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The title compound, uranyl(VI) tetrahydroxide [UO2(OH)4]2-, has been studied in detail using density functional
theory (DFT) in the first systematic theoretical study of the compound. Scalar relativistic effects are included
approximately by replacing the uranium core with a relativistic effective core potential. A total of nine stable
structures have been characterized. Four of them (I-IV ) possess the usual linear uranyl bond, and rapid exchange
between these conformations is expected at finite temperatures. The uranyl and U-OH bond lengths of the
minimum energy structure,I , are calculated as 1.842 and 2.334 Å, respectively. This compares well with the
experimental crystal structure values of 1.824(3) Å and 2.258(3) Å, respectively. The existence of stable structures
with a bent uranyl bond (“cis-uranyl”) is predicted for the first time (structuresV-IX ). These conformers are
only 18-19 kcal/mol higher in energy than the global energy minimum, and their uranyl bond angles cover a
range of 113-132°. Harmonic vibrational frequencies for all stable conformers,I-IX , were calculated. They
are compared to experiment where possible. A mechanism is suggested for the nonaqueous intramolecular oxygen
ligand exchange in [UO2(OH)4]2- between uranyl and hydroxide involving a “cis-uranyl” structure as a stable
intermediate in a two-step process with a calculated activation energy of 38 kcal/mol.

Introduction

Despite considerable progress over the past few years, the
theoretical description of the chemistry of the f-block elements
remains a considerable challenge.1 There are at least three major
problems that one must face in dealing with molecules contain-
ing heavy atoms. First, there is the large number of electrons,
most of them occupying relatively inert core shells. Second,
relativistic effects are crucial for even a qualitative understanding
of the actinide compounds. Finally, correlation effects must
be included to obtain reliable quantitative descriptions of
molecular properties such as thermochemistries. Recent reviews
by Pyykkö,2 Pepper and Bursten,3 and Almlöf and Gropen4 have
reviewed the available theoretical tools for relativistic quantum
chemistry.

Because of their radioactivity, actinide complexes also present
a challenge to experimental investigations. This presents an
opportunity for theoretical studies to provide useful information
on actinide molecular processes where experimental probes may
be difficult to apply. The chemistry of uranium and other
actinide elements in aqueous media has recently seen consider-
able interest experimentally,5-8 motivated in large part by the
desire to understand processes of environmental relevance such
as reactions occurring in the groundwater at contaminated sites.

Central to the aqueous chemistry of uranium and other actinide
elements are their complexes with water and the hydroxide ion.
For the higher valence states such as U(VI), a prominent role
is played by the very stable uranyl UO2

2+ ions and their
complexes.9 We present in this contribution a detailed study
of the title compound, uranyl tetrahydroxide, [UO2(OH)4]2-.
This compound has been found in alkaline solutions containing
the uranyl ion UO2

2+ and has been characterized extensively
in a recent study by Clark et al.10 The experimental work
provides information to help benchmark theoretical methods,
and at the same time theory can provide additional insights into
the chemistry of these actinide complexes.

Pepper and Bursten3 have reviewed theoretical studies on
actinide compounds including the uranyl species, and Denning
has reviewed9 the electronic structure, bonding, and spectroscopy
of the uranyl ion UO2

2+. Van Wezenbeek et al. have studied
relativistic effects in UO22+ and UO2.11 Tatsumi and Hoff-
mann12 and Wadt13 have investigated why uranyl is linear in
contrast to other MO22+ species on the basis of molecular orbital
arguments. The uranyl unit has been found to be linear in all
experimentally known complexes so far.
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(2) Pyykkö, P. Chem. ReV. 1988, 88, 563.
(3) Pepper, M.; Bursten, B. E.Chem. ReV. 1991, 91, 719.
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The rich chemistry of uranyl complexes, which typically have
several equatorial ligands bound to the UO2

2+ moiety, have
received relatively little theoretical attention. Among the few
recent studies14-16 to date, Craw et al.15 examined the structures
of uranyl nitrate and sulfate complexes with Hartree-Fock
calculations employing relativistic effective core potentials. To
the best of our knowledge, there have been no previous
theoretical studies of complexes between uranyl ions and water
or hydroxide.

