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Multireference spin—orbit configuration interaction calculations were used to determine the accuracy of 60-,
68-, and 78-electron shape-consistent relativistic effective core potentials (RECPs) for uranium V and VI
ground and low-lying excited states. Both 5f" and (5f6d)", (n = 1, 2) reference spaces were investigated
using correlation-consistent double-( quality basis sets. Accuracy was assessed against gas-phase experimental
spectra. The 68-electron RECP calculations yielded low relative and rms errors and predicted the empirical

ordering of states most consistently.

Introduction

The chemistry of uranium continues to be of intense interest
in many applications. Design, performance, aging, and disposal
of nuclear fuel and weapon components and the environmental
transport of uranium compounds in ore processing waste, as
well as depleted uranium munitions, all require a thorough
understanding of the chemistry of uranium. Spectroscopic
measurements, in particular, electronic spectroscopy, can provide
a window into relevant chemical processes.!

Interpretation of actinide spectra is complicated by several
difficulties. First, because of the high density of states available
to actinide compounds arising from the interaction of the open-
shell 5f orbitals with varying ligand species, unique identification
of spectroscopic features can prove difficult, without resorting
to theoretical calculations to serve as a guide. Second, uranium
behaves differently from lighter elements because of the
magnitude of relativistic effects.>?

One relativistic effect of particular importance to spectro-
scopic calculations is spin—orbit splitting of the energy levels.
This splitting can be treated in a theoretical method in two ways:
one-step or two-step.* In a one-step method, the spin—orbit
interactions are computed with the electronic correlation. In a
two-step method, the electronic correlation is calculated then a
spin-orbit contribution is computed. One-step methods are
particularly attractive, especially in systems that exhibit inter-
mediate coupling.’~!'" Working with a two-component wave
function introduces additional computational complexity when
symmetry is considered, due to the need to include the additional
irreducible representations of the full double group.
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Accurate assessment of uranium calculations is hindered by
a sparsity of well-characterized gas-phase experimental mea-
surements. Interpretation of the spectroscopy of solids can be
complicated by crystal field effects or by the purity of the
samples involved. For example, the uranyl ion, UO,*", has
received intense theoretical scrutiny, and it is often used to
benchmark theoretical methods involving uranium.'?~2? The
chemical stability of the uranyl ion, its presence in a majority
of uranium compounds found in nature, and the relative
insensitivity of its electronic spectrum to the local chemical
environment make it an excellent candidate for these bench-
marking studies. However, the lack of precise gas-phase
measurements of the spectrum of the uranyl ion limits its
usefulness in assessing the accuracy of calculations, with
variations on the order of 1000 cm™! occurring from ligand
influences.?® Attempts have been made to calculate the electronic
spectra of uranyl in crystalline environments, but the problem
quickly becomes computationally intractable.'*?*23

One solution is to use calculations of atomic uranium species
to assess the performance of theoretical methods, for which
accurate experimental measurements have been performed, and
in some cases, the spectra are well-characterized. Using these
data, an accurate assessment of the theoretical method can be
performed and used to guide the choice of ab initio methods,
basis sets and reference and active spaces. In addition, under-
standing the electronic structure of an atomic system can yield
some insight into the molecular structure of uranium compounds.
A search through the literature reveals surprisingly few com-
putational studies of atomic uranium species,”*?’ especially of
their excited states.>?833

Theoretical calculations of the spectra of heavy elements, and
the actinides in particular, show that the effects of relativity
and electronic correlation are roughly of the same order of
magnitude. Thus, adequately treating both is critical. Unfortu-
nately, the currently tractable general computational methods
require a trade-off between modeling core relativistic effects
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TABLE 1: Valence Electrons Included in Uranium
PAC-RECPs

PAC-RECP valence space
60e 5525p®5d!1°6s%6p°5136d'7s?
68e 5d1%6s%6p°5136d'7s>
78e 6s26p®5126d!7s?

and valence electronic effects, especially the spin—orbit cou-
pling. The relativistic effective core potential (RECP) approach
to heavy-element quantum chemistry provides one way to
selectively probe the relative importance of both effects on the
accuracy of spectroscopic calculations.

This work investigates the accuracy of the P. A. Christiansen,
W. C. Ermler, and co-workers shape-consistent RECPs**3 by
examining the ground and low-lying excited states of the U**
and U™ atomic cations. These species were chosen because of
the tractable sizes of the multireference spin—orbit configuration
interaction singles and doubles (MR-SOCISD) expansions when
using a correlation-consistent double-§ quality basis set.

