AB INITIO STUDIES OF SYSTEMS CONTAINING ACTINIDES USING
RELATIVISTIC EFFECTIVE CORE POTENTIALS

DISSERTATION

Presented in Partial Fulfillment of the Requirements for
the Degree Doctor of Philosophy in the Graduate

School of The Ohio State University

By

Rajni Tyagi

skeoskskoskosk

The Ohio State University

2005
Dissertation Committee:
Approved by
Professor Russell M. Pitzer, Advisor
Professor Sherwin J. Singer
Professor James V. Coe Advisor

Graduate Program in Chemistry



ABSTRACT

The major part of this dissertation deals with quantum chemical calculations on
atoms, molecules and clusters containing actinide elements. The calculations for these
systems are challenging because: (1) correlation, relativistic and spin-orbit (SO) effects
are significant and in many cases they are also strongly coupled; (2) three open shells (5f,
6d and 7s) with different angular quantum numbers are close in energy with substantial
differences in radial extent and all are involved in bonding and excitations, not only
increasing the size of the calculation but also the multireference character of the
electronic states; (3) with many low- as well as high-lying (up to near ultraviolet)
electronic states lying a few hundred cm™ from others arising from the same and different
electron configurations, a calculation involving higher-order electron correlation needs to
be performed; (4) high core-valence correlation is present in many cases among 5s-5f and

6s-6d shells; and, finally (5) the coupling scheme is highly complicated.

In spite of the complexities inherent in studying the systems containing actinides,
significant developments in theoretical models have resulted in the successful prediction
of the electronic properties of systems containing actinides ranging from small systems

like UH to large systems like Pu(CgHs),.
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This work is another attempt to apply relativistic ab intio methodology to the
study of the electronic structure of systems containing actinides not only in different
regions of spectroscopy but also under different chemical environments. In all the
systems studied in this work the relativistic effects, correlation effects and spin-orbit
effects are strongly coupled. As a result our multireference configuration interaction
method (MRCI) is an ideal choice to study these systems. In this work we have analyzed
the electronic structure of systems like UO, UQO,, UO,*", ThO and Cs,UO,Cly among
many others for which significant amounts of experimental data are present. In addition
we have presented theoretical studies of systems like ThO™ and UO" for which
experimental work is currently in progress and our work has been used to guide the
search for the transitions of interest. Our calculated results are in good agreement with

the experimentally obtained results, when available.
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CHAPTER 1

INTRODUCTION

The calculations in this work are performed using the COLUMBUS package of
codes [1-4]. This is one of the most flexible Multi-Reference Configuration Interaction
(MRCI) programs, which has the capability to include relativistic effects, correlation
effects and spin-orbit effects simultaneously under the double group symmetry of the
molecule. This program is also one of the most efficient for studying the electronic
structure of polyatomic molecules with very large spin-orbit interactions and high
multireference character. The relativistic effects are treated with core and spin-orbit

potentials derived from relativistic atomic calculations.

1.1 COLUMBUS Package

COLUMBUS is a collection of programs that deals with all aspects of MRCI
calculations, from evaluating integrals over atomic orbitals to finally calculating the
electric-dipole transition moments using the resulting wave functions. The atomic
integrals are obtained using the ARGOS program, which has the capability to compute
integrals up to angular momentum functions of h (1=5). Earlier this program was limited
to just 256 basis functions, but it has been since modified to work with a calculation size
of 1000 basis functions. The orthogonal atomic/molecular orbitals are generated using the

Self-Consistent Field (SCF) or the Multi-Configuration Self-Consistent Field (MCSCF)
1



method. In the SCF program [4], P-matrix extrapolation, level shifting and DIIS
extrapolation [5] are the algorithms used for energy minimization. In addition the
flexibility built into the program allows us to use the MO coefficient file of a previous
run as starting orbitals. The atomic orbitals are converted to molecular integrals using the
TRAN program. The multireference spin-orbit Configuration Interaction (CI) is
performed using the Graphical Unitary Group Approach (GUGA). In addition to the
GUGA CI program, there is one more flexible CI program to obtain the ground- and
excited-state energies and wave functions. This program is a collection of two programs,
namely, CGDBG, which generates the list of configurations for use in the CI, and
CIDBG, which carries out CI calculation over double-group-adapted configuration
functions. This program is more flexible than the GUGA CI program in the selection of
the classes of configurations that should be included in the calculation, which is the most
important facet of increasing the efficiency/quality of the CI calculation. The one major
shortcoming of this program is that it is limited to expansions of several thousand
configurations, whereas the serial GUGA version of the program itself can handle
millions of configurations. But, on a positive note, there has been considerable ongoing
work on the parallel version of CIDBG. The COLUMBUS system also has the capability
to calculate transition moments using the transition density matrices of the CI wave
functions. The oscillator strengths are calculated under the electric-dipole approximation,
where the higher terms in the expansion of the electromagnetic vector potential are
ignored. For degenerate levels, the oscillator strength is calculated by averaging over all

the initial states and summing over all the final states making up the transition.



Using the COLUMBUS code with the GUGA CI program, all the calculations are
carried out with Dy, symmetry and its subgroups, due to complications in CI code in
using higher symmetry. The flexibility of using the fractional population in the SCF
calculations, however, allows us to compute solutions with higher symmetry. As we are
not performing the full CI, care should be taken in choosing the configuration expansion
space so as to avoid breaking the symmetry. With less than a full CI, symmetry-adapted
solutions are not necessarily the lowest energy solutions. The breaking of symmetry as a
result of relaxation of the constraints can result in lower energy solutions. This behavior
has been commonly observed in systems with core hole states (O," [6-7], UO,*" (this
work), N, [8] etc.) and valence hole states (SF¢™ [9], Cu,™ [10], CrO,* [11], etc.). In
these cases a lower SCF energy was obtained if the symmetry restrictions were released,
but in the event that full CI is performed, both the symmetry-adapted and symmetry-
broken solutions will give the same result, as there will then be an equal probability for
the hole to be on any symmetry-equivalent center.

In our calculation, the effects of spin-orbit coupling are included explicitly by
including the one-electron spin-orbit operator as a part of the Hamiltonian. The spin-orbit
operator changes the Hamiltonian symmetry into the double group symmetry. We know
that the Schrodinger Hamiltonian is invariant under point-group symmetry operations,
which act on the spatial coordinates of the molecule, but such is not the case with its
relativistic analogue, the Dirac Hamiltonian. The latter is invariant under double-group

symmetry operations, which act on both the spatial and spin coordinates.



1.2 Relativistic Effective Core Potentials

For theoretical investigation of complexes containing heavy elements, not only a
relatively large number of electrons have to be correlated but relativistic effects have also
to be taken into account. The relativistic effects are so large in these heavy elements that
a perturbation treatment is not feasible.

Relativistic effects for heavy elements can be categorized as: 1) indirect effects,
2) direct effects, and 3) spin-orbit effects. The direct effects result in the contraction of
the orbitals due to the mass-velocity term. This effect is most obvious for the s and p;.
type orbitals as these orbitals tend to have a greater density near the nucleus, and
therefore experience a greater fraction of the full nuclear charge. For the element Db
(Z=105), the 7s orbital is contracted 25% relativistically [12]. The orbital shrinking
experienced by s and p orbitals results in the expansion of outer d and f orbitals. The
greater density of the s and p orbitals in the nuclear vicinity effectively crowds out the d
and f orbitals through shielding effects. The resultant expansion of the d and f orbitals,
and the associated shift of the orbital energies, is classified as an indirect relativistic
effect often called the self-consistent expansion. The relativistic 5f orbital for uranium is
expanded 20% in comparison to its non-relativistic counterpart [13]. Finally the
relativistic expansion of d and f orbitals results in a small stabilization of the outermost s
and p-orbitals. Finally, the SO interaction splits degenerate levels by the coupling of the
electron’s intrinsic spin angular momentum with its orbital angular momentum. All three
relativistic effects grow roughly as Z” for isoelectronic valence shells [12].

Relativistic effects are incorporated implicitly in our calculation into the

relativistic effective core potential (RECP), which is the part of the Hamiltonian in
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addition to the usual non-relativistic kinetic energy and Coulomb energy for the valence
electrons and the approximate one-electron spin-orbit operator. The spin-orbit part of the
core potential includes the spin-orbit interaction of the valence electrons with the nucleus
and the core electrons. It also includes an approximation to the spin-orbit coupling
between the valence electrons, which is very small in magnitude due to the 1/’
dependence of the operator. Along similar lines, if RECPs are used, the SO coupling
operators differ from those used without RECPs. This is because the valence orbitals now
used are pseudo-orbitals, which remain the same in the valence region but then go
nodelessly to zero in the core region. The effective spin-operators, derived
simultaneously with the RECPs, compensate for the pseudo-orbital property.

The use of RECPs in the calculations drastically reduces the computational
expenses of the calculations in comparison to the all-electron calculations, but at the same
time allows us to incorporate all the important relativistic effects. The main idea behind
this method is to replace the relatively inert atomic core (in accordance with the frozen-
core approximation) with an effective potential, which takes into account the scalar
relativistic effects, but ignores the core polarization in response to excitations or bonding.
In the event the core-valence correlation and core polarization effects are negligible, this
method can produce electronic structure results of great accuracy for atomic and
molecular systems.

To date several schemes have been suggested to derive these RECPs [14-16]. In
our calculation we have used RECPs generated by the shape-consistent procedure
proposed by Christiansen et al. [17]. The shape-consistent RECPs with spin-orbit
operators derived from the all-electron Dirac equation have been generated by
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Christiansen, Ermler and coworkers [18-23]. The shape-consistent method for generating
RECPs produces pseudo-orbitals that are equal to the corresponding all-electron orbitals
in the valence region where the chemical bonding takes place.

The RECP approach allows us to include both relativistic effects and electron
correlation simultaneously. This is quite important in the study of complexes, especially
those containing heavy elements, as in these systems correlation effects and relativistic
effects can be strongly coupled.

One of the important aspects of a calculation employing RECPs is to decide on
the size of the core. This is very important especially for heavy elements in which there
are large numbers of electrons that need to be correlated and the relativistic effects are
not only significant for the core electrons but also for the electrons in the valence space.
For actinides, RECP and SO operators of three core sizes are commonly used: large core
(78e), medium core (68e) and small core (60e). The core space of 78-, 68- and 60-
electron RECP is 1s-5d, 1s-5p and 1s-4f, respectively. In actinides, the small-core RECP
(60e) provides better estimates of the electronic properties if the excitation/ionization
involves change in the 5f occupation number. The change in the 5f occupation number
results in the effective nuclear charge experienced by 5s, 5p, 5d, 6s, 6p, 6d and 7s orbitals
due to their similar or larger radial extent. As a result, intershell correlations between
these orbitals are significant. In the event this core-valence correlation effect is small and
the 5s and 5p inner orbitals could be frozen in their atomic form, the 68-electron core was
used in this work. For the 68-electron potential, the 5s and 5p shells are in the core, and
the 5d shell is a part of the valence space. Although one might argue that the core-valence

separation should be based on the principal quantum number (PQN), as the orbitals with
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the same PQN have similar radial extent and hence the higher coulomb and exchange
interactions. This is valid in non-relativistic calculations, but it breaks down when
relativistic effects are included. As discussed earlier, relativistic effects result in the
contractions of s and p and the expansion of d and f orbitals, which results in a decrease
the exchange interactions between s-d and p-d pairs.

The smaller the size of the core, the better will be the estimate for valence
correlation energy (core-valence, valence-valence and valence-virtual) [24-25]. This is
due to the fact that with small core, the radial nodal structure of the pseudo-valence
orbital becomes more similar to the original valence orbitals. As a result, with a better
description of the radial nodal structure, there will be an improvement in the exchange
interactions involving these orbitals. But a drawback associated with using a small core
size potential stems from the fact that when the RECPs are used to incorporate relativistic
effects, the valence electrons are treated non-relativistically with traditional techniques.
As a result, one-electron mass-velocity (MV) and one- and two-electron Darwin
correction type relativistic effects are not included in the calculation for the orbitals that
are not part of the core space. For calculations using the U 60 core, the 5s and 5p orbitals
are out of the core and are treated non-relativistically. The 5s and 5p orbitals have
significant electron density near the nucleus. So, the relativistic effects such as the MV
correction are expected to be quite significant for the electrons in these shells. Thus, as a
result in the calculations where the intershell correlation effects between the 5s, Sp and 5f
orbitals is not significant, the medium size core potential (68¢) might give better results
than the small size core potential (60e). Beck et al. [26] performed calculations on the
low-lying excitation energies of U*" and U”" with RECP sizes of 60e, 68¢ and 78e.
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According to their calculations, the excitation-energy results obtained with the 68e RECP
are in better agreement with experimental values than are those obtained with the 60e
RECP. The important point to consider is that in their work all the low-lying excitations
that are studied are 5f — 5f excitations. As a result there is no significant change in the 5f

occupation number upon excitation.

1.3 Basis Sets

The ATMSCEF atomic self-consistent field program [27-30] was used to generate
the atomic basis sets to be used in conjunction with the RECP’s in atomic/molecular
calculations. The basis set used in conjunction with core potentials must describe pseudo-
orbitals, which are small in the core region but equal to all-electron orbitals in the valence

region.

In virtually all the ab initio calculations carried out currently, a basis set of
contracted Gaussians is used. The use of Gaussian basis sets is strongly motivated by the
fact that the three- and four-center two-electron repulsion integrals are relatively
inexpensive to compute in comparison to those with Slater orbitals [31]. This is because
the product of two Gaussian functions centered at different points is equal to a Gaussian
function centered at an intermediate point. Hence, all the three- and four-center two-

electron repulsion integrals are reduced to two-center integrals.

In our calculations, we have used basis sets that follow Dunning’s correlation-
consistent procedure [32-39]. The basic idea behind the correlation-consistent basis sets
is that functions that contribute approximately the same amount of correlation energy

should be grouped together when considering sets of basis functions to use. The main



advantages in working with this class of basis set is that, firstly, it uses fewer primitive
functions than the atomic natural orbital (ANO) basis sets without any loss in accuracy of
the calculation and secondly, extrapolation is possible so as to approach the basis set limit
[32]. These basis sets are labeled as cc-pVXZ, which stands for correlation-consistent
polarized valence X-(X=D, double; X=T, triple; X=Q, quadruple) zeta with polarization.

For the calculations performed in this work, we have used basis sets up to the
triple-zeta level for the actinide complexes, but for calculations involving only light
elements, such as the x-ray absorption study of water (this work), basis sets of even cc-
pV5Z quality were used. But as can seen from the Figures 1.1-1.2, the convergence of the
excitation and ionization energy results for water is quite fast with the increase in the
quality of the basis set. Thus care should be taken in using the optimum quality basis set
to achieve a given level of accuracy, as the number of configurations increases very
rapidly with the number of basis functions.

In basis-set optimization procedures, the atomic set is obtained by optimizing the
exponents in an atomic Hartree-Fock (HF) calculation. In order to obtain the basis
functions that are efficient in describing the molecular and atomic correlation, the
following steps needs to be taken:

1. Extra contractions are added by freeing the most diffuse exponent of the respective
symmetries so as to allow for the distortion of the atomic orbitals in the molecular
environment.

2. For alkali and alkaline elements, where the core-valence correlation are significant,

the additional s and p contractions are added that are meant to be at most singly occupied



in correlated calculations [40,41], thus providing core polarization effects not included in
the RECP

3. An additional s contraction is added to the basis set, which is large in the core region.
This contraction is then available to reduce the amplitude, in the core region, of orbtials
centered on the neighboring atoms [42]. This contraction is useful only in molecular SCF
or MCSCEF calculations. It contributes to a very high energy virtual which makes little
contribution to in correlated calculations and may be omitted from them.

(4) In the event a p inner shell has been replaced by a core potential, the uncontracted
diffuse p primitives are augmented with a higher exponent primitive such that this
contraction has a zero first derivative at the nucleus [42]. Basis sets for the first-row
elements thus do not have these augmented p contractions. No improvement in
correlation energy was observed in augmenting uncontracted d functions [42] such that
the second derivative is zero at the nucleus.

5. An additional primitive of higher angular momentum but similar radial extent is added
to account for the polarization of the orbitals involved in bonding, due to the fact that the
exchange integral is large between two orbitals with high radial overlap and a small
difference in the angular quantum number. In this work the polarization set is obtained by

performing energy-based optimization of the exponent using the CISD calculation.

1.3.1 Actinide Basis Sets

In actinyl systems where the ground state and lower excited states are mostly 5f"
states and the contribution of the 7s and 7p is very little, the atomic set is obtained by
optimizing the exponents in Hartree-Fock calculations on the 5f°6d> average of

configurations with the idea of obtaining a d and f basis close to optimum for a U(II) or
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higher oxidation-state ion. In addition, for these systems the g polarization set is added to
correlate the f shell electrons. For like ThO and UO, such as are studied in this work, the
7s, 7p and 6d make a significant contribution to the ground state and the lower excited
states, so we must think about these states carefully and be sure that we are developing
our basis sets to include the proper functions. The 7s is mainly polarized and correlated
by 7p, also 6d (outer contraction); the 6d is mainly polarized and correlated by the diffuse
f contraction, so care should be taken that the outer 5f exponent is small enough to
correlate the 6d shell electrons.

The cc-pVDZ basis for uranium that goes with the 68-electron core potential has
been published by our group [43]. For the work listed in this thesis, however, a higher
quality basis set was needed for uranium due to the presence of higher order electron
correlation effects in the electronic structure calculations for the CUO, UO and UO,
molecules. For CUO, there is currently a controversy as to whether the ground state of
the molecule is 12+0 or 3@2. With the cc-pVDZ quality basis set the 12+o 3 ®d, difference
of 19.08 kJ/mol was obtained. Then, with the cc-pVTZ basis set, the closed-shell D
level was 49.41 kJ/mol lower than the *®, state [44]. Also for the UO molecule, two low
excited states have the same € value as the ground state with energy differences of
approximately 300 cm™ and are from the 5£s' and 5f°7s” type configurations. Also due to
the weak-field approximation, all the low-lying states are highly multi-reference in
character making the calculation sensitive to the quality of the basis set. Moreover, in the
electronic structure study of UO,, there is strong mixing between states arising from
different configurations. Hence not only the excitation energy but also the intensities are

quite sensitive to the correlation treatments. According to our calculation the electronic
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structure results for UO, from the triple-zeta basis set are in better agreement with the
experimental values then the ones obtained from the cc-pVDZ basis set. In addition, in
this work, we were interested in checking the effect of the quality of basis sets on the
ionization energy and the bond lengths of selected AnO and AnO, molecules. Though no
change in the IE was obtained for the molecules studied in this work, the calculations are
important from the standpoint that there is currently a significant discrepancy in the value
of IE for UO and UO, obtained by different experimental and theoretical techniques. The
increase in the quality of the basis set results in a bond length for UO just 0.01 A
different from the experimental value, whereas the difference was 0.04 A with the basis
set of cc-pVDZ quality.

The triple-zeta basis set for uranium is shown in Table 1.1. The first, second, and
third sd (Cartesian 3d functions, linear combinations give 3s and 3d), the first p, and the
first f contractions, represent the 5d, 6s, 6d, 6p, and 5f orbitals respectively. For the cc-
pVDZ quality basis set an additional sd function was used to represent 7s whereas in our
cc-pVTZ basis set we have added two additional 1s primitives to do this. Following the
ideas of Christiansen et al. [42], using the high-angular momentum 3s primitives to
describe uranium-centered s functions is problematic if the bonding between the metal
and ligand is significant. The diffuse functions of the ligands can have significant
amplitude close to the nucleus of uranium and they can be cancelled by uranium Is
functions and not the 3s functions as the latter has a zero amplitude close to the nucleus.
After adding a Is primitive of exponent 0.00757, one more 1s primitive was added to the
basis set to obtain the proper behavior of the pseudo-orbital close to the nucleus. The

triple-zeta basis set was augmented with two g polarization functions, which were
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optimized in an iterative fashion. There are quite a few local minima associated with this
optimization; the best starting point is to take numbers on either side of the optimizated g
exponent for the cc-pVDZ basis set. Finally the exponent for the h polarization function
was optimized.

We also generated the cc-pVDZ quality basis set for neptunium to be used with
68e core potential; it is listed in Table 1.2. The atomic set was obtained by optimizing the
(5sd,4p,4f) set of exponents in a Hartree-Fock calculation on the 564 average of
configuration, with the idea of obtaining a d and f basis close to optimum for a Np(II) or
higher oxidation-state ion. The 7s and 7p orbitals were obtained by adding one sd
primitive and two pf primitives and optimizing them for the 5£°6d*7s'7p' average of
configuration. This approach works well for systems in which the contribution of the 7s
and 7p is very little for the neptunium complexes with high oxidation states. For
neptunium, the optimization of orbital exponents for the p basis functions using the 2p
primitives resulted in multiple collapses of adjacent exponents, i.e., the coefficients for
the adjacent exponents became very large and equal in magnitude but opposite in sign.
As discussed earlier [43, 40], this problem can be solved by using pf (Cartesian 4f)
primitives to obtain basis functions for the 6p and 7p orbitals. In this approach, the 4p
basis functions and the 4f basis functions share a common set of exponents, which not
only takes care of the convergence problem but also reduces the number of total basis
functions. Finally, the g polarization set was obtained by optimizing the exponent of a
single g primitive by performing all the SO-CISD calculations on the lowest state of
5f°6d”. During this calculation, we only allowed for correlation of the 5f shell and the 6d
orbital was doubly occupied in all the single and double references. The first, second,
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third and fourth sd and the first, second and the third pf contractions represent the 5d, 6s,
6d, 7s, 6p, 7p, and 5f orbitals respectively. The fifth sd, and third and fifth pf
contractions, which give flexibility to the basis set, were obtained by freeing particular

exponents of the respective symmetries.

1.3.2  Basis Set Optimization

As seen above, for actinides, the problem of collapse of primitives is quite severe
during the exponent optimization. In order to deal with this problem one approach has
been to use Cartesian primitives of larger angular momentum [40, 43], as mentioned in
the previous paragraph. Another crude approach is to impose a restriction of some
minimum difference between the exponents, which usually results in a higher value of the
HF energy.

To deal with this problem, many methods of exponent optimization have been
suggested in the literature and none of them has been applied so far to actinides and
lanthanides. In the simplest approximation, two variational parameters are used to
develop the even-tempered basis set [45, 46] (constant ratio of exponents). In the even
tempered basis the plot of the logarithms of the exponents (In ;) vs. the index j (where j
= 1,2 ..Nprim) 1s a straight line. This linear behavior is not observed in the exponents of
optimized basis sets. For optimized basis sets, the spacing between the exponents is
larger at either extreme (i.e., the large and small values of the exponents) than the ones in
the middle. This is the reason why the plot of In o; vs j has the resultant shape in the form
of a curve [48]. The curve at lower values of j is concave up in shape because of the
decrease in the spacing with the increase in the value of j, and similarly the shape is

concave down at higher values of j because of the increase in spacing between the
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exponents at that end. If this curve is approximated by a polynomial, the degree of the
polynomial should be at least three since this curve has a point of inflection. To address
the shortcomings of the even-tempered basis set Huzinaga et al. [47] instead used
polynomials with four variational parameters, and atomic total energy results very close
to that from numerical HF calculations were obtained.

Finally, the method suggested by Petersson et al. [48] is the one used in this work
and it has been implemented in the ATMSCF program by Pitzer [30]. In this method, the
logarithms of the exponents are written in terms of orthonormal Legendre polynomials of
an argument depending on j. This approach for the optimization for the exponents is
much more attractive if core potentials are used since now the orbitals are replaced with
pseudo-orbitals, which have fewer nodes than the respective valence orbitals. As a result
fewer primitive functions are needed for the proper description of the orbitals. And
finally fewer Legendre coefficients need to be optimized in order to derive the set of
optimized Gaussian exponents. Cases of exponent collapse can be controlled by reducing
the length of the Legendre expansion.

This method exploits the fact that the curvature behavior [48] is prominent in case
of s, p and d primitives irrespective of atomic number and the size of the basis set. But,
for primitives with large angular momentum, the exponents are more evenly spaced and

hence the plot is more of a straight line.
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1.4  Theory

The work in this thesis has been carried out at the self-consistent-field (SCF),
multi-configuration self-consistent-field (MCSCF) and configuration interaction (CI)
levels of theory.

The first steps in solving for the many-body problem is the HF approximation
where the many-electron wave function is a determinant of single-particle wave
functions. The HF wave function is an approximate solution of the many-electron
Hamiltonian. There are several HF techniques and each may give a different energy and
thereby different correlation energy, where correlation energy is defined as the difference
between the HF energy and the exact non-relativistic energy [49]. In our work we
perform the HF calculations using Roothaan’s [50] analytical self-consistent field
method. By definition, the correlation error inherent in the HF wave function is due to the
mean-field approximation. The correlation between the electrons with parallel spins is
included in the HF methods due to the antisymmetrization of the wave function.

HF is a good approximation if the total wave function is dominated by a single
configuration. Thus, the HF wave function is variationally the best single determinant of
orbitals for closed-shell systems. Then, care needs to taken since even if the HF wave
function is a good approximation close to equilibrium, it will start to break down further
away from equilibrium due to the multi-reference character of the states. The HF model
also is a poor approximation for systems with multiple bonds, cases where near-
degeneracy effects are important and thus the nondynamical correlation needs to be taken
into account. In these conditions, the MCSCF wave functions provide a better

description. In this method, both the molecular orbitals in the Configuration State
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Functions (CSFs, linear combination of Slater determinants that are eigenfunctions of Sz)
and the coefficients of the CSFs are simultaneously optimized variationally. The MCSCF
method provides a good starting point to study important chemical porperties if the active
space can be represented by a limited number of carefully chosen configurations. The
quality of an MCSCF calculation depends on the judicious selection of the
configurations. The quality of the MCSCF wave function lies in the percentage of
correlation energy included in the total energy obtained from the exact wave function. A
frequently used kind of MCSCEF is the complete active space SCF (CASSCF).

Dynamical correlation is incorporated into the wave function in our work using
the CI approach, in which the variational trial wave function is written as a linear

combination of CSFs.

We performed the calculations by including only the symmetry-allowed single
and double excitations out of the multireference list of configurations. This accounts for
the major part of the correlation energy at least near the equilibrium geometry where
double excitations make the major contribution. The quadruple excitations are the next
important contributor, but including all quadruples in the calculation is not the most
efficient approach to incorporate further correlation effects. Instead, the flexibility built in
our CI program can be exploited, which allows us to include single and double
excitations out of any number or type of reference configurations. As a result, we can
incorporate the important quadruples excitations in our calculation by including the
important double excitations as a part of the reference space. This approach to include
quadruples is still variational in nature. On the other hand, Langhoff and Davidson [51]

formulated a simple correction factor, which gives an estimated value of the energy
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contribution that will emanate from the quadruple excitations. This approach makes the
energies approximately size-consistent, but now the method is no longer variational.

The other popular methods to include electron correlation effects are coupled-
cluster (CC) and many-body perturbation theory (MBPT). The CI, CC and MBPT
techniques have come a long way in now successfully treating many-electron systems.
References 52-57, 58-60, 61-64 are the earliest works in the field of CI, MBPT and CC
respectively. The CI method, either full or truncated, is variational in contrast to the
nonvariational MBPT and CC techniques. The primary weakness of truncated CI is that it
is not size-consistent, which is not an issue for techniques like MBPT, CC and even the
full CI.

Efficiency is further achieved in CI calculations by including configurations that
make the difference in differential correlation energy upon excitation/ionization. For
example, pairs of single excitations from different shells are required to characterize
intershell correlation effects. Double excitations make the largest contributions to the
total correlation energy, but their contributions to the differential correlation energy may
be small. This assumes importance as double excitations account for the major
contribution to total numbers of CSFs under the CI Singles and Doubles (CISD)
approximation. Similarly, the chemically inert electrons make significant contribution to
the total correlation energy but not to the differential correlation energy upon
excitation/ionization.

For systems containing actinides, the active space requires at a minimum the
distributions of valence electrons between the 5f, 6d and 7s open valence shells, putting a

limitation on the size of the computation that can be handled by the currently available
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computing resources. The increase in the size of the calculation also makes the wave
functions difficult to obtain due to the slow convergence of the CI expansion. This
becomes a bigger issue when the states are not only multi-reference in character but also
nearly degenerate. In case of systems containing heavy elements, even for calculations
involving small molecules, the CI expansion space is of the order of millions. In addition,
a small increase in the size of the reference space results in a large increase in the size of
the calculation. For example, the uranium atom with a 68-electron core potential and the
cc-pVDZ basis set has 55 basis functions. With 5s, 5p, 5d as a part of the frozen space, 6s
and 6p as part of the inactive space, i.e. doubly occupied in all the references, and the
reference space consisting of states arising from the £d's® type configuration and in
addition the references incorporating 7s> — 7p> and 7s° — 6d° near-degeneracy
excitations the size of the calculation was ca. 47 million CSFs. Now the attempt with a
60-electron RECP to correlate 5s, Sp and 5d electrons will result in a size of calculation
that will be too large for currently available computing resources. On a positive note, now
the working massively-parallel version of the MR-CISD program is also available as a

part of the COLUMBUS package [67].

As discussed in the previous paragraph, the theoretical investigation of the
electronic structure of complexes is challenging due to the high density of electronic
states arising from different configurations and different multiplicities. This becomes
quite challenging for systems like UO, where due to the small radial overlap of the metal
centered 5f with the oxygen 2p atomic orbitals, the weak-field approximation holds

among all the seven 5f MOs. According to our calculation for UO, there lie ~200

electronic states under ~16,000 cm™ (~2eV). Experimentally many bands have been
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observed in the 16,000 — 21,000 cm™ range [68]. Similar complex electronic spectra have
been observed for lanthanide oxides [69]. As a result, the ligand field theory (LFT)
approach has been used widely in the literature for lanthanide oxides and has been proven
quite useful. A similar approach has been applied to a few oxides of actinides [68,70].
Thus a part of this work deals with testing the effectiveness of the LFT approach in

predicting the electronic structure of systems containing actinides.