In the present study, various conformers and transition states
of the uranyl tetrahydroxide ion, [UO2(OH)4]2-, have been
investigated theoretically. We use an approach in which scalar
relativistic effects are incorporated by relativistic effective core
potentials and correlation effects are included using density
functional theory (DFT),17,18and in particular the hybrid B3LYP
density functional.19-22 Currently, DFT is one of the few first-
principles methods that can treat large actinide complexes
reasonably accurately. We were able to characterize a total of
nine stable structures of the molecule,I-IX . Four of them,
I-IV , have the usual linear uranyl bond. However, there are
(at least) five possible stable conformers with a bent uranyl bond,
V-IX , with uranyl bond angles of around 110° to about 130°,
see below. These “cis-uranyl” structures are calculated to lie
about 18-19 kcal/mol higher in energy than the ground state.
This is the first evidence for the possibility of complexes with
local minima corresponding to nonlinear uranyl units. These
“cis-uranyl” structures also appear to play a particularly
important role as intermediates in ligand exchange processes
of the uranyl tetrahydroxide, as we discuss below. While the
structures with bent uranyl units represent local minima, rather
than the global minimum for [UO2(OH)4]2-, the current results
open the possibility of detecting these metastable species
experimentally for the current case of OH ligands and the
intriguing option of stabilizing the cis structure as the ground
state with other ligand sets.

We have further calculated the transition states that connect
several of the stable structures. We have finally considered
possible reaction mechanisms for the intramolecular oxygen
exchange10 between uranyl oxygens and hydroxide oxygens. We
propose an intramolecular mechanism that could occur in
nonaqueous media for this process that involves some of the
“cis-uranyl” structures as stable intermediates. In addition,
possibilities of intermolecular solvent-assisted exchange reac-
tions in water are discussed briefly.

Theoretical Approach and Computational Details

We use density functional theory (DFT)17,18,23,24for our calculations.
In the past few years, DFT has been recognized as an efficient and
remarkably accurate means of treating electron correlation effects in

molecules. It is therefore particularly powerful for metal complexes
and other large systems. We chose the B3LYP hybrid density
functional19-22,25 out of the various possible choices for the exchange-
correlation density functional. This approach has recently gained
popularity since it seems to be capable of reproducing accurate
geometries and thermochemistries among other properties26,27not only
of the first-row compounds, to which it was originally fitted, but also
of transition metal complexes.28-30

We reduce the number of variational electrons and include relativistic
effects by using a relativistic effective core potential (ECP)31 for
uranium. The uranium core comprises the electrons in all shells up to
and including the 4f14 and 5d10 shells leaving the outer 6s2 6p6 and the
outer six valence electrons (5f, 6d, 7s, 7p) treated explicitly. The
uranium ECP has been derived from a Hartree-Fock (HF) relativistic
atomic calculation. Experience to date32,33 suggests that HF-derived
ECPs can be transferred to DFT calculations, although this issue is not
altogether resolved. We also neglect spin-orbit effects, which are
typically less important in the ground state of closed-shell systems34,35

that we are considering here.
We use the GAUSSIAN94 program package36 for the calculations

that are reported in this contribution. A locally modifed version of
the GAUSSIAN94 program package30 is employed to obtain analytic
first and second derivatives of the total energy with respect to nuclear
displacement. Such derivatives are essential to optimize geometries
and to calculate vibrational frequencies.

We apply the following basis sets, unless otherwise stated: On
uranium, a general ECP valence basis set31 is employed in its completely
uncontracted version. On the oxygen and hydrogen atoms, the standard
6-31+G* all-electron basis sets are used.37 For a more detailed
discussion of the basis set requirements, see Appendix: Basis Sets.

Achieving SCF convergence is problematic for these actinide
complexes, but a procedure of “building the guess” has been reasonably
successful. In short, for any given structure, one starts at the HF level
of theory with a minimal basis set. The converged set of molecular
orbitals (MO) forms the input for the next calculation, using an increased
basis set, and so on, until the desired level of theory is reached. At
some intermediate level of basis set, one should use the converged
HF-SCF results as input for a DFT calculation with the same basis set.
“Level shifting” of virtual MOs is also useful to reach convergence at
any given intermediate level. Thus, for a given basis set level, one
single-point calculation is done including level shifting. This is always
followed by another single-point SCF run without level shifting, before
going on to the next higher basis sets. Geometry optimizations and
frequency calculations are always done without any level shifting.