Three RECP core sizes were investigated for both cations: a
60-electron core, a 68-electron core, and a 78-electron core. The
78-electron core produces the valence electron configuration
6s%6p®5f! for U°*. The 68-electron core promotes the 5d shell
from the core to the valence space, while the 60-electron core
also frees the 5s and Sp shells. The performance of the 62-
electron core potential was assumed to be similar to the 60-
electron core, as shown in preliminary work,*® in that the
inclusion of the 5s? together with the 5p°® was important, and
that there would be minimal savings in computational effort in
neglecting the 5s shell. For these ionic uranium species,
experimental measurements find the lowest-energy electronic
transitions to be weak and sharp, which is characteristic of
electric dipole forbidden f<—f transitions. This suggests that, at
a minimum, the 5f electrons must be present in the valence
space. Table 1 lists the valence electrons for each PAC-RECP
for the ground-state neutral uranium atom.

Theory

Relativistic Effective Core Potentials. Relativistic effects
in chemistry have been studied since the 1970s, with pioneering
work by Pitzer,? Pyykkd, and Desclaux.? Relativistic effects in
chemistry have been reviewed numerous times.*’* Three main
effects are observed: (1) direct relativistic contraction and
stabilization of s and p shells which have a higher probability
of being found near the nucleus, (2) indirect expansion and
destabilization of d and f shells due to increased screening of
the nucleus by contracted s and p shells, and (3) spin—orbit
splitting in all but s shells, with the largest splitting observed
in p shells. Many methods exist for treating relativity in ab initio
calculations, but one particularly effective and popular choice
is RECPs.

The development and application of RECPs have been
thoroughly reviewed in the literature.’®#>~5! Shape-consistent
core potentials and pseudo-orbitals are generated from the two-
component spinor resulting from a Dirac—Hartree—Fock
calculation.”> >* Two terms are frequently employed, a spin-
free averaged REP

AREP
U =
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where L is the maximum / value of the core plus one, and a
spin-dependent term

Hgo =
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where AUREE(r) = URERL(r) — URERL(r). The AREP term
contains all the relativistic effects included by the Dirac—Coulomb
Hamiltonian except the spin—orbit coupling, which is included
in the SO term. Both the UAREP and the Hsq potentials are fit to
Gaussian-type functions of the form

1 .
> 2 Cr" exp(— ) 3)

The averaged RECPs obtained above are widely encountered
in quantum chemical calculations, due to the ease of inclusion
of these one-component pseudopotentials in existing one-
component algorithms. The spin—orbit potential, however, is a
two-component operator, and its use requires a two-component
wave function, which is one reason why spin—orbit potentials
are much less frequently used in quantum chemistry calculations.

Shape-consistent pseudopotentials and pseudo-orbitals are
particularly attractive for two reasons. One reason is that the
shape-consistent pseudopotentials are completely ab initio. A
second reason is that the spin—orbit operator develops quite
naturally from their derivation.

Basis Sets for Use with PAC-RECPs. Generally contracted™
double-{ Gaussian basis sets are generated by variationally
optimizing each exponent in restricted open-shell Hartree—Fock
atomic calculations.> This procedure can yield a shell-averaged
description of a particular spin state(s) of the atom or ion. To
produce correlation-consistent quality basis sets, cc-pVDZ,
polarization functions are added,’’ and the exponents are
optimized using MR-SOCISD calculations, typically involving
correlation of only the 5f electrons for uranium. The resulting
basis sets are designed for efficient CI computations.

Because exponent collapse can occur frequently when using
Ls primitives in optimization of the exponents for heavy-element
atom basis sets,’® Cartesian d functions are frequently used, with
an additional linear combination of Cartesian 3d primitives
added to represent the 3s functions. Such functions vanish at
the origin, making them quite useful with shape-consistent
pseudo-orbitals, which go smoothly and nodelessly to zero at
the origin. Exponent collapse can also occur during the
development of 2p basis functions, though less often. In this
case, Cartesian f functions can be used to circumvent the
exponent collapse that can occur in the exponent optimization
in larger basis sets. When 2p function primitives are used, an
extra primitive is typically added to ensure the vanishing of
the derivative of the contracted function at the origin.”® When
Cartesian functions of higher principal quantum number are used
(3sd, 4pf, etc.), the resulting contracted functions do not need
their functional behavior at the origin compensated with an
additional primitive.

Method

The COLUMBUS program suite®®~6 was used to compute
MR-SOCISD ground and excited electronic states of the U*
and U*" atomic uranium cations. Calculations were performed
using the D,;, Abelian point group. The 60- and 68-electron core
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TABLE 2: US" MR-SOCISD/cc-pVDZ Energy Levels with a 5f' Reference Space®

Beck et al.