The CI calculations performed in this work are dependent upon the quality of the
reference MOs. In the event full CI is performed, the final solution is independent of the
initial MOs. For limited CI, however, the calculation is strongly dependent on the choice
of the MOs that are optimized for particular reference configurations. But, then at the
same time, the flexibility inherent in the CI program allows us to perform excited-state
calculations in which appropriate reference CSFs can be provided for all states using a
given set of MOs. For UO,, the ground state and the excited states have different 5f
occupation numbers and further complications arise from the mixing between states
arising from f' and f* configuration. In order to represent the f' and f* configurations in a
balanced fashion, we included the requisite 5f virtual orbitals (25,, 2¢,) as a part of the
reference space such that a desired linear combination is created to represent an f orbital
suitable for the particular occupation number of 5f. For example, the molecular orbitals
may be generated for the ground state 5f(,8)'7s' configuration. Then, in order to
represent the excited 3Hg states arising from 5f8'5f¢' configuration, the reference space
should include configurations: l(pulléiul, 2(pu116u1, 1(pul28u1 and 2(pu126u1.

For systems containing actinides, the 5f, 7s and 6d orbitals can participate in

bonding based on the energetic and spatial extents. But then as a result of relativistic
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stabilization/destabilization, the relative energy differences of the 5f, 7s and 6d changes
as we go across the series, which is further evident in the electron configuration of the
actinide elements. As a result, the ground-state configuration varies considerably among
the An™, AnO and AnO, isoelectronic systems, which are the main focus of this work.
For example for 2-e isoelectronic systems like UQO,, Np02+, PuO,?" and Am023+, the
ground-state configuration is 1([)1115c5g1 (Sf(pu17sc5g1) for UO, and 1¢,'18," (5fp,'5f3, ") for
the others. Similarly, for 3-e isoelectronic systems like UO,", NpO,, PuO,", Am022+, the
ground-state electronic configuration is lcpulléSulScrgl (Sf(pu15f6ul7s0g]) for UO, and
NpO, and l(pullESulScsg1 (Sf(pu15f8u17sc5gl) for PuO," and Am022+. Further the
isoelectronic systems like UOz2+ and ThO, have the same closed-shell ground state
configuration, but then U022+ 1s linear in structure whereas ThO, is bent with an

experimentally obtained O-Th-O angle of 122+2° [71].

The multireference method is further necessitated by the fact that for systems
containing heavy elements, the spin-orbit interaction is significant. For atoms, the L-S
coupling scheme prevails among the lighter atoms. As a result the spin-orbit effects in
these systems can be treated pertubatively. In the periodic table, the ground states of all
the elements lower than platinum (Pt) can be treated under the framework of LS
coupling. The ground-state electron configuration for Pt is 5d’°6s'. After platinum, the
next few elements in the periodic table are gold (Au), mercury (Hg) and thallium (Th)
with the ground electron configuration of 5d'%s', 5d'%6s* and 5d'%6s6p' respectively.
Since Au and Th are one-electron systems and Hg is a closed-shell system, the coupling
scheme for these elements is indeterminate. The next element in the periodic table is lead

(Pb) with a ground electron configuration of 5d'°6s’6p”, which is the first element for
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which the ground state can best be described by the jj-coupling coupling scheme [74].
This is due to the large SO coupling constant associated with the 6p orbital. Along the
same lines, bismuth (Bi) and polonium (Po), which arise from 5d'°6s%6p> and 5d'°6s6p*,
are also governed by the jj coupling scheme. The ground state of neutral Pb, Bi, and Po is
multireference in character [12] with the leading wave functions of 6p*,, (J=0),
6p*126P312 (J=3/2), and 6p*1,,6p*s» (J=2) respectively. The direct approach to figuring out
the coupling scheme comes from the relative size of the spin-orbit and exchange
integrals. A semi-quantitative method to figure out the coupling schemes in atoms is the
energy level pattern followed by the states under the two extreme coupling schemes,

which is displayed in Figures 1.3-1.5 for p%, p’ and p* systems [72 - 74].

Currently there are two theoretical methods to incorporate spin-orbit effects into
ab initio configuration interaction (CI) calculations. The commonly used term for both
the techniques is the “one-step” and “two-step” approaches [12, 65-66]. As evident from
the names, the one-step approach involves simultaneous consideration of electron
repulsion and spin-orbit effects, but in the two-step approach, the computational effort is
reduced considerably by first introducing the correlation effects and second adding the
spin-orbit interaction. The two approaches will result in very similar results for electronic
structure calculation if at least these two conditions are satisfied: (1) if either the ®-® or
A-S limit coupling scheme is a good approximation and (2) if there is no mixing between
states arising from different coupling schemes. In this case, the two-step approach is
more efficient in comparison to the one-step approach. But in cases of intermediate
coupling and heavy mixing between states described with different coupling schemes, the

one-step CI-SO approach is superior. In the event the extreme coupling scheme prevails,
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both the one-step and the two-step approach will give a similar value of bond length and
vibrational mixing, but then in the presence of intermediate coupling also the two
methods might coincidentally give the same value of r. in the event that the spin-orbit
mixing is between the two states with almost the same values of the internuclear distance.
For the ground state of ThO, which stems from the 667 (7sc?) configuration, r. of 1.861 A
(this work) and 1.862 A [75] is obtained using the one-step and two-step approach

respectively.

The coupling scheme in actinyl ions has been studied quite extensively in the
literature [76-78]. The ground and excited states cannot be described well within the
framework of one coupling scheme (®w-®, A-S and intermediate). For UO, whose
electronic structure is studied extensively in this work, for the ground state configuration
®-o coupling is a better approximation but then all the three coupling schemes are
present among excited states. Above all, there is a strong mixing between the states that
are best described in the framework of different coupling schemes. Under the single-
configuration approximation, the transition moment is independent of correlation. Heavy
mixing between the states of the same and different multiplicities makes the transition
moment values sensitive to the accuracy of the correlation and spin-orbit treatment. In
these cases the more balanced description of the spin-orbit, relativistic and electron
correlation effects is needed, which is one of the most prominent features of the

COLUMBUS package of codes.
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orbital primitives contractions
sd 16.04 -0.0220169  0.0014641  0.0062287 -0.0004537 0.0 0.0
2.688 0.7131844  -0.1093208 -0.2750109 0.0396668 0.0 0.0
1.071 0.3571578  0.6588099  -0.0529771 -0.3297919 0.0 0.0
0.4678 0.0159465  0.4618666  0.4298592 -0.0747694 0.0 0.0
0.1556 0.0070934  0.0185132  0.5988588  0.6543130 1.0 0.0
0.0550  -0.0021820 0.0018716  0.1756525 0.4681155 0.0 1.0
S 2.688 1.0
S 0.007566 1.0
p 7.579 -0.0022720  0.0000000  0.0009548  0.0000000
1.391 -0.3312456  0.0000000  0.0929973  0.0000000
0.6237 0.7820047 -0.3114600 -0.2522302  0.0000000
0.2453 0.4894980  1.0000000 -0.1664635  0.0000000
0.05872  0.0198571  0.0000000  0.5430849 -0.2752451
0.02092  -0.0028652  0.0000000  0.5773948  1.0000000
0.005328  0.0006100  0.0000000  0.0192379  0.0000000
f 7.299 0.0685408 0.0 0.0
2.940 0.2994046 0.0 0.0
1.404 0.3884397 0.0 0.0
0.6741 0.3226422 1.0 0.0
0.3113 0.1742962 0.0 1.0
0.1306 0.0456812 0.0 0.0
g 2.922 1.0
g 0.9207 1.0
h 1.825 1.0

Table 1.1: Uranium cc-pVTZ Basis Set
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orbital primitives contractions

sd 1324 -0.0426918  -0.0001850  0.0126673 __ 0.0005991 0.0
2937 06828050  -0.1314906  -0.2609691  0.0522590 0.0
1215 03851901  0.5929210  -0.0874958  -0.2987080 0.0
05332 0.0302773 05344052 04112376  -0.1262166 0.0
0.1695 00060190  0.0308034  0.6256602  0.6425674 0.0
0.05792  -0.0017369  -0.0008087  0.1878609  0.5079069 1.0
pf 5202 -0.0083521  0.0023053 0.0 0.1531555 0.0
2.227 0.0276818  _0.0088938 0.0 0.4315985 0.0
0.9412 0.6574724  _0.1860092 0.0 0.4286991 0.0
03717 04219143 5 5180497 0.0 02366999 1.0
0.01136 00275201 5 553556 0.0 0.0410615 0.0
0.03762 00010256 ¢197956 1.0 -0.0041099 0.0

g 1.800 1.0

Table 1.2: Neptunium cc-pVDZ Basis Set
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Quality of Basis Set
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Figure 1.1: Vertical excitation energies from Oxygen K-edge of H,O vs. the quality of the

basis set
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Basis Set Quality
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Figure 1.2: Oxygen ls ionization energies for H,O vs. the quality of the basis set
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28



) 32
P an

) 52
D 3p

4g 31

LS Coupling (1,2,2)

39000
34000 -
29000 -
24000 -

19000 +

Level cm™)

14000 +

9000 -

4000 +

-1000 -

J=3/2

I=12

I=3/2

I=5/2

J=3/2

3/2,3/2,3/2

1/2,3/2,3/2

1/2,1/2,3/2

jj Coupling (1,3,1)

3/2,3/2,3/2

1/2,3/2,3/2

1/2,1/2,3/2

Energy Level Diagram for Bi (6p° conf.)

Figure 1.4: Energy level diagram of the LS and jj coupling scheme for the p’ electron

configuration and for the states arising from the 6p> electron configuration of bismuth

29



0 - 3/2,3/2,3/2,3/2

'S 0
1 - -
D 2 1
) 3/2,3/2,3/2, 1/2
0
3
P 1
5 0

2 R12.32.302

LS Coupling (3,1,1) ji Coupling (2,2,1)

Figure 1.5: Energy level diagram of the LS and jj coupling scheme for the p4 electron

configuration

30



CHAPTER 2

ELECTRONIC SPECTRUM OF THE GAS PHASE UO, MOLECULE

2.1 Introduction

Heaven et al. [79] have recently reported 22 vibronic bands of UO; in the
ultraviolet and visible range using resonantly enhanced multiphoton ionization techniques
(REMPI). Transitions originating from excited states have also been explored using
dispersed fluorescence techniques for UO; trapped in solid argon [80]. Currently, infrared
absorption spectra are available for UO; in isolated neon and argon matrices [81] but not
for gaseous UO,. A large shift in the asymmetric stretching frequency has been observed
with the change in host rare gas from Ne to Ar [81]. The change in the ground state from
3Dy, to 3H4g is offered as an explanation for this change in the frequency with the change
in the rare gas from Ne to Ar. According to our gas-phase calculations, the adiabatic
excitation energy between the two states is ~1250cm™. Finally, the ionization potential of

UQO; data is available from mass spectrometry [82] and enhanced multiphoton ionization

techniques (REMPI) [83].

In this chapter, the electronic structure and nature of the excited states of UO, are

investigated using the multireference configuration interaction approach. This method
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proves optimal in studying this system as the involvement of 5f, 6d and 7s in bonding
results in many states with different open-shell configurations and because the heavy
mixing between these states complicates the calculation further. This work involves
studying the transition energies and intensities of bands with a much higher level of
correlation than previous work [85] and the results are in good agreement with the

observed experimental bands in the 17400 — 32000 cm™' region.

In previous theoretical study of the electronic structure of UO,, calculations have
been performed by Chang using multi-reference configuration interaction techniques [85]
and by Gagliardi et al., using CASPT2 techniques [84]. Electronic structure calculations
of UO, are among the calculations where benchmarking can be done not only between
experimental and theoretical work but one can also assess the accuracy of different
correlation and relativistic methods in studying the complicated excited-state structures of

AnO and AnQO; systems.

Most of the electronic states in the region of the study have less than 50%
contribution from the principal term thus making electron correlation and spin-orbit
effects very important for these states. We have performed electronic structure
calculations using both cc-pVDZ and cc-pVTZ basis sets to study the effect of increased
MO accuracy and correlation on transition energy and oscillator strengths for these states.
In this work, the important occupied and virtual MOs needed to obtain the proper
descriptions and correlation levels of the electronic states are discussed. Many of these

MOs were included in the of theoretical calculations performed previously [84,85].
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The ground state for UO, in the absence of spin-orbit is *®,, which stems from
the 1(pulScsg1 (5f9'7sc') electron configuration and has an equilibrium bond length of
1.774 A. The study of the electronic spectra of UO; in the gas phase shows that the states
with the strongest oscillator strength lie in the 27000-30000 cm™ region, where the
transitions are a result of excitation of an electron from the 7sc MO to an MO with
predominantly 7pm character. The four strongest (oscillator strength > 0.1) electric
dipole-allowed transitions are perpendicular transitions at 27259, 28885, 29623 and
29670cm™ with oscillator strengths of 0.1843, 0.1885, 0.1061 and 0.1566 respectively.
These transitions correspond to 2, — 34, 3y = 24, 3u—> 4, and 2, = 1, excitations, with
two arising from the 2, ground state and the other two being hot bands from the 3, first
excited state. The next sets of computed intense transitions lie in the spectral range of the
experiment (17400 — 32000 cm™) at 16542 and 17328 cm™ with oscillator strengths of
0.0856 and 0.0841 respectively. The transition at 16542 cm™ corresponds to 2, — 1, and

the one at 17328 cm™ corresponds to 3, = 4.

The subsequent sections of this chapter are organized as follows. Section 2 details
the theoretical approach and computational methods employed. Section 3 reports the
results of the calculations performed, along with a discussion of them. Finally, Section 4

provides some conclusions that may be drawn from the results.
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2.2 Computational Details

To study the electronic structure of UO, and its ions, ab initio calculations were
performed using Dy, symmetry in the COLUMBUS suite of programs. Initial guess
molecular orbitals (MOs) were obtained using the SCF and MCSCF programs. The
experimental bond length is available for UO, in solid neon and argon (given bond
lengths and references) but not for UO, in the gas phase. This gas-phase bond length for
UO, was calculated using a 2-reference CI calculation. The reference space consisted of
the states arising from 1(pulScrgl and 18u150g], where the 56, is principally composed of
the U7s orbital. The MOs were generated as the natural orbitals of MCSCF calculations
by averaging the wave function for the *®, and the *A, states. Basis sets of cc-pVDZ and
cc-pVTZ quality were used with both the 60e and 68e size uranium core potentials. The
bond length calculation was also performed with different numbers of correlated
electrons. In one case 14 electrons comprising 12 bonding electrons (C;(O2p) + Co(U5f
or U6d)) and 2 valence electrons were correlated and in the second case all electrons
were correlated. The resulting bond lengths are listed in Table 2.1.

The low-lying electronic structure calculation was performed using both the 68-
and 60-electron RECP and SO operators for uranium. The valence spaces for the 68- and
60-clectron RECPs for the wuranium atom are 5d"°6s°6p®5f°6d'7s* and
5575p°5d'%6s*6p°5£°6d' 75 respectively.

For the excited state-calculations, the MOs were obtained by using an energy-
averaged MCSCEF calculation in which the ground state and the excited states that are
observed below 36,000 cm™ were averaged. The natural orbitals obtained from this

MCSCEF calculation were used in the CI calculations with single and double excitations
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from the multireference list of configurations. In addition, the MOs for these calculations
can also be obtained by using the improved virtual orbital (IVO) method on MO
generated from f or f configurations. In the event we are performing full CI
calculations, it does not matter what set of initial molecular orbitals are used to perform
the correlation calculation. Since it is not feasible to perform such a full calculation,
limited CIs are performed which include the configurations expected to be necessary to
achieve the desired level of accuracy.

The optimum set of MOs for the excited-state calculations are used for two
reasons. First, there is a significant mixing between the states with different occupancy of
the 5f shell. The 5f orbital needs to be more diffuse in case of states derived from f*
configurations than the ones derived from f' configurations. Second, for transition-
moment calculations, we need a common set of MOs for the ground and excited states.
Hence, in order to perform the calculation satisfactorily we need to use the MOs and the
corresponding reference space such that all states are described in a balanced way.

Between the states arising from f' and f° configurations there is not an exact
increase in the population of the 5f shell by one electron as can be seen from Tables 2.4-
2.7. Where there is an increase in population of the nonbonding 1¢, and 18, orbitals,
there is a decrease in the amount of 5f character in the 35, bonding molecular as shown
in Tables 2.1 and 2.2. As a result, interestingly, the charge on uranium is lower in the
case of > @, ground state than in the case of the 3 H, state in which the two electrons are in
the nonbonding MOs. From the Mulliken population analysis, the overall charge

distribution is U*?%(0™**), for the *®, ground state and U120, for the 3Hg state.
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In order to represent the f' and f* configurations on an equal footing, we need to
include the requisite 5f virtual orbitals (23, 2¢,) such that a desired linear combination is
created to represent an f orbital suitable for the particular 5f occupation number. For
example, if the MOs are generated from the 5f(¢,8)'7s' configuration, then in order to
represent the states of 3Hg arising from the 5f3'5f¢' configuration, the reference space
should include the configurations: lcpul 18ul, 2(pu1 18u1, 1(pu]28ul and 2(pul28u1. In the event
the molecular orbitals are obtained from the MCSCF technique, the single excitations
from the references are the ones that will mix substantially with the main reference
wavefunction to modify the MOs. This option for performing the electronic state
calculation is quite attractive as including the singles does not scale the computational
cost of the calculation substantially.

By including the right virtual orbitals in the references, one can obtain a high-
quality wave function for the ground and excited states to account for the diffuseness of
the 5f orbital. Along the same line, we do not need to include virtual MOs with 7s, 7p, 6d
character in the reference space since all the states under study have either one or zero
electrons in these orbitals.

In the case of UO,, the problem is further intensified by the fact that between the
different occupation numbers of the 5f shell, the composition of the 15, and 2, bonding
molecular orbitals differ significantly. These orbitals are composed primarily of U6pc
and O2sc atomic orbitals. The change in occupation number of the 5f orbitals changes
the effective nuclear charge that is experienced by the electrons in the 6p orbital. The
radial overlap of the 5f orbitals is quite significant with the 6s and 6p orbitals. The

increase in the 5f population will destabilize the 6p orbital, thereby decreasing the mixing
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between U6pc and O2sc. This is evident from the fact that the bonding MO 1o, that
comes out of the mixing between U6pc and O2sc orbitals has less 6p character and the
corresponding 2o, antibonding orbital has more 6p character. The 2o, orbital further
mixes with the O2po, and U5fo, orbitals. It is the mixing of the 6p orbital with the
oxygen orbitals that is responsible for the “hole” in the 6p shell in systems like UO,*" and
NpO,** [87-89]. The participation of the 6p shell in bonding is smaller in the U-O bond
in UO, than in the U-O bond of UO,*" due to the longer UO bond distance in the former.

Since the 1o, and 2o, occupied MOs change significantly with the change in the
5f population, these fully occupied orbitals cannot be designated as part of the core
orbitals, which would have been possible solely based on energetic arguments.
Significant improvements in correlation energy are expected in correlating these
electrons. In our calculations, these orbitals were added to the reference space, where
they were doubly occupied in all the references but then single and double excitations
were allowed out of them. At this stage, the lowest virtual orbtials with the same atomic
orbital composition (U6po, O2sc and O2pc), was added to the active space to allow for
the relaxation of these MOs with the change in 5f population.

Further, we have included the states arising from the 6d5'7sc’ configurations in
our reference space. These configurations were not included in previous calculations
[84,85]. Without spin-orbit, the oscillator strength for the perpendicular transition from
the *®, ground state to the 3Ag state arising from this configuration is 0.0126. The

inclusion of this configuration as a part of the reference space is also important because
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the states arising from this configuration have substantial mixing with the ones that have
the maximum dipole strength in the region of study (0 —36000 cm™).

We further analyzed the charge-transfer states arising from excitation out of
highest occupied 3o, bonding molecular orbital as in the case of isoelectronic NpO,"
[89], which start at 23,000cm™, within the range of our study. In our calculation the low-
lying charge-transfer states from the 3o, orbital were the ungerade state from the
3Gu156g118u11(pu1 configuration. The first state from this configuration lies at  ~30,000
cm’, still in our region of study, but it was not included in our calculation since it is not
dipole allowed from the ground state. The set of dipole allowed gerade states arising from
the 3csullé3ullé3u]1(pul and 3c5u]16ull(pu]1(pu1 configuration start at 45,000 cm'l, which are
beyond our region of study.

The vertical transition energies were calculated using cc-pVDZ and cc-pVTZ
quality basis sets. Transition-moment calculations are performed from both the *®, (2,)
ground state and the *®, (3,) first excited state. As the difference between the *®@, (2,)
and *®, (3,) states is just 360cm™, the thermally excited bands are possible from the first

excited state [78, 84] at the temperature of interest.

2.3 Results and Discussion

UO,, unlike its isoelectronic systems NpO, "~ and PuO,*", has its ground state from
csgl(pu1 instead of the (10, lcpu)2 electronic configuration [79,81,84,85]. The bonding in

UO; is similar to that of UO,*" discussed in Chapter 6. The ground state of UO; is the *®,
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(2,) state arising from the 1(p1115c5g1 (5f¢'7sc") electronic configuration. The 56, MO is
made up of 80% U7sc, + 17% Ubdo,.

The equilibrium bond length for the ground state *®, (2,) is 1.771 A at the
Hartree-Fock level. Subsequently, with added correlation through CI calculations these
values are 1.803 A and 1.777 A for the cc-pVDZ and cc-pVTZ basis sets respectively.
The accuracy of the Hartree Fock wavefunction in predicting the bond length closer to
the one that is obtained with a higher level of correlation appears to be a coincidence. The
MRCISD calculation with the cc-pVDZ basis set increased the bond length because of
the mixing of the main reference with configurations with electrons excited to
antibonding orbitals. The increased correlation obtained on using the triple zeta basis set
then results in the shortening of the bond length.

According to our calculation, the spin-orbit interaction reduces the bond length by
the small amount of 0.007 A because of the mixing of the ground state with the *A, state,
which has a shorter bond length than *®,,. Gagliardi et al. [86] in their 14/14 large active
space CASPT?2 calculations also obtained the 0.04 A decrease in bond length in the
presence of spin-orbit. We did not obtain any change in the bond length by decreasing the
size of the core to 60e from the 68e size core potential as can be seen from Table 2.1.

In the absence of spin-orbit with the 68-electron core potential for uranium, A,
(5f817sc51) is the ground state and the vertical 3Au - 3<1)u separation is 830cm™’. But then
with the 60-electron smaller core potential for uranium, the 3@, is the ground state with
the *A, being 551cm™ above the ground state at its equilibrium bond length. The vertical

®, - A, energy separation is reduced to 511cm™ by including the states arising from

39



3c5u016u21(pu1, 3Gu018u31(pu0 and 3(5110181111(pu2 configurations in the reference space [89].
This is due to the fact that the electrons occupying the 3o, MO, which is the highest MO,
is strongly bonding, and has substantial 5f character, are highly correlated with the
electrons occupying the non-bonding 18, and 1¢, uranium-centered orbitals. Since 10,
and 1o, are virtually pure 5f orbitals, under the atomic scenario the spin-orbital lowering
of 3(I)u 1s 1.5 times that of 3Au, resulting in the 3CD2u (5f(p17sc51) as the ground state in the
presence of the spin-orbit.

The ground state of UO, in the presence of spin-orbit is multi-reference in
character where the main reference has the weight of 71%. The wave-function character
of the ground state is 71% @, (5f¢'7sc') + 13% *Aqy (58'7s6) + 2% 'Asy (58'7sc")
where the ratio of the coefficients of * ®,, and 3 Aoy 18 5.4:1 The 3 ®,, and the 3A2u states
mix due to the spin-orbit interaction.

According to the experimental results, the first excited state *®, (3,) is just
360 cm™ above the ground state (1) and according to our calculation it has a vertical T,
value of 439 cm™ using the basis set of triple-zeta basis set and the 68-electron core
potential. With the small size 60-electron core potential the 3(I)u (2y) - 3(I)u (3u) separation
is reduced to 392 cm™. The zero-point energy correction and the difference between the
vertical and adiabatic transition is negligible between the two states since they arise from
the same electron configuration. The small difference between the 2, — 3, arises because
of the strong *®3, <> '®3, mixing in 3, component of the *®, (actually closer to ®-o
coupling) . At the equilibrium bond length of the ground state, the wave function of the 3,

state is composed of 42% s, (5f(p17sc51), 26% '@, (5f(p17sc51) and 18% >As, (5£8'7sc").
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Since the first electronic state 3(I)u (3u) s just 360 cm’! above the ground state, this state is
populated thermally and a number of observed observation bands originate from this state
[79, 84]. This fact assumes importance in the electronic spectrum calculation of UQO,,
because the Q value for the first excited state is different from that of the ground state.
Based on the electric-dipole mechanism the transitions to excited states of the 1,4, 2, or 3,
types are allowed from the ground state and the 2, 3, or 4, types from the first excited
state. Electric-quadrupole and magnetic-dipole allowed transitions are not being studied
as part of this work, which will also allow transitions to ungerade final states.

The next sets of states (1,, 2,, 3, and 1,) with ungerade symmetry arise from
18u156g1 (5£8'7sc") configuration. The 30, (20) = Ay (1) vertical transition energies of
1037 cm” and 1893 cm™ are obtained using uranium 68- and 60-electron RECP
respectively. The 1, state is mostly single reference in character with a contribution of
85% from the principal term. The 2, state, on the contrary, has heavy spin-orbit mixing
and has a vertical T. of 1587 cm’ and 2293 c¢cm’ using uranium 68- and 60-electron
RECPs. The CASPT?2 results [84] predict that the 1, and 2, states lie at 2567 and 2908
cm” above the ground state. The band positions for *®y(2,) <>’ Ay (1) and *®y(2,) <>°Ay
(2,) transitions have been observed experimentally at 1094 cm™and 1401 cm™ for UO,
isolated in an argon matrix [79].

The lowest excited state of gerade symmetry arises predominantly from the f*
(1(p1181) configuration. This configuration generates the 3H4g,5g,6g , 1H5g s 3H0+,O',1,2 and
'TI, A-S states. The equilibrium bond length for 3H4g, the first state of gerade symmetry is
1.884 A and 1.852 A with the cc-pVDZ and cc-pVTZ basis sets respectively, longer than

the corresponding values for the ground state. In the ground state, one electron is in in
41



compact 5f shell and another one is in the diffuse 7s shell. Thus, screening of the nuclear
charge is in this case is small for the 5f and large for the 7s in contrast to being moderate
for both electrons on the 5fp, 5f5 case. Thus, the states belonging to the 5f* configuration
will have larger equilibrium bond lengths, lower vibrational frequencies and smaller
rotational constants compared to the ground state.

According to our results, the vertical 3H4g state has a vertical transition energy of
3974 cm™ and an adiabatic transition energy of 1251 cm™ above the ground level At the
equilibrium geometry of the ground state, the 3H4g — 3H5g and 3H5g - 3H6g separations are
3822 cm™ and 4227 cm™ respectively. In the 5, component of the *H, state, the *Hs, <>
'Hs, mixing is very small, with the composition of the *H, (5,) state being 86% Hs,
(5f¢'5£8") + 0.9% 'Hs, (5fp'5£3"). Similarly, the *H, (4,) and the *H, (6,) state are also
mostly single-reference states with reference weights of more than 80%. The * H, (4,) 1s
83% “Hag (5f'55") and 3% 'Tug (55%). The *Hg (64) is made up of 88% *Heg (5fp'5f5")
and 2% 'Keg (5f07).

The 3Hg component states arising from the same 5fp'5f8' configuration do not
follow Hund’s Rule, in contrast to the components of *H,. The *TI4(1,) state is lower than
the 3Hg(0g+) and 3Hg(Og') states because of the strong °IT; <> 'TI; mixing and also because
of the heavy mixing with the 321g' (18,%) and 321g' (lcpuz) states. The 3Hg(lg) is composed
of 34% i, (19,'18,"), 26% *Z1¢ (18,5, 7% *Z1g (19.°) and 9% 'y, (1¢,'18,"), where
the *TT,(0,") and *IT,(0y) states are relatively pure.

In addition to the gerade states arising from 5fe'5f8' configuration, the other

configurations which contribute to the states in the visible and UV region are as follows:
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5f¢'7pn', 588" 7pn', 5fe'str!, 5£8'5fn', 6d6'7sc’, 5fp'7ps’ and 5£8'7ps'. Among the
low and high lying gerade states arising from these configurations, there is also a change
in energy ordering from the one advocated by Hund’s Rule due to spin-orbit mixing
among the following systems: M <> 11'[1, Ay > lAz, 3®; <> '®; and °Ty <> 'Ty and also
because of the heavy mixing between states arising from different configurations.

The spin-orbit mixing between 31_11 o 1H1 and 3A2 o lAz is far more significant
than the systems 303 <> 'y and Ty © ]F4, which have higher omega values. The 3Fg
components of the 5fp' 7pr' configuration follow Hund’s rule with the energy ordering of
the states being 3 I3, 3F4g, 3F5g. The components of the 3A state which arise from the same
configuration (5fp'7pr'), however, have the following ordering: 3A2g, 3A1g, 3A3g. The * A,
(2,) state is made up of 30% Ay (19,'3m,"), 27% 'Aye (19u'3m,") and 21% °Tly,
(1¢,'18,"). On the other hand, for the T ¢ (4,) state, the spin-orbit mixing is negligible,

but there is significant mixing with a 3Fg (4¢) state arising from 5fe'sfr’

2.3.1 Electronic-Structure Calculations

The electronic spectrum of UO, has been obtained by Heaven et al. in the regions
17,400-18,600 and 27,000-32,000 cm’! [79], where there are bands with observable
intensity outside this region as predicted by our calculation and by work performed by
Chang [85] and Gargliardi et al. [84]. Tables 2.8-2.11 list the transition energies and the
oscillator strengths from the ground state 2, and the first excited state 3, for the low- and
high-lying electronic states of UO; at the equilibrium geometry of the ground state. The
atomic character of the MOs listed in Tables 2.8-2.11 is given in Table 2.12. As can be
seen from the results tabulated in Tables 2.10 and 2.11, almost all the states are multi-
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reference in character with heavy spin-orbit mixing and the increased correlation offered
by the better basis set having a significant effect not only on the excitation energy but
also on the oscillator strength results. The calculation of oscillator strength involves the
evaluation of transition moments, which under a single configuration approximation is
independent of correlation. But, as we can see from Tables 2.9-2.11, there is a substantial
mixing of the principal term with the term also arising from a different configuration,
making the transition moment sensitive to correlation. The zero-point correction is not
added to the numbers listed in these Tables. As discussed above, because the states
arising from the f* configuration have longer equilibrium bond length r. and a smaller
value of vibrational frequency with respect to the ground state, the zero-point correction
will result in a small decrease in the excitation energy. A similar situation is also
observed when the electron is excited to the states with antibonding 5fr and 5fc
character.