Results and Discussion

Stable “Trans” Structures of [UO 2(OH)4]2-. As mentioned
in the Introduction, we have investigated various stable con-
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formations of [UO2(OH)4]2-. The first four of them,I-IV ,
correspond to structures possessing the usual linear uranyl bond.

They differ only by their arrangement of the terminal OH
groups. Total energies and key geometry parameters are given
in Table 1. While all of these structures are very close in energy,
we predict thatI , the “trans 2 up, 2 down” conformer, is the
global energy minimum. The prediction is based on steric
considerations and on the relativistic DFT/ECP calculations,
Table 1. The experimental geometry10 of [UO2(OH)4]2- has
been obtained in aqueous solution and from the X-ray structure
of [Co(NH3)6]2[UO2(OH)4]3‚2H2O. The calculated uranyl bond
length, 1.842 Å forI , is about 0.02 Å too long compared to the
average experimental value from the crystal structure, 1.824(3)
Å,10 Table 1. The calculated U-OH bond lengths are generally
too long by about 0.08 Å compared to the crystal structure.

In Table 1 the U-O bond distances as determined from
EXAFS spectroscopy in solution are also shown. The first
coordination shell was fitted with two O atoms at a UdO
distance of 1.80 Å, slightly smaller than the average value of
1.824 Å in the crystal structure. The best fit for the U-O(H)
bond distance corresponding to the second coordination shell
of O atoms was 2.21 Å, also slightly smaller than the average
value of 2.250 Å in the crystal structure. An accurate deter-
mination of the number of O(H) atoms in the second shell has
proven more difficult. The most recent work,10 completed since
the original submission of this paper, leads to the interpretation
that both [UO2(OH)4]2- and [UO2(OH)5]3- are present in
solution, with the latter species as the dominant one. Similarly
the best fit to the solution EXAFS data is obtained with
approximately five O atoms in the second shell. In this paper
the theoretical calculations will focus on the tetrahydroxide
species, and consideration of pentahydroxide and other species
with higher coordination numbers will be addressed in future
publications.

The experimental crystal structure contains three independent
[UO2(OH)4]2- ions in the unit cell, and the corresponding uranyl
bond distances span a range from 1.801(6) to 1.835(5) Å.10 The
three independent [UO2(OH)4]2- ions per unit cell might
correspond to more than one structure out of structuresI-IV .
For example, one of the uranyl tetraoxide ions shows two
different values for the uranyl bond distance,R(UdO1) ) 1.801-

(6) Å andR(UdO2) ) 1.829(6) Å, respectively.10 This particular
ion could therefore correspond to theC4V “all up” structureIV ;
note the difference betweenR(UdO2) andR(UdO1) of about
0.03 Å, which compares favorably to the calculated numbers
for IV , Table 1. Further, all four experimental U-OH bond
distances are almost identical for this ion at 2.270(4) and 2.261-
(5) Å, respectively. The other two uranyl ions in the crystal
structure have in either case identical uranyl bond distances, of
1.835(5) and 1.823(5) Å, respectively. Hence, they could, at
least approximately, correspond to structureI or II . The actual
hydrogen positions have not been resolved in the crystal
structure, and no clear conclusion is possible regarding the
conformers. It should also be noted that Clark et al.10 attributed
the different uranyl bond lengths to varying amounts of
hydrogen bonding in the crystal structure.

Stable “Cis” Structures of [UO2(OH)4]2-. Properties of
another set of stable structures of [UO2(OH)4]2- have been
collected in Table 2. These conformations (structuresV-IX )

are shown in Figure 1 with their optimized structures. The
structures are unusual because they are predicted to possess a
bent uranyl bond; the bond angles range from 113° to 132°.
The “cis-uranyl” structures are higher in energy then the linear
uranyl structures by 18-19 kcal/mol, Table 2, depending on
the hydrogen arrangement. Nevertheless, on the basis of
geometry optimizations and calculated harmonic frequencies,
we predict these conformations to be stable, i.e., they correspond
to local minima on the potential energy surface. The uranyl

