. This allows the geometry optimization to continue not up to
1000 iterations, but to an internal maximum calculated by Gaussian16. The guess=read, genchk
and geom=allcheck keywords call for the electronic structure, basis set and ecp, and geometry,
respectively, from the checkpoint file.

—Ilinkl—

%Chk=U_N2_sextet.chk

%mem=7GB

%nprocshared=4

#p b3lyp/genecp opt(maxcyc=1000) integral(grid=superfine,NoXCTest)

scf(maxconventionalcycles=500,xgc,damp,ndamp=200,tight) guess=read genchk

geom=allcheck

This third section includes the pop(full,nbo) keyword which commands Gaussian 16 to
perform a natural bond orbital (NBO) calculation. full indicates that the NBO analysis should
include printed output from all orbitals and include data necessary to render images of molecular
orbitals. The gfinput keyword results in the basis set being printed in the log file which is
necessary to produce imaged of molecular orbitals. The NBO output also includes useful data
such as the electron configuration, natural charge, natural spin, and covalency of each atom.

—Ilinkl—

%Chk=U_N2_sextet.chk

%mem=7GB

%nprocshared=4

#p b3lyp/genecp pop(full,nbo) gfinput integral(grid=superfine,NoXCTest)

scf(maxconventionalcycles=500,xgc,damp,ndamp=200,tight) guess=read genchk
geom=allcheck
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The fourth section performs a second wavefunction stability analysis, but uses the
previously optimized geometry and electronic state as a starting point. Large changes in
geometry can result from optimization of guesses at the structure of a molecule. It is necessary
to perform the wavefunction stability test after large geometry changes because there may be an
accompanying change in electronic structure. This second stability test is performed with a
larger basis set, cc—pVTZ-PP, to produce more accurate final results. The use of guess=read
and geom=allcheck replaces the notes, charge, multiplicity, and geometry input sections. The
basis set values for uranium have been replaced with the appropriate triple zeta values, but the
ECP is the same.

—Ilinkl—

%Chk=U_N2_sextet.chk

%mem=7GB

%nprocshared=4

#p b3lyp/genecp nosymm stable=opt integral(grid=superfine, NoXCTest)

scf(maxconventionalcycles=500,xgc,damp,ndamp=200,tight,maxcycles=10000)
guess=read geom=allcheck

HO

cC—pvtz

co

cc—pvitz

*kkkx

uo

S171.00
3.616890E+04  3.4000000E-05
5.356190E+03 2.5400000E-04
1.200140E+03 1.1660000E-03
3.279790E+02 2.8030000E-03
5.360230E+01 4.1117000E-02
3.350810E+01 -2.8217500E-01
2.095960E+01 8.8255400E-01
1.311150E+01 -7.8322900E-01
8.199450E+00 -6.2706700E-01
3.147330E+00 8.3919400E-01
1.817930E+00 5.6194800E-01

125



1.051480E+00
5.048720E-01
2.476910E-01
7.653400E-02
3.885000E-02
1.843300E-02
S171.00
3.616890E+04
5.356190E+03
1.200140E+03
3.279790E+02
5.360230E+01
3.350810E+01
2.095960E+01
1.311150E+01
8.199450E+00
3.147330E+00
1.817930E+00
1.051480E+00
5.048720E-01
2.476910E-01
7.653400E-02
3.885000E-02
1.843300E-02
S171.00
3.616890E+04
5.356190E+03
1.200140E+03
3.279790E+02
5.360230E+01
3.350810E+01
2.095960E+01
1.311150E+01
8.199450E+00
3.147330E+00
1.817930E+00
1.051480E+00
5.048720E-01
2.476910E-01
7.653400E-02
3.885000E-02
1.843300E-02
S171.00
3.616890E+04
5.356190E+03
1.200140E+03

1.0237400E-01
3.4399000E-02
1.1568000E-02
1.4140000E-03
9.3000000E-04
4.8800000E-04

—2.6000000E-05
—2.0200000E-04
—8.9800000E-04
—2.3210000E-03
—2.2696000E-02
1.5505800E-01
-5.1725100E-01
5.2328700E-01
3.4592600E-01
—6.9974300E-01
—7.6672900E-01
2.3752700E-01
8.1309000E-01
3.1403300E-01
7.9023000E-02
1.0143700E-01
3.8387000E-02