The transitions in the region below 36,000 cm™ are both metal-to-metal centered
transitions (examples, 7sc — 50 or 7s6 — 5fo, 5f¢p — 6dd or 516 and 7sc — 7po) and
the charge-transfer excitation involving the excitation of an electron from 7sc orbital to
an antibonding orbital with U5fr and O2pr character. Charge-transfer excitations arising
from the excitation to the states with 5fc character lie around 40,000 cm'l, but these are
not explored in this work. In the absence of spin-orbit, transitions from *®, (5fp'7sc') —
‘O, (5fp'5fc") and A, (55'7sc') — A, (5f5'5fc") lie at 43292 and 48402 cm’
respectively.

Region I (less than 16000 cm™): Our calculations and those performed by Chang [85]

and Gagliardi et al. [84], predict few electric-dipole-allowed transitions lower than 16000
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cm’', the region in which no experimental results are currently available. There are two
intense peaks at 13411 and 14365 cm™ with oscillator strengths of 0.1047 and 0.0659,
respectively. The electronic transition at 13411 cm™ is a 2, — 3, perpendicular transition,
where the 3, excited state is the mixture of 72% 3F3g (lcpu13nu1) and 6% 3F3g (l(pul4nu1).
The transition at 13926 cm™ is a perpendicular 3, — 2, transition in which there is some
loss of intensity due to 3A2g > lAzg spin-orbit coupling.

Below 16000 cm™, there are also two peaks with somewhat smaller oscillator
strengths of 0.0282 and 0.0275 at 12042 and 13836 cm™ respectively. The weak
transition at 12042 cm™ stems from the 3, — 2, transition where the 3 I, (1¢,'18,") main
term of the excited state undergoes spin-orbit mixing with 3A2g (1" 3m,).

Similarly for the experimental observed band at 13836 cm™, the principal term of
the final state is 1F4g (16u2) which does not contribute to the transition moment from 3,.
This is an example in which the transition probability has no contribution from the main
terms but instead from the states that mix with both the initial (3,) and final state (4y)
through spin-orbit coupling. The contributions to the oscillator strength come from the
I(D3u - 1F4g and 3A3u - 3(I)4g terms.

Region 11 (17,400 — 18,600 cm™): Heaven et al. [79], in their experiments have scanned
the 17,400 — 18,600 cm™ region of the visible spectrum. According to the experimental
result, there are four electronic bands at the transition energies of 17859, 18159, 18227
and 18423 cm™'. Gagliardi et al. [84] have assigned these transitions to 15454 (3, — 2,),
16725 (24 —1,), 17274 (3, — 4,) and 17645 (3, — 1,) respectively. Gagliardi et al.(6),

have assigned the experimentally observed transition at 17859 cm™ to the 2, state with
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their calculated value of 15454 cm™'. According to our calculation, this transition has
considerable intensity but it lies at an even lower transition energy of 13,926 cm’,
making this even further from the experimentally observed band at 17859 cm™. Based on
this argument, we have ruled out this transition as lying in the region where the
experimental data were recorded. The next transition with significant oscillator strength is
the 2,— 1, perpendicular transition, which lies at 16542 cm’'. This is the band we have
assigned to the experimental observed band at 17859 cm™. Next in line is the transition
from the first excited state to the 4, final state, which lies at 17767 cm™. This 3, — 4,
transition is assigned to the observed peak at 18500 cm™. In this region our calculation
further predicts two weak transitions at 18132 and 18935 cm™.

Region 111 (20,000 — 27,000 cm™): Again this is another region where no experimental
measurements are available for gas-phase UO,. In this region there are peaks of
significant oscillator strength at 20677, 23634, 24380 and 24118 cm™, as can be seen
from the results obtained using the cc-pVDZ basis set listed in Table 2.11.

Region 1V (27,000 — 36,000 cm™): Heaven et al. [79] have obtained a group of bands in
the region 27,000 — 30,000 cm™, in which all the bands have not been fully assigned.
According to our calculation, among all the electric-dipole-allowed transitions that are
calculated below 36000 cm™, the most intense transitions are found in this region at
26999, 27661, 29324, 29670 and 30062 cm. The oscillator strength for the last four
absorptions are greater than 0.1. All the intense electronic transitions in this region are as

a result of excitation from an orbital with significant 7sc character to the one with

significant 7pm character. This is to be expected as the transition comes from the 7s and
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7p radial overlap which is large. In this region at 27813 cm™, there also lies a first
transition arising from the 6d3'7sc' configuration.

The experimental spectrum shows an intense transition at 27290 cm.
Corresponding to this observed band there are two computed transitions at 26999 and
27661 cm™. The transition at 26999 cm™ corresponds to the 2, — 1, transition, which is
forbidden in the absence of spin-orbit. Moreover, the main contribution to the oscillator
strength is from the 3 Aoy - 3 I1,, transition, where the 3 Ay, 1s coupled to the principal term
3®,, through spin-orbit. The calculated transition at 27661 cm™ is a strong electric-dipole
transition from the ground state to the state with predominantly °T 3g (1¢,'4m,") character.
Finally the experimentally observed band at 27259 cm™ is assigned to 2, — 3s
perpendicular transitions with the computed value of 27661 cm™, as the oscillator
strength of this transition is almost five times more than the calculated 2, — 1, transition
at 26999 cm™. In addition, this assignment is in line with the fact that the absorption at
27290 cm™ was observed in absorption spectra for matrix isolated UO, at 15K. The 2, —
3, perpendicular transition is also a candidate for the emission band observed at 27120
cm” for UO, molecule isolated in solid argon [79].

The next strong experimentally observed band occurs at 29700 cm™. At 29670
and 29623 cm™', we have two very intense transitions from the ground state and the first
excited state respectively. Since the band at 29700 cm™ was observed in the absorption
spectra for matrix-isolated UO, at 15K, this absorption will occur from the ground state
instead of the thermally excited vibrational or electronic bands. Hence the observed

feature at 29700 cm™ has been assigned to the 2, —1, perpendicular transition.
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The unassigned peak at 29623 cm™ from the first excited state to the state with
character 59% °T" 4g (lcpul4nu1) + 5% 1F4g (18u2), is a peak with considerable transition
moment. We think that this transition could be the one associated with the vibronic band
that is experimentally observed at 29654 cm™, which has been assigned by Heaven et al.
as 1-1 vibrational structure. Also this assignment is in keeping with the argument that it

was not observed at 15K, as it is a thermally excited transition.

The next set of experimentally observed transitions lies in the 28600-28800 cm™
region. The transition in this region is assigned to the one from the first excited state to
the 2, final state that is made up of 36% 3A2g (I(pul4nul) + 26% lAzg (I(pul4nu]) + 5%
3A2g (28g15c5g1). This assignment is consistent with the one made by Gagliardi et al. [84].
Their calculated value is ~2083 cm™ lower than the experimental value and our result
differs by just ~200cm™. Also this excited state with its heavy singlet-triplet mixing
might be the upper level for the emission band with a slow decay rate observed at 28169
cm” (355 nm). It was suggested by Heaven et al. [79] that this emission band undergoes
decay by non-radiative relaxation.

The next set of experimentally observed bands at 31,478 cm™ and 31838 cm™ are
separated by 360 cm™ (AT, = 2, — 3,), which is the difference between the ground state
and the first excited state. This has been explored earlier in literature [79, 84] that the two
transitions are to the excited state that is optically accessible from both the ground state
and the first excited state [79], or that the transitions are to the two closely spaced excited

states from the 2, and 3, states respectively [84]. Transitions in this region have
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previously been assigned to the 2, and 3, states, which were found to arise predominantly
from the 5fp'7ps’ configuration.

According to our calculation, the 2, excited state at 34126 cm” has significant
oscillator strength from both the 2, ground state and the 3, first excited state through
parallel and perpendicular polarization. Then, at just a few cm™ above this state,
however, there are two closely spaced peaks (AT, = 59 cm™) with excited states at 34245
and 34625 cm™'. The oscillator strength to these two states is four to five times more than
to the one at 34126 cm™. The transition at 34245 cm™ is a result of 3, — 3, parallel
excitation. The 3, state is a heavily mixed state with the following composition: 32%
D3, (10,'40,") + 26% '3y (19,'40,") + 9% *As, (18,'46,"). The coupling scheme for
the states arising from 1¢,'4c,' (5f¢'7pc’) is closer to the - limit (further explained in
the section 2.3.2 of this chapter) thus there is significant 3(I)3g - 1®3g mixing, resulting in
the spreading of intensity between various states. Still the 3, — 3, parallel transition has
oscillator strength of 0.0882 because the contribution to the oscillator strength comes
from the *®;, <> 3®3g, Az 3A3g and '®;, l(I)3g pairs of initial and final wave-
function components. The electronic transition at 34625 cm’ is from the 2, ground state
to the 2, excited state, where the 2, state is made up of 56% 3‘1)2g (lcpu14c5u1) + 5% lAgg
(1p.'4m,") + 15% lAzg (ZBgISGgl). Gagliardi et al. [84] obtained a high oscillator strength
of 0.1816 for the 2, — 2, parallel transition, because they didn’t include states from the
28,'50,' configuration in their reference space, which has resulted in some loss of

intensity due to * Dy > lAzg spin-orbit coupling.
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According to our results, there is an optically accessible state from the ground and
first excited state at 39532 and 39093 cm™' with the wave function character of 43% 1CI)3g
(16ul4nu1) + 18% 1CD3g (16ul3nu1). The parallel 3, — 3, transition is far more intense than
the 2, — 3, perpendicular transition from the ground state. This 3, upper state might be

the candidate for the experimentally observed emission band with a slow decay rate

observed for UO, in an Ar matrix at 37594 cm™ [79].

2.3.2 Coupling Scheme

In this work the coupling scheme for the ground and excited states for UO, are
studied. As with the electronic states of actinyl ions [76-78], the weak field
approximation is only valid only among the four 5{5, and 5fop, orbitals out of the seven 5f
orbitals. On a larger energy scale, the splitting of 5fr and 5fc away from 5f3, and 5f, is
a strong-field effect due to their participation in the strong axial bonds.

In all the examples discussed below the coupling schemes are predicted based on
analyzing the theoretical results that we have obtained using the MCSCF MQ’s and the
reference space which attempts to treat the states arising from all the configuration on an
equal footing. As a rule of thumb the ratio of the CI coefficients of the singlet and triplet
terms is 0 and 1 for A-S and - coupling scheme respectively. In the case of w-®
coupling scheme the spin-orbit interaction is a very large perturbation with respect to the
exchange interaction, as a result the singlet and the triplet states arising from a particular
configuration makes similar contribution to the total wave function. But the drawback in
the approach lies in the fact for UO, most of the states are multireference in character,

which can to an extent mask the nature of the exact coupling scheme.
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In addition we have also used the semi-quantitative approach where the energy
level pattern can give a good idea of the coupling scheme. For example as shown in
Figure 2.1 the state arising from c'¢' type configuration under A-S coupling and ®-o
coupling will correspondingly follow a 3,1 or 2,2 pattern of energy levels based on the
relative size of the exchange interaction and the spin-orbit interaction. Although the
coulomb integral usually makes the largest contribution to the total energy but, as seen
from Figure 2.1, it is the exchange and the spin-orbit integrals that determine the splitting
of the states. Thus, the relative size of the spin-orbit coupling and the exchange
interaction determines the coupling scheme.

The ground state of UO,, *®, (2,) stems from the 5f¢'7sc’ electron configuration
and then within few thousand cm™ lie the states from the 5f8'7sc' electron configuration.
For the states arising from both of these configurations the coupling scheme is closer to
the o-w coupling rather than the A-S coupling. This can be seen from the wavefunction
character of the 3, and 2, components of 3<1)u and 3Au states, which are 42% 3CD3u
(5fp'7sc') + 26% '®s, (5fp'7sc’) and 45% A (5£8'7sc’) + 37% Ay (58'7sc’)
respectively. The l(1)311/3(13311 and 'A, /A,y ratios are 0.63 and 0.88 in case of 3, and 2,
states, where A-S coupling gives 0 and ®-o coupling gives 1, so the coupling scheme is
closer to the w-o than the A-S. For these states arising from the 5fp'7sc' and 58'7so’
electron configurations, the electrons are in two shells with small radial overlap so the
exchange integral is small, and in particular it is small in comparison to the spin-orbit
effects, which are due to the electrons in the 5f orbitals. Since these 5f orbitals are non-

bonding orbitals the , ~ 1.5 Cs¢ and (5 = Cs¢. For uranium, the value of Csr is ~1640 cm’!
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[90] . The 3 Az, term is strongly mixed with the 3(I)3u term with the contribution of 18%,
which complicates our assignment of the - coupling scheme for the states
corresponding to the 5f¢p'7sc’ configuration. But in the absence of the *®;3, - *A3, mixing
one would expect even higher mixing between the 3<I>3u and 1@311, moving the scheme
even closer to the ®-o limit.

According to our calculation the four states corresponding to the 5fp'7sc’
configuration occur at 0, 439 cm™, 5806 cm™ and 6582 cm™, following the 2.2 energy
pattern shown in Figure 2.1. Similarly the four states arising from 5f8'7so’ configuration
follows the same energy pattern with the states lying at 1037 cm™, 1587 cm™, 5512 cm™
and 6028 cm™.

The coupling scheme similar to that of the ®, and A, states discussed above, is
also observed in the states arising from the 5fp'7pc’ and 5f8'7po’ configurations, which
contribute to the band in the UV-visible region of the spectrum. The 3, and 2, states are
made up of 32% 3CI)3g (5f¢'7pc’) + 26% 1<1)3g (5f¢'7pc') and 24% 3A2g (58" 7pc’) + 18%
'A 2 (5£8'7pc), giving ratios of 0.81 and 0.75.

The lowest excited state of gerade symmetry arises predominantly from the f
(5f¢'58") configuration. This configuration generates the * Hag 50,69 » 1H5g , Tl 012 and
'TT, A-S states. The 5, state consists of 86% 3H5g (5fp'5£8") + 0.9% lH5g (5fp'5£8") and
the 1, state consists of 34% 3H1g (Sf(pu15f8ul) + 10% 1H1g (Sf(pu15f8ul), giving ratios of
0.01 and 0.32. The H, states follow the A-S coupling scheme, where the I, states are best
described as having intermediate coupling. This is an example showing where within one
electron configuration different states have different coupling schemes. The I, states
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have a smaller spin-orbit contribution to the total energy compared to the H, Also, for the
IT,, states the exchange integral is K, which is smaller than exchange integral of K, for
the Hs, states, where the subscript denoted the symmetry of the charge distributions in the
exchange integral. As a result, the contributions from spin-orbit coupling and exchange
electron repulsion result in intermediate coupling being the better approximation for this
case. The excitation energies for 3 Hy,g, 3Hsg, 3H6g and 1H5g states are 3974 cm'l, 8494 cm'l,
12146 cm™ and 25445 cm™ respectively. The H, energy states follows the 3:1 pattern,
which further strengthens our analysis that these states should be described with a A-S
coupling scheme.

The set of states from 5fp'7pn' and 5£3'7pn’ electron configurations contribute to
the bands in the UV-visible region of the spectra. The pattern of coupling scheme for the
states arising 5fo'7pn' and 5f8'7pn' configurations is similar to the one obtained from
the f* (5fp'5f3") configuration, as described in the previous paragraph. The I'; and @,
states arising from 5fp'7pn' and 5£8'7pn’ respectively, have coupling closer to the A-S
limit. The A, and I, are best described as having intermediate coupling.

In the UV-visible region of the spectrum there also lie the states arising from
6d5'7sc’ configuration. Analysis of the states arising from this configuration show that
the coupling scheme followed by the states is very close to the Russell Saunders
coupling. Thus the exchange interaction due to the substantial radial overlap of the 6d
and 7s orbital outweighs the spin-orbit contribution from the 6d shell. For uranium, the

value of the value of Cgqis ~1900 cm™! [90].
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2.2 Conclusions

In this work, the vertical transition energies and the wave function character of the
experimentally observed vibronic states have been calculated below 36,000 cm™. In this
energy range both metal-centered and charge-transfer excitations are observed. The
multireference character of the states makes the transition energy and oscillator strength
sensitive to correlation. The heavy spin-orbit mixing between the states strongly affects
the transition energies and oscillator strengths. The spin-orbit interaction plays a very
important role in increasing the transition moments of many states that are forbidden in
the absence of spin-orbit. Excitations to the spin-forbidden states are even more
pronounced from the *®,(3,) first excited state, which has significant singlet-triplet
mixing.

We have made assignments for the character of the observed bands and have also
assigned the possible candidates for the structure observed with the UO, molecule
observed in solid Ar. Among all the electric-dipole allowed transitions, the strongest
transitions lie in the 27,000-30,000 cm™ region. The excitations in this region involves
excitation of an electron with mostly 7sc character to states with predominantly 7pm
character. There are many optically accessible states outside the region 27,000-30,000
cm™' with considerable oscillator strength. The calculated results are in good agreement

with the experimentally observed absorption and emission structures.

From the coupling scheme analysis we can conclude in the 0-40,000 cm™ region
of the spectra there lie ~50 mostly multi-reference electronic states, and for all these

states the excitation energies and transition moments for these states cannot be described
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well within the framework of one coupling scheme. Our multireference CI program,
which follows the one-step approach to describe the spin-orbit interaction and correlation
effects, is very effective in analyzing the electronic structure of the gaseous UO,

molecule.

2.3 Future Work

In almost all the excited states, there is mixing between states with different 5f
population, thus the 5s, 5p and 5d electrons also needs to be correlated as the change in
the numbers of electrons in 5f will result in a change in the effective nuclear charge
experienced by these orbitals. Hence, a significant change in correlation energy is
expected on including these sets of orbitals as the part of reference space. The
calculations in this work were performed using a 68-electron core potential where the Ss
and 5p orbitals were not treated explicitly. Therefore the above calculation can be
performed by using the 60-electron size core potential and allowing single excitations of
the 5s, 5p and 5d orbitals which are enough to account for the orbital relaxation which
characterizes the polarization effects.

Theoretical study could also be performed to explore the electronic structure in
the region above 36,000 cm™, where the charge-transfer states arising from 5f¢'5fc' and
5f8'5fc" will be observed in addition to the other possible states. The study of this region
gains importance from the fact that Heaven et al. have observed an emission band at 266
nm for UO; isolated in an argon matrix.

Calculations can also be performed with argon or neon ligands, as this will

provide an interesting insight into how the guest-host interactions affect the vibrational
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frequencies and electronic structure of the molecule. The fact that extensive experimental
study has been performed on the vibrational and electronic structure of molecules isolated
in rare gas matrices should facilitate such a study. We have not performed this
calculation as part of this work. This is because most of the interaction with the rare gas
elements will be dispersion interactions, which result from the instantaneous correlation
in the motion of electrons. So, even though the configuration interaction technique is
ideal to study these interactions in the systems, there is a need to correlate a significantly
increased number of electrons in this case. With the current serial version of

COLUMBUS suite of programs this calculation is prohibitive to perform.
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Spin-orbit Basis Set RECP Number of Bond

included or  Quality Core Size Correlated length
not electrons (A)
No cc-pVTZ 68 14 1.784
Yes cc-pVTZ 68 14 1.777
No cc-pVTZ 68 36 1.774
No cc-pVDZ 68 14 1.809
Yes cc-pVDZ 68 14 1.803
No cc-pVDZ 68 36 1.773
No cc-pVDZ 60 14 1.810
No cc-pVDZ 60 44 1.778

Table 2.1: Bond lengths R, (A) for UO, in the gas phase

Orbital Uranium AQO’s Oxygen AO’s

Energy |s(6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
loy | -2.994 - 45.42 -- 1.97 | 4634 6.05 0.21
26, | -1.905 - 40.41 -- 2.09 | 47.50 9.89 0.10
2n, |-1.074 -- -- 20.46 -- -- 79.30 0.22
4o, |-1.054 2.34 -- 18.97 - 584 7261 0.18
2w, | -0.992 - 3.70 -- 14.58 - 81.59 0.13
3o, | -0.919 - 11.18 -- 47.65 | 0.12 4094 0.11

Table 2.2: Partial Gross Population Analysis for selected MOs of the average of wave

functions of *®, (5f'7s') and the *A, (5f'7s') states at R, = 1.803 A
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Orbital Uranium AQO’s Oxygen AO’s

Energy | s(6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
loy | -2.809 -- 40.99 -- 1.84 | 50.80 6.17  0.20
20, | -1.722 -- 41.72 -- 1.47 | 4330 1338 0.14
2n, | -0.941 -- -- 20.52 -- -- 79.29  0.18
46, | -0.921 3.16 - 18.38 -- 524 73.02 0.15
2m, | -0.840 -- 4.60 -- 11.26 -- 84.05  0.09
36, | -0.688 -- 17.42 -- 37.83 | -0.78 4549 0.04

Table 2.3: Partial Gross Population Analysis for selected MOs of the MCSCF wave

functions from the average of *Hg (5f*) and 3Hg (5f) states at R, = 1.803 A

Gross Atomic Populations
Atom S p d f g Total
U 2.858  6.014 11.542 2.617 0.002 23.036
0 3.774 9.158 0.0303  0.000 0.000 12.963

Table 2.4: Mulliken Population Analysis for the average of wave functions of *®, and the

3 A, states at R. = 1.803 A using the 68-electron RECP

Gross Atomic Populations
Atom S p d f g Total
U 2.073  6.097 11357 3.271 0.002 22.802
0 3.749 9422  0.025 0.000 0.000 13.198

Table 2.5: Mulliken Population Analysis for the MCSCF wave functions from the 3Hg

(5f%) and 3Hg (5f%) states at R, = 1.803 A using the 68-electron RECP
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Gross Atomic Populations
Atom s p d f g Total
U 4813 12.037 11.549 2.591 0.003 30.995
0 3.744  9.230  0.029 0.000 0.000 13.005

Table 2.6: Mulliken Population Analysis for the average of wave functions of *®, and the

3A, states at R, = 1.809 A using the 60-clectron RECP

Gross Atomic Populations
Atom S p d f g Total
U 4.069 12.096 11310  3.277 0.002 30.757
0 3.715 9.501 0.0251  0.000 0.000 3.243

Table 2.7: Mulliken Population Analysis for the M

average of 3Hg (5f%) and 3Hg (5f) states at R, = 1.809 A

CSCF wave functions from the

using the 60-electron RECP

Calculated Result Experimental dag? for
Transitions (cm™) UO; gas (cm™)
2,601, 16542 17499
3ue> 4, 17328 18159
2,63, 18935 18423
2.1, 19613 18587
2,63, 27259 27661
3062, 28885 28667 - 28805
3ue> 4, 29623 29654
2.1, 29670 29700
3.3, 34245 31478
206 2, 34625 31838

Table 2.8: Comparison of the calculated and the experimentally observed electronic

structure for gaseous UO; in the UV-visible range
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cc-pVDZ cc-pVTZ

Leading Wave functions T. (cm™) f (v)* Te (cm™) f (v)*
®, (1¢,'50,") 0 - 0 -
H, (19,'18,") 4989 0.0000 5304 0.0000
Ty (182 +°2, (10 6912 0.0000 7178 0.0000
T, (19,'18,") 8568 0.0000 8944 0.0000
T (19,31, + T, (19,47, 13693 0.0760 14333 0.0879
A (19,31, + A, (19,47, 13919 0.0864 14861 0.1152
3, (18,'3m,") + @, (18,'4m,") 14450 0.0002 15324 0.0001
T, (18,'3m,") + °T1, (18,'4m,") 18740 0.0000 18912 0.0000
Ty (1o2) +°2, (18, 19794 0.0000 19647 0.0000
Ay (28,'50,") 22230 0.0126 22622 0.0414
T (1, 4m,") + T, (19,'37,") 27220 0.2577 27420 0.2077
Ay (1g,'4m,") + A, (19,37, 28234 0.2888 28370 0.2340
D, (18,'4m,") + @, (18,'37,") 28080 0.0001 28436 0.0000
T, (18,'4m,") + °T1, (18,'37,") 29550 0.0000 30276 0.0000
O, (19,40, 33816 0.0499 32292 0.0503
A (18,'40,") 34401 0.0016 32807 0.0018

Table 2.9: Non spin-orbit results for the low and high-lying states of UO, for the triplet
states (U68-electron RECP)

*Oscillator Strength with perpendicular polarization

60



Initial State = 2, Initial State = 3,

State Wave function Character T, f T. f
(em™) (em™)
2 71% *®,, (1(pu150'g19 +13% Ay, (18,'50,") 0 - -
+2% 'Ay, (18,'50")
3, | 42%°Ds, (10,'56,") +26% '®s, (10,'56,") | 439 0
+18% *Asy, (18,'56")
L, | 85% A, (18,'56,") 1037 0.0000 | 598  0.0000
20 | 45% A0 (18,56, +37% Ay (18,'50,) 1587  0.0000 | 1148  0.0000
+3% Dy, (10,'56,")
4, 81% “Hag (1¢04'18,") + 4% 'Tuq (18,2 3974 0.0000 | 3535  0.0003
I, | 34%°TI, (1<gu116u‘) +26% %1, (18,%) + 7823 0.0015 | 7384  0.0000
7% 21, (19,) +

10% 'l (19,'18,")
I, [ 35% 'Sy, (18,5 + 14% T, (19,'18,") + 11791 0.0021 | 11352  0.0000
19%°%,, (19,5 +
14% 'l (19,'18,")
2, | 33%°Thy (19,'18,") + 13% *Age (19,'37,") | 12042 0.0000 | 11603  0.0282
+13% Dy (18,'37,")
3, | 72% T (1¢'3m,") + 6% T3, (19,'4m,") 13411 0.1047 | 12972  0.0001
4y | 43% Tag (18,7 +28% 'Tye (19,'37,") + 13836 0.0000 | 13397  0.0275
6% Dy (18,'3m,") + 6% *Hay (10,'18,")
2, | 30% Ay (104'31,") +27% 'Age (19u'3m,") | 14365  0.0001 | 13926  0.0650

+21% Tl (1¢4'18,")
2, | 81% Dy, (18,'3m,") + 5% Dy (19,4, ") 15174 0.0001 | 14735  0.0004

I, |58% 3A1% (19, 3m,") + 12% A 16542 0.0856 | 16103  0.0000
(28,'50,")

4y | 72% Tue(19u'3m,") + 6% “Tuy (19,41, ") 17767  0.0000 | 17328  0.0841

l, |39% lnl% (19,'18,") + 27% 1, 18132 0.0022 | 17693  0.0000
(1,'18,"

3 | 74% Asg (10,'3m,") + 8% A5 (28,'50,') | 18312 0.0000 | 17873  0.0002

3, | 76% D3 (18,'3m,") + 4% *Ts, (104'37,") 18935  0.0044 | 18496  0.0000

lg | 51% T, (18,'3m,") +21% Iy, (18,'3m,") | 19613 0.0184 | 19174  0.0000

I, | 35% I, (18,'3m,") + 18% T, (18,'37,") | 26999  0.0382 | 26560  0.0000

3, | 67% T3 (1¢,'4m,") 27661  0.1843 | 27222  0.0004
Continued

Table 2.10: Electronic Spectrum Results for the low and high-lying states of UO, using
the cc-pVTZ basis set and 68-electron core potential
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Table 2.10 continued
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e

69% *Asg (28,'55,")

36% Mg (1(pu14nu1?+26% "Nsg (1,'4m,")
+5% Agg (284'56,)

64% *A1g (10,'4m,") + 7% A1g (10,'3m,")
80% Dy (18,'4m,")

59% *Tag (104'47,") + 5% 'Tag (18,7)

54% T (18,'4m,") +25% 'TT, (18,'4m,")
20% Dy (19,'40,") +41% 'Age (1¢,'4m,")
56% Do (10440, + 5% 'Ayy (10,'4m,") +
15% 'Ayg (284'50,")

32% D5, (1(pu140u1? +26% O3, (1¢0,'40,")
+9% >Asg (18,'40,")

43% '@y, (18,'4m,") + 18% '3, (18,'3m,")
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27813
29324

29670
29922
30062
32369
34126
34625

34684

39532

0.0012
0.0007

0.1566
0.0000
0.0000
0.0005
0.02491
0.0885

0.0001

0.0007

27374
28885

29231
29483
29623
31930
33687
34186

34245

39093

0.0003
0.1885

0.0000
0.0014
0.1061
0.0000
0.0068
0.0005

0.0882

0.0162




Initial State = 2, Initial State = 3,
State Wave function Character T, f Te f
(cm'l) (cm™)

24 71% s, (l(puISGgl‘) +13% Ay, (18,'50,") 0 - -
+2% Ay, (18,'50,))

3, 42;/§;®§,Z(13ué5%g1)§ 26% '®s, (19,'56,") | 412 0.0000 0 -
+ 0 3u u JO0g

1, 85% Ay (18,'55,") 892 0.0000 | 480  0.0000

2. 45% 3A2u(18u1510g1)1+ 37% A (18,'56,") 1431 0.0000 | 1019  0.0000
+3% 3Dy, (1¢,'55,")

4, 83% *Hag (104'18,") + 3% 'Tuq (18,2 3578 0.0000 | 3166  0.0003

1, 34% T, (19,'18,") +26% 321%;(18“2)+ 7401  0.0016 | 6989  0.0000
7% E1y (1¢4°) + 9% Tl (1¢,'18,")