J principal LS component ~ 60e PAC-RECP cc-pVDZ  68e PAC-RECP cc-pVDZ  78¢ PAC-RECP cc-pVDZ  experiment®
(5/2>u Fg), 0 0 0 0
(7/2>u 2F9), 7977 (+4.8) 7560 (—0.6) 6598 (—13.3) 7609
3 /g Dsp 102642 (+12.8) 103246 (+13.5) 114999 (+26.4) 91000
(5/2g D5 112459 (+11.9) 112030 (+11.5) 125463 (+24.8) 100511
(5/2>u ‘F3p 124443 116683 117376
(7/2>u “FS, 129006 121025 121261
(1/2g 2Sin 154042 (+8.9) 156038 (+10.3) 166266 (+17.5) 141448
rms error 11.7% 11.8% 24.5%

“ Energies are in cm™!. Relative errors in percent are listed in parentheses.
TABLE 3: US" MR-SOCISD/cc-pVDZ Energy Levels with a (5f6d)' Reference Space®

J principal LS component  60e PAC-RECP cc-pVDZ  68e PAC-RECP cc-pVDZ  78e PAC-RECP cc-pVDZ  experiment®®
(5/2>u 2Ry 0 0 0 0
(7/2>u 2R 7990 (+5.0) 7578 (—0.4) 6641 (—12.7) 7609
3 /2Dg Dy 87760 (—3.6) 92570 (+1.7) 115240 (+26.6) 91000
(5/2Dg Dsp 97593 (—2.9) 101403 (+0.9) 125704 (+25.1) 100511
(5/2>u “F3p 124554 116809 117588
(7/2>u “F9p 129116 121471 121471
(1/2g 2Sin 140841 (—0.4) 146989 (+3.9) 166507 (+17.7) 141448
rms error 3.9% 2.5% 24.6%

@ Energies are in cm™!. Relative errors in percent are listed in parentheses.

uranium shape-consistent RECPs were developed by P. A.
Christiansen.**%* The 78-electron RECP is from the literature.>
cc-pVDZ quality basis sets for U(II) or higher oxidation-state
ions were developed for use with the various shape-consistent
RECPs by the Pitzer group at the Ohio State University.** For
the 78-electron PAC-RECP, a (4sd4p4flg)/[3sd2p2flg] basis
set was used;?? for the 68-electron PAC-RECP a (5sddp4flg)/
[4sd2p2flg] basis set, and for the 60-electron PAC-RECP a
(7sd5p4flg)/[5sd3p2flg] basis set were employed;* note that
for all three there were postpublication changes to the most
diffuse p contraction coefficients to follow the Christiansen
augmentation scheme.”

For the 60-electron PAC-RECP calculations, the Ss, 5p, and
5d electrons were treated as frozen core electrons, with similar
treatment of the 5d electrons in the 68-electron PAC-RECP
calculation. Both (5f6d)' and 5f' reference spaces were used.
The occupied molecular orbitals were obtained from one-
component restricted open-shell Hartree—Fock average-of-
configuration calculations that included scalar relativistic effects
via the RECPs. To provide a balance between the quality of
the molecular orbitals for both ground and excited states, the
unoccupied molecular orbitals were improved virtual orbitals.53%

For U, only 2 MR-SOCISD calculations of 15 eigenvalues
were necessary to fully characterize the ground and excited
states, one for ungerade states, the other for gerade states. States
of this odd-electron system transform like the two-dimensional
irreducible representations of the Dy, double group.®’ Identifica-
tion of state J values was made through analysis of the
degeneracy and parity of the computed eigenvalues, while
assignment of the principal LS component was made by analysis
of spin-multiplicity and orbital occupation of the component
with the largest CI coefficient. Results of the calculations were
compared with experimental measurements of the excited states
of the uranium systems.%

For U*t, 4 MR-SOCISD calculations were necessary. One
calculation of 28 eigenvalues for A, symmetry and one calcula-
tion of 21 eigenvalues for B,, symmetry fully characterized the
91 even states arising from the 5f> electronic configuration. For
odd states, 2 calculations of 35 eigenvalues each, one in A,
symmetry and another in By, symmetry, completely character-

ized the 140 odd states arising from the 5f'6d' electronic
configurations. State assignment proceeded in a similar fashion
to the U3 calculations.

Results and Discussion

Table 2 lists the results for those calculations on U3 using
all seven references arising from a 5f! active space. The °F states
exhibit relative errors of roughly 10% when compared with
experiment, but the D and S states show larger relative errors
of 10—30%. The “F states were not reported in the experimental
references. The 78-electron core yields particularly high errors.
The 68-electron PAC-RECP cc-pVDZ performs nearly as well
as the 60-electron core calculation overall. In fact, the relative
error for the first excited state is lower in the 68-electron core
calculation.