Table 1. Calculated Energies and Calculated and Experimental Key Structural Parameters of the Stable “Trans-Uranyl” ConformersI-IV that
Possess a Linear Uranyl Bond

bond lengths (Å)

struct symmetry
energya

(kcal/mol) uranyl U-OH

I (“trans 2 up, 2 down”) D2d 0 1.842 2.334
II (“cis 2 up, 2 down”) C2h 0.1 1.843 2.333
III (“3 up, 1 down”) Cs 0.5 1.849, 1.836 2.336, 2.336

2.332, 2.333
IV (“all up”) C4V 1.4 1.857, 1.829 2.335
exptlb 1.824 (av) [1.801(6)-1.835(5)] 2.250 (av) [2.229(5)-2.275(5)]

cryst structc

soln (EXAFS) 1.80(1) 2.21(1)d

a Relative toI . b Reference 10.c Crystal structure of [Co(NH3)6]2 [UO2(OH)4]3‚2H2O. d See the text for a discussion of the equatorial coordination
number.

Table 2. Calculated Total Energies and Key Structural Parameters
of the Stable “Cis-Uranyl” ConformersV-IX

bond lengths (Å)

struct
energya

(kcal/mol) uranyl U-OH
uranyl bond
angle (deg)

V 18.0 1.874, 1.870 2.267, 2.320 128.4
2.349, 2.349

VI 19.2 1.899, 1.899 2.252, 2.252 112.7
2.346, 2.346

VII 19.3 1.910, 1.888 2.257, 2.244 114.0
2.349, 2.349

VIII 18.5 1.862, 1.880 2.268, 2.326 129.4
2.348, 2.353

IX 19.3 1.847, 1.891 2.268, 2.336 131.6
2.354, 2.354

a Relative toI .
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bond is computed to be longer in these structures, by about
0.04-0.06 Å. This is remarkable since the measured uranyl
bond length of 1.824 Å (for the conformers with a linear uranyl
bond) is already considered to be unusually long.10 The U-OH
bond lengths span a fairly wide range in structuresV-IX ; the
variations seem to be caused by steric effects.

Electronic Structure and Bonding. In this section we
discuss briefly the electronic structure of the uranyl tetrahy-
droxide species using the charge distribution and molecular
orbitals from our B3LYP hybrid density functional calcula-
tions.19-22 The primary emphasis will be on examination of
the orbital character of the occupied and low-lying virtual
orbitals in terms of the participation of the ligand and U valence
6d, 5f, 7s, and 7p orbitals. We will be less concerned with
making quantitative correlations with experiment since (a) the
physical significance of the ground state molecular orbitals for
the singly ionized molecule or of virtual orbitals for excited
states is not justified in density functional theory and (b) the
fact that the molecular species is a dianion with no counterions
results in numerous occupied (as well as virtual) orbitals with
positive energies.

The overall charge distribution is summarized in Table 3,
where the calculated charges from Mulliken population analysis
are given for “trans” and “cis” [UO2(OH)4]2- (structuresI and
V). A rather ionic picture, with a calculated charge of+2.42
and +2.30 on the uranium in the “trans” and “cis” species,
respectively, is given by the Mulliken analysis. Starting from
a +6 formal valence, the charge of+2.42 in I indicates a net
valence population of 3.58e in the outer uranium orbitals, which
are apportioned as 1.05e from 6d and 2.68e from the 5f
component, of which the largest contribution (1.20e) comes from
the 5f0 atomic orbital. Only qualitative meaning should be
assigned to these Mulliken values, since this analysis gives a
total population in s and p orbitals on the U of 7.85e, which is
0.15e less than the 8.0e in the 6s2 6p6 “outer core” electrons.

For the “cis” compoundV the total populations are as follows:
1.03 6d, 2.80 5f, and 7.83 in s plus p.

The calculated orbital energies in the “trans” and “cis” forms
of uranyl tetrahydroxide are shown in Figure 2, where the
orbitals are labeled by their respective symmetries in theD2d

(“trans” structureI ) and Cs (“cis” structureV) point groups of
the molecules. In Table 4 the orbitals are compared in more
detail, and the major atomic components of each molecular
orbital in the “trans” formI are also given. In the “trans” form
the OdUdO axis lies along thez-axis with the U-OH bonds
oriented alongx andy. In the “cis” form, which is not analyzed
in detail in the table, the bent OdUdO species lies in thexz-

Figure 1. Perspective pictures for the optimized structures of the stable
conformationsI-IX .