1 37% 'T1g (18,5 + 13% Ty, (19,'18,") + 11272 0.0023 | 10860  0.0000
16% °%1, (10,7 + 12% ' (19,'18,")

2, 46% 3H32g(1(pu11§u1)1+ 14% *Age (19,'3m,") | 11282 0.0002 | 10870  0.0290
+13% Dy (18,'3m,")

3, 58% T3, (19, 3m,") + 22% T3 (19,4, ") 12187  0.0764 | 11775  0.0004

4, 41% 'Tag (18,7) +22% 'Tue (10,'3m,") + 13221 0.0000 | 12809  0.0246
7% @y (18,'37,") + 6% "Hay (19,18,

11 19% *Agg (104'37,") + 16% 'Asg (19,'3m,") | 13684 0.0005 | 13272 0.0500
+12% Asg (19,'41,") + 10% 'Asg
(19, '4m,") + 26% Tl (1¢,'18,")

12 59% Dy, (18,'3m,") +27% Dy (19,'4m,") | 13973 0.0001 | 13561  0.0000

13 40% A1 (194'3m,") +25% Ay, 16052 0.0738 | 15640  0.0000
(1g,'4m,) + 9% Ay, (28,'50,))

14 58% 31r4g(1<pu1§nu1)+21%3r4g(1<pu14nu1) 16694  0.0000 | 16282  0.0550
+3% g (18,5

15 55% *Asg (104'37m,") +25% *Asg 17263  0.0000 | 16851  0.0002
(1, '4m,) + 5% *As, (28,'50,))

16 | 55% 33®3g(16u113nu11)+26% 33, (18,'4m,") | 17743 0.0038 | 17331  0.0002
+3% T3, (19,'3m,")

17 41%111'11% (lcpu1138ul)+26°lA> 3H1lg 17853 0.0003 | 17441  0.0000
(19,'18,") + 3% T4 (18,'37,")
+4% TT, (18,'4m,")

Continued

Table 2.11: Electronic Spectrum Results for the low and high-lying states of UO; using

the cc-pVDZ basis and 68-electron core potential
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Table 2.11 continued

18

19

20

21

22

23

24
25

26

27

28

29

30

31

32
33

34

23% T (18,'3m,") +27% T (18,'4m,")
7% lnllg (18,'3m,") + 12% 'T1;,
(18,'4m,")
19% lAzgl(l(pul?)Tcul) +16% 3A2g]
(lcpul31'cu? + 11% "Agg (19,4, +25%
T (19u' 18,
51% *Duq (18,'3m,") + 25% Dy (18,'4m,")
+4% Tag (10,'31,") +3% Ty (18,7)
23% Tl (18,'3m,") + 15% Ty, (18,'4m,")
+ 14%' Agg (10,'3m,") + 13% Tl
(10,'18,") + 4% *Age (10,'37m,")
56% X1, (10,7) + 16% ', (18,5 + 4%
inlg (1éphi116%1))+ 3% Tl (18,'3m,') + 4%
I, (18,'3m,
63% *A1g (284'56,") + 14% Ay,
(lgy'3m,")
65% 'D3q (18,'3m,") + 15% '®s, (18,'4m,")
43%'Tg (10,'37,") + 8% Ty (1, '47,") +
29% 'Tag (18,%)
56% *Asg (284'50,") +4% 'Asy (28,'50,")
+16% Asg (1y'31,")
34% 'l (18,'3m,") + 12% 'y (18,'4m,")
+12% 31111g (18,'3m,") + 5% °TT},
(18,'4m,")
51% T (1¢,'4m,) + 19% °Ty (19,'37,") +
5% Asg (284'564")
63% *Asg (284'56,") + 11% T3, (10,'37m,")
32% 33Azg (I(pullélnul?+6% 3A12g (1o,'3m,")
T 8% gy (28,50,) +13% Ay,
(1py 3my')
51%°A1g (10,'4m,") +15% A
(lo,'3m,")
57% *Daq (18,'4m,") + 27% Dy (18,'37,")
46% T4g (10,'4m,") + 17% *Tup (19,'3m,")
+ 5% *Dyq (18,'4m,") + 8% 'Tuq (18,°)
25% 3c1>2% (1p,'40,") + 17% *®,
(284'56,") + 11% Ay (19,'4m,") + 3%
Pl O

0 2g Oy ITy

64

19426

21089

21810

22795

22799

23634

24380
24530

24952

26981

27350

27488

29077

29382

29404
29690

33980

0.0182

0.0000

0.0000

0.0001

0.0027

0.0143

0.0194
0.0000

0.0002

0.0620

0.2154

0.0127

0.0002

0.2039

0.0001
0.0000

0.0170

19014

20677

21398

22383

22387

23222

23968
24118

24540

26569

26938

27076

28665

28970

28992
29278

33568

0.0000

0.0169

0.0037

0.0079

0.0000

0.0000

0.0006
0.1203

0.0000

0.0000

0.0004

0.0003

0.2270

0.0000

0.0061
0.1399

0.0074

Continued



Table 2.11 continued

35

36

37

38

39

40

41

47% Dy (18,'4m,") + 23% *Dyq (18,'31,")
+10% 3r14g (19,'4m,") + 4% °Tyg
(1py 3my')

27% 3@3% (1¢p,'40,") +31% ',
(104'46,") + 9% A 3. (18,'46,") + 7% *Asg
1 1 o/ 3 1 1 o/ 1
(1gu 4m,) +2% *Ps3, (194'50,") +2% D3y

(1ou Sou')
44% 3@2% (1p,'40.") + 6% 3A2%

1 41 +3% Az 1 47 +5% Az
( (Pull ul) 31 g ( (Pull ul) 13 g
(2?(3%85?5, ) ;;2% Dy, (1pu S50y) +5%°A
2¢g u 40y
33% Tl (18,'4m,") +26% Ty (18,'3m,")
+9% 'Ayy (284'50,")
24% 3A2% (18,'40,") + 18% IAZ%
(18,'40,") + 12% Ay, (28,'56,") + 13%
lA (1 14 1) g g g

2¢g Oy 4Ty

41%'Tag (104'41,") +30% 'Tag (1¢,'37,")
+4% 'Tag (18,0)
49% @3, (18,'4m,") + 16% '3, (18,'3m,")

65

34110

34141

34156

34769

36287

36287

37156

0.0000

0.0000

0.0344

0.0013

0.0013

0.0000

0.0018

33698

33729

33744

34357

35875

35875

36744

0.0038

0.0458

0.0001

0.0051

0.0003

0.0020

0.0149




Molecular Atomic Character

Orbital
lo, USdo
20, Ubsc
3o, O2sc
4o, 02poc, Ubdo
5o, UT7sc
I, USdn
2m, O2pm, Ubdn
15, U5dd
20, u6ds
loy Ub6po, O2sc
20, Ub6po, O2sc
3oy Usfo, O2po
4o, U7pc
Iy U6pn
21y O2prn, USfr
3m, Usfr, U7pn
4m, U7pr, USfn
16, Usfo
1oy Usfo

Table 2.12: Atomic character for the MOs listed in the Tables 2.9-2.11
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®-» Coupling Scheme (Energy Level Pattern 2,2)
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A-S Coupling Scheme (Energy Level Pattern 3,1)

hs+ hy + Joo + Ko hs+hy + Jso + Ko
? ¢ ? ? ? ® 1A2(161 05 - lo12 9-7)

1N2(|612 @71 - [6-12 P-512])

he+ hy
hs+ he + Joo - Koo+ 3/2
e N 5 |G1/2 Q72| OF [G-1/2 @-712]
he+ he + Joe - Koo 1N2(|512 @3] + o172 9-712])
1A2(I612 @72 + |6-12 @-3572])
h(y + hq) + JG(D = KG([) hG + h(P + JG(P - KG(P = 3/2C(p
|G-12 @s12] OF |G1/2 -5
Xh S hy + Hyep
) hi + Hrep + Hs.o.

Figure 2.1: Energy level diagram of the (-®) and (A-S) coupling schemes for the c'o'

electron configuration
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CHAPTER 3

ELECTRONIC SPECTRUM OF THE UO AND UO" MOLECULES

3.1 Introduction

Uranium is a highly reactive metal even at low temperatures and it reacts very
strongly with Hy, O,, CO,, etc., [91], resulting in the formation of UO, UO", UO,, UO,’,
U022+, UO;, UH, UH,, UH; among many other products. In addition to the obvious
practical perspective, theoretical interest in studying these systems is high due to the fact
that in UO and UO", relativistic effects and correlation effects play a very important role.
The study of UO using absorption, emission and laser-induced fluorescence techniques
[92-100] has provided a large amount of experimental data, making this system even
more attractive as a candidate for theoretical study. For UO", there are no experimental
data available in the current literature, but Heaven et al. [101] are in the process of
obtaining such spectroscopic data. The work performed in this dissertation can be
valuable for experimental studies as it will provide experimentalists with an appropriate
frequency region to scan. According to our calculations, for UO", there are intense

electronic transitions in the near IR region of the spectrum.

The U'O and U0 molecules have been studied spectroscopically in the gas

phase [92-98] and also in low temperature rare-gas matrices [99-100] using absorption,
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emission and laser fluorescence techniques. Kaledin et al. [93] first obtained the
electronic emission and absorption spectra of the UO molecule in the gas phase, revealing
energies and molecular constants of five electronic states below 15,000 cm™. Heaven et
al. [97-98] have experimentally observed a number of bands ranging from the near IR to
the visible region. Vibrational and rotational analyses have been performed to obtain
information on the spectroscopic constants of these states. Since the states belonging to
the same electron configuration have similar constants, and the potential energy curves
for these states are quite similar, this information aids greatly in the assignment of the
transitions. Further facilitating the assignments is the fact that in the region lower than
10,000 cm™ the states arise only from 5£°7s', 5*7s* and 5f°7s'6d' type configurations and
the rotational constants for the states arising from these configurations differ
considerably. For example, the states arising from the 5£7s' and 5f°7s’ type
configurations have rotational constant around 0.330 cm™ and 0.346 cm™ respectively.

Experimental data are available for the following isotopes: ***U'°0, **U'®0 and
2¥U0 [96,98]. Performing experiments using these different isotopes offers significant
insight into the electronic structure of UO. This is especially helpful in this case since the
ground and first excited state arising from the 5f°7s' and 5f%7s® type configurations,
respectively, are separated by only ~ 300cm™ . The low excited states with more 7s orbital
occupancy than the ground state will experience more isotopic shifts since the 7s has a
finite electron density at the nucleus [102].

The goal of this work is to study the low- and high-lying states of U'°O and U'°O"
molecule using ab initio methods. The theoretical investigation of the electronic structure

of UO and UO" is challenging due to the high density of electronic states arising from
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different configurations and different multiplicities. The active space consists of different
distributions of valence electrons between the 5f, 6d and 7s open valence shells, making
the computational size of the calculation quite large. For this reason, so far, the LFT
approach has proved to be the method of choice in studying AcO and the analogous LnO
molecules. Thus, a part of this work also deals with analyzing the success of LFT in
studying these systems as it has proved to work quite well for LnO molecules.

For UO, experimental emission and absorption data are available at a low
temperature of 130 K and a high temperature of ~2500 K. In the latter temperature range,
the thermal excitations can cause significant populations of low-lying electronic energy
levels up to ~1750 cm™. From our calculated results (refer to Table 3.14) and the LET
results [97-98] it can be seen that for UO in the gas phase, many low-lying states can be
thermally populated at ~2500K. In the emission spectrum at 2400-2600 K, Kaledin et al.
[93] observed 500 bands in the 4000-9000 A region.

Currently we are not aware of any spin-orbit study that analyzes the wave
function character of the low and high-lying states of UO observed experimentally.
Further, for UO", there is a single-excitation spin-orbit study [105,106] that deals with
only the states arising from 5f° type configuration and our calculations predict the
existence of states arising from several configurations in the region of study. Thus, our
theoretical calculation can contribute valuable insight into the electronic spectra of the

molecules under study.
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3.2 Computational Details

The study of the electronic structures of UO and UO" was performed at
the MCSCF and CI levels of theory. The calculation was performed with basis sets of cc-
pVDZ and cc-pVTZ quality. Natural orbitals generated from MCSCF calculations were
used for subsequent CISD calculations.

Our spin-orbit configuration interaction calculations were carried out with a 68-
electron core potential for uranium and a 2-electron core potential for oxygen thus
leaving 30 and 29 electrons for UO and UO" that need to be treated explicitly. The
reference space for UO and UO" consists of the 5o and 2n bonding MOs as part of the
inactive space, where the MOs are doubly occupied in all the references but then single
and double excitations are allowed out of them. The active space where changes in
occupancy were allowed to generate the required references consisted of the 1¢, 26, 39,
4m, 60 and 7o orbitals, where 1¢, 20 are non-bonding 5f orbitals; 30 is the non-bonding
6d orbital; 4n and 60 are the antibonding combination of 5f(n,5) and O2p(n,c) and 7c
MO has mainly 7sc character with small contributions from the 6dc and 7po orbitals. In
the CI calculation, a few high energy virtuals were included in the frozen virtual space as
they were meant for molecular SCF use only.

A more accurate calculation of the electronic spectrum of UO and UO" would
involve correlating the 3¢ and 4c orbitals, which are formed by the bonding-antibonding
interaction between the U6po, O2po and a small amount of U5fc. With the change in the
occupation number of 5f, there is a change in the extent of interaction between the MOs

(due to the change in the effective nuclear charge experienced by the electrons in the 6p
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orbitals). This effect is evident from the atomic character for the MOs shown in Tables
3.10-3.13.

The multireference character of the ground and the excited states has made the
calculation computationally intensive for UO and UO". For example, for UO" the number
of CSFs before correlating the electrons in the 3o and 46 MOs was already 33 million. If
these electrons are also included in the reference space, the number of CSFs rises sharply
to 96 million. This mixing between the states from different configurations in case of UO
and UO" is, however not as extensive as in case of the UO, results discussed in Chapter
2. The focus of this work is computing vertical transition energies at the equilibrium bond
length of the ground state, and only a small amount of exploring potential curves is done.
At this distance the mixing between the states arising from different type of
configurations is quite small. Thus, the reference space without the electrons in 3o and
40 MOs will have little effect on the relative spacing of the states generated from a
particular configuration for UO and UO" respectively. The oscillator strengths are
calculated under the electric-dipole approximation not only from the ground state but also

from the lower-lying excited states.

33 Results and Discussion

The ground state of the U™ ion is *Hy, arising from the 5f* configuration, and the
lowest state energy that stems from the 5£6d' configuration lies only 210 cm™ higher.
The levels of 5f°7s' start at 3744 cm™ [102]. In the presence of oxide ion, the ground

state of UO arises from the U*" (5f7s') O* configuration. Similar behavior has been
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observed in the case of lanthanide oxides where the low-lying electronic states are
derived from 4f'6s' configurations with the exception of EuO and YbO due to the
stability associated with the half-filled and filled 4f shell. According to the oft-cited work
by Field [103], in LnO systems the f*'s lies below f* and f*'d due to the ligand field,
which destabilizes the compact d and f orbitals more than the diffuse s and p orbitals.

The active space of both the LnO and AcO systems requires at a minimum, the
valence ns, np, (n-1)d and (n-2)f metal-centered AOs in addition to the oxygen ¢ and &
orbitals. With a valence space of this size, the number of low-lying electronic states
becomes very large. As a result, at present, the simple LFT approach has been used
widely in the literature for lanthanide oxides. A few researchers have used the method for
some actinide oxides as well. LFT, including spin-orbit parameters, exploits the
correspondence between the ordering of the electronic states of LnO with that of the free
atomic ion, Ln™". This is due to the poor overlap of metal centered 4f and 5d orbitals with
the orbitals of the ligand. Thus, irrespective of the coupling scheme, the states arising
from a particular configuration will have similar values of spectroscopic constants.

For LnO, the 5d atomic orbital is involved more in bonding with oxygen AOs
than with the electrons is the 4f shell. Similar behavior is observed for AnO, such as UO,
where the bonding is mostly between the U6d and O2p and a relatively smaller
contribution comes from the USf orbital components, as is evident from the population
analysis in Tables 3.7-3.13. The validity of applying the LFT to study the AnO systems
stems from the relative participation of the U6d and U5f AOs in the bonding. For LnO
molecules, the 4f electrons are localized and are chemically inactive [103] in molecular

bonding but for AnO molecules the relativistic expansion of the 5f and 6d orbitals is
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enough larger that they play a more important role in bonding [104]. As can be seen from
Tables 3.7-3.13, the contribution of 5f orbitals is higher for the bonding 5¢ sigma MO
than for the bonding 31 MO, which can easily be explained based on the amount of 6p
character in the 56 and 3w MOs. In UO and UQO", there is a strong interaction between the
02sc and U6po, which causes the higher destabilization of the antibonding o*ozp_Ués
orbital. Further mixing with the 5fc and 6dc AOs results in a bonding 56 MO with
higher metal 5f, 6p and 6d character.

From Tables 3.10-3.13, we see that in UO, the participation of U5f and U6d in
bonding is more significant for states derived from the 5f°7s* and 5f°7s'6d' type
configurations than in the states derived from the 5£7s' type configuration. Similar
behavior is observed for UO" between the states arising from the 5f°, 5f°7s' and 5f°6d’
type configurations respectively. For UO", the extent of participation of the U5f and U6d
shell in bonding is higher than that for UO, thereby reducing the atomic nature of 5f and
6d orbitals for UO".

For uranium monoxides, the bonding-antibonding interaction between the USf
AOs and the oxygen ¢ and 7 orbitals is not as strong as for the corresponding dioxides.
As a result, the ground- and excited-state character is very different in the two systems.
The point to note here is that, for actinyls, the weak-field approximation is good only
among the 55, and 5fg, orbitals. A strong-field approximation holds among the 5frr, and
5fc, orbitals. For UO and UO", however, the weak-field approximation prevails among
all the seven 5f orbitals. Consequently, the antibonding 5fr and 5fc contribute to the

ground-state configuration of UO and UO", whereas for UO, and its ions, the antibonding
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5fr and 5fc contribute to excited states. Further, the 5f¢p - 5f5 separation due to the
oxygen ligand field is also small in UO and its ions in comparison to that in UO, and its
ions.

For UO and UO", analogous to UO, and its ions, spin-orbit effects are quite
significant and in both cases the contribution of spin-orbit to the low-lying states comes
exclusively from the 5f orbitals. The difference in size of the 5f shell for UO and UO"
can result in a small difference in their spin-orbit coupling constant (Cs¢) values. In the
case of UO, analyzing the mixing between different A-S wave functions for example: °Is
“ 315, g <> 316, ‘Hy & 3H4, SHs <> 3H5, Ke < K states, shows that often neither m-m
nor A-S coupling provides a good description, so the coupling should be described as
intermediate. For example, for UO the contribution of the quintet and triplet term to the
total wave function of (3)4, 1(5) and 2(6) states is 24% “H (1¢'28'76'65") + 15% *H
(19'28'76'65"), 37% °1 (19'28'4n'6c") + 18% 1 (1¢'28'4n'6c') and 52% °Kg
(19'28'38'66") + 12% K (1¢'28'38'66"). The ratio of the quintet to triplet term for

(3)4, 1(5) and 2(6) states is 0.62, 0.49 and 0.23 respectively.

3.3.1 Electronic Spectrum of UO

The ground state of UO is a Q = 4 state with the leading contribution from the I,
(1¢'18'4n'65") wave function. In addition to the ground state with omega Q = 4, there
are two more states with Q = 4 within 1500 cm™ from the ground state. In this work the
three low-lying QQ = 4 states are represented as X(1)4, (2)4 and (3)4, using the scheme
(1)Q2 used by Heaven et al. [97,98]. The principal terms for the X(1)4, (2)4 and (3)4 states

arise from the 1([)118141'[1661 (5F7s"), 1([)1161662 (5f*7s%) and 1(|)11817c516c51 (5£7s")
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configurations respectively, where 1¢, 26 are non-bonding 5f orbitals; 4 and 7c are the
antibonding combination of 5f(n,5) and O2p(n,0) and 60 is the MO with mainly 7sc
character with small contributions from 7pc and 6dc AOs. The calculated bond lengths
for the X(1)4, (2)4 and (3)4 states are summarized in Table 3.1 and 3.2 using the cc-
pVTZ and cc-pVDZ basis sets. The values obtained for the X(1)4 and (3)4 states are
1.849 A and 1.851 A respectively using the cc-pVTZ basis set, and are in good agreement
with the experimental bond length of 1.8383 A. The X(1)4 and (3)4 states are multi-
reference in character but still they have almost the same bond length due to the
maximum contribution to the total wave function being from the 5f°s' configuration in
both cases. The small difference of ~0.01 A between the calculated and experimental
value for these states might be due to the truncation of correlation in CISD or to the use
of an effective core potential. Malli et. al. [107] using the relativistic density functional
self-consistent-field method obtained a bond length of 1.88 A, which is 0.04 A higher
than the experimental bond length.

The calculated bond length for the 2(4) first excited state, which arises
predominantly from the 5f*7s® configuration, is 1.792 A. Our calculated bond length
differs from the experimental value of 1.7932 A by just 0.001 A. In the event the mixing
is not strong between the states arising from different configurations the spectroscopic
constants for the states arising from a particular configuration will be almost identical.
This is a feature that facilitates the analysis of the wave function character of the states
[92,97,98].

For the ground state, with the inclusion of spin-orbit, the bond length changes by

the order of 0.006 A. The small effect is because of the spin-orbit mixing of the I
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(1¢'18'4n'65") main term of the ground state mainly with the “Hy (1¢'18'76'6c") state,
where both the °I; and “Hy stem from the same 5°7s' configuration. Similarly spin-orbit
reduces the bond length of the (3)4 state by the small amount of 0.005 A because of the
spin-orbit (SO) mixing of the *Hy (1¢'18'76'66") main term with the I, (1¢'18'4n'65")
and °T'4 (1(p147t17c516c51), where 5H4, >4 and T4 stem from the same 5£7s! configuration

According to the our calculation, the low-lying states of UO arise from the
following three configurations U™ (5f° 7s"YO*, U™ (5f7s%)0* and U™ (5%6d'7s" 0.
Analysis of three omega = 4 states:

The first objective of this work is to analyze the wave function character of the
three low-lying states all with Q = 4. The potential energy curves of these three states in
the presence of SO are shown in Figure 3.1. As can be seen, the spin-orbit coupling
changes the shape of the curves quite significantly for both the X(1)4 ground and the (2)4
first excited state.

At 1.835 A, there is an avoided crossing between the X(1)4 ground state and the
(2)4 first excited state. The amount of avoided crossing depends on the extent of spin-
orbit mixing between the two states. The principal terms for the X(1)4 and the (2)4 states
wave functions can be represented by (choosing 2 = - 4) the Slater determinants as
[1osa 20,0 4o 660 and [1esa 20,0 66P 66 respectively. The mixing between
the two determinants comes from the spin-orbit matrix element between the 4n_;00 and
603 spin-orbitals. The magnitude of the integral will be governed by the radial overlap of
the 4t and 66 MOs where the 4t MO is a 5fn orbital with some antibonding O2pn

character and the 6c is made up of is 84% 7so, 8% 7pc and 6% 6dc. The spin-orbit
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matrix elements will have non-zero contributions only from the 7pc and 6dc part of the
60 MO. Thus, small spin-orbit mixing is expected between the principal terms of X(1)4
and (2)4 states due to the difference in radial extent of the MOs involved and due to the
small 7pc and 6dc contribution to total 66 MO. In addition to the spin-orbit mixing
between the principal terms, some amount of mixing will also arise from smaller wave
functions terms that mix with the main terms of the respective states.

Next the amount of spin-orbit mixing between the X(1)4 and (3)4 is analyzed.
The Slater determinant of the principal term of the (3)4 state is 1/2 (|1¢.300 20,0 7oa
60f| + |1psa 28,0 7oB 600 + |[losa 20,3 7oa 6cal + [1osp 20000 7co 60a)).
Between the main terms of X(1)4 and (3)4, the spin-orbit mixing involves evaluating the
non-zero integral between 41_;a and 6Gp. Since there is strong radial overlap between the
3n (5fr) and 7o0(5fc) MOs, significant SO coupling will occur between the X(1)4 and
(3)4 states. Similarly the spin-orbit mixing between the principal terms of the 2(4) and
3(4) states will come from the SO matrix elements between 6ca and 7o MOs, which,
however, is zero.

According to our calculation the adiabatic excitation energy for the 2(4) first
excited state is at 140 cm™. The experimental [97,98] T, (0-0) and T, value for X(1)4 >
(2)4 transition is 294.11 and 175.7 cm™ respectively. The zero point energy (ZPE)
correction between the two X(1)4 and (2)4 states is of the order of 50 cm™. After taking
the ZPE correction into account, the small difference left between the calculated and the
experimental value can easily be attributed to higher order correlation effects. The

oscillator strength associated with X(1)4 = (2)4 transition is 1.63 x 10, The transitions
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between the principal terms are forbidden in the absence of spin-orbit coupling. The
small transition moment is from the small terms that mix with the principal terms of
X(1)4 and (2)4 states through spin-orbit coupling.

The calculated T, for the (3)4 state is 1740 cm™, which is bit higher than the
experimental value of 1574 cm™. In our first attempt to perform the calculation we did a
three-reference calculation with the states generated from the 1¢'18'5fn'66", 1¢'18'66”
and 19'18'76'6c' configurations. A transition energy of 2800 cm™ was obtained with the
wave function character of 3(4) state being 43% °Hy (1(p12817c516c51) + 27% °H,
(19'28'76'66") + 5% °I4 (1¢'28'4n'65"). But then with inclusion of states arising from
the 1¢'ln'76'66" and 1¢'4n’6c' in addition to many other configurations in the
reference space, the transition energy was lowered to 1740 cm™, now just 166 cm™
different from the experimental value. The final wave function character of the 3(4) state
is listed in Table 3.14. Since our calculated value for this transition is still overestimated,
our calculation may still be lacking some important references that contribute to the
differential correlation energy. The zero-point energy correction is negligible between the
X(1) and the (3)4 states.

Low-Lying states for UO:

The calculated and the experimental values for the low-lying states, along with
their wave function characters and oscillator strengths are listed in Tables 3.14-3.15. In
Table 3.15, the adiabatic energy is given for Q=4, which stems from 5f7s* type
configuration, but for the rest of the states, values are vertical transition energies since
they all are states of 5f7s' type configuration. The difference is not expected to be

significant between the vertical and adiabatic values for the states arising from 5f7s',
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because these states do not show any substantial mixing with the states arising from the
5f*7s® and 5f%6d'7s' type configurations.

As in the calculations for the 3(4) state, for the first Q=3 state we first performed
a three-reference calculation with the states generating from the 1¢'18'4n'60',
1¢'18'66” and 19'18'76'66" configurations and obtained a T, value of 1231 cm™ where
the Q=3 state consisted of 83% “H; (1¢'28'76'6c"). But then a larger reference space
consisting of states arising from the 5f¢'5fn'5fc'7ss' and 5fe'5fn*7sc’ type
configurations resulted in a T, value of 608 cm™, very close to the experimentally
obtained value of 651 cm™. Experimentally there lies another Q=3 state at 1941.48 cm™,
Based on our calculation, this state is assigned to a highly multireference 13% ’®;
(1¢'4n’6c") + 12% °H; (19'28'76'6c") + 8% T3 (19'28'4n'6c") + 6% T
(1¢'76'4n'65") state with a calculated transition energy of 2117 cm™. The rotational
constants for these two Q=3 states are 0.328 cm™ and 0.327 cm™ respectively, indicating
that they are states from the 5f°7s' type configuration, as shown by our calculations.

The experimental results predict a state with Q = 5 at 1043 cm™. According to our
calculation, this state has the wave function character of 37% °Is (1¢'28'4n'66") + 18%
s (1([)126147[1661) + 13% “Hs (1([)12517(51661). Thus, both the Q' = 5 and Q" = 4 states
have the leading terms from the same 5f¢'5f5'5fc'7sc' electron configuration, which is
further supported by their similar rotational constant of 0.3333 cm™ and 0.3297 cm™. The
small change in the rotational constants between the two states, according to our

calculation, results from the high multireference character of the Q" = 5 final state. The
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strong mixing between °Is - °Is shows that the spin-orbit interaction is not a small
perturbation with respect to the exchange interaction.

According to our calculations, the second low-lying state with QQ = 5 has the
maximum oscillator strength in the IR region of the spectrum. This state has not been
categorized by Kaledin et al. [96,97]. The principal term of this state arises from the
5f%6d'7s' type configuration and is the lowest state of this type. According to the LFT
calculation (1994), the state with minimum energy from the 5£°6d'7s' type configuration
lies at 9300 cm™. From our calculation, this state lies at 3928 cm™ and the principal
contribution is 80% K (1¢'26'38'6c"). The main term in the transition moment is the
matrix element between 47 and 33. The next state that arises from the 5£6d'7s' type
configuration also has the same 5f components and is an Q = 6 state, lying at 5805 cm™
and containing 52% Kg (l(p12813816c51) +12% *Kg (1([)12613816(51). As can be seem
from the extent of quintet-triplet mixing, the spin-orbit coupling is significant with
respect to the exchange electron repulsion interaction. The spin-orbit effects are due to
both the electrons in the 5f and 6d shell. The spin-orbit coupling constant for 5f and 6d is
~1640 cm™ and ~1900 cm™ respectively [98]. The next state from the 5f%6d'7s' type
configuration has different 5f components and is an Q = 4 state with °I; (1¢p'47'38'65")
as the main term.

There is an experimentally observed transition at 4469 cm™ with a final state of
=6. According to our calculation this final state has the same principal electron
configuration as that of the ground state, which is further corroborated by fact that O’ = 6

and Q)" = 4 states have the same experimentally observed rotational constant of 0.333 cm”
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' The Q' = 6 state contains 52% “Is (19'256'41'65") + 18% “He (19'25'76'66") + 11% I,
(19'28'4n'60h).