Table 3 lists the results for those calculations on U>* resulting
from the twelve possible references arising from a (5f6d)' active
space. Including the five references arising from 6d' electronic
configurations markedly improved the relative errors in the 2D
and S states for the 60- and 68-electron cores. However, the
78-electron core still yields particularly high errors.

Table 4 lists the results for those calculations on U** resulting
from a 5f2 reference space with a cc-pVDZ basis set. Overall,
the 68-electron core outperforms the others. The difference is
especially noticeable for the gerade states where the relative
errors for all but two states are under 5% for the 68-electron
core. Of course, the results of all calculations for the ungerade
states are poor due to the inadequate reference space.

Table 5 lists the results for those calculations on U*" with
the larger (5f6d)? reference space. The 68-electron core calcula-
tions outperform the 60-electron core in both relative and rms
error. However, the 78-electron core results are now equal in
rms error to those with the 68-electron core. Using a larger
active/reference space had little impact on the overall results
for the even U*" states, all of which arise from 5f<—5f transitions,
while it substantially improved the results for the odd U*" states
which arise from 6d<5f transitions. Note the large change of
40% rms error for the 78-electron core.

Overall, the best results, when compared with established
experimental data, occur when the 68-electron core PAC-RECP
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TABLE 4: U*" MR-SOCISD/cc-pVDZ Energy Levels with a 5> Reference Space.”
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J principal LS component ~ 60e PAC-RECP cc-pVDZ  68e PAC-RECP cc-pVDZ  78¢ PAC-RECP cc-pVDZ  experiment®

4g H, 0 0 0 0
2g 3F, 5019 (+20.6) 4153 (—0.2) 3966 (—4.7) 4161
S5g 3H; 6734 (+9.7) 5854 (—4.6) 5174 (—15.7) 6137
3g °F; 10132 (+12.8) 8605 (—4.2) 7850 (—12.6) 8984
4g 3F, 10483 (+11.1) 9372 (—0.7) 8336 (—11.6) 9434
6g Hy 12717 (+10.5) 11150 (—3.2) 9862 (—14.3) 11514
2g D, 19356 (+17.6) 16579 (+0.7) 15477 (—6.0) 16465
4g Gy 18363 (+10.3) 16417 (—1.4) 14515 (—12.9) 16656
Og 3Py 20301 (+18.5) 17478 (+2.0) 16498 (—3.7) 17128
lg 3P, 23308 (+17.6) 19978 (+0.8) 18727 (—5.5) 19819
6g Ts 26509 (+19.0) 24509 (+10.0) 22354 (+0.3) 22276
2g ’p, 28520 (+15.7) 24619 (—0.1) 22771 (—7.6) 24653
Og~ 1Sy 50436 (+15.6) 47848 (+9.7) 43928 (+0.7) 43614
rms error 15.4% 4.6% 9.5%

4u 3Hg 77954 (+31.7) 77043 (+30.2) 86202 (+45.7) 59183
2u F3 78674 (+31.9) 77837 (+30.5) 89539 (+50.1) 59640
3u 3G§ 82614 (+31.0) 82027 (+30.1) 95937 (+52.2) 63053
4u 1G§ 84451 (+28.9) 83288 (+27.1) 93903 (+43.3) 65538
3u Fy 86065 (+28.4) 85180 (+27.1) 99217 (+48.0) 67033
Su 3H 86773 (+28.4) 85406 (+26.3) 94417 (+39.7) 67606
lu DY 88130 (+29.5) 86972 (+27.8) 101407 (+49.0) 68054
2u DY 88692 (+28.0) 87244 (+25.9) 99436 (+43.5) 69277
4u 3GY 89435 (+28.3) 88519 (+27.0) 102701 (+47.3) 69700
2u DS 92909 (+27.8) 91102 (+25.2) 105130 (+44.6) 72689
3u DY 92887 (+27.6) 91591 (+26.0) 107000 (+47.0) 72773
4u Fy 93079 (+26.0) 91721 (+24.2) 105760 (+43.2) 73845
lu 3p9 94763 (+26.8) 93179 (+23.8) 107406 (+43.7) 74740
Su 3G 95130 (+26.8) 93928 (+24.9) 110250 (+47.0) 75009
Ou” 3Py 95125 (+26.5) 93403 (+25.0) 107142 (+42.5) 75208
6u HQ 94686 (+25.8) 92939 (+23.9) 102422 (+36.1) 75273
2u 3Py 99472 (+25.6) 97085 (+22.6) 101186 (+39.1) 79219
3u 'R 101355 (+25.1) 99903 (+23.3) 116176 (+43.4) 80997
Su "HS 104755 (+25.6) 103164 (+23.7) 121095 (+45.2) 83416
lu P§ 110404 (+24.2) 108896 (+22.5) 124628 (+40.2) 88914
rms error 27.8% 26.0% 44.7%

@ Energies are in cm~!. Relative errors in percent are listed in parentheses. Values in bold were ordered incorrectly by the calculation with

respect to experiment.

is used. Although the 68-electron core did not always yield the
lowest relative or rms errors in the calculations of the ground
and excited states of the two cationic species, it did always
produce comparable results to the PAC-RECP with the lowest
error. The large range of relative and rms errors observed when
using the 78-electron core PAC-RECP suggests that it should
only be used for qualitative insight into the nature of the ground
and excited states. The 60-electron core PAC-RECP showed a
smaller range of rms errors than the 78-electron core. However,
a large range of relative errors was observed in the U**
calculations.