1.3000000E-05
1.0100000E-04
4.4600000E-04
1.1670000E-03
1.0554000E-02
—7.2022000E-02
2.4308300E-01
—2.4965400E-01
—-1.6519200E-01
3.5630000E-01
4.0770900E-01
—1.4490300E-01
—5.9395200E-01
—3.7252900E-01
3.8149500E-01
6.2074900E-01
2.2238400E-01

2.9000000E-05
2.2700000E-04
1.0010000E-03
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3.279790E+02
5.360230E+01
3.350810E+01
2.095960E+01
1.311150E+01
8.199450E+00
3.147330E+00
1.817930E+00
1.051480E+00
5.048720E-01
2.476910E-01
7.653400E-02
3.885000E-02
1.843300E-02
S171.00
3.616890E+04
5.356190E+03
1.200140E+03
3.279790E+02
5.360230E+01
3.350810E+01
2.095960E+01
1.311150E+01
8.199450E+00
3.147330E+00
1.817930E+00
1.051480E+00
5.048720E-01
2.476910E-01
7.653400E-02
3.885000E-02
1.843300E-02
S11.00
1.843300E-02
P 16 1.00
1.075000E+03
2.486820E+02
7.146260E+01
2.677310E+01
1.673900E+01
1.046780E+01
6.546410E+00
3.469440E+00
1.947820E+00
1.060150E+00
5.558950E-01

2.6360000E-03
2.2035000E-02
—-1.4747100E-01
5.0456500E-01
—5.4559600E-01
—3.1829000E-01
8.6033000E-01
1.2544620E+00
—-1.6201240E+00
—1.5474120E+00
1.7222350E+00
1.0623700E+00
—9.5939700E-01
—3.7543100E-01

—4.4000000E-05
—3.3500000E-04
—1.5270000E-03
—3.8020000E-03
—3.8822000E-02
2.4222100E-01
—8.0587300E-01
9.7326400E-01
2.3758700E-01
—1.2238870E+00
—2.5904180E+00
5.7694510E+00
—2.4366040E+00
—-1.5661670E+00
2.9085710E+00
—-1.1697730E+00
—5.9743300E-01

1.0000000E+00

6.6000000E—-05
4.3500000E-04
1.8520000E-03
—2.4209000E-02
1.9615700E-01
—4.2791900E-01
—7.6839000E-02
5.6237200E-01
5.1492200E-01
1.4650000E-01
2.8086000E-02
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2.907100E-01
1.492260E-01
7.222100E-02
3.418900E-02
1.558900E-02
P 16 1.00
1.075000E+03
2.486820E+02
7.146260E+01
2.677310E+01
1.673900E+01
1.046780E+01
6.546410E+00
3.469440E+00
1.947820E+00
1.060150E+00
5.558950E-01
2.907100E-01
1.492260E-01
7.222100E-02
3.418900E-02
1.558900E-02
P 16 1.00
1.075000E+03
2.486820E+02
7.146260E+01
2.677310E+01
1.673900E+01
1.046780E+01
6.546410E+00
3.469440E+00
1.947820E+00
1.060150E+00
5.558950E-01
2.907100E-01
1.492260E-01
7.222100E-02
3.418900E-02
1.558900E-02
P 16 1.00
1.075000E+03
2.486820E+02
7.146260E+01
2.677310E+01
1.673900E+01
1.046780E+01

1.7113000E-02
4.5670000E-03
6.2500000E-04
—1.6000000E-05
1.7000000E-05

—3.7000000E-05
—2.8700000E-04
—9.2000000E-04
1.0431000E-02
—-1.0419900E-01
2.6332900E-01
—3.4920000E-03
—3.7805300E-01
—4.0371000E-01
9.5407000E-02
5.2492500E-01
4.5008200E-01
1.4095400E-01
1.4852000E-02
1.6140000E-03
1.2000000E-05

9.0000000E-06
7.3000000E-05
2.2300000E-04
—2.4360000E-03
2.5549000E-02
—6.6316000E-02
2.8050000E—-03
9.7253000E-02
1.0826100E-01
—3.7564000E-02
—1.7543900E-01
—2.0046600E-01
—4.1542000E-02
3.3476400E-01
5.7774500E-01
2.3752800E-01