The experimental results show two features with Q =2 at 958 cm™ and 2118 cm’™
respectively. Our calculated results predict these two states to be at 916 cm™ and 2294
cm”. The 916 cm’ state is a highly multireference state containing 23% T
(1(p126147c16c51), 21% @, (l(p14n26c51) and 14% T, (1([)176147[16('51). Our assignment for
the transition at 916 cm™ is in agreement with its rotational constant of 0.3245 cm™,
which shows that it is a state from the 5£7s' type configuration. The 2118 cm’™ state has
components T, (1¢'76'4n'66") and °T1, (1¢'28'76'65").

According to the experimental results [94], there are seven states with Q =0, 1, 2
or 3 below 4000 cm™ arising from the 5f°7s' type configurations. Our calculation predicts
seven such states at 608 cm™ (Q =3), 916 cm™ (Q = 1), 1100 cm™ (Q = 1), 2117 cm™ (Q
=3),2294 cm™ (Q=2), 2347 cm™ (Q = 1) and 2354 cm™ (Q = 0).

High-lying excited states:

Preliminary excited-state calculation results are available for high-lying states.
The possible assignments and the oscillator strength associated with these states are listed
in Tables 3.16-3.18.

Per the experimental result, the electronic transition at 14016 cm™ has Q' = 4 and
Q" = 4, with the rotational constant of ' and Q" being 0.3409 cm™ and 0.3333 cm™. Our
calculation predicts an Q' = 4 to Q" = 4 excitation at 13359 cm™', where the main term of
Q' = 4 stems from the 5£*7s'7p' type configuration. The rotational constant for the states

with the 5f*7s” type configuration fall close to 0.3461 cm™, and as 7s and 7p have almost
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the same shielding properties, the rotational constant of the state from the 5f7s'7p' type
configuration will also be close to 0.34 cm™. Thus our assignment for observed state at
14016 cm™ as the Q = 4 state from the 5f*7s'7p' type configuration with a leading
contribution from the I, (19'28'5n'66') wave function is also supported by the
rotational constant of the final state. The LFT theory calculation [97] predicts the
minimum energy state arising from the 5f°7s'7p' type configuration to lie at 23300 cm™
with respect to the X(1) ground state, which differs by ~10,000 cm™ from our calculated
result. Also, based on LFT theory, the state at 14016 cm™ has been tentatively assigned to
the 5f°7s” type configuration by Heaven et al. [97].

There is also a state calculated at 14310 cm™ arising from the 5f%6d'7s' type
configuration. This is an ideal candidate for the experimentally observed peak at 14016
cm’ as its rotational constant might fall close to the experimentally observed value of
0.3409 cm™' but its intensity is six times smaller than that of the 14 (1¢'25'51'65") state
at 13359 cm™.

According to the experimental results, the strongest transition is at 16845 cm™ (8),
which has Q' = 5. According to our calculation, there is a very strong transition from the
ground state to the Q' = 5 state at 15532 cm™'. The principal term for Q' = 5 state is "K
(1¢'28'57'4n"). Based on the leading terms in the wave functions, the Q" =4 — Q' =5
excitation can be categorized as a 7s = 7p excitation. This is the strongest electric-dipole
transition among the states up to 16,000 cm™. The strong oscillator strength is due to the
strong 7s-7p overlap due to their similar radial extents. The LFT calculation [97]

predicted the lowest state arising from the 5f7p' type configuration to lie at 21300 cm™.
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The next state arising from the 5£°7p' type configuration is a Q' = 4 state with °I
(1¢'28'571'76") as the main term. It is a double excitation from the main wave function
term of the ground state. From the X(1)4 state, the transition energy and oscillator
strength to this state are 15911 cm™ and 0.00272 respectively. But, again, since the Q" =
3 state can be significantly populated at 2500 K, hot bands are possible from this state.
This Q"= 3 — Q' = 4 transition has an oscillator strength of 0.04667 that is almost 17
times more intense than the transition from the X(1)4 state since from the (2"= 3 state it is

a single 7s = 7p excitation.

3.3.2  Electronic Spectrum of UO"

In this work we have studied the transitions lower than 8500 cm™ in the presence
of spin-orbit. As there are no experimental data available, the calculation is compared
only with the calculated result using the LFT [97] and the valence configuration
interaction technique [105, 106].

The ground state of UO" is a ‘I state arising primarily from the 5f type
configuration predicted by the LFT calculation [97], the valence configuration interaction
study, and our work [105,106]. Based on the bonding picture, the list of molecular
orbitals that will contribute to the low-lying excited states are: 1o, 29, 39, 4n, 60 and 7c
orbitals, where 1¢, 20 are non-bonding 5f orbitals; 35 is the non-bonding 6d orbital; 47
and 6c are the antibonding combination of 5f(n,5) and O2p(n,6); and 7o is the MO with
mainly 7sc character.

The equilibrium bond length for the *I ground state of UO" is 1.814 A using the
cc-pVTZ basis set. Currently there are no experimental values for R, but since for UO at
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a similar level of correlation, our calculated result differs from the experimental result by
just 0.01 A, a similar or even lower magnitude of error is expected in case of UO". Krauss
et al. [105] obtained the bond length of 1.841 A for the ground state at the SCF level of
theory.

For UQO", the states studied in this work arise from the U**(5£)0%, U**(5f7s")0*
and U**(5£%6d")O” type configurations. As can be seen from the bond-length values for
the low-lying non-SO states in Table 3.4, the equilibrium bond lengths for the states
arising from the three configurations are in the following order: U**(5f7s")0* <
U*"(5f6dH0* < U**(5£)0%. Accordingly, the order for the vibrational frequencies and
the rotational constant follows: U*"(5£7s"0% > U¥(5£%6d")0* > U**(5)O*. The order
is consistent with the ability of the last orbital to screen the nuclear charge of the atom
and also the amount of bonding/non-bonding/anti-bonding character of the wave
function. As seen from the values in Table 3.4, the bond length for states arising from the
5f configuration lie in the 1.845-1.842 range. Due to the ineffective shielding of the
uranium nuclear charge by electrons in the 6d and 7s shells, the excitation of electrons
from the 5f shell to 6d and 7s shells results in shorter bond lengths. Both the ‘K
(19'25'38") and “I (1¢'4n'38") states arise from the same configuration, but then the
bond length for the former is 0.11 A smaller than the latter due to higher anti-bonding
character of the latter wave function.

Study of States in the Absence of Spin-Orbit:
In order to get a rough idea of the configurations that contribute to the lower

energy states, a simple spin-free calculation was performed. Table 3.5 lists the transition
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energy and the oscillator strength from the 1 ground state to the electronic states of UO at
the equilibrium geometry of the ground state.

In the absence of spin-orbit coupling, the UO™ molecule has a ground state of *I
arising from the 1¢'28'4n" configuration. The ground state is almost single reference in
character with 89% contribution from the principal term.

The first excited state, 4H, stems from the 5f° electron configuration. In the atomic
picture, the transition from the ground state to the first excited state will result in an f-f
parity-forbidden transition, but this selection rule is relaxed due to the oxygen ligand
field. As a result, the *I - *H transition in the absence of spin-orbit coupling is a weak
transition visible in the infrared absorption spectrum with an oscillator strength of
0.0017 x 10, As can be seen from Table 3.6, the energy region below ~3,000 cm’
contains the excited states derived from the 5f° electronic configuration.

The lowest state arising from the 7s'5f* type configuration lies 3391 cm™ above
the ground state and has 88% *H (1¢'28'7c") wavefunction character. The oscillator
strength for the “I — *H transition is 3 x 107, In this transition, the transition probability
has maximum contribution from the principal terms of both the initial and final states.
Thus, based on the leading term approximation, a small value of oscillator strength can
easily be attributed to the small 7s and 5f radial overlap.

The states arising from the 6d'5f* type configuration that contribute to the low-
lying excited states have the following wave function characters: 1¢'25'38'
(5fp'5£5'6d8") and 1¢'4n'38' (5fp'5fn'6ds"). The *K excited state that stems from the
19'28'38" electron configuration lies at 5878 cm™. In spite of the strong f-d allowed

transition in the atomic system, the oscillator strength for this transition is 0.0432. In the
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*I - *K transition the only difference between the main wave function terms is the spatial
part of the third electron, 4n(5fr) <> 38(6dd). The antibonding character of the 4 orbital
and the highly metal-centered character of the 35 orbital decreases the spatial overlap
between the two MOs.

Among all the states below ~8500 cm™, the strongest electric-dipole allowed
transitions from the ‘I ground state occurs to the *I state arising from the 1¢'4n'38'
configuration with an oscillator strength of 0.2611, which is six times higher than the
next most intense transition. In this metal-centered transition, an electron from the non-
bonding U515 orbital is excited to the orbital with non-bonding U6dd character. As both
the initial and the final state wave functions have their amplitude mostly centered on the
uranium atom, the strong 5f-6d radial overlap is responsible for such a high value of
oscillator strength. This is an atomic transition to a very good approximation.

Study of States in the Presence of Spin-Orbit Coupling:

The ground state of UO" is 419/2, arising from thel(p128137tl electron configuration.
The ground state is multi-reference in character with the following wave-function
character 66% 419/2 (1(p11814n1) + 8% 4H9/2 (1(p1181 6(51). In the single-excitation
calculation of Krauss and Stevens [105], the leading term contributes 88% to the total
wave function.

In the presence of spin-orbit, the ground state has an equilibrium bond length of
1.812 A using the cc-pVTZ basis set, which differs by 0.002 A from the value obtained in

the non-SO calculation. The effect of spin-orbit coupling on the bond length is very small
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because the principal Iy, (1¢'18'4n") term of the ground state mainly mixes with the
*Hop, (1¢'18' 66') term arising from the same 5f° configuration.

The low-lying states and the wave-function character of the calculated states in
the presence of spin-orbit are listed in Table 3.6. The first excited state arises from the
same configuration as that of the ground state and the *H;;, (1¢'28'66") leading term
contributes less than 50% to the total wave function, whereas Krauss and Stevens [105-
106] obtained this contribution as 69%. The high multireference character of the first
excited state makes it more sensitive to correlation. Earlier, when the reference space
consisted of states arising from 5fp'5£8'5fr, 5fp'5£8'5fc' and 5fe'5£8'7sc', we obtained
a value of 1336 cm™ for the 419/2 - 4H7/2 transition. When the reference space was
augmented with additional 5f° functions that mixed substantially with the leading term,
however, the difference between the ground and the first excited state went down by
more than half to 582 cm™. Thus, we can conclude that the value of 1319 em™ for 419/2 -
*H;, computed by Krauss and Stevens [105] using single excitations from the reference
configurations lacks some important differential dynamical correlation contributions. The
417/2 - 4H9/2 cannot be compared with the results from LFT since only the minimum
energy from different electron configurations have been computed using LFT [107].

The first low-lying state that arises from a configuration different from the 5f°
configuration arises when the 4mn(5fr) electron is excited to the orbital with
predominantly 7sc character accompanied by small amount of charge transfer. In the A-S
coupling scheme the 1¢'28'7c' configuration gives rise to *H, *I1, *H and °IT states. The
calculated transition energy to these states cannot be compared to results obtained by

Krauss and Stevens [105,106] since their spin-orbit study did not include the 5f°7s'
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states. Based on center of gravity data, the LFT result predicts the state with minimum
energy from the 5f*7s type configuration to lie at 8600 cm™ above the *Io, ground state.
The result obtained from LFT [97] is at least 5000 cm™ more than our calculated result
because our calculated results are the vertical transition energy numbers. The discrepancy
in the result might be due to the fact that there is significant change in the composition of
bonding MOs between the 5f° and 5f°s' configurations as shown in Tables 3.7 and 3.8.
As can be seen from Table 3.8, the contribution of O2p to the total 56 wave function is
57.85 % with the rest of the contribution coming from U5fc, U6dc and U6pc at the
equilibrium geometry of the ground state. The strong bonding/antibonding interactions
between the oxygen and uranium AOs can result in inaccurate LFT results [97].

In contrast to the states arising from 7s'5f%, the minimum energy for the states
arising from 6d'5f* predicted by LFT data using the CG data is in better agreement with
our calculated result. The LFT [97] predicts the levels of 6d'5f* type configuration to start

at 5600 cm™ and our computed value is 4941 cm™.

34 Conclusions

In this work electronic structure calculations for U'°O have been reported.
Assignments are made for many low- and few high-lying excited states. Our assignments
of the transitions are in line with the experimentally observed rotational constant values.
The electronic states for UO are highly multireference in character and there is a strong
spin-orbit mixing between them, resulting in the significant spreading of the intensity.
Due to the multireference character of the states the calculated results are very sensitive

to the choice of the reference space and the MOs used for the correlation calculation. The
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low-lying results (less than 5000 cm™) are in good agreement with the experimental
values. The high-lying results (greater than 13,000 cm™) are somewhat lower than the
experimental values but there are ~120 electronic states lower than these states based on
our reference space, making it difficult to perform a higher order correlation calculation.
This is the first work that has attempted to provide the wave function character of these
transitions. According to our calculation the intense band at 16845 cm™ is due to the 7so
— 7pm metal-centered transition. Thermally excited bands from the lower excited states
are also studied in this work. The bond length values for the first three states with QQ = 4
states agree well with experimental values and afford a higher degree of accuracy than
previously calculated results.

In this work, low-lying states arising from U (5£)0%, U (5£7s")0* and
U¥(5f%6d")O* in the IR region for UO" have been characterized. Spin-orbit coupling
makes a significant contribution to all electronic states. The ground state for UO" is
found to be 66% 419/2 (1(p12814n1) + 8% 4H9/2 (1(p12816c51) at its equilibrium geometry.
The transition energy and the oscillator strength for the transitions below 9000 cm™ have
been calculated. According to our calculation there are intense metal-centered electronic
transitions in the IR region of the spectrum. Our calculation provides the wave-function
character for these states in addition to other states with lesser intensity. The expected
availability of experimental data for the UO" will provide insight into the quality of our
results. For both the UO and UO" molecules, substantial differences are observed

between our results and the results obtained from the LFT model.
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State Principal Re(A) Re(A) Re(A) Re(A)

Term (MCSCF) (CISD - (CISD - Exp.”
without SO) SO)

5 1 1 1 1
X(1)4 Iy (60 19 15 4n) 1.842 1.854 1.849 | 1.8383

3 2 1 1
2(4) Hs (6071¢718) 1.779 1.796 1792 | 1.7932

5 1 1 1 1
3(4) Hs (60 1¢'187707) 1.843 1.856 1.851 | 1.8383

“ref [97]-[98]

Table 3.1: Bond lengths of the UO molecule for the three low-lying states with Q = 4

using the cc-pVTZ Basis Set

State Principal Re(A) Re(A) Re(A)

Term (MCSCF) | (CISD -SO) Exp®
L (66'1¢'18'4n")

X(1)4 4 1.867 1.879 1.8383

3 2 1 1

2(4) Hs (60719 15) 1.793 1.826 1.7932
5 1 1 1 1

3(4) Hs (60 19 187707) 1.869 1.876 1.8383

*ref [97]-[98]

Table 3.2: Bond lengths of the UO molecule for the three low-lying states with Q = 4

using the cc-pVDZ Basis Set
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State Principal Re(A) Re(A)
Term (without SO) |  (with SO)
Top lo'18'4n’ 1.821 1.812
‘Hyp lo'18'60" 1.822 1.814
‘Hyp l9'18'70" 1.772 1.764

Table 3.3: Bond length of the UO" molecule for the ground state and two excited states

using the cc-pVTZ basis set

Leading A-S term R.(A)
1 |89% % (1¢'28"4r") 1.845
2 | 92% *H (19'28'6c") 1.844
3 151% T (19'28'4n") + 39% *T (1¢9'4n'6c") 1.845
4 | 66% ‘@ (1¢'4n%) + 16% ‘@ (19'28%) 1.842
5 | 42% ‘T (19'28'4n") + 21% (19'4n'65") 1.842
6 | 88% *H (19'25'75") 1.794
7 191% *K (19'25'38") 1.809
8 | 81% T (1¢'4n'75") 1.804
9 |89% I (1¢p'4n'35") 1.820

Table 3.4: Bond length of the UO" molecule for the ground state and the excited states in

the absence of spin-orbit using the cc-pVDZ basis set
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Leading A-S term Te Oscillator

1 Strength x
(cm) 10°

1 89%'T(19'25'4n") 0 -

2 92%°*H (1¢'28'6c") 781 0.0017
3 51%°T (19'28"4n") +39% ‘T 796 0.0000

(1¢'4n'6c")

4 66% ‘D (1¢'41%) + 16% *® (1¢'28%) 893 0.0000
5 42%°T (10'28'4n") +21% (1¢'4n'6c") 1081 0.0000
6 88% *H (19'28'7c") 3391 0.0030
7 91% ‘K (19'28'38") 5878 0.0432
8 81% T (19'4n'7c") 6428 0.0000
9  89% ‘I (1¢'4n'38") 8683 0.2611

Table 3.5: Electronic states of the UO™ molecule without spin-orbit using the cc-pVDZ

basis set at R, = 1.845 A

State Leading A-S terms Te(cm™)

9/2 66% “Top (19'28'4n") + 8% *Hop (19'25'65") 0

7/2 47% *Hypn (19'28'66") + 15% *I72 (19'28'4n") + 10% 582
T7n (19'41'66") + 4% *@7(1¢'41%)

5/2 20% ‘Tsp (19'18'4n") + 17% *®s, (10'47%) + 16% “T's 856
(1p'4n'6c")

3/2 17% @3, (1¢'41°) + 8% *Aspn (28'47%) + 7% *As 1076
(1¢'4n'6c")

11/2 69% *T11, (10'28"4n") + 11% *Hy 1 (10'28'66") 3744

9/2 36% *Hop (19'28'65") + 15% “Tops (19'28'4n") +13% 4180
Top (19'4n'66")

7/2 58% *Hyp (10'258'76") + 6% *Hyp (19'25'66") 4287

512 35% Tsp (19'18'4n") +22% “T'siy (19'4n'6c") + 12% 4549
*Asp (28'41%)

11/2 83% "Kiin (19'28'38") 4941

9/2 47% *Hop (19'28'76") + 25% *Hopn (19'28'76") 5522

13/2 77% ‘T (19'28'4n") + 8% *Hs (19'28'66") 7021

11/2 48% *Hy1pn (19'28'66") + 15% *111, (1¢'28'4n") 7453

9/2 75% *Topn (1¢'38'4n") 8801

Table 3.6: Electronic states of the UO" molecule with the cc-pVDZ basis set
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Uranium AQO’s Oxygen AO’s
s(6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
56 1.31 6.32 17.05 8.22 3.31 61.65 0.08
3n -- 1.33 15.18 5.99 -- 7530 0.15

Table 3.7: Partial Gross Population Analysis for the bonding MOs for the ‘T + *T" + *A +

'y (5fp'5£8'5fn') states for UO" at R, = 1.845 A

Uranium AQO’s Oxygen AO’s
s (6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
5o 1.32 5.61 16.38 1095 | 338 5991 0.10
3n -- 1.25 14.82 7.82 -- 73.50 0.16

Table 3.8: Partial Gross Population Analysis for the bonding MOs for the *H + *IT (5f

0'58'7sc") states for UO™ at R, = 1.845 A

Uranium AQO’s Oxygen AO’s
s (6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
5o 1.24 6.38 16.99 11.55 | 3.70 57.85 0.10
3n -- 1.35 14.66 8.03 -- 73.50  0.18

Table 3.9: Partial Gross Population Analysis for the bonding MOs for the *H + *IT (5f

¢'58'7sc") states for UO™ at R, = 1.803 A
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Uranium AQO’s Oxygen AO’s
s (6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
3o 0.91 39.55 1.90 096 | 5345 3.14 0.08
4c 1.41 54.51 2.88 0.58 | 37.10 349 0.03
5o 1.63 7.77 16.12 6.34 225 6581 0.27
3n -- 1.75 13.27 4.22 -- 80.63 0.12

Table 3.10: Partial Gross Population Analysis for selected MOs for the °I + °T" + °A + °%

(5f¢'5f3'5fn' 7sc") state for UO at R, = 1.879 A

Uranium AQO’s Oxygen AO’s
s(6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
3o 0.55 49.74 1.41 1.05 | 43.69 345 0.10
4o 1.45 45.90 3.55 0.65 | 46.69 1,74  0.02
5o 1.47 5.65 16.72 8.08 292 65.04 0.10
3n -- 1.48 13.52 5.37 -- 79.48  0.15

Table 3.11: Partial Gross Population Analysis for selected MOs for *H + °IT (5f

0'58'7s6?) states for UO at R, = 1.879 A

Uranium AQO’s Oxygen AO’s
s(6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
3o 0.46 48.49 1.33 1.15 | 45.10 337 0.10
4o 1.72 46.72 3.68 044 | 4536 2.06 0.02
5o 1.85 6.38 16.53 6.89 2.69 65.55 0.09
3n -- 1.46 13.38 4.72 -- 80.29  0.13

Table 3.12: Partial Gross Population Analysis for selected MOs for the “K + *® + °IT (5f

0'58'7s5'6d8") states for UO at R, = 1.879 A
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Uranium AQO’s Oxygen AO’s
s(6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
3o 1.35 46.39 2.03 1.44 | 45.01 3.65 0.12
4o 0.76 47.56 4.17 0.72 | 43.05 3.70 0.04
5o 1.49 7.19 18.13 9.83 370 59.55 0.10
3n -- 1.60 13.28 6.15 -- 78.78  0.18

Table 3.13: Partial Gross Population Analysis for selected MOs for the *H + °IT (5f

0'58'7s6?) states for UO at R, = 1.826 A
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Te Dipole Oscillator
Leading A-S terms (cm'l) length Strength
(e bohr) (10

4 163%°1(1¢'28'4rn'60") + 14% “H
(19'25'76'6c") - - -

3 | 46%°H (19'25'76'66") + 15% °T° 608 0.01764 0.541
(1¢'28'4n'66") + 11% T (19'7c'4n'65")

2 | 23%°T (19'28"4n'66") + 21% °® 916 0.00000 0.000
(1¢'4n%6c") + 14% T (1¢'7c'4n'66")

5 |37%°1 (1¢9'28"4n'66") + 18% °I 1325 0.03193 4.102
(1¢'28'4n'66") + 13% “H (19'28'76'66")

4 | 74% *H (19'256'65%) 1581 0.00522 0.195

4 |24%°H (19'28'76'66") + 17% I 1770 0.05898 18.71
(1¢'28'4n'66") + 15% *H (19'28'76'66") +
8% T(1¢'70'4n'66") + 6% @ (19'4n%6c")

3 | 13%°® (1¢'4n’6c") + 12% °H 2117 0.02352 3.577
(19'28'76'66") + 8% “T'(1¢'28'4n'66") +
6% T (19'7c'4n'65")

2 | 17%°T (1¢9'7c'4n'66") + 14% °T 2294 0.00000 0.000
(1¢'28'4n'66") + 11% °T (19'7c'4n'66") +
8% 1 (19'28'76'65")

5 180% K (19'28'38'66") 3928 0.13407 219.5

6 | 52%°I (1¢'28"4n'65") + 18% °H 4641 0.00000 0.000
(1¢'28'76'66") +11% 1 (19'25'4n'6c")

6 |52% K (19'28'38'65") + 12% K 5805 0.0000 0.00
(1¢'25'38'6c")

4 161%°1(1¢'38'4n'65") 6540 0.02288 10.40

Table 3.14: Vertical Transition Energies and Intensities for UO from the Q" = 4 ground

state
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Te Expt.
Leading A-S terms (em™) (em™)?
4 1 63%°1(1¢'28'4n'65") +°H 14% - -
(1¢'25'76'6c")
4 | 64%°H (19'28'66%) + 12% °I 140 294
(1¢'25'4n'66")
3 146% H (19'28'76'66") + 15% T 608 651
(1¢'28'4n'66") + 11% T (19'76'4n'65")
2 [23%°T (19'28'4n'66") + 21% @ 916 958
(1¢'4n%66") + 14% T (1¢'7c'4n'65")
5 137%°I (1¢'28"4n'66") + 18% °1 1325 1043
(1¢'28'4n'66") + 13% “H (19'28'76'65")
4 | 24%°H (19'26'76'66") + 17% 1 1770 1574
(1¢'28'4n'66") + 15% *H (19'28'76'65") +
8% T(1¢'7c'4n'66") + 6% *® (1¢'4n°65")
3 | 13%°® (19'4n’6c") + 12% °H 2117 1941
(1(p152817c516c51 ) + 80/? T(1¢'28"4n'66") +
6% T (1o 76 41 6G)
2 [ 17%°T (19'7c'4n'66") + 14%°T 2294 2118
(1(p152814n116611) +11 1%) T (19'7c'4n'60") +
8% I (19 20 76 6G")
6 |52%°1(19p'28'4n'6c") + 18% H 4641 4469
(1¢'28'76'65") +11% 1 (19'25'41'65")

*ref [97]-[98]

Table 3.15: Adiabatic Transition Energies for the UO molecule
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Leading Leading A-S term Te(cm™) Oscillator
Configuration Strength
4 5F7s! T (1¢'28'4n'66") 0 -
4 5¢7s'7p! 1 (19'28'57'66") 13359 0.00110
4 5f7s'6d' D (19'28'38'65") 14310 0.00019
5 567p! K (1¢'258'5n'4nh) 15532 0.2008
4 567p' 1 (19'28'57'76") 15911 0.00272

Table 3.16: High-lying excited state calculations with intensities from the Q" = 4 ground

state at its equilibrium geometry

Configuration Te Oscillator
Leading A-S term (em™) Strength
4 5F7s' T (19'28'4n'66") 0 -
3 5£7s! *H (1¢'28'76'65") 608 )
4 5¢7s'7p' 1 (190'28'57'66") 13359 0.00536
5 567p! K (10'28'5m'4nty 15532 0.0000
4 56£7p! T (1¢'28'57'76") 15911 0.04667

Table 3.17: High-lying excited state calculations from the Q" = 3 first excited state at the

equilibrium geometry of the ground state

Rotational | Oscillator
Configuration | Leading A-S term Te Exp. Constant Strength
(cm’l) (cm'l)
4 5£7s' 1 (10'28'4n'65") 0 - 0.3330 -
4| 5£7"p' | 1(19'28'5n'6c") | 13359 | 14016 | 03409 | 0.00110
5 567p' K (19'28'5n'4n") | 15532 | 16845 0.330 0.2008

Table 3.18: Tentative Assignments
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Figure 3.1: Potential energy curves for three low-lying (2 = 4 states of UO using the

cc-pVDZ quality basis set
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CHAPTER 4

ELECTRONIC SPECTRUM OF THE ThO AND ThO" MOLECULES

4.1 Introduction

Relativistic ab initio calculations have been carried out in this work to explore the
electronic structure of the ThO and ThO™ systems. Large amounts of experimental data
[112-114] in the IR and visible regions and the corresponding theoretical results [108-
111] are available for ThO. This calculation serves primarily as a benchmark calculation
to check the effectiveness of our method to treat important correlation and relativistic
effects. This work also reports the wave functions for the few high-lying electronic states,
which have been observed experimentally, and haven’t been assigned in previous sets of
calculations. The transition-moment results under the electric-dipole mechanism are also
presented in this work, which is also absent in the previous calculations. The theoretical
analysis of ThO is available for both the one-step [108,109 and this work] and the two-
step approach [110] to include correlation and spin-orbit effects in the calculation. The
one-step approach involves simultaneous consideration of electron repulsion and spin-
orbit effects but in a two-step approach the computational effort is reduced by first
introducing correlation and second adding the spin-orbit interaction. Thus our electronic

structure study of ThO provides a good framework to study the effectiveness of either
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approach to predict the transition energy results in the framework of the coupling scheme
that prevails in ThO.

For ThO" currently there are no spectroscopic data published, but Heaven et al.
[115] are in the process of acquiring such data. Thus this work can provide them with
information on what frequency regions to scan. In this work we have analyzed both the
metal-centered and charge-transfer states from the IR to the visible region of the spectra.
In ThO", low-lying states are one-electron states where the coupling scheme is
indeterminate due to the absence of electron-repulsion splittings and the only important
splitting interaction is the spin-orbit interaction. Above 30,000 cm™ lie the charge-
transfer states with excitations from the lower bonding MOs where both spin-orbit and
electron-repulsion interactions are present and their relative size will decide the

applicable coupling scheme.

4.2 Computational Details

In the present study the calculations for ThO and ThO" were carried out using the
shape-consistent Christiansen 68-e core potential for uranium and 2-e core potential for
oxygen. The atomic set for Th was obtained by optimizing the (5sd,4p,4f) exponents in
Hartree-Fock calculations on the 5d'°6s%6p°7s'7p'5f'6d' average of configurations. The
optimization can also be performed for the high-spin states for which the orbitals were
less diffuse because the additional exchange interactions decreases the repulsion between
the electrons. For oxygen the cc-pVDZ the atomic set was obtained by optimizing the
(s,p)-exponents in Hartree-Fock calculations on the ground, °P state. We also performed

the calculation using the basis set optimized for O, but a higher SCF energy was
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obtained. Thus all the results listed in this chapter used the basis set generated for neutral
oxygen. The calculations for ThO and ThO" were carried out in C,, symmetry. The MOs
for the excited-state calculations were obtained using the MCSCF and SCF techniques.

The reference space for ThO and ThO" consisted of 12 electrons and 11 electrons,
respectively. For ThO the 3o, 40, 56 and 3n MOs are doubly occupied in all the
references but then single and double excitations were allowed out of them. The reference
space also had two electrons distributed among the 6c6(7sc), 28(6dd), 4n(6dn), 70(6do),
Sn(7pm), 8a(7po), 1o(5fp) and 35(5f6) MOs. Even though the states arising from 51
(7pn) and 86 (7po) are very high in energy, there were incorporated to take into account
7s* — 7p* near degeneracy excitations. No additional constraints were imposed on the
calculation.

For ThO", two sets of calculations were performed. In the first calculation the 3o,
4o, 56 and 3® MOs were part of the inactive space while in the second calculation, where
we interested in analyzing the charge-transfer states, the bonding 5¢ and 2n MOs were
placed in the active space.