One possible explanation for the relative success of the 68-
electron core RECP may lie in the nature of the core and valence
electron shell treatments. Incorporation of an electron shell in
the core allows for a relativistic treatment of those electrons,
while relativity is treated indirectly, via interaction with the core
potential, in the valence electrons. Electrons in the core p-shells
are known to exhibit the largest spin—orbit splitting; so,
inclusion of the uranium 5p shell in the core in order for an
accurate relativistic description seems warranted, as is done in
the 68- and 78-electron core potentials. Removal of the uranium
5d shell from the valence space, as is done in the 78-electron
shape-consistent core potential, does not allow the 6d electron
shell to adequately relax. At the MR-SOCISD/cc-pVDZ level
of theory, the 68-electron core PAC-RECP strikes an acceptable
balance between relativity and correlation, with a relativistic
treatment of the 5p shell, and a valence treatment of the 5d
shell. This is consistent with other RECP and pseudopotential

work. 104369773 Tn addition, the near-degeneracy of the 5f and
6d shells in many uranium atomic species seems to require an
accurate treatment of the 6d electronic excitations, which is
facilitated by freeing the 5d shell from the core and into the
valence electron space, allowing the 6d shell to relax.

Another factor impacting the accuracy of these calculations
is the size of the reference space used in the MR-SOCISD
calculation, as the relative and rms errors in the calculations
based on the 5f" reference space were larger than those
calculations using the larger (5f6d)" reference spaces. For
example, the relative error in the energy of the 2F;, state when
computed using the 5f! reference space were on the order of
3—10%. Errors in the energies of the D and S states, which
arise from 6d! and 7s! electronic configurations, exhibited errors
on the order of 10—20%. When the 6d orbitals were included
in the reference space, the errors in the energies of the D states
became consistent with the F-state energy relative error. For
states that arose exclusively from 5f" configurations, there was
little or no change in the relative error of the energy of the
calculated state.

Conclusions

In summary, applying 60-, 68-, and 78-electron Christiansen
et al. shape-consistent relativistic effective core potentials in
MR-SOCISD/cc-pVDZ calculations of the ground and excited
states of Ut and U** ions show that the 68-electron PAC-RECP
yields the best overall accuracy. The lowest relative errors in
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TABLE 5: U*" MR-SOCISD/cc-pVDZ Energy Levels with a (5f6d)* Reference Space®