3.0000000E-05
2.1800000E-04
7.9200000E-04
—9.0480000E-03
8.7386000E-02
—2.3034800E-01
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6.546410E+00
3.469440E+00
1.947820E+00
1.060150E+00
5.558950E-01
2.907100E-01
1.492260E-01
7.222100E-02
3.418900E-02
1.558900E-02
P 16 1.00
1.075000E+03
2.486820E+02
7.146260E+01
2.677310E+01
1.673900E+01
1.046780E+01
6.546410E+00
3.469440E+00
1.947820E+00
1.060150E+00
5.558950E-01
2.907100E-01
1.492260E-01
7.222100E-02
3.418900E-02
1.558900E-02
P11.00
1.558900E-02
D 11 1.00
1.982880E+02
5.942420E+01
1.621310E+01
9.805410E+00
3.793560E+00
2.111500E+00
1.122010E+00
5.600260E-01
2.487660E-01
1.049670E-01
4.197000E-02
D 11 1.00
1.982880E+02
5.942420E+01
1.621310E+01
9.805410E+00

4.1458000E-02
2.7483400E-01
4.6495700E-01
—4.0386700E-01
—7.1416900E-01
1.8213000E-02
4.8091000E-01
5.3233500E-01
1.0792500E-01
4.7870000E-03

—4.9000000E-05
—3.5800000E-04
—1.2380000E-03
1.4325000E-02
—-1.4469200E-01
4.0168300E-01
—-1.2170700E-01
—4.4915100E-01
—9.0042300E-01
1.5187770E+00
7.5757500E-01
—1.6040800E+00
—3.2845900E-01
8.4877900E-01
2.3592800E-01
5.1270000E-03

1.0000000E+00

2.3000000E-04
1.4760000E-03
2.9669000E—-02
—1.1645900E-01
3.3957200E-01
4.7821600E-01
2.7211200E-01
5.8394000E-02
2.7160000E-03
1.7700000E-04
—7.4000000E-05

—6.1000000E-05

—6.3400000E-04

—8.1600000E—-03
3.5449000E-02
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3.793560E+00
2.111500E+00
1.122010E+00
5.600260E-01
2.487660E-01
1.049670E-01
4.197000E-02
D 11 1.00
1.982880E+02
5.942420E+01
1.621310E+01
9.805410E+00
3.793560E+00
2.111500E+00
1.122010E+00
5.600260E-01
2.487660E-01
1.049670E-01
4.197000E-02
D 11 1.00
1.982880E+02
5.942420E+01
1.621310E+01
9.805410E+00
3.793560E+00
2.111500E+00
1.122010E+00
5.600260E-01
2.487660E-01
1.049670E-01
4.197000E-02
D11.00
4.197000E-02
F 10 1.00
1.532310E+02
4.507950E+01
1.777060E+01
7.686250E+00
3.592430E+00
1.850530E+00
9.300490E-01
4.469020E-01
2.013310E-01
8.087300E-02
F 101.00
1.532310E+02

—1.3086400E-01
—-1.6495800E-01
—4.6287000E-02
2.4787700E-01
4.6031300E-01
3.8812000E-01
1.2798300E-01

—6.3000000E-05
—1.5140000E-03
—1.2458000E-02
6.3777000E-02
—2.3965000E-01
—4.5388900E-01
1.7052000E-01
9.5959200E-01
—-1.2978100E-01
—5.7636000E-01
—1.7395500E-01

—1.0200000E-04
3.0750000E-03
3.2190000E-03

—6.1916000E-02
3.0476900E-01
9.3474900E-01

—1.7196620E+00
1.8429000E-01
1.2268660E+00

—7.1835800E-01

—2.6669600E-01

1.0000000E+00

1.6000000E-04
2.2620000E-03
1.2978000E-02
4.1634000E-02
1.8472900E-01
3.2161200E-01
3.4063900E-01
2.6385600E-01
1.4476300E-01
4.2347000E-02

—1.6000000E-04
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4.507950E+01
1.777060E+01
7.686250E+00
3.592430E+00
1.850530E+00
9.300490E-01
4.469020E-01
2.013310E-01
8.087300E-02
F 10 1.00
1.532310E+02
4.507950E+01
1.777060E+01
7.686250E+00
3.592430E+00
1.850530E+00
9.300490E-01
4.469020E-01
2.013310E-01
8.087300E-02
F11.00
8.087300E-02
G11.00
2.558900E+00
G11.00
8.106000E-01
G11.00
1.999000E-01
H11.00
1.104200E+00