In this work the vertical transition energies and the oscillator strengths under the

electric-dipole approximation were calculated for the low- and high-lying electronic

states of ThO and ThO".

4.3  Electronic Spectrum of ThO"

To a first approximation the bonding in ThO", can be described by a Th**O? ionic

bond. The ground state of ThO™ is an Q = ¥ state arising from 31*56%6c" configuration,
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where the 66 MO is predominantly 7sc in character. The listed 37 and 56 MOs are
mostly bonding MOs formed by mixing of O2p(n,c) with U6d (n,6) and U5f (mt,5). The
ground state has also been established experimentally as Q = % by Heaven et al. [115]
with a bond length of 1.807 A. Our multireference bond length was calculated with 6c'
(7s6), 8c' (7po), 47! (7pm) and 28" (6dd) in the reference space. We obtained a bond
length of 1.825 A using the cc-pVDZ quality basis set, which is high by 0.018 A; with
added correlation using a better quality basis set it is expected to move closer to the
experimental value.

The bonding in ThO" is mostly between the O2p and Th6éd AO’s with a lesser
contribution from Th5f. The population analysis is shown in Tables 4.4-4.5. As in the UO
and UO" systems discussed in the chapter 3, the 6p is also significantly involved in
bonding for ThO", where its contribution to the 5o highest occupied bonding MO is 8%.
The overall population analysis shown in Tables 4.7-4.8 shows that thorium and oxygen
have charge distribution of +1.272 and —0.272 respectively.

In this work the electronic structure of ThO" is studied from the IR to the UV
regions of the spectra. In this region there are two type of transitions, metal-centered
transitions and charge-transfer transitions. There are two types of charge-transfer
excitations. The first type involves excitation of an electron from 7sc orbital to an
antibonding orbital with mostly Thédr', Th5fr", or Th6do ™ character and the second type
involves excitation of an electron from the bonding 3m or 56 MOs to the thorium-

centered 6 or 20 MOs.

104



The first 11 excited states for ThO" form a one-electron spectrum analogous to
alkali atom spectra where the single unpaired electron is excited to higher levels and
where important influence on the electronic structure comes from the spin-orbit
interaction. In the presence of spin-orbit the first five low-lying states of ThO" were
found to be 6d orbtials. The first pair of states are “A states arising from the 66 — 18
configuration, where the 18 orbital is the nonbonding U6dd orbital which does not get
perturbed by the oxygen field. This is a metal-centered excitation. The 2A5/2 - 2A3/2
splitting was found to be ~3249 cm'l, which is close to the 3230 ¢cm’ (0.4eV) dspp- d3p
spin-orbit splitting for the thorium atom [115]. In the atomic-ion limit, {5 = C¢q. The very
small deviation from the atomic picture is due to the fact that A5y is 90% of the total Q
=5/2 wave function and similarly 2A3/2 contributes 89% to the respective Q=3/2 wave
function. The Q = 3/2 and Q = 5/2 states lie at 2602 and 5852 cm™ from the Q = 1/2
ground state. The calculated Te values for the 3/2 and 5/2 states are in good agreement
with the experimental values of 2933 cm™ and 5814 cm™ respectively [115]. Our
preliminary results were used to guide the search for the 2933 cm™ transition.

The next sets of transitions are the charge-transfer transitions arising from
excitation from the 66 MO to the antibonding 4w and 76 MOs. In the absence of SO the
oscillator strength to 4n and 7o are 0.01710 and 0.02037 respectively as a result of *”
(7s6) — *I1 (6dn) perpendicular and " (7s6) - =" (6do) parallel transitions. There is
a strong spin-orbit mixing between the Ty (4nl) and 23" (7c) states. The two
resulting QQ = ' wave functions are 75% 1 (4711) +12% %" (761) and 73% =" (7(51) +
11% *I1 (47" respectively.
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The next set of excited states arise from excitation from the 66 MO to the 1¢ and
30 MOs, where 1¢ and 36 are the non-bonding components of the 5f orbital. The state
arising from the non-bonding 5fe lies higher than the antibonding 6dn and 6dc MO’s,
further showing the extent of the higher energy of the 5f with respect to 6d and 7s for the
thorium atom. The first state, QO = 5/2, with an electron in 5f shell occurs in the visible at
Te=23718 cm™'. The 2<1)7/2 - 2(135/2 difference was found to be ~3249 cm™'. There is a spin-
orbit mixing between 2As), and 2®s), states. The resultant Q = 5/2 wave functions are 81%
2q)5/2 + 8% 2A5/2 and 81% 2A5/2 + 8% 2<1)5/2 respectively. In the atomic ion limit the ratio
of the coefficients of the *®s, and *As), terms are 1:6 and 6:1 for the two wave functions
respectively. In our calculation the ratio is close to 10:1 for the lowest energy QQ = 5/2
state and vice versa, which is due to lifting of the degeneracy of the 5f¢p and 55 in the
presence of the oxygen field. The smaller spin-orbit mixing is because 5f¢ is lower in
energy than 5f3; in the absence of spin-orbit the *A lies 1227 cm™ above *®. In addition,
the splitting of *® (*®;;, - “®sp) is 1.25 times the splitting of *A (*Asy, - “Asj), which is
close to atomic ion limit of 1.5.

Due to the high single-reference character of the initial and the final states the
next set of transitions (6c to 5w or 8G) can be categorized as 7sc — 7pn and 7sG — Tpo.
As expected these are the transitions which have the strongest oscillator strength from the
ground state due to the high radial overlap between the 7s and 7p orbitals. In the absence
of spin-orbit the perpendicular *," (7s5) — I1 (7pn) transition has transition energy and

oscillator strength of 27469 and 0.8125 cm™ respectively. Similarly the parallel *Z,"
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(7s6) = *Z" (7po) transition has transition energy and oscillator strength of 39668 and
0.3111 cm™.

The excitation from the 66 MO to the 61 MO formed by the antibonding mixing
between 5f and O2p lies around 53,000cm™. In the absence of spin-orbit the oscillator
strength to the 6m state is 0.1100 which is quite significant due to the following reasons;
firstly in thorium the 5f orbital has a large <r> value, so the radial overlap with 66 MO,
which has mostly 7sc character, is higher than in the case of the monooxides of U, Np,
Pu etc. and secondly due to the fact that in addition to U5fr and O2pm it has some U7poc
and U6dc character mixed in. The excitation from 66 to 9¢ (5fo) lies higher in energy,
and was not studied in detail.

A preliminary SO calculation was performed to study the region in which many
charge-transfer states lie based on the excitation out of the bonding 37 and 56 MOs. The
atomic character of the 3n and 56 MOs are 7.7% Th(5f) + 18.6% Th(6d) + 62.4% O(2p)
and 7.6% Th(5f) + 15.8% Th(6d) + 74% O(2p) respectively. With the bonding MO
being mostly O2p in character, the amount of charge transfer associated with these
transitions is quite significant as all the low-lying unoccupied MOs are mostly localized
on the thorium atom. The charge-transfer states have higher equilibrium bond lengths and
lower vibrational frequencies. Both quartet and doublet charge-transfer states are
possible, and due to the high-spin character of the quartet states their equilibrium bond
length will be larger than that of the doublet states.

The quartet and doublet charge-transfer states arising from excitation of an

electron out of the 3w and 5o bonding MOs are listed in Table 4.4. The 5o and 37 are the
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bonding MOs and have orbital energies of -0.6750 and -0.6946 H respectively. The first
set of charge-transfer states arises from the 56 MO, followed by the excited states with
the excitation out of the 3t MO. The excitation energy at the Hartree-Fock level from the
50 and 31 MO is given by g, - &; -J,i [89] where a is the virtual orbital and i is the closed-
shell orbital and J,; is the coulomb integral between the two. Thus in addition to the
differences in the orbital energies of 56 and 3t MO with the virtual MO, the coulomb
integral between the 56 or 3m MO and the virtual MO will contribute to the charge-
transfer excitation energies.

The first charge-transfer state occurs at 39706 cm™ above the *£" ground state.
This is a *A state arising from the excitation of an electron to the unoccupied 28 MO
rather than the *X" state arising from the excitation of an electron to the lower singly
occupied 66 MO. This is due to following reasons: 1) The *A state arising from
31*56'65'28" configuration, having high spin, is favored due to the additional exchange
interactions; 2) The spin-orbit stabilization is higher for the ‘A state than for the %"
doublet state from the 3n*56'606” configuration and finally 3) The 5o bonding MO has ~
18% U6d character with its maximum amplitude centered on oxygen atom, thus the Jss 25
coulomb integral will be a bit larger than the Js; 65 coulomb integral. At the SCF level the
*A (31*56'65'28") state lies 7600 cm™ lower than the 2" (3n*56'667) at the equilibrium
geometry of the ground state. The spin-orbit contribution will further lower the ‘A
(3n*56'65'25") state by an approximate value of 1615 cm™ (G5 = Ceq = 1615 cm™).

Although with the effect of electron correlation treatment the energy of *X* (31*56'667)
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will be lowered more than that of the *A (31*56'65'28") state since the former has more
doubly occupied MOs.

The Q = 3/2 and Q = 5/2 states from 37'56'66'28' configuration undergo
significant *A - 2A spin-orbit mixing with the wavefunction character of 70% *A + 14% A
and 66% ‘A + 13% 2A respectively. The first doublet A3 state lies at 41762 ¢cm™ and
arises from this 31*56'65'28' configuration rather than the *%" from the 37*56'65°
configuration, which lies at 42047 cm™.

The charge-transfer states from excitation out of the bonding 3t MO start at
48705 cm™. Since the atomic composition of the 3w and the 56 MOs is almost the same,
the relative ordering of the states arising from 37°56%66'28' and 3n°56°66> follow a
trend similar to that of 31%56'65'28' and 31*56'66 configurations as discussed above.
The state at 48705 cm™ is a ‘@3 state, the lowest state from the 315676528 based on

Hunds’s rule. The charge-transfer states calculated in this work are listed in Table 4.2.

4.4  Electronic Spectrum of ThO

The ground state for ThO is well known experimentally and theoretically as a '="
state arising from the 3m*56%66° electronic configuration. It has calculated and
experimental bond lengths of 1.861 A and 1.840 A [69] respectively. The reference space
for calculating the equilibrium bond length consisted of 66° (7so), 38%(6d3), 5n*(7pn)
and 86° (7po) to account for the near-degeneracy effects associated with the 7s*> — 7p°

and 7s> — 6d* excitations. With higher quality basis sets the added correlation will result
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in the decrease in the value closer to the experimental value as seen in case of UO, UO;
and its ions in chapters 2 and 3.

The excited-state calculations were formed with MOs obtained using the SCF
IVO technique. The results for the excited-state calculations along with the transition
moments at the equilibrium geometry of the ground state are summarized in Table 4.5.
Zero-point energy corrections are not included.

The lowest set of excited states arise from the 31*55°65'28"' configuration. This
configuration generates the *A;,3 and 'A, A-S states. The coupling scheme is close to
the A-S limit. The lower QQ = 2 state is made up of 81% 3A2 + 6% 1A2. Based on the extent
of singlet-triplet mixing we can say the electron-repulsion interaction due to the similar
radial extent of 7s and 6d shells is a larger effect than the spin-orbit interaction arising
from the electron in the 6dd orbital. Also, at the equilibrium geometry of the ground state,
the *A3 — A, separation is 2856 cm™. For A-S coupling in the absence of mixing with
other states, the 3A; - 3A; = 2Cs. The 3A; - 3A; value is 88% of the dsp- ds spin-orbit
splitting of 3230 cm™ for the thorium atom. As can be seen from Table 4.6, the transition
energies from the ground state to the *A, , 3 obtained theoretically and experimentally are
in good agreement.

The first discrepancy between the numbers obtained using the one step and two-
step methods is associated with the 0°('Z¢") - 2 ('Ay) transition. In the A-S limit and also
in the absence of mixing with other states, the A —'A and 3A2 — lAz differences are
equal to 2Kss. According to our calculation the A — 'A and *A; — 'A, differences are

5191 and 5696 respectively. The difference in the due the fact that states arising from the
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7s6'6d8" configuration show a small deviation from the A-S coupling scheme. The point
in doing this exercise is to obtain an estimate for the value of A, as there is no dispute
associated with the transition energy for the *A, state. Based on the 2Kgs = 5191 cm’™
relationship and the experimentally obtained value of T. (PA;) = 6128 cm’ the
approximate value of Te (1A2) = 11319 cm™. Thus within the framework of the A-S
coupling scheme our Te ('A;) = 11319 cm’™ seems reasonable but then the discrepancy in
the number may also be due to the omission of some unrecognized shortening in our list
of references.

The next sets of transitions are the charge-transfer transitions arising from the
excitation to the 6c'4n' and 65'7c' configurations. These configurations generate
3H0+,o',1,2, 1H1, 3Z+o,1 and ') A-S states respectively. As can seen from the results in
Table 4.6, the “TI," *TI; and °IT, obtained theoretically and experimentally are in good
agreement. Again there is a discrepancy associated with the transition energy value for
'TT; not only between the results obtained from one- and two-step approaches but also
from the experimentally obtained value. Again, we may have omitted some important
references in our calculation, but this is not clear at this point.

The 0" ('Z,") = 1('I1)) transition at the calculated value of 17443 is the strongest
electric-dipole transition with the oscillator strength of 0.1413. There is a significant
mixing between M1, and 'T1; and between °%;" and 'TI; terms which results in the
spreading of intensity to the 0 ('2,") = 1C) and 0" (20" = 1(2,") transitions at

11866 and 20331 cm™, which are forbidden in the absence of spin-orbit.
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The next set of states arise from the 382, 38'4n' and 66'57! configurations, which
were not studied in detail in previous calculations. But in the region 20,000 cm™ — 25,000
cm” our calculated result matches very well with the experimentally observed transitions,

as can be seen from Table 4.6.

4.5 Conclusions

In this work, electronic-structure calculations for ThO and ThO™ have been
reported. The vertical transition energies are calculated for the low- and high-lying states
for ThO and ThO" in addition to their wave-function character and intensities. The bond
lengths for ThO and ThO™ match very well with the experimental values, having a
maximum deviation of 0.02 A. For ThO the electronic-structure calculations are in
agreement with the experimental value except for few transitions for which further work
is needed. For ThO", the three low-lying states are in good agreement with the
experimental data and the expected availability of the experimental data for the higher

states will provide insight into the quality of the results.
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State A-S terms Te(cm'l)

Y2 90% *2" (65") -

3/2 89% *A (28" 2602
52 90% *A (28" 5852
172 75% °T1 (4n") + 12% =" (76") 9167
3/2 83% “IT (41" 11846
1/2 73% *2" (76') + 11% 11 (4n") 14815
5/2 81% @ (1¢") + 8% A (38") 23718
1/2 77% *I1 (5') + 6% “I1 (6n') + 3% 1 (3") 25504
3/2 86% A (38") 25652
7/2 89% ‘@ (1" 26796
5/2 81% A (38") + 8% @ (1¢") 27969
3/2 79% *I1 (57') +6% °T1 (4n') + 3% °I1 (6n") 29321
Vs 79% *2" (8c") 39904
v 78% °I1 (67") 52734
3/2 80% °IT (67") 53929

Table 4.1: Electronic States of the ThO™ molecule at the equilibrium geometry of the

ground state using the cc-pVDZ basis set and based on excitation from the 66 MO

State Leading A-S term Te(cm™)

Y ¥ 3n*56%60") -

Vo ‘A (3n*56'65'28") 39706
3/2 ‘A (3n*56'65'25") 40263
5/2 ‘A (31*56'65'28") 41296
3/2 A (31*56'65'28") 41762

Y 3" 3n*56'606%) 42047
7/2 ‘A (3n*56'65'25") 43217
5/2 A (31*56'66'25") 44245
3/2 ‘d (31°56%66'28") 48705

Table 4.2: Charge-transfer transitions at the equilibrium geometry of the ground state

based on the excitations from the 5c or 31 bonding MOs

113



Leading Term Te(cm™) Oscillator

Strength

90% *Zo" (66") - -
89% A (28" 4158 0
75% °I1 (4n") 10807 0.0342
73% *%0" (7o) 14102 0.0203
81% @ (1¢") 25010 0.0000
86% A (38") 26237 0.0000
79% °I1 (57") 27469 0.8125
79% *%0" (8c) 39668 0.3111
78% “I1 (61") 53044 0.1100

Table 4.3: Transition Energies and Intensities for ThO" in the absence of spin-orbit

Molecular Orbital Atomic Character
lo US5do
20 Ubsc
3o 02sc, Ubpo
4o Ub6po, O2sc
50 0O2pc, Ubdo, Usfo,
Ub6do
6c U7sc
7o U6do, O2soc
8o U7pc
In USdn
21 Ubpn
3n O2pr, Ubdr, Usfr
47 Uédr, Usfr, O2pn
Sn U7prn
67 Usfr
18 U5dod
26 U6dos
30 U5s£o
¥0) USfo

Table 4.4: Atomic character for the ThO and ThO" MOs listed in Tables 4.1-4.3 and 4.6-
4.7
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State A-S terms Te(cm™) Oscillator
Strength

0" 90% '=" (667) 0.0000

1 88% *A(65'38") 5732 0.0000

2 81% A (66'38")+ 6% 'A (65'38") 6726 0.0000

3 89% A (65'38") 8587 0.0000

0 54% °T1 (6641 )+ 28% °T1 (65'51") 10530 0.0000

0" 56% “T1 (6641 )+ 29% °T1 (66'51") 10839 0.0021

2 66% 'A (65'38") + 7% A (65'38") 12422 0.0000

1 57% °T1 (66'4n") + 23% °T1 (60'571") + 11866 0.0147
4% 'T1 (65'4n")

2 50% 1 (66'4n") + 11% °TT (65'57") + 14446 0.0000
5% 'A (66'38")

1 42% 'T1(66'4n") + 10% °TI(6c'4n") + 17333 0.1413
7% 2" (66'70")

2 41%3® (38'4n") + 36% *® (38'51") 19275 0.0000

0" 38% °% (38%) + 12% '=" (38%) + 20213 0.0238
12% '=7(66'76")

1 71% %" (66'76") + 5% 'TI (60'4n") 20331 0.0215

0 54% °T1 (66'51") + 26% °T1 (66'4n") 21682 0.0000

0" 48% °T1 (65'51") + 30% 1 (60'4n") 21758 0.0018

1 35% °T1 (66'51) + 18% °I1 (65'4n") + 21962 0.0108
8% 'TT (65'4n") + 2% 'TT (65'57")

2 50% 1 (66'51") + 20% °IT (65'47") 22903 0.0000

1 72% 3% (38°) 22579 0.0041

3 42%°® (38'4n") + 34% D (35'51") 22585 0.0000

0" 39% ' (66'76") + 34% T (38%) + 23668 0.0411
4% "7 (38%)

1 20% °T1 (66'5m") + 15% 'TT (65'4n") + 24491 0.0983

9% 'T1 (65'51") + 5% I1 (65'4r")

Table 4.5: Transition Energies and Intensities for ThO
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A-S terms This MOLPRO DK3- Exp.
work (Ref 109) AIMP (Ref 111
(Ref110) -114)

g

0" 90% 'T" (657 - - -
1 88%  A(65'38") 5732 5768 5600 5317
2 81%°A (66'38")+ 6% 'A (65'38") 6726 6628 6778 6128
3 89%°A (65'38") 8587 8213 8609 8600
0" 54%°II (6c'4n')+ 28% 1 (65'51') 10530 11051 10181
0" 56% 1 (60'4n')+29% °I1 (65'5n") 10839 11328 10216 10601
2 66%'A(66'38") + 7% A (66'38") 12422 12190 14508
1 57%°T1 (65'4n") + 23% °T1 11866 12252 11045 11129
(65'51") +4% 'TI (60'4n")
2 50%°II(60'4n") + 11%°I1 14446 14504 14508
(66'51") + 5% 'A (65'38")
1 42% 'TI(6c'4n") + 10% °T1 17333 17156 14132 14490
(6c'4n") + 7% " (66'7c")
2 41%°® (38"4n") + 36% @ (38'51") 19275 19401 17221 18010
0" 38% 7% (38%) +12% '£" (38%) + 20213 19084 17681 16320
1 ( l) 1 (35%)
12% X (66 7G")
1 71%°% (66'76") + 5% 'TI (65'4n") 20221 19040 19426
T 54%°TI (66'5mY) + 26% °T1 21682
(65'4n")
0" 48% I (65'5m") +30% °I1 21758
(6c'4rh)
1 35%°I1(60'5n") +18% °I1 21962 21734
(66'4n") + 8% 'TI (65'4n") + 2%
'TI (65'57")
2 50%°II(66'5m") + 20% °T1 22903
(6c'4rh)
1 72%°% (389 22579 22635
42%°® (38'4n') + 34% @ (38'51") 22585
0" 39% 'S (66'70")+34% s (38%) + 23668 23155
4% "7 (38%)
1 20% I (66'57") + 15% 'II 24491 24856
(6c'4n") + 9% 'TI (66'57") + 5%
I (66'4n")

Table 4.6: Experimental and theoretical T, (cm™) results for ThO using different methods
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Gross Atomic Populations
Atom s p d f g Total
Th 2.859 6.114 11.203 0.4963 0.0554 20.728
0 1.846 4412 0.0140  0.000 0.000 6.272

Table 4.7: Mulliken Population Analysis for the X" (7sc') wavefunction of ThO" at R, =

1.825 A
Gross Atomic Populations
Atom S p d f g Total
Th 3.755  6.211 11.152  0.4432  0.0519 21.615
0) 1.839 4.534 0.0114  0.000 0.000 6.385

Table 4.8: Mulliken Population Analysis for the '=* (7s?) wavefunction of ThO at R, =

1.861 A
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CHAPTER 5

IONIZATION POTENTIAL STUDY OF OXIDES OF ACTINIDES

5.1 Introduction

The ionization potentials (IP) of AnO and AnO; in the gas phase have been
measured using electron impact [116] and mass spectrometry techniques [117-119].
There is a large discrepancy in the value of IP from these two experimental techniques.
The ionization IP of UO and UO; reported by the electron impact measurements is 0.5 eV
higher than the ones obtained by the mass spectrometry technique. In fact, from an
experimental standpoint, the mass spectrometric technique is liable to provide an
underestimated value of the IP. This is because this technique is not free from thermal
effects and hence the ionization can result from low-lying excited states rather than the
ground state.

In this work the IPs for the Th and U atoms, monoxides and dioxides have been
calculated. The IP calculations for atomic uranium and thorium was performed more as a
benchmark calculation since there is no known discrepancy in the IP values for these
systems. Atomic U and Th systems also serve as good examples since the core-valence,
valence-valence and valence-virtual correlation effects are quite different among the two

even though in both cases the 5f, 6d and 7s shells compose the valence shell. The systems
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ThO, UO, ThO,, UO, under study have the ground state configurations of ~ 7sc'5f"".
On ionization of an electron from an orbital with 7s character, the systems under study
conserve their 7s"'5f"" configurations without any rearrangement. Since the electron
comes out of the diffuse 7s shell, the effect of spin-orbit coupling and the difference
between the vertical and the adiabatic ionization potential (IP) values are both quite
small. If there are low-lying excited states arising from a configuration different from that
of the ground state, then the difference between the adiabatic and vertical IP is dependent
on the shielding properties of the electrons in the valence space. Experimental study of
the ionization potential of these molecules is complicated by the fact that both the
molecules and their ions have many low-lying states arising from configurations which
are the same or different from that of the ground state. Due to the high-density of low-
lying states of the Th, U, ThO, UO, ThO, and UQO; systems and their ions, multi-
reference ab initio methods are well-adapted for their study, though size consistency
errors may arise. Where non-spin-orbit calculations apply well, the considerable decrease
in the size of the computation allowed us to address electron-correlation to a higher-
order.

For actinide atoms except Ac, Pa and U, the ionization involves removal of an
electron from the state with 7s character [120-121]. In the cases of Ac, Pa and U, where
the electrons come out of the 6d shell, the polarization of 6s, 6p, 5s, 5p or 5d orbitals and
spin-orbit effects will make a significant contribution to the first IPs. The general
electronic configuration for all the actinide atoms are s*d”*f". Along the actinide series,
even though there are changes in the number of electrons in the 5f shell, the energy

required to remove the electron from the 7s shell falls in the 5.99-6.5 eV range. This also
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shows that the intershell correlation between the electrons in 5f and the 7s shell is small,
as expected from their different radial extent. The IP calculation of actinide atoms is
difficult to perform as the valence electrons are distributed among closely spaced 5f, 6d
and 7s shells resulting in a high density of low-lying electronic states. Also along the
series there is a change in the order of stability of the 5f, 6d, 7s and 7p thereby changing
the relative importance of exchange interactions between various pairs.

Currently there is a discrepancy in the IP values for UO and UO,, not only for
different experimental techniques but also for the different theoretical methods that have
been utilized so far. The theoretical adiabatic IP obtained for UO, is 6.1eV using the
CASPT2 [122] method and 6.3 eV using DFT [123]. The ab initio calculation performed
in this work gives a smaller value of 5.6 eV.

In order to study the reason behind the discrepancies in the value of IP between
the different theoretical approaches, we have looked at several issues in this work: 1)
quality of the basis set 2) spin-orbit effects 3) order of Correlation and 4) size of the core

potential.

5.2 Methods

Calculations are performed using double-zeta (cc-pVDZ) and triple-zeta (cc-
pVTZ) quality basis sets of the correlation consistent type developed by our group. The
calculations utilized 68- and 60-electron RECP and SO operators for uranium and 68-
electron RECP and SO operator for thorium. The IP calculations were also carried out
with the RECPs generated using the methods employed by Christiansen (10) and by

Preuss, Stoll and co-workers at Stuttgart [124-125]. Natural orbitals generated from
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MCSCEF calculations were used in the CI calculations. Both the vertical and adiabatic IP

values were computed for the systems under study.

53 Results and Discussion

The low and high-lying electronic structure of UQ; is studied in detail in Chapter
4. In the presence of spin-orbit, the *®, (2,) ground state for UO, stems from the
1([)1115c5g1 (5f¢'7sc") electron configuration with the equilibrium bond length of 1.777 A
using the cc-pVTZ basis set. The *®, (5/2,) ground state of UO," arises from the 1o’
(5f¢") configuration which has an R, value of 1.741 A.

As can be seen from Table 5.4, there is not much difference between the vertical
and adiabatic values of the IPs. This is due to the small change in the bond length upon
ionization because the ionization involves the removal of electrons predominantly with
the diffuse non-bonding 7s character and there is no subsequent change in the electron
configuration upon ionization. A large change in vertical and adiabatic ionization energy,
however, is observed in the event the electron is ionized from the lowest state with £
ground state, which lies 1250 cm™ above the ground state. The adiabatic and vertical
ionization from the 3H4g (18ul lcpul) ground state of UO, to the 2050, (lcpul) final state of
UO," is 5.474 and 6.196 eV respectively, as shown in Table 5.5.

Results from Table 5.4 show that non-spin orbit and spin-orbit CI calculation give
almost the same values for the IPs. This is because the ionization involves removal of an
electron from the orbital with o symmetry. With the small size core potential, a better

value for spin-orbit energy is obtained due to the increase in the quality of the inner part
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of the orbital due to the 1/r’dependence of the spin-orbit operator. This aspect of the use
of the small size core, however, will not result in a change in IP for UO,. As the effect of
spin-orbit coupling is not significant on the IP, higher order correlation effects can be
included in the calculation because there is a sizable decrease in the computational cost in
the absence of spin orbit.

Next we studied the effect of the quality of basis set on the IP of UO,. With the
improvement in the quality of the basis set, one can further expect the increase in IP, as
the system with two unpaired electrons will benefit more from correlation than the one-
electron system upon ionization. As can be seen from the values in Table 5.4 and 5.5, the
basis set does not have much effect on the IP. Similar behavior was observed in the
CASPT?2 calculation performed by Gagliardi et al. [122].

The next important issue that needs to be considered is the intershell correlation
energy between the 5s, 5p, 5d, 6s or 6p, with the valence 7s electron. Polarization of the
5d, 6s and 6p orbitals upon ionization can be studied using the 68-electron core potential,
but this does not allow us to correlate the 5s and 5p since these orbitals are frozen in their
atomic environment. Thus, in order to incorporate these effects, we performed the IP
calculations using the 60-electron core RECP as well. The 5s, S5p, 5d and 6s orbitals are
not involved in bonding; they merely polarize in molecular environments. Therefore,
only single excitations are needed out of the orbitals because they are enough to account
for the orbital relaxation that characterizes the polarization effects and for intershell
correlation effects. As can be seen from the IP values in Table 5.3, with the 68-electron
RECP, no change in the IP was obtained when the electrons in the 5d, 6s and 6p shells

were allowed to correlate.
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Even though 5s, 5p and 5d have similar radial extent in non-relativistic
calculations, the relativistic effects result in the further contraction of 5s and 5p orbitals
and the expansion of the 5d orbital. As a result, the exchange interaction between the 7s
and 5d will be more than in the 7s-5p and 7s-5s pairs. As no effect on the IP was
observed when the excitations were allowed out of the 5d orbitals, it is logical to
conclude that the correlation of 5s and 5p electrons will not have any effect either. In the
event the ionization would have involved a change in the 5f occupation number either by
reorganization or removal of electron from the 5f shell, however, one can expect
polarization effects to make a significant impact on the IP values because of the similar
radial extent of 5s, 5p, 5d, 6s and 6p orbitals.

An important argument has been made in the literature [126] in favor of small size
60-electron RECP for uranium. Since a 7s electron is being ionized, it is possible that the
7s orbital needs to look like an orbital rather than a pseudo-orbital in the 5f radial region.
Partially restoring the correct radial nodal structure will also improve the value of
exchange integrals involving these orbitals. As can seen from the values in Table 5.2 this
also did not result in any change in the value of the IP.