J principal LS component ~ 60e PAC-RECP cc-pVDZ  68e PAC-RECP cc-pVDZ  78¢ PAC-RECP cc-pVDZ  experiment®
4g H, 0 0 0 0
2g 3F, 5186 (+24.6) 4180 (+0.5) 4007 (—3.7) 4161
S5g 3H; 6764 (+10.2) 6357 (+3.6) 5606 (—8.6) 6137
3g °F; 10287 (+14.5) 9085 (+1.1) 8292 (—7.7) 8984
4g 3F, 10510 (+11.4) 9678 (+2.6) 8640 (—8.4) 9434
6g Hy 12776 (+11.0) 12017 (+4.4) 10622 (—=7.7) 11514
2g D, 18405 (+11.8) 17088 (+3.8) 15183 (—7.8) 16465
4g Gy 19794 (+18.8) 17096 (+2.6) 15974 (—4.1) 16656
Og 3Py 20983 (+22.5) 18068 (+5.5) 17296 (+1.0) 17128
lg 3P, 24052 (+21.4) 20854 (+5.2) 19841 (+0.1) 19819
6g Ts 26976 (+21.1) 25463 (+14.3) 23385 (+5.0) 22276
2g ’p, 29139 (+18.2) 25754 (+4.5) 23999 (—2.7) 24653
O0g~ 1Sy 50373 (+15.5) 48194 (+10.5) 43856 (+0.6) 43614
rms error 17.4% 6.1% 5.7%
4u 3Hg 44465 (—24.9) 63245 (+6.9) 57259 (—3.3) 59183
2u F3 44957 (—24.6) 63732 (+6.9) 59720 (+0.1) 59640
3u 3G§ 48433 (—23.2) 67511 (+7.1) 66033 (+4.7) 63053
4u 1G§ 50826 (—22.4) 69338 (+5.8) 64437 (—1.7) 65538
3u Fy 52288 (—22.0) 71074 (+6.0) 68894 (+2.8) 67033
Su 3H 53305 (—21.2) 71681 (+6.0) 65503 (—3.1) 67606
lu DY 54314 (—20.2) 72814 (+7.0) 71593 (+5.2) 68054
2u DY 54922 (—20.7) 73195 (+5.7) 69693 (+0.6) 69277
4u 3GY 55222 (—20.8) 74003 (+6.2) 72833 (+4.5) 69700
2u DS 59080 (—18.7) 76910 (+5.8) 75256 (+3.5) 72689
3u DY 58964 (—19.0) 77336 (+6.3) 76915 (+5.7) 72773
4u Fy 59309 (—19.7) 77645 (+5.1) 75375 (+2.1) 73845
lu 3p9 61189 (—18.1) 79316 (+6.1) 77730 (+4.0) 74740
Su 3Ge 60926 (—18.8) 79434 (+5.9) 79799 (+6.4) 75009
Ou” 3Py 61607 (—18.1) 79618 (+5.9) 77788 (+3.4) 75208
6u HQ 61172 (—18.7) 79208 (+5.2) 73430 (—2.4) 75273
2u 3Py 65918 (—16.8) 83219 (+5.0) 80570 (+1.7) 79219
3u 'R 67439 (—16.7) 85690 (+5.8) 86134 (+6.3) 80997
Su "HS 70851 (—15.1) 89121 (+6.8) 91604 (+9.8) 83416
lu P§ 76764 (—13.7) 94920 (+6.8) 94705 (+6.5) 88914
rms error 17.9% 5.9% 5.2%

@ Energies are in cm~!. Relative errors in percent are listed in parentheses. Values in bold were ordered incorrectly by the calculation with

respect to experiment.

excitation energies were achieved when the reference space
included all the electron configurations spawning the states of
interest. The 78-electron PAC-RECP had more difficulty than
the 60-electron core providing correct ordering of states, even
when the relative errors for those states were low with respect
to experiment, as was the case in the U** odd-state calculation
using a (5f6d)? active space.
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This material is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

(1) Harrison, R. J. Computational Chemistry for Nuclear Waste
Characterization and Processing: Relativistic Quantum Chemistry of
Actinides; Technical Report, 1999.

(2) Pitzer, K. S. Acc. Chem. Res. 1979, 12, 271-281.

(3) Pyykko, P.; Desclaux, J.-P. Acc. Chem. Res. 1979, 12, 276-281.

(4) Marian, C. M. Spin-Orbit Coupling in Molecules. In Reviews in
Computational Chemistry; Lipkowitz, K. B., Boyd, D. B. , Eds.; VCH
Publishers, Inc.: New York, 2001; Vol. 17, Chapter 3, pp 99—204.

(5) Christiansen, P. A.; Balasubramanian, K.; Pitzer, K. S. J. Chem.
Phys. 1982, 76, 5087-5092.

(6) Pitzer, R. M.; Winter, N. W. J. Phys. Chem. 1988, 92, 3061-3063.

(7) Sjgvoll, M.; Gropen, O.; Olsen, J. Theor. Chem. Acc. 1997, 97,
301-312.

(8) Yabushita, S.; Zhang, Z.; Pitzer, R. M. J. Phys. Chem. A 1999,
103, 5791-5800.

(9) Tilson, J. L.; Ermler, W. C.; Pitzer, R. M. Comput. Phys. Commun.
2000, 728, 128-138.

(10) Alekseyev, A. B.; Liebermann, H.-P.; Buenker, R. J. Spin—Orbit
Multireference Configuration Interaction Method and Applications to
Systems Containing Heavy Atoms. In Recent Advances in Relativistic
Molecular Theory; Hirao, K., Ishikawa, Y., Eds.; World Scientific: New
Jersey, 2004; Vol. 5, pp 65—105.

(11) Kleinschmidt, M.; Tatchen, J.; Marian, C. M. J. Chem. Phys. 2006,
124, 124101-124101--17.

(12) Clavaguéra, C.; Ismail, N.; Marsden, C. J.; Bégué, D. Chem. Phys.
2004, 302, 1-11.

(13) Clark, A. E.; Sonnenberg, J. L.; Hay, P. J.; Martin, R. L. J. Chem.
Phys. 2004, 121, 2563-2570.

(14) Pierloot, K. Mol. Phys. 2003, 101, 2083-2094.

(15) Clavaguéra, C.; Hoyau, S.; Ismail, N.; Marsden, C. J. J. Phys. Chem.
A 2003, 107, 4515-4525.