Table 3. Calculated Chargesa at the Different Nuclei for the
“Trans” StructureI , as Well as for the “Cis” StructureV

charge (au)

nucleus I V

U 2.42 2.30
Ob -0.90 -0.87
O(H)c -1.06 -1.03 to-1.07
H 0.41 0.40 to 0.46

a From Mulliken population analysis.b Uranyl oxygens.c Hydroxide
oxygens.

Figure 2. MO energy level diagram for structuresI (“trans-uranyl”,
D2d symmetry) andV (“cis-uranyl”, Cs symmetry). The MO energy
levels are taken from the B3LYP-DFT calculations; valence-occupied
MOs as well as a few virtual MOs are shown. Note the different energy
scales in the upper and lower parts of the diagram.
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plane. Since the occupied orbitals, aside from the “outer core”
6s and 6p shells on U, are ligand in character, the minor
contributions from the metal are indicated in brackets in the
table.

The bonding in the uranyl ion (UO2)2+ has been the subject
of numerous studies.9,12,13 Because these treatments have tended
to emphasize the splitting of the 5f manifold in the axial field
and to minimize somewhat the interactions with the equatorial
ligands, it is worthwhile to review briefly the nature of the 5f
orbitals. We shall deal with the combinations of the original
complex spherical harmonics which produce real functions as
follows:

where the angular functions are not normalized and the radial
portions, represented by Gaussian functions, are also not
included. According to their angular properties the 5f0 and 5f(1

orbitals contribute toσ andπ bonds, respectively, and have a1

and e symmetry in theD2d point group of the “trans” structure
I . The 5fδ and 5fæ orbitals haveδ and æ bonding character
about the OdUdO axis with the former having e symmetry
and the latter transforming as a1 and a2 in D2d.

As shown in Figure 2, the occupied orbitals of [UO2(OH)4]2-

are roughly organized into four groups according to orbital

energies. Not shown in the figure are the U 6s and O 1s core
orbitals. At lowest energies are the orbitals arising from U 6p
and O 2s orbitals. There is considerable interaction in this
group, especially between the U 6pz orbital and the antisym-
metric O 2s combination on the axial O atoms of the UdO
bonds leading to stabilization of the 1b2 MO and destabilization
of the 3b2 MO. This interaction was emphasized by Tatsumi
and Hoffmann12 in their extended Hu¨ckel analysis of uranyl
bonding with a linear UO22+ group as contrasted to bent ThO2

and other group 4 transition metal dioxides. They argued that
increased 5f0 participation in the bonding led to stabilization of
the linear OdUdO linkage and that this participation was
induced by interactions with the high-lying 3b2 orbital arising
from interactions involving the “outer core” U 6p and O 2s
orbitals. Ab initio Hartree-Fock calculations using relativistic
ECPs by Wadt13 gave the correct linear and bent structures for
UO2

2+ and ThO2, respectively. His analysis accounted for linear
structure for UO2

2+ from the dominant interactions with the 5f
orbitals which are lower than the 6d orbitals, while in ThO2

one has the ordering 6d< 5f and the 6d orbitals stabilize the
bent geometry in that case.

The next group of orbitals (17-20) constitute the O-H σ
bonds of the hydroxide ligands. At somewhat higher energies
are a group of six orbitals (21-26) essentially comprising the
σ andπ bonds of the OdUdO moiety. For theσ bond there
are some U 7s participation in the a1 orbital and U 7pz
contribution in the b2 orbital of this group. Also there is some
small admixture of 6dπ (xz, yz) and 5fπ, reflecting some double-
bond character.