*kkk

uo

ECP60MDF 5 60
H-Komponente
1

—2.9620000E-03
—1.4234000E-02
—5.5943000E-02
—2.1728400E-01
—-3.7186400E-01
—-1.3045200E-01
4.0708600E-01
4.5062700E-01
2.0063800E-01

—2.2000000E-04
—3.6980000E-03
—1.8660000E-02
—6.7935000E-02
—3.2452500E-01
—5.5503100E-01
8.4790900E-01
3.5909700E-01
—5.3815300E-01
—-3.2024900E-01

1.0000000E+00

1.0000000E+00

1.0000000E+00

1.0000000E+00

1.0000000E+00

2 1.00000000 0.00000000

S-H
4

2 16.91870874 529.53526911
2 3.40970576 4.27018845
2 0.79302733 0.09998874
2 0.19378381 0.00626781

P-H
8

2 13.16953414 100.93359134
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210.60784728 175.95423897
2 269049397 —0.00210787
2 2.08929800 —0.19041648
2 054050990 0.00494627
2 0.40482776 —0.01652483
2 0.11250285 0.00082033
2 0.09508873 —0.00100028
D-H

8

2 9.06784123 62.85927902
2 8.53362678 90.20882494
2 163646790 —0.08282418
2 1.54425719 -0.15307917
2 0.47961552 —0.00008720
2 0.41164502 0.00484078
2 0.13990510 —0.00006136
2 0.17494682 —0.00240839
F-H

8

2 5.14746012 15.68628229
2 5.29241394 22.32105345
2 1.05726701 —0.20689333
2 0.98063114 —0.08434451
2 0.48259555 0.06084446
2 0.55434882 0.00231264
2 0.23674544 —0.00204069
2 0.21559852 0.00348388
G-H

6

2 18.83643086 —44.41029420
2 18.74850924 -53.65339478
2 6.49279545 —2.55219343
2 6.57472519 —3.34380088
2 2.58151924 0.04527524
2 2.58690949 0.05637947

This fifth and final section is similar to the second with substitution of the double zeta
basis set with one of triple zeta quality. The electronic state, Cartesian coordinates, and basis set
are loaded from the checkpoint file. The structure of the molecule is optimized with
opt(maxcyc=1000,tight) to tight convergence thresholds. After the structure is optimized a

vibrational analysis is performed by freq.
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—Ilink1l—

%Chk=U_N2_sextet.chk

%mem=7GB

%nprocshared=4

#p b3lyp/genecp opt(maxcyc=1000,tight) freq integral(grid=superfine,NoXCTest)

scf(maxconventionalcycles=500,xgc,damp,ndamp=200,tight) guess=read genchk

geom=allcheck

This input file cannot produce a final structure or vibrational frequencies in the log file if
the molecule has failed the wavefunction stability test with either the double or triple zeta quality
basis seta. The stable=opt job automatically corrects any error identified. However, this
calculation tends to identify fewer error in larger molecules. It is not clear if this is a result of
such errors becoming less likely to occur in larger molecules, or are present but are less likely to
be identified. Furthermore, the wavefunction stability test is only as accurate as the method in
which it is implemented.

The many keywords used throughout this input file to control convergence are effective
at producing optimized ground electronic states. However, there are several reasons a
calculation may fail. Large changes in geometry such as a change in symmetry commonly cause
errors. The internal coordinate system employed by Gaussianl6 cannot represent a non-linear
molecule as it approaches a linear structure. If any three atoms approach linearity the error will
cause the calculation to cease. Imaginary or negative frequencies are not common but if they are
predicted the molecule is manually deformed along the imaginary coordinate and the calculation
is restarted. It is also common for calculation including actinides to require longer than the
provided time, and they may need to be restarted. Regardless of the cause, calculations are

restarted with the newest Cartesian coordinates, and the keyword guess=read added to the first

section. If an electronic structure has already been produced this keyword will load it from the
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checkpoint file. This saves a substantial amount of time spent reproducing earlier work when

calculations need to be restarted.
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