(16) Matsika, S.; Zhang, Z.; Brozell, S. R.; Blaudeau, J.-P.; Wang, Q.;
Pitzer, R. M. J. Phys. Chem. A 2001, 105, 3825-3828.

(17) de Jong, W. A.; Harrison, R. J.; Nichols, J. A.; Dixon, D. A. Theor.
Chem. Acc. 2001, 107, 22-26.



RECP Accuracy via MR-SOCISD of U* * and U>*

(18) Han, Y.-K.; Hirao, K. J. Chem. Phys. 2000, 113, 7345-7350.
(19) Gagliardi, L.; Roos, B. O. Chem. Phys. Lett. 2000, 331, 229-234.
(20) Kaltsoyannis, N. Inorg. Chem. 2000, 39, 6009-6017.

(21) Ismail, N.; Heully, J.-L.; Saue, T.; Daudey, J.-P.; Marsden, C. J.
Chem. Phys. Lett. 1999, 300, 296-302.

(22) Zhang, Z.; Pitzer, R. M. J. Phys. Chem. A 1999, 103, 6880-6886.

(23) Rabinowitch, E.; Belford, R. L. Spectroscopy and Photochemistry
of Uranyl Compounds; Pergamon Press, Inc., 1964.

(24) Matsika, S.; Pitzer, R. M. J. Phys. Chem. A 2001, 105, 637-645.

(25) Barandiaran, Z.; Seijo, L. J. Chem. Phys. 2003, 119, 3785-3790.

(26) Ruipérez, F.; Roos, B. O.; Barandiaran, Z.; Seijo, L. Chem. Phys.
Lett. 2007, 434, 1-5.

(27) Cao, X.; Dolg, M. Mol. Phys. 2003, 101, 961-969.

(28) Biémont, E.; Fivet, V.; Quinet, P. J. Phys. B: At. Mol. Phys. 2004,
37, 4193-4204.

(29) Seijo, L.; Barandiaran, Z. J. Chem. Phys. 2003, 118, 5335-5346.

(30) Fedorov, D. G. J. Chem. Phys. 2003, 118, 4970-4975.

(31) Liu, W.; Kiicle, W.; Dolg, M. Phys. Rev. A 1998, 58, 1103-1110.

(32) Eliav, E.; Kaldor, U. Phys. Rev. A 1995, 51, 225-229.

(33) Kahn, L. R.; Hay, P. J.; Cowan, R. D. J. Chem. Phys. 1978, 68,
2386-2396.

(34) Fefee, L. A.; Wildman, S. A.; DiLabio, G. A. ; T. M Moffett, J.;
Peploski, J. C.; Christiansen, P. A. Clarkson University Relativistic Effective
Potential Database.

(35) Ermler, W. C.; Ross, R. B.; Christiansen, P. A. Int. J. Quantum
Chem. 1991, 40, 829-846.

(36) Brozell, S. R. Ph.D. thesis, The Ohio State University, 1999.

(37) Pershina, V. In Relativistic Electronic Structure Theory, Part 2;
Schwerdtfeger, P. , Ed.; Elsevier: Amsterdam, 2004; p 1.

(38) Hess, B. A.; Dolg, M. In Relativistic Effects in Heavy-Element
Chemistry and Physics; Hess, B. A., Ed.; John Wiley and Sons Ltd.: New
York, 2003; Chapter 3, pp 89—122.

(39) Balasubramanian, K. Relativistic Effects in Chemistry, Part A:
Theory and Techniques; John Wiley and Sons, Inc.: New York, 1997.

(40) Balasubramanian, K. Relativistic Effects in Chemistry, Part B:
Applications; John Wiley and Sons, Inc.: New York, 1997.

(41) Balasubramanian, K. In Handbook on the Physics and Chemistry
of Rare Earths; Gschneider, K. A., Eyring, L., Choppin, G. R., Lander, G.,
Eds.; Elsevier: Amsterdam, 1994; Vol. 18, p 29.

(42) Pepper, M.; Bursten, B. E. Chem. Rev. 1991, 91, 719-741.

(43) Pyykko, P. Chem. Rev. 1988, 88, 563-594.

(44) Pyykko, P.; Desclaux, J.-P. Acc. Chem. Res. 1979, 12, 276-281.

(45) Dolg, M.; Ciao, X. In Recent Advances in Relativistic Molecular
Theory; Hirao, K.; Yasuyuki, Eds.; World Scientific: Singapore, 2004; pp
1-36.

(46) Miyoshi, E.; Sakai, Y. ; Osani, Y.; Noro, T. In Recent Advances in
Relativistic Molecular Theory; Hirao, K.; Yasuyuki, Eds.; World Scientific:
Singapore, 2004; pp 37—64.