At the same time, an important argument can be made against the use of small
size correlation potential considering the type of calculation performed in this work,
wherein the relativistic effects are incorporated implicitly using a core potential rather
than explicitly included as in the case of the Dirac Hamiltonian or the Briet-Pauli
Hamiltonian. The 60-electron core allows us to incorporate higher order correlation
effects, but then at the same time it removes from the calculation the relativistic terms

associated with the electrons in the 5s and the 5p shell.
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Finally, the effect of electron correlation on the IPs was explored. First we
performed a 2-reference CI singles and doubles calculation with the MOs obtained from
the MCSCF calculations. For the UO; molecule the references used to represent the
ground state were 1(p1115c5g1 and 18u15c5g1. Similarly for UO,", the reference space
consisted of the 1¢,' and 18,' configurations. Using this reference space the adiabatic and
vertical ionization energies of 5.629 and 5.682 eV was obtained using the cc-pVTZ basis
set in the presence of spin-orbit.

The most important differential electron correlation that can affect the IP is the 5f-
7s intershell correlation. This effect depends critically on the radial distance between the
shells. Due to the small spatial overlap of the 5f and 7s shells, however, the 5f-7s
intershell correlation effects are very small. Even though the calculation was performed
at the MRCISD level, single and double excitations with significant coefficients were
included in our calculation as references in order to include the important triple and
quadruple excitations. This reduces the amount of correlation error inherent in the
calculation due to the truncation of CI excitations at the SD (singles and doubles) level.
Moreover, beyond quadruple excitations, the contributions to the IP are usually quite
small.

Analysis of the coefficients of the configurations mixing with the reference
configuration showed that most of the contributions were due to the cross-shell
correlation involving the bonding MO’s 4c,, 37, 2n, and 36, and the corresponding
antibonding MOs. This shows that MOs used in the CI calculation were not optimum for
the correlated description of m and o bonding. Refinement of MOs can be done by

including these MOs in the MCSCF calculation, which will improve the contribution of
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the reference configuration and the single and double excitations out of these references.
The distribution of 10-12 electrons among the 4c,, 3, 21, and 36, bonding MOs and 0-
2 electrons in the antibonding MOs resulted in the wave function consisting of ~28,000
CSFs. Since in the MCSCEF calculation both the MOs in the CSFs and the coefficients of
the CSFs are simultaneously optimized variationally, calculations of this size are quite
intensive to perform. Analysis of the coefficients of the CI vectors describing the
intershell correlation effects discussed in this paragraph shows a quite similar
contribution to the total wave function of the ground state for both UO, and Uo,"
systems. This might be due to the small difference of 0.036 A in their equilibrium bond
lengths. The triple and quadruple excitations from these configurations were not included
in this calculation as this effect is liable to make a very small contribution to the change
in correlation energy upon ionization.

The electrons occupying the highest occupied bonding 3o, have substantial 5f
character and they are highly correlated with electrons in the non-bonding 16, and 1@,
uranium-centered orbitals [89]. Their contribution to the correlation energy was studied
with the reference space consisting of states arising from 3Gu250g11(pu1, 3Gu250g118u1,
5c5g13c5110181121(pu1 configurations for UO; and the states arising from 3(5u21(pu1, 3c5u218u1,
36, ’18,°1¢, configurations for UO," for the non-spin-orbit CI calculation. The first IP of
5.599 eV was obtained with this reference space. Incorporating this correlation effect did
not affect the value of the IP for UO; since the number of electrons in the non-bonding
5t or 5f6 remained unchanged upon ionization even though there will be a small change

in the effective nuclear charge experienced by the electrons in these orbitals.

125



As the ground state of UO; arises from the 5f'7s' configuration, the 7p and 6d
orbitals were included in the reference space to account for the non-dynamical correlation
arising from the 7s-7p and 7s-6d near-degeneracy excitations. The inclusion of near-
degeneracy correlation effects resulted in an increase in the ionization energy by only
0.05 eV.

Finally the technique by which the core potential was generated was also
explored. In addition to using the shape-consistent RECP by Christiansen et al. [17-23]
the IP calculation was also performed using the Stuttgart energy-fitted RECP [124-125].
The cc-pVDZ basis set that goes with the Stuttgart 60-electron small size core potential
was generated. Using the Stuttgart core potential the first ionization energy of 5.36 eV
and equilibrium bond lengths of 3.32 A and 3.25 A were obtained for UO, and UO,"
respectively. Using the same reference frozen and virtual space and the Christiansen
RECP, the calculated value of the adiabatic IP and equilibrium bond lengths for UO, and
UO," were 5.60 eV, 3.36 A and 3.29 A respectively. This discrepancy between the results
from the core potentials obtained using different techniques opens up a new area of
research as the techniques are expected to provide similar results. For our purpose of
understanding the discrepancy involving the IP of UO,, however, no insight was
obtained.

The second ionization energy for UO, involves the following process, UO,"

(3o’1e.") > UO*" (3o,%). Unlike for the first IP, the spin-orbit contribution to the

second IP will be quite significant. The ground state of UO,>" is the 12+Og term arising

2

from the closed shell 30,” configurations with computed equilibrium bond lengths of

1.685 A and 1.675 A using cc-pVDZ and cc-pVTZ quality basis sets, respectively. In the
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absence of spin-orbit, the R, of the 12; state is 1.687 and 1.678 A using cc-pVDZ and cc-
pVTZ basis sets. MOs for use in the CI calculation were generated using an SCF
calculation on the closed-shell configuration.

The second IP for UO; has been reported as 15.4 + 2.6eV [127]. Such a large
error in the IP does not allow us to benchmark our result with the experimental observed
value. In this work, we have obtained an adiabatic IP value of 14.277 using the cc-pVDZ
basis set and 14.299 using the basis set of cc-pVTZ quality. Unlike the first IP, which
differs from the results obtained from the CASPT2 approach [122] by 0.5 eV, the second
IP results are in agreement. Gagliardi et al. [122] obtained the second ionization energy

values of 14.02 and 14.36 eV with their small and large basis sets respectively.

5.4  lonization Potential Study of UO

The electronic structures of UO and UO" are studied in detail in Chapter 2. The
ground state of UO is I arising from the U™ (7so'5fp'5f8'5fn')O* configuration with a
calculated equilibrium bond length of 1.8423 A. The calculated bond length differs from
the experimental bond length of 1.8383 A [15] by just 0.004 A. The ground state of UO"
is *Io, arising primarily from the U™(5fp'5f8'5fn')O* configuration also predicted by
ligand field calculation [97] and the valence configuration interaction study [105].

Similar to the results obtained for UO,, the effect of spin-orbit, 5f-7s intershell
correlation energy and the polarization of inner 6s, 6p, 5d shell on the first [P are very
small. In the presence of spin-orbit with the cc-pVTZ quality basis, the calculated

adiabatic and vertical IPs for UO are 5.550 and 5.587 eV. The experimental value found
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for the IP of UO using the electron transfer [117-118] and photoionization techniques
[116] is 5.6£0.1 and 6.0313eV respectively. Previous theoretical calculations have
obtained values of 6.17 eV from an RDF-SCF [129] calculation and 5.71 eV using the
semi empirical QR—SCMEH-MO (quasirelativistic—self-consistent modified extended
Hiickel-molecular orbital) method [128].

For UO, the first excited state lies just 300 cm™ above the ground state arising
from the U™ (7so'5f¢'5£8")O* configuration. The calculated and experimental values of
R. for this state are 1.795 A and 1.7932 A, very close to the R, values for the ground state
of UO". As a result, from the first excited state of UO, the adiabatic and vertical

ionization energies differ by a mere 0.01 eV.

5.5  First lonization Potential Study of Uranium

The IP calculation for the uranium atom was performed using the 60-electron core
potential with the basis set of cc-pVDZ quality. The experimentally obtained first
ionization energy of uranium atom is 6.15+0.05 eV [118], 6.194 [116] and 6.193+ 0.002
eV [118] using mass spectrometric, REMPI and optical measurements respectively. Since
the first I[P of uranium values are in good agreement among different experimental
techniques, it serves as a good test case to check the accuracy of the theoretical approach
to handle the calculation of the IP of actinide atoms and its oxides.

The first ionization energy involves the removal of a 6d electron from the °Ks
state arising from the £°d's” configuration. The ground state of U" is *Iy;, which stems

from the f's” electron configuration.
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The first IP calculation of uranium gives a different result with or without spin-
orbit. The IP using SOCI is ~0.25 eV (2018cm™) higher in comparison to the non-spin-
orbit CI. This difference is comparable to the spin-orbit splitting associated with U6d. For
uranium the 6d spin-orbit coupling constant is ~2000 cm™. This shows that most of the
contribution to the first IP with SO is as a result of the 6d SO splitting and hence an
insignificant contribution can be expected from the configurations which are allowed to
mix with the reference state only after inclusion of spin-orbit effects.

First, spin-orbit calculations were performed with the reference space for U and
U™ consisting of all states arising from the f°d's* and f’s* configurations. In addition, the
active space consisted of references incorporating 7s> <> 7p” and 7s* <> 6d” excitations.
Even though there is no change in 7s occupation number between U and U”, there is a
change in the relative energy difference between 7s, 7p and 6d with the increase in ionic
charge. With this reference space a first IP value of 5.77 eV was obtained.

Next SOCI correlation consisted of including 6s and 6p in the reference space.
Unlike the cases where the electron comes out of 7s shell, the correlation of 6s and 6p is
expected to have significant influence on the first IP of uranium due to strong 6s-6d and
6p-6d intershell correlation effects as a result of their same radial extent. Even though
only single excitations from different shells are required to characterize the intershell
correlation effects upon ionization, we included both singles and doubles from the 6s and
6p orbitals due to the inflexibility of the current GUGA version of COLUMBUS. Double
excitations out of 6s and 6p will make a significant contribution to the total correlation

energy for U and U, but their contribution to differential correlation energy will be very
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little. After allowing the singles and doubles out of 6s and 6p the first [P went up to
5.96 eV.

The ~0.23 eV difference between the calculated and the experimental value may
be due to basis set truncation or the omission of some important triple and quadruple
excitations that contributes to the differential correlation energy. The intershell
correlation energy associated between the 5d, 5s and 5p core and 5f, 6d and 7s valence
orbitals are also liable to make a small contribution to the first IP. The size of the
computation as a result of correlating the electrons in the 5s, 5p and 5d orbitals is too
large to handle based on the currently available computing resources and the nature of the

current version of the COLUMBUS programs.

5.6  Ionization Potential Study of Thorium

The IP calculation of thorium was performed using the 68-electron core potential
with a basis set of cc-pVDZ quality. The experimentally obtained first ionization energy
of the Th atom is 6.3067 eV [129] obtained using Resonance Ionization Mass
Spectroscopy (RIMS). Currently there is no discrepancy associated with the first IP value
of thorium in the literature. Hence this is another test case where the efficacy of the
theoretical approach can be tested in calculating the IP of actinide systems. Unlike the
first IP calculation of the uranium atom, the IP calculation of the thorium atom is
facilitated by the fact that the ionization involves removing an electron from the 7s shell.
making the effect of spin-orbit on the IP very small. Therefore, we were able to perform a
higher-level non-spin-orbit CI calculation incorporating intershell correlation effects and

non-dynamical near degeneracy effects.
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The first IP involves the excitation of an electron from the °F, state arising from
the d*s” configuration to the *F3; state arising from the d°s' configuration. A first IP value
of 6.18 eV was obtained with the 7s, 5f, 6d and 7p orbitals included in the active space
and only the four valence electrons in case of Th and three valence electrons in case of
Th" were allowed to correlate. With the inclusion of 6s and 6p in the reference space,
where these orbitals were doubly occupied in the reference space, but single and double
excitations were then allowed out of these orbitals, the IP went up to 6.21 eV. The small
change on IP with the 6s and 6p as a part the reference space is due to the fact that the
ionization involved removal of the 7s electron with no change in the occupation number
of the 6d and 5f shells, although the electrons in the 5f and 6d shell did become more
stable with the increase in the effective nuclear charge. The calculated IP of thorium is in

very good agreement with the existing experimental value of 6.3 eV.

5.7  lonization Potential Study of ThO

The first IP of ThO has been reported as 6.1 and 6.6 eV using the electron transfer
[130] and pulsed field ionization-zero kinetic energy (PFI-ZEKE) photoelectron [111]
techniques respectively. The 'Z) ground state of ThO stems from the 66° (7sc°) electron
configuration and has calculated and experimental bond lengths of 1.861 A and 1.840 A
[69] respectively. Similarly, the *X") ground stats of ThO" arises from the 6c' (7sc')

electronic configuration and has calculated and experimental bond length of 1.825 A and

1.807 A [101] respectively.
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An IP value of 5.345 eV was obtained starting with single determinant wave
functions of 3n*56%66” for ThO and 3n*56°66' and the ThO" ion in the Hartree-Fock
method. The listed 3w and 5o MOs are mostly bonding MOs formed by mixing of O2p, s
with U6d, s and U5f; ;. Due to the large Th-O bond length and relativistic destabilization
of 5f, the 6d atomic orbitals mix more with O2p orbitals than do the USf atomic orbitals.

The 66 MO has mostly non-bonding 7sc character.

Improvement of the Hartree-Fock SCF orbitals mainly arising from the non-
dynamical correlation related to the 7s-7p and 7s-6d degeneracy effect were incorporated
using the MCSCF method. Using this approach, an IP value of 6.05 eV, closer to the
experimental value, was obtained. For ThO, the correlation, governed by the exchange
integral, provided by the 7s-7p excitation is higher than that provided by the 7s-6d
excitation, hence the contribution to the differential correlation energy was more from the
7s — 7p excitation than from the 7s — 6d excitation. For ThO", in the absence of spin-
orbit there is no mixing between the 7s,' ground state and the 7p, based on symmetry

arguments. The MCSCF ground state wavefunction has 92% from the principal term for

ThO and 100% for ThO™.

Using the natural orbitals obtained from the MCSCF calculation, dynamical
correlation effects were included in the calculation using the MRCISD method. The
active space consisted of distributing two electrons among the 7s, 7p, 6d and 5f shells for
ThO and one electron among the 7s, 7p, 6d and 5f shells for ThO". With the active space
consisting of the 7s, 7p, 6d and 5f shells, adiabatic and vertical IP values of 6.42 eV and

6.45 eV were obtained.
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5.8 Ionization Potential Study of ThO,

The first IP for ThO, is 8.7£0.2 eV [130], larger than the values obtained for all
the systems studied above and for the other AnO and AnO, molecules listed in Table 5.1.
This is due to the fact that in case of the above molecules the electrons come out of non-
bonding MOs mostly centered on the metal atom but in ThO, the ionization involves
removal of a bonding electron. Thus an increase in bond length and decrease in
vibrational frequency is expected upon ionization.

ThO; is isoelectronic with UO,*", but unlike UO,*" which is linear, ThO; is bent,
with an experimental O-Th-O angle of 122+2° [131]. In this work the vertical IP for
ThO, is calculated using three geometries obtained from Gaussian using the B3LYP
functional (Th-O = 1.906 A, O-Th-O = 118.75°), ADF (Th-O = 1.9105 A, O-Th-O =
117.863°) and Hartree-Fock (Th-O = 1.91 A, O-Th-O = 118°) [132], the results are listed
in Tables 5.13-5.14.

The ground-state (lAl) configuration for ThO, is 6a124b222322 3b127a125b22. The
orbitals listed are bonding MOs with mostly O2p character and some mixing with Théd,
Th5f and Thép. The atomic characters of these MOs are shown in Table 5.9. As can be
seen from the orbital-energy values listed in these tables, there are several high-lying
MOs very close in energy. The ground state for ThO," was obtained by removing, in turn,
electrons from each of the bonding MOs. The lowest ionization energy was obtained with
excitation out of 5b; orbital, which is mostly localized on the oxygen atom. The ground

state for ThO," is *B, with electron configuration of 6a;°4b,*2a,> 3b,°7a,>5b, .
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An important observation can be made in case of for ThO," system, even though
Th has four valence electrons, the oxidation state of the Th atom is +5. As can be seen
from the population analysis listed in Tables 5.9-5.12, the fifth electron comes out the 5b;
bonding MO where half the electron comes off of the oxygens. Thus, almost 70% of the
atomic character of the 5b, MO was oxygen O2p for ThO,. The ionization of the electron
from this MO results in a charge transfer from the metal to the oxygens as can be seen by
comparing the contributions of O2p to the six bonding MO’s in ThO, and ThO,".

A vertical IP value of 8.40 eV was obtained from the Hartree-Fock calculation
using the SCF wave functions for 6a,°4b,"2a,* 3b,%7a,%5b,” for ThO, and 6a,%4b,*2a,>
3b,%7a,%5b,' for ThO,". The single-reference CISD calculation resulted in a vertical IP of

8.48 eV.

59 Conclusions

The calculated values of the first IPs of the thorium and uranium atoms and are in
good agreement using experimental techniques like mass spectrometry, photoionization,
and optical measurements. Our calculated results of 6.21 and 5.96 eV for the first IP of
thorium and uranium match very well with the experimental result of 6.3 and 6.19 eV
respectively. The calculation of IPs for actinide atoms needs a higher degree of
correlation then their mono- and dioxides counterparts, due to the actinides atoms having
valence electrons distributed among three valence orbitals (5f, 6d and 7s) with different

principal quantum numbers. Since our MRCISD calculations predict the first IPs of U

134



and Th to a good accuracy, the same method is likely to work favorably in IP calculations

for the corresponding di and mono oxides.

The first calculated IP value of 6.42 eV for ThO is close to the experimentally
obtained value of 6.6 eV obtained using the pulsed field ionization-zero kinetic energy
(PFI-ZEKE) photoelectron technique. The large discrepancy in the calculated IPs is in the
theoretical and calculated results for UO and UO,. Although our calculated IPs matches
well with the electron transfer technique, they are 0.5 eV lower than the ones obtained
using with the most recent REMPI technique. Many issues associated with the accurate
computation of these IPs have been examined but so far no success has been obtained in

resolving the discrepancy.

Future work involves modification of the COLUMBUS code to allow only singles
out of selected MOs in the reference space. This will not only decrease the size of the
calculation but also more selectivity can be obtained by particularly including the

configurations that make significant contributions to the differential correlation energy.
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Systems Electron Transfer ~ Photoionization
ThO2 8.7x0.15 -
Uo2 5.5+ 0.1 6.128
NpO2 5.0+ 0.1 -
PuO2 9.4+ 0.5 -

10.0£ 0.1
7.3+ 0.12
AmO2 -
ThO 6.1 +£0.1 6.6
Uo 5.6+ 0.1 6.031
NpO 5.7+ 0.1 -
PuO 5.8£0.2 -
6.6+ 0.2
AmO 5.810.2 -

Table 5.1: Ionization Energy of AnO and AnO, systems using different experimental

techniques (Refs. 117-120, 131-132)
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Spin-orbit included  Basis Set RECP Number of Ionization

or not Quality  Coresize Correlated electrons  Energy (eV)
No cc-pVTZ 68 14 5.628
Yes cc-pVTZ 68 14 5.629
No cc-pVDZ 68 14 5.652
Yes cc-pVDZ 68 14 5.649
No cc-pVDZ 68 36 5.599
No cc-pVDZ 60 44 5.601

Table 5.2: Adiabatic Ionization energy (eV) for UO; (gas phase)

Adiabatic Vertical Ionization
Ionization Energy Energy
(eV) (eV)
6s, 6p and 5d electrons in the frozen space 5.652 5.735
6s, 6p electrons in the frozen space 5.651 5.748
5d electrons in the frozen space 5.593 5.684
No electrons in the frozen space 5.599 5.683

Table 5.3: Tonization energies (eV) for UO; (gas phase) with different levels of electron

correlation
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Initial State Final State IE
State R. State Re (eV)
Adiabatic IE 3D, 1.777 205, 1.741 5.629
Vertical IE 3Dy, 1.777 250y 5.682
Adiabatic IE D, 1.784 2D, 1.748 5.628
Vertical IE 3D, 1.784 2D, 5.695

Table 5.4: CISD (spin-orbit) and CISD (non-spin-orbit) equilibrium bond length and

ionization energy results for the UO, molecule using the cc-pVTZ Basis Set

Initial State Final State IE
State Re State Re (eV)
Adiabatic IE 3D, 1.803 2D, 1.762 5.649
Vertical IE 3Dy, 1.803 250y 5.733
Adiabatic IE D, 1.809 2D, 1.768 5.652
Vertical IE D, 1.809 2D, 5.735

Table 5.5: CISD (spin-orbit) and CISD (non-spin-orbit) equilibrium bond length and

ionization energy results for the UO, molecule using the cc-pVDZ Basis Set

Initial State

Final State IE

State R, State R. (eV)
Adiabatic IE Hag 1.852 2Ds), 1.741 5474
Vertical IE Ha, 1.852 205y, 6.196

Table 5.6: CISD (spin-orbit) result for the lonization Energy (eV) of the UO, molecule

from the f* electron configuration using the cc-pVTZ Basis Set




Initial State Final State IE
State Re State Re (eV)
Adiabatic IE L 1.8423 Ton 1.8110 5.550
Vertical IE L 1.8423 Ton 5.587
Adiabatic IE ] 1.8545 1 1.8143 5.552
Vertical IE T 1.8545 1 5.590

Table 5.7: Ionization Energy (eV) for the UO molecule using the cc-pVTZ Basis Set

Initial State Final State 1E
State R. State Re (eV)
Adiabatic IE L, 1.8729 o 1.835 5.507
Vertical IE 3, 1.8729 o 5.534

Table 5.8: Ionization Energy (eV) for the UO molecule using the cc-pVDZ Basis Set

Orbital Thorium AQO’s Oxygen AO’s

Energy |s(6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
6a; | -0.4733 0.60 2.57 15.55 1.81 1.58 77.26 0.14
4b, |-0.4618 - 4.25 14.13 6.11 1.01 7420 0.14
2a, |-0.4602 - - 18.98 5.00 - 7523  0.14
3b; | -0.4210 - 3.90 9.78 7.88 - 77.34  0.09
7a; | -0.4030 0.85 4.13 13.12 591 0.06  75.00 0.05
Sby | -0.3795 - 8.17 8.82 12.83 | 039 6899 0.03

Table 5.9: Partial Gross Population Analysis for selected MOs of the 'A; state of ThO,

using the Gaussian geometry (Th-O = 1.906 A, O-Th-O = 118.75°)
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Thorium AO’s Oxygen AO’s

s(6s,7s) p(6p,7p) d(5d,6d) f(5f) | s(2s) p(2p) d(3d)
6a, 0.37 3.42 13.77 2.79 0.00 7827 0.07
4b, - 3.53 13.86 5.53 1.19 7558 0.15
2a, - - 14.71 4.65 79.72  0.16
3b, - 3.90 9.78 7.88 - 77.34  0.09
Ta; 0.90 3.26 14.88 5.24 256 7286 0.16
5b, - 5.67 6.82 10.86 | 048 7521 0.04

Table 5.10: Partial Gross Population Analysis for selected MOs of the *B, state of ThO,"

using the Gaussian geometry (Th-O = 1.906 A, O-Th-O = 118.75°)

Gross Atomic Populations
Atom S p d f Total
Th 2.066 6.139 11.812  0.863 20.976
O 3.670  9.336  0.0177  0.000 13.024

Table 5.11: Mulliken Population Analysis for the SCF wave function of the 'A; state of

ThO, using the Gaussian geometry (Th-O = 1.906 A, O-Th-O = 118.75°)

Gross Atomic Populations
Atom S p d f Total
Th 2.054 6.051 11.525 0.678 20.406
0 3.743  8.831 0.0197  0.000 12.594

Table 5.12: Mulliken Population Analysis for the SCF wave function of the ’B, state of

ThO," using the Gaussian geometry (Th-O = 1.906 A, O-Th-O = 118.75°)
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Initial State Final State 1E
State Total Energy State Total Energy (eV)
(Hartree) (Hartree)
Gaussian A -206.04872 B, -205.73994 8.402
B3LYP A -206.04849 B, -205.73963 8.404
Hartree-Fock A, -206.04853 ’B, -205.73969 8.404

Table 5.13: Vertical Ionization Energy (eV) for ThO, based on Hartree-Fock calculations

Initial State Final State 1E
State Total Energy State Total Energy (eV)
(Hartree) (Hartree)
Gaussian A -206.79394 ’B, -206.48235 8.479
B3LYP A -206.79382 B, -206.48194 8.487
Hartree-Fock A, -206.79384 ’B, -206.48200 8.486

Table 5.14: Vertical Ionization Energy (eV) for ThO, based on single-reference CISD

calculations without spin-orbit
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CHAPTER 6

THEORETICAL CALCULATIONS FOR THE HIGH-LYING EXCITED LEVELS AT
THE OXYGEN K-EDGE FOR Cs,UO,Cly

6.1 Introduction

X-ray photoelectron spectroscopy has been performed on a wide range of uranium
compounds [133-139] in order to gain insight into the electronic structure and the spatial
extent of the adjoining atoms. Both experimental study and theoretical calculations have
been performed to study the spectral features near the threshold region [133,134,140] and
also in the region of a few electron volts extending above the edge [133, 134, 136, 139].

In this chapter we present a theoretical calculation of the X-ray absorption
spectrum at the oxygen K-edge for Cs,UO,Cly, which extends over 20 eV from 530 eV to
550 eV going beyond the ionization potential of oxygen Is. In this spectrum, the oxygen
Is core electron is excited into valence and Rydberg orbitals by the absorption of soft x-
rays with their polarization vector aligned parallel and perpendicular to the uranyl O-U-O
bond axis. This spectrum was taken by Denning et al. [141] and a portion of it is shown
in Figure 6.1. The S polarization includes transitions where the polarization vector is both
parallel and perpendicular to the bond axis and the absorption in the R orientation is

dominated by the transitions polarized perpendicular to the uranyl bond axis. According
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to the dipole selection rule for linear UO,>" ion the parallel and perpendicular transitions
will be 6 & o and 6 = © respectively. Both the gerade and ungerade final states will be
allowed from the Ols (lo, and 1o,) initial states. The bonding and antibonding Ols
molecular orbitals are separated by ~0.35 meV.

The paper by Denning et al. [141] also provides the x-ray emission spectra in the
R and S configuration for four different excitation energies, which are 531.4, 534.1,
536.5, and 550.2 eV. The selection rules to assign the x-ray emission spectra used are as
follows: during the emission from valence orbitals with ¢ character, the intensity will be
a maximum when the polarization vector is aligned parallel to the molecular axis and
during emission from the valence orbitals with  character, the maximum intensity will
be obtained when the polarization vector is aligned perpendicular to the molecular axis.
The emission spectrum data was further used to estimate the ionization potential of
oxygen ls around 536eV [141]. As is well known, the K-absorption edge can be
approximated as the sum of the ionization energy of the valence state and the K-emission
line of this valence state. But this procedure is expected to give some error, since due to
the creation of a core hole, the valence MOs will experience the attractive potential of a
larger effective nuclear charge and also the reduced U-O overlap will decrease the energy
of the unoccupied valence orbtials as they are derived from the overlap of the unoccupied
uranium 5f and 6d orbital and the occupied oxygen 2s and 2p orbitals (discussed in detail
later in the chapter).

Once we have located the information regarding the O K-edge, the
photoabsorption spectrum of Cs,UO,Cls shown in Figure 6.1 can be characterized by five

lines of absorption below and three lines of absorption above the ionization threshold.
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The salient features of our analysis are the intense lines of absorption above the
ionization limit for the oxygen K-edge at 541 eV and 550 eV respectively. Above the
ionization threshold, one expects the core hole state to ionize directly rather than by
Auger relaxation. The implication is that above the ionization threshold, the excitation
occurs to pseudo-bound states in which an electron is temporarily trapped by a potential
barrier, through which it will eventually tunnel and escape. Based on the fact that sharp
autoionizing resonances can be attributed to the occupation of an orbital with a high
angular momentum [142-143], in this chapter we have assigned shape resonances to the
unoccupied MOs with a large angular momentum and embedded in the continuum. In
addition one cannot refute that multiexcitation processes can overlap with the one-
electron shape-resonance structure and strongly modify the shape of the absorption bands
in the energy range above the threshold region [144-145].

The subsequent sections of this chapter are organized as follows. Section 6.2
details the theoretical approach and computational methods employed in performing the
ab initio electronic structure calculations. Section 6.3 presents the expected results of the
calculations performed along with a comparison of our calculations with the experimental
data. Finally, section 6.4 provides some conclusions that may be drawn from the

proposed research.

6.2 Calculation Details

In the case of uranium, the inner 68 electrons (1s-5p) were replaced by an RECP.
The chlorine core consisted of 10 electrons 1s-2p and for cesium an all-electron core

potential was used. No core potentials were used in case of oxygen since we are
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interested in analyzing the K-absorption spectrum of oxygen in Cs;UO,Cls. For the
UO,”" ion there are 68 core electrons and 38 valence electrons and for Cs,UO,Cly there
are 133 core electrons and 70 valence electrons.

The basis sets used were contracted Gaussian basis sets following the correlation-
consistent method of Dunning and coworkers [32-39]. In the case of uranium, the 5d, 6s,
6p core orbitals, as well as the 5f, 6d, 7s 7p, 7d, 8s and 8p valence and Rydberg orbitals,
were treated explicitly using contracted Gaussian basis sets. The basis for including all
these valence and Rydberg orbitals in the calculations was the following: The salient
feature of this proposal is the investigation is Denning's suggestion that the peak at 550
eV might correspond to excitations to USg orbitals. When we included the 5g states we
found states lower than 5g states that were not described by the basis sets of US5f, U6d,
U7s and U7p. In order to describe these states we added basis functions for U8p, US8s,
and U7d Rydberg states. The orbital energies in the presence of relativistic effects for the
51, 6d, 7s 7p, 7d, 8s and 8p states is shown in Figure 6.1.