(47) Seijo, L.; Barandiaran, Z.; Ordejon, B. Mol. Phys. 2003, 101, 73—
80.

(48) Stoll, H.; Metz, B.; Dolg, M. J. Comput. Chem. 2002, 23, 767—
778.

J. Phys. Chem. A, Vol. 113, No. 45, 2009 12631

(49) Cundari, T. R.; Benson, M. T.; Lutz, M. L.; Sommerer, S. O. In
Reviews in Computational Chemistry; Likowitz, K. B., Boyd, D. B., Eds.;
VCH Publishers, Inc.: New York, 1996; Chapter 3, pp 145—203.

(50) Seijo, L.; Barandiaran, Z.; Harguinde, E. J. Chem. Phys. 2001, 114,
118-129.

(51) Motegi, K.; Nakajima, T.; Hirao, K.; Seijo, L. J. Chem. Phys. 2001,
114, 6000-6006.

(52) Lee, Y. S.; W. C. Ermler, a. K. S. P. J. Chem. Phys. 1977, 67,
5861-5876.

(53) Christiansen, P. A.; Lee, Y. S.; Pitzer, K. S. J. Chem. Phys. 1979,
71, 4445-4450.

(54) Pacios, L. F.; Christiansen, P. A. J. Chem. Phys. 1985, 82, 2664—
2671.

(55) Raffenetti, R. C. J. Chem. Phys. 1973, 58, 4452-4458.

(56) Dunning, T. H. Jr.; Hay, P. J. Gaussian Basis Sets for Molecular
Calculations. In Methods of Electronic Structure Theory; Schaefer, H. F.,
III, Ed.; Plenum Press: New York, 1977; Vol. 3, Chapter 1, pp 1—27.

(57) Dunning, T. H., Jr.; J. Chem. Phys. 1989, 90, 1007-1023.

(58) Blaudeau, J.-P.; Brozell, S. R.; Matsika, S.; Zhang, Z.; Pitzer, R. M.
Int. J. Quantum Chem. 2000, 77, 516-520.

(59) Christiansen, P. A. J. Chem. Phys. 2000, 112, 10070-10074.

(60) Lischka, H.; Shepard, R.; Brown, F. B.; Shavitt, . Int. J. Quantum
Chem. 1981, S15, 91.

(61) Shepard, R.; Shavitt, I; Pitzer, R. M.; Comeau, D. C.; Pepper, M.;
Lischka, H.; Szalay, P. G.; Ahlrichs, R.; Brown, F. B.; Zhao, J.-G. Int. J.
Quantum Chem. 1988, 22, 149-165.

(62) Lischka, H.; Shepard, R.; Pitzer, R. M.; Shavitt, I.; Dallos, M.;
Miiller, T.; Szalay, P. G.; Seth, M.; Kedziora, G. S.; Yabushita, S.; Zhang,
Z. Phys. Chem. Chem. Phys. 2001, 3, 664.

(63) Lischka, H. et al. COLUMBUS, an Ab Initio Electronic Structure
Program, Releases 5.9 and 6.0beta, 2006.

(64) Pitzer, R. M. Basis Sets for Use with Core Potentials. . http:/
www.chemistry. ohio-state.edu/~pitzer/basis_sets.html.

(65) Harris, F. E. ; Monkhorst, H. J. Freeman, D. L. Algebraic and
Diagrammatic Methods in Many-Fermion Theory; Oxford University Press:
New York, 1992.

(66) Hunt, W. J.; Goddard, W. A., IIl Chem. Phys. Lett. 1969, 3, 414—
418.

(67) Altmann, S. L.; Herzig, P. Point-Group Theory Tables; Oxford,
1994.

(68) Blaise, J.; Wyart, J.-F. Selected Constants Energy Levels and Atomic
Spectra of Actinides, 2004.

(69) Wildman, S. A.; DiLabio, G. A.; Christiansen, P. A. J. Chem. Phys.
1997, 107, 9975-9979.

(70) Ross, R. B.; Powers, J. M.; Atashroo, T.; Ermler, W. C.; LaJohn,
L. A.; Christiansen, P. A. J. Chem. Phys. 1990, 93, 6654—-6670.

(71) Lalohn, L. A.; Christiansen, P. A.; Ross, R. B.; Atashroo, T.;
Ermler, W. C. J. Chem. Phys. 1987, 87, 2812-2824.

(72) Hurley, M. M.; Pacios, L. F.; Christiansen, P. A.; Ross, R. B.;
Ermler, W. C. J. Chem. Phys. 1986, 84, 6840-6852.

(73) Kiichle, W.; Dolg, M.; Stoll, H.; Preuf3, H. J. Chem. Phys. 1994,
100, 7535-7542.

JP9049846