For uranium, the basis sets were generated for the U™ ion and the RECP used in
the calculations were also derived for the U™ ion. The (9s4p1d)/[2s2pld] correlation-
consistent double-zeta (cc-pVDZ) basis set was used for oxygen to represent the 1s, 2s
and 2p electrons. The s and p primitives were obtained by optimizing the s and p
exponents in the Hartree-Fock calculation on the *P ground state. The d polarization
function was obtained by optimizing the exponents in SO-CISD calculations on the °P,
ground state. Since the effective charge of the oxygen atoms in UO,>" is -0.08¢ we did
not use the augmented basis set for oxygen. Calculations indicated that oxygen diffuse
functions play little role in the bonding description [146] Similarly for chlorine the
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chlorine (4s4p1d) primitive basis sets were contracted to [2s2p1d] to represent 3s and 3p
orbitals. The s and p primitives were obtained by optimizing the s and p exponents in the
Hartree-Fock calculation on the *P ground state. The d polarization set was obtained by
optimizing the exponents in SO-CISD calculations on the *P3, ground state. The above-
mentioned choice of basis set resulted in a total of 120 and 172 symmetry orbitals for free
UO,*" and for the crystal respectively.

The SCF calculations were carried out mainly to obtain the initial-guess MOs that
were used in the subsequent CI calculations. The initial-guess MOs used for the excited-
state calculations were SCF orbitals derived from the complex with a hole on the oxygen
center thereby allowing the valence and the Rydberg states to adjust to the presence of
the hole on the oxygen 1s centers. The lifetime of the x-ray excited state is ~10™" sec
[147] and the electronic motion of the electron for a unit order of magnitude (1eV) is
~10"7 sec. Since the time scale of the electronic motion is comparable to that of the
lifetime of x-ray excited states it further strengthens the use of hole-state MO’s for the CI
calculations to allow for the rearrangement of other electrons following the creation of
vacancy in the oxygen 1s shells.

A single-excitation CI (CIS) calculation was used to obtain the excited-state
energies with a convergence criterion of 10® Hartree. Given the size of the system (172
basis functions and 70 non-core electrons), it is only possible to calculate the lowest
energy roots at the CISD level. Since the relative magnitude of the excitation energies is
of greater significance in describing the spectrum, one can expect a better analysis of the
spectrum if all the roots are calculated at the same order of approximation. In addition the

relaxation and correlation effects have very little effect on the relative spacing between
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the states and only significantly change their absolute positions [148]. There are two vital
arguments which further validates our result even at the CIS level: firstly for spectra
acquired in the region of oxygen K-edge excitations for uranyl complexes, the role of the
correlation effect will be comparatively small since its magnitude will be very small in
comparison to the range of the excitation energy (530-550 eV) and the secondly we’ll be
performing the calculation under both the symmetry broken and adapted calculations
(discussed in detail in the later paragraphs). It has been shown in the literature [148] that
symmetry-broken solutions are more accurate at a lower level of approximation since for
these cases the correlation effects are smaller in magnitude in comparison to the
relaxation effects.

Our spin-orbit CI calculations for the free uranyl ion were carried out using 19
orbitals containing 38 electrons. Of these 19 orbitals, only 6 orbitals involving U5d and
U6s orbitals were used as frozen orbitals, which were doubly occupied in all the CSFs.
Then 12 orbitals involving U6p orbitals and bonding MOs derived from the mixing
between the O2p orbitals with some U5f and U6d components were used as the inactive
orbitals, which were doubly occupied in all the reference CSFs, but were correlated in the
CI expansion. The active orbitals (orbitals with variable occupancy) consist of oxygen 1s
orbitals in the reference CSFs and the selected set of virtual orbitals. The reason for
choosing the following reference space (active and inactive orbitals) is as follows: 1. The
U6p orbitals are included in the reference space, as there is a considerable hybridization
between the 5fc and 6pc orbitals. 2. The presence of a Ols hole will lower the orbital
energy and reduce the radial extent of the O2p orbital, changing the extent of mixing

between the O2p orbitals and the US5f and Uéd orbitals that constitutes the o, m,, o, and
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ny bonding MOs. Since the makeup of these orbitals changes significantly on core-
electron excitation one will expect the correlation energy involving these orbitals to
change significantly.

Similarly the spin-orbit CI calculations for the Cs,UO,Cly crystal were carried out
using 35 orbitals containing 70 electrons. For the excited state calculation, an additional
constraint was imposed, where only the CSFs containing an excitation out of a oxygen 1s
orbital were generated. The excitation-energy values reported in this chapter are the
vertical excitation energy. Since the lifetime of the x-ray excited state (~ 107 sec) [147]
is shorter than the vibronic motions, it can be assumed that the molecular structure is
frozen during the process. Just for the sake of the argument, following the hole formation
the nuclear relaxation energy for uranyl ion was 0.02 Hartree accompanied by an increase
in the U-O bond length.

In addition to gaining an insight into the wave-function character of the excited
state, we were also interested in studying the nature of the hole in the final state since at
the level of theory (limited CI) for which we are constrained to perform the calculations,
these descriptions are liable to give different results. To this end, we performed
calculations under two conditions: (1) the hole being localized on one oxygen atom and,
(2) the hole being delocalized over both oxygens. In the delocalized state SCF
calculation the core hole was assigned to symmetry adapted molecular orbital formed by
the linear combination of two oxygen 1s orbtials. The basic idea of localized holes means
that the two oxygen atoms in UO,”" cannot be related by a symmetry operator in the
symmetry group used or else you are liable just to get the “delocalized hole” result again.

In the localized state SCF calculation one should be aware of the fact, that the calculation
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might collapse to the SCF state where the hole is delocalized state, since the SCF
procedures can converge to a to a local minimum. On going from a delocalized to a
localized solution the symmetry restrictions on the system were lowered to allow for the
localization of a hole on one oxygen. For UO,*" the point group symmetry was lowered
from D»j, to C,y and similarly for the crystal the symmetry was lowered from Csy, to Cs.

Although the uranyl ion has D point-group symmetry, all the calculations were
carried out using Dy, symmetry and its subgroups due to the complications in CI code of
using the higher symmetry. But the flexibility of using the fractional population in the
SCF calculations allows us to use the solutions derived from higher symmetry.

Since the experiment was performed on a single crystal of Cs,UO,Cly, we
performed the calculation with the crystal model previously developed by our group
[149-151]. The model that has been used is a cluster model with a central actinyl ion and
the four neighboring chloride ions. The following layer consisting of six cesium atoms,
on which no valence basis functions were used; they were instead described by an all-
electron core potential. Then this cluster was embedded in a set of 1180 ions, which were
approximated as point charges. The potentials of these point charges were added to
reproduce the Madelung potential in the region of the central atoms. This scheme
accounts for both the short and long-range interactions. In the subsequent section this
large cluster model is used to assign the absorption bands of the spectrum of the uranyl
ion in the crystalline state.

Since in our calculations the states are being studied well above the ionization
potential, they are actually resonances and methods must be used so that do not collapse

to lower energy continuum states. Of all the single excitations that were generated from
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the desired reference configurations, there were no CSFs where the Ols orbitals were

fully occupied.

6.3 Results and Discussion

The electronic spectrum of UO,”" has been studied extensively both at the
theoretical and experimental level. The theoretical calculations performed on uranyl ions
and the ions in the condensed phase are mostly concentrated on studying the spectra in
the optical region. This work is an effort to theoretically analyze the experiment data of
oxygen K-spectrum in Cs,UO,Cly.

UO,*" is a linear molecule with a closed-shell ground state configuration of
6.’ (8u, ®u)°. The U ions split the 2p states of the nearest neighbor O” ions into ¢ and ©
orbitals in the following order: 1, < 1y < 64 < G,.. In turn, due to the presence of the 0>
ligand field the 5f orbital will split with energies in the order 6 ~ f¢p << frn < fo and,
similarly, the 6d orbital will split with energies in the order dd < dn << doc. The splitting
of 6d is more than that of 5f because the former is more radially expanded than the latter
and overlaps better with the oxygen orbtials. These states then form linear combinations
appropriate for the desired symmetry of the UO,*" site. The highest occupied electrons in
the valence shell are the bonding electrons occupying the o, m,, o, and m, molecular
orbitals of the form C;(O2p) + Cy(U5f or U6d) where C;>C,. The lowest unoccupied
orbtials are uranium-centered 5f0 and 5f¢ nonbonding orbitals, followed by orbitals

derived from US5f and Ué6d orbitals with a small antibonding O2p contribution. In the

150



uranyl ion, the 7s, 7p, 7d, 8s, 8p and 5g orbitals are too diffuse to participate in the U-O
molecular bonding.

In the presence of a core hole in the Ols shell, one can expect a significant
variation in the result. Due to the presence of the hole on the oxygen center, the effective
nuclear charge experienced by the O2p will increase significantly which will lower the
orbital energy and the radial expectation value of the O2p orbital. This will result in a
decrease in the overlap between the empty uranium centered orbitals and the O2p
orbitals. The decreased orbital overlap results in a reduction in the charge transfer from
oxygen to uranium in the UO bonds. In the presence and absence of an oxygen 1s hole,
uranium has a partial charge of +2.88 and +2.16 respectively. The Mulliken population

analysis, displaying the populations of all the occupied levels is presented in Table 6.1.

6.3.1 Ionization Potential

Table 6.2 shows the ionization potential of the oxygen 1s orbital based on the
self-consistent-field (SCF) approximation. From Table 6.2, it is clear that the ionization
potential of Ols orbital is not only sensitive to the nature of the hole in the final state but
also to a large extent on the chemical environment of the uranyl ion.

From the data in Table 6.2, it is evident that the ionization energy was lowered by
11-12eV when the symmetry restrictions were released in the 1s hole state. Under the
frozen-core approximation, the result is 20eV higher than when the symmetry-broken
wave functions are used, since this approximation ignores the orbital relaxation
accompanying the ionization step. The theoretical study of the core-hole states of O,
performed by Bagus and Schaefer, [152] obtained a similar result. According to their

result for O,, the localized Hartree-Fock wave function resulted in an ionization energy
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12eV below the delocalized solution. This paper provides the seminal work addressing
the topic of localized and delocalized core-hole picture. The self-consistent-field values
for the ionization potential in the case of a symmetry-broken solution should give results
in better agreement with experiments, as discussed in a paper by Cederbaum et al. [148]
and mentioned in the subsequent section that correlation effects are much smaller than
the relaxation effect when symmetry-broken wave functions are used. The CI calculations
are predicted to give higher values for the ionization potential, as the correlation effects

are higher in the ground state in comparison to the hole state.

6.3.2 Hole State Calculation

The problem of symmetry breaking involving both core hole states [7, 148, 152-
154] and valence-hole states [11] has been a subject of investigation for many years. For
localized solutions, from limited CI calculations, there are two equivalent non-orthogonal
solutions with similar energy. This method has been widely favored in the past for
problems that involve excitations from core electrons, since in this method the relaxation
effects play a more significant role than correlation effects. Thus by performing the
localized-core calculation, one can get an energetically favored result at a lower order of
approximation. In the case of symmetry-adapted solutions, however, both relaxation and
correlation effects are important. Hence one has to involve contributions from multiple
excitations to obtain results in agreement with experiments [147].

As discussed in the previous section, at the level of the theory with which we are
performing the calculation, the localized and delocalized hole descriptions are expected
to give different results. To date, it is been shown on many different molecules that one

can expect a lowering of the energy in the case of symmetry-broken solutions [7, 11,148,
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152-154] due to the increased localization offered by the reduction in the symmetry
constraint. According to the quantitative framework provided by Snyder [153] the
relaxation energy is in an inverse relationship with the number of equivalent sites a hole
can occupy. Therefore, in the case of core excitation from the oxygen ls in uranyl
complexes, we expect that the screening energy for the symmetry-adapted case will be
approximately half the value obtained in the localized case.

In the event that a full CI calculation is performed, there would be a 50%-50%
probability for the hole to localize on oxygen A or B. Hence, with the increase in the
level of approximation, one can expect a convergence in the results obtained from

localized and delocalized calculations.

6.3.3 Free-lon Results

The results for the free uranyl ion were obtained at the geometry with the
following parameters: R(U-O) = 3.155 Bohr v(U-O) = 1059 cm™'[24]. The UO," ion has
ground-state symmetry of Doy (1Zg+), D2h (1Ag), Coy('Z"), and Coy('A)) under various
point-group symmetries.

The calculated vertical excitation energies are shown in Tables 6.3 and 6.4. Table
6.4 contains the list of the states with ungerade symmetry. The states with gerade
symmetry are close to those of the ungerade symmetry since the separation between the
lo, and 1o, initial states is of the order of 0.35 meV. Although for the linear UOz2+ ion
the calculation was carried out using D,y and C,, point-group symmetries, the D, and
C.y notation has been used to describe the wave function in case of the delocalized and

localized calculations respectively. As mentioned in the previous section however, the
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flexibility of using the fractional population in the SCF calculations has allowed us to
obtain a wave function of higher symmetry.

In Table 6.5, we compare our localized free-ion results with previous calculations,
obtained by Denning et al. [141] using the Amsterdam Density Functional program suite
[155] ADF2000.2 [156]. Despite the difference in the theoretical approaches used, the
comparison shows that not only is the relative ordering of the energy levels qualitatively
similar, but also that the relative magnitude of the excitation energies is quantitatively
equivalent with a maximum variation of 0.14%.

In the case of the uranyl ion, the ligand-field splitting experienced by the Rydberg
orbitals is small due to their diffuse nature since they interact only weakly with the
oxygen atoms. For example, in the case of p orbitals based on simple ligand-field
considerations, the energy ordering of pn < pc the will be expected. For 7p, the 7pr state
is 2.19 eV lower than the 7pc state, but in case of 8p orbital, the 8pm state is lower than
the 8pc by only 0.42 eV.

Comparisons of the experimental results with our calculated results in Table 6.5
show that all the antibonding orbitals (5fn", 5fc” and 6dn’) are overestimated and the 7s
orbital is underestimated by the theoretical calculations. Hence the free uranyl ion

calculation does not agree with the experimental result.

6.3.4 Crystal Calculation

The crystal model used to perform the calculation is discussed in the previous
section. In this model, we used U-O and U-CI distance of 3.251 bohr and 5.0469 bohr

respectively to represent the central UO,Cl,* entity.
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The U-O bond lengths in free UO,*" and UO,*" embedded in the crystal are 1.67
A and 1.73 A respectively. This increased U-O bond distance in the presence of the
chloride ions further results in a decreased partial delocalization of charge from O—U.
This decrease is evident from the fact that the effective charge on each oxygen center in
the case of UOz2+ i1s -0.08, and in case of Cs,UO,Cly it is -0.405. This increase in the
negative charge on the oxygen, is accompanied by the decrease of positive charge on the
central uranium ion (qu = +2.16 for UOz2+ and qu = +1.49 for Cs,UO,Cly), as we move
from U022+ to Csp,UO,Cly. This reduced positive charge on the uranium is due to the
polarization of chloride orbitals to the uranium ion.

The uranium-oxygen overlap in excited states will be reduced not only due to the
presence of an electronegative group but also due to the increase in effective nuclear
charge seen by the O2p orbitals, preceding the formation of the hole. Due to the reduced
U-O overlap, the energy of the lowest occupied bonding orbitals will increase and that of
the corresponding antibonding orbitals will decrease. This further explains why the
energies of antibonding orbitals (5fn", 5fc and 6dn’) are overestimated for the free
uranyl ion.

The most accurate description [77] of the energy terms in uranyl complexes seems
to expressed by the order V,x > e2/rij > Hyo > Vg, where Vy, describes the axial field of
the oxygen atoms of the uranyl entity, Hy, stands for the spin-orbit interaction and Vq
describes the equatorial field of other atoms such as chloride ions in the complex of
UO,Cl,. Pitzer and Matsika have provided results on the magnitude of the splitting [25],
where the calculations where performed at the CISD level. The CIS calculation

performed in this chapter however, will also account for crystal field effects with
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reasonable accuracy. This is because the crystal field is a one-electron operator and we
know that molecular properties that involves only one-electron operators are well
described by CI singles. In the presence of the chlorides in the equatorial plane, 56 and
Sfo are still low-lying orbitals. Under C,, symmetry the 5fe (11b, and 12b,), 55 (7a, and
8ay), 5fr (13b, and 15b,), Sfc (9a,) orbitals can interact with the chloride 3p orbitals
based on symmetry arguments. However, this interaction with the equatorial chloride
orbitals is quite minimal. According to the Mulliken overlap population for each U-Cl
bond, the U(5f) population is ~0.059 (which is only 3% of the total USf population in the
ground state of Cs,UO,Cly crystal). The ligand field splitting of 50 orbital is calculated
as 0.61 eV and that for 5f¢ is 0.67eV at the CIS level. The 5fe splits more than 5f8 since
it lies in a region of higher electron density.

The chloride ions will affect the Rydberg states more than the valence states. This
is because the more diffuse the orbital is, the more strongly it will interact with the
negatively charged ligands. For the free uranyl ion, the 8pn state is 0.42eV lower than the
8po state, but, in the presence of chlorides, there is a reversal in the order and the 17b,
(8po) state is 3.70eV lower than the 11a, (8pm) state.

In addition to the short-range repulsive interaction with the neighboring chloride
ions, diffuse orbitals will also experience the long-range Madelung potential due to the
neighboring ions. It is the interplay between the two that will decide the radial extent and

the energy of the diffuse orbitals.
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6.3.5 Transition Assignments For Bands Below the Ionization Threshold

Since the experiment was performed on the crystal, we have used our crystalline-
state calculation result for the assignment of the peaks in Figure 6.1. The symmetry-
broken results are displayed in Tables 6.6 and 6.7. The values shown in these tables are
averages of all the double-group states resulting from the respective electronic states.

For the assignment of peaks in the lowest energy side of the spectrum, we can use
the model of the active-electron approximation, since in this energy range the single-
electron excitation process dominates [144]. Hence we have assigned the broad peaks at
534 and 536 eV to overlap between more than one one-electron process. The presence of
many eigenstates in this region (534 and 536 eV) further validates the assignment of
these bands to the superposition of the excitation to various unoccupied orbitals.

The strong and sharp peak at 531 eV corresponds to the transition to the state with
mostly 5fr character. The assignment for this peak is consistent with Denning et al.’s
[141] result using ADF. The agreement for the first peak gains importance as the relative
difference between the states will also aid in the assignment of the other peaks. Along the
same line, peaks in Table 6.6 and Table 6.7 are decreased by 0.56 eV in order to align the
very first theoretical and experimental peaks.

The perpendicularly polarized peak at 536 eV is broad enough to be assigned to
an excitation involving one allowed transition. This band comprised of the excitation
where the core electron is excited to a state with the following configurations: 1c'6m'

(536.17¢V), 1c'7n' (536.95 eV) and 1o'8n' (537.92). The wave-function character

corresponding to the 67, 7m and 8m states is listed in Table 6.6.
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The unexpected result we encountered for uranyl embedded in the crystal was the
spacing between the 5t (U5fr) and the 10c (U5fo) orbital. For the free uranyl ion, the
composition of the 10c orbital formed by the antibonding interaction between U5fc and
O2po is 40%U5fc + 33.95% O2pc + 22.95%U6pc + 2.4% O2so, but in the crystal, the
corresponding wave function has the makeup of 93.45%US5fc + 5.5%02pc +
0.27%U6po. According to Denning et al. [141], it is the U6p, U5f and O2p mixing that
contributes strongly to the spacing between the 5t (U5fr) and the 10c (U5fc) orbital.
From the compositions of the 10c orbital, it is evident that with the increase in the U-O
bond length, there is a reduced interaction of the 6p orbital with the oxygen orbitals,
which is further accompanied by a decrease in the magnitude of the hole on U6p [157].
At the SCF level of theory, the energy difference between the 5fr and 5fc in free uranyl
ion is of the order of 3.7¢V and in case uranyl ion embedded in the crystal this difference
is reduced to 0.41 eV. The parallel polarized peak centered at ~531 eV is ascribed to the
transition to the 10c state (U5fo) state as shown in Table 6.7.

The parallel-polarized band at 534.1 eV is broad and has a small bump on the
high-energy side around 536 eV. Based on our calculated results we have assigned this
structure to the wave functions involving the lo'lle', 1c'l126' and 1c'l3c'

configurations (Table 6.7).

6.3.6 Assignments Above the lonization Threshold

Shape resonances have been a topic of contention for some time. For a more
through background of the topic, the reader is referred to the following papers that
discuss the phenomenon in both atomic and molecular systems [142-145, 147, 158, 159].
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The term shape resonance simply means that the resonance behaviors arises from
the “shape”, i.e., the potential barrier which is formed due to the interaction between the
repulsive centrifugal force (varies as 1/r%) and the attractive columbic potential (varies as
1/r). Although in atomic systems the barrier is known for states with d- and f angular
momentum [142-143], in molecular fields, due to the larger spatial charge distribution,
the resonances are expected to be associated with states with even larger angular
momentum.

In our work we assign shape resonances to the unoccupied valence or Rydberg
type MOs with large angular momentum embedded in the continuum. The direction of
the polarization vector has facilitated the assignment. The ¢ and & shape resonances will
contribute, when the polarization vector is parallel to and perpendicular to the O-U-O
molecular axis. In the spectrum (Figure 6.1) there are two peaks corresponding to the
parallel transition and one peak corresponding to the perpendicular transition above the
threshold at 540 and 551 eV respectively. Similar shape resonance profiles have also
been observed for the O K-edge photoionization spectra of CO, [159]. For the O K-edge
X-ray spectrum of CO, also, only the shape resonance associated with ¢ symmetry is
observed at 540 eV. In fact, the occurrence of only the o shape resonance state has been
the most common case in the literature [145]. Since there is no firm basis behind this, we
have not used it as the basis for assignments in this chapter.

From Table 6.7 (based on a single excitation process), we can see that the band at
541 eV corresponds to the 5g states with heavy mixing with U7d, US8s, U8p and Cl3p
states, which is in line with the analysis that the auto-ionizing states are usually only

sharp for the states with higher angular momenta under the one-electron description. In
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this region of the spectrum, the band structure can also be partly or fully a result of
multiple-excitation processes. To quantify its magnitude with respect to resonance states
is rather difficult. This is due to two reasons: (1) many configurations of doubly excited
states are possible and (2) there are many orbitals in the valence and Rydberg state with
varying screening power.

Finally, in order to investigate the band at 551eV, we included the 6h orbital in
our calculation to check if we can assign a one-electron shape resonance structure to this
parallel and perpendicular polarized peak. At the SCF level, the energy difference
between the 5g and 6h orbitals was of the order of 1-1.5e¢V. Due to this small difference
between the two orbitals, we did not ascribe the band at 551eV to the autoionizing 6h
shape resonance.

The band at 551eV is polarized (change in position and intensity with change in
direction of the polarization vector) and it has a corresponding emission spectrum [141].
Hence this band cannot be a result of multiple scattering of the excited electron by the
atoms surrounding the emitting atom

Multiple-scattering calculations have been performed to examine the X-ray
absorption spectrum at the oxygen K-edge for UO, [133,134]. Using the Multiple
Scattering (MS) Simulation they have assigned the band at 562 eV to multiple scattering
with the neighboring shells from the central oxygen atoms. It is not appropriate to
compare the results for UO, with the results shown in Figure 6.1 based on following
reasons; firstly the U-O bond length is 2.37 A and 1.77 A in UO, and Cs,UO,Cl4
respectively. Hence the U-O scattering in uranyl should be even higher than 562 eV.
Secondly the compounds have different crystalline structure. Cs,UO,Cl; has a
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monoclinic structure whereas UO; crystallizes in the fluorite structure. Hence a MS
calculation performed on the X-ray absorption spectra of Cs;UO,Cl4 can only determine
whether the structure at 551 eV is a fingerprint of the geometric structure or it is as a

result of a double excitation-ionization process.

6.4 Conclusions

The Soft X-ray spectrum of Denning and co-workers for the high-lying excited
levels at the oxygen K-edge for Cs,UO,Cls is studied theoretically. We performed
calculations with uranyl as a free ion and as an ion embedded in the crystal. The
calculations in the crystalline environment were done using the crystal model previously
developed by our group. The states are being studied well above the ionization potential
and so they are resonances and methods must be used that do not collapse to lower
energy continuum states. At this level of theory, localized and delocalized hole
description gives different results so we have computed both sets of values. An important
part of the investigation is the intensities of the polarized bands near and well above the
ionization threshold of the oxygen 1s orbital. According to our results the band at 551 eV
is not due to autoionizing 5g and 6h shape resonance. As a result this structure might be a
result of a multiple excitation-ionization process

Our calculation provides the wave-function character and excitation energies for
the experimentally observed features, which extends from 530 eV to 550 eV. The
calculated results for states below the oxygen Is ionization threshold display an error
magnitude of 0.5-1 eV when compared with the experimental results. This is expected, as

there were a limited number of active orbitals and a limited length of CI expansions. The
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assignment of the states can be further strengthened by transition-moment calculations

since the experimental data on the relative intensities for different states is available.
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Ground Localized Hole State Delocalized Hole State

Oxygen Centered Orbitals

Olsa 1.999 1.999 1.500
Olsp 1.999 1.001 1.500
02s4 1.881 1.910 1.921
O2sp 1.881 1.930 1.921
O2pa 4.174 3.921 4.487
O2ps 4.174 4.993 4.487
Total Population  16.164 15.814 15.878
Charge q, -0.082 -0.407 -0.439
Uranium Centered Orbitals

Us 2.037 2.018 2.018
Up 5.814 5.800 5.791
ud 11.492 11.138 11.134
uf 2.496 2.233 2.183
Ug -0.004 -0.004 -0.005
Total Population  21.836 21.185 21.122
Charge qy +2.164 +2.815 +2.878

Table 6.1. Mulliken Population analysis for U and O centers of UO,*" for a U-O distance

of 3.155 bohr
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Species R (U- Ols Ionization Potential (eV)
0) Symmetry | Symmetry Frozen- AE (IT- | AE (1l
(bohr) | Broken (I) Adapted orbital 1) )
(1D (1I)
U0,* 3.156 554.91 565.93 574.56 11.02 19.65
UO,Cly™ 3.252 531.53 542.66 552.69 11.13 21.16
Cs;UO,Cly | 3.252 537.29 548.47 558.49 11.18 21.20

Table 6.2: Oxygen 1s lonization energies at the SCF approximation
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Configuration] Wavefunction | Polarization | Excitation Energies
Character (eV)
16" 1¢' Usfo - 529.8996
' 28 U5£d - 529.5219
lc' 51! USfrms* 1 531.3086
lc' 106" USfo* I 536.9938
1c' 38' U6ds - 533.5056
lc' 67’ U6dm* 1 538.0691
l6' 96! U7sc + Ubdo* [ 534.3760
16" 126" U6do* + U7sc [ 543.4209
lc' 71! U7pn 1 539.5639
lc' 116! U7po [ 541.7565
' 48" U7dé - 544.2288
lc' 8x! U7dr 1 544.3552
lc' 136" U7do [ 544.9750
1! 9r! U8pn 1 545.6728
lc' 146! U8poc [ 546.0937
o' 1! USgy - 548.1392
o' 2¢' Usge - 548.1448
1o' 55" U5gd - 548.1717
1c' 107! USgn 1 548 2474
l6' 156" USgo [ 548.3196

Table 6.3: Vertical excitations energies of the UO,*" ion at U(R-O) = 3.155 bohr.

(symmetry-broken solution)
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Configuration] Wavefunction | Polarization | Excitation Energies
Character (eV)
1o, 1o, Usfo - 531.7871
lo,' 18, Usfd - 531.2847
lo,' 3m,' USfr* i 533.0766
lo,' 56, USfo* I 538.0638
lo,' 28, U6ds - 534.4716
lo,' 3m,' Ubdm* i 538.3920
ls,' 56,' | U7sc + Ubdo* I 535.0923
ls,' 66, | Ubdo*+ U7sc I 543.7263
lo,' 4m,' U7pn 1 540.2403
lo,' 60, U7po I 542.2359
lo,' 38, U7ds - 544.5676
lo,' 4m,' U7dn 1 544.7706
ls,' 70, U7do I 545.2114
lo,' 5m,' USpr 1 546.0049
ls,' 75, USpc I 546.4502
lou' 1y, Usgy - 548.4944
lo,' 19, USgo - 548.5091
lo,' 58, US5gd - 548.6035
lou' 4mg’ Usgrm L 548.6238
loy' 8o, Usgo I 548.7566

Table 6.4: Vertical excitations energies of the UO,*" ion at U(R-O) = 3.155 bohr.

(symmetry-restricted solution)
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Assigned Transition Wavefunction This work Denning et al. ™
Character of the (eV) [144]
Excited State (eV)
lo =2 5n 5fn 531.31 531.9
le 2 9¢ 5fo 536.99 536.8
lo 2 10c 7sc + 6do 534.15 533.8
16> 6n 6dn 538.06 5373

Table 6.5: Comparison of Excitation Energies for UO,>" (symmetry-broken results)

Experimental Theoretical Configuration | Wave function
Peaks (eV) Result (I) | I-0.56eV Coov Character
(eV)

I |531.4 (strong and 531.96 531.4 lo'5n! 5fr+ 02p

sharp)
536.73 536.17 lc'6n' 6dn

II | 536 (strong and 537.51 536.95 l6'77! Tpr

Broad) 538.48 537.92 lo'8r! 7drn

Table 6.6: Assignment of Peaks for Perpendicular Polarization (symmetry-broken results)
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Experimental Theoretical Con- Wave
Peaks (eV) Result (I) [-0.56 eV figuration function
(eV) Cov Character
III | 531.4 (strong 531.98 531.42 16'10c' | 5fc +02p
and sharp)
535.34 534.78 Ie'llc' | 7sc + 6do
I | 533-538 (strong 536.09 535.53 lo'126! 7pc
V | and Broad with 537.35 536.79 16'136! | 6do + 7sc
a hump at 536
eV)
S5g(+
V | 541 (weak and | 540.24 —543.71 | 539.68 —543.15 U7d, USs,
broad) US8p and
CI3p) and
Double
excitation
process

Table 6.7: Assignment of peaks for Parallel Polarization (symmetry-broken results)
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Figure 6.1: X-ray absorption spectrum at the oxygen K-edge for Cs,UO,Cly (ref [144])
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Figure 6.2: Orbital Energies of the valence orbitals of U™ ion from relativistic Hartree-
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