Table 4. MO Symmetry Labels, Calculated MO Energies, and Major Orbital Character for StructuresI (Trans) andV (Cis)

MO no.a
sym label
(“trans”)b

“trans” MO
energyb (eV)

major orbital character
[minor components]d for “trans” b

sym label
(“cis”) c

“cis” MO
energyc (eV)

8 b2 -0.793 O 2s+ U 6pz a′ -0.756
9 e -0.650 OH 2s+ U 6px,y a′ -0.687
10 e -0.650 OH 2s+ U 6px,y a′′ -0.636
11 a1 -0.611 O 2s+ U 6s a′ -0.619
12 b2 -0.610 OH 2s a′ -0.612
13 a1 -0.595 OH 2s a′ -0.603
14 e -0.531 OH 2s- U 6px,y a′′ -0.517
15 e -0.531 OH 2s- U 6px,y a′ -0.481
16 b2 -0.385 O 2s- U 6pz a′ -0.404
17 b2 -0.114 OH - H σ bond a′ -0.144
18 a1 -0.111 OH - H σ bond a′ -0.103
19 e -0.108 OH - H σ bond a′′ -0.100
20 e -0.108 OH - H σ bond a′ -0.095
21 a1 -0.036 O 2pz + U 7s a′ -0.039
22 e -0.027 O 2px,y [+U 5fπ, 6dπ] a′ -0.029
23 e -0.027 O 2px,y [+U 5fπ, 6dπ] a′′ -0.015
24 b2 -0.020 O 2pz [+U 7pz] a′ -0.014
25 e -0.017 O 2px,y a′′ -0.005
26 e -0.017 O 2px,y a′ 0.007
27 b1 0.016 OH 2plone a′′ 0.013
28 a1 0.016 OH 2pσ [+U 7s] a′ 0.015
29 b2 0.017 OH 2pσ [+U 5fσ, 7pσ] a′ 0.023
30 e 0.034 OH 2plone [+U 5fφ] a′′ 0.031
31 e 0.034 OH 2plone [+U 5fφ] a′ 0.046
32 e 0.049 OH 2plone [+U 7pπ] a′ 0.051
33 e 0.049 OH 2plone [+U 7pπ] a′′ 0.052
34 (HOMO) a2 0.059 OH 2plone a′′ 0.052
35 (LUMO) a2 0.204 U 5fδ a′′ 0.226
36 a1 0.214 U 5fδ a′ 0.231
37 e 0.231 U 5fφ a′ 0.235
38 e 0.231 U 5fφ a′′ 0.243
39 e 0.265 U 6pπ a′ 0.260
40 e 0.265 U 6pπ a′ 0.264

a MOs are counted with increasing MO energy, for the actual calculations that replaced the uranium core with an ECP (cf. Theoretical Approach
and Computational Details).b StructureI of D2d symmetry.c StructureV of Cs symmetry. Note that orbitals are listed in eigenvalue order and do
not necessarily correlate with the same orbitals from the “trans” structure.d O and OH refer to the oxygen atoms of UdO and U-OH, respectively.

5f0 5fσ 2z3 - 3z(x2 + y2)
5f(1 5fπ 2xz2 - x3 - xy2

2yz2 - y3 - yx2

5f(2 5fδ z(x2 - y2)
2xyz

5f(3 5fæ x3 - 3xy2

3x2y - y3
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At slightly higher energies we find the group of eight orbitals
(27-34) arising from the lone-pair orbitals on the equatorial O
atoms of the OH ligands. They basically separate into two
groups of four. One set is composed of the lone pairs that are
perpendicular to the U-O-H plane, which are denoted as 2plone

in the table. The second set is composed of lone pairs that
point toward the U forming the U-OH σ bonds, denoted as
2pσ in the table. The 2pσ set produces MOs of a1, b2, and e
symmetry, while the 2plone set gives rise to MOs of b1, a2, and
e symmetry. In these orbitals there is a slight amount of 5fσ
admixture in the a1 U-OH σ bonding orbital, and there is some
5fφ admixture in the e combination of the lone pairs.

The first four virtual orbitals correspond to the U 5fδ (a1, a2)
and 5fæ (e) orbitals, respectively. These are the familiar lowest
lying orbitals in analyses of the UO22+ ion, which in weakly
interacting environments typically are closely spaced but have
the reverse ordering 5fæ < 5fδ. The next virtual orbitals arise
from the U 7p (e) set. We re-emphasize that little quantitative
value should be placed on the actual orbital energies since they
are taken from a ground state density functional for a molecule
with an overall charge of-2.

Vibrational Frequencies. Calculated harmonic vibrational
frequencies and infrared (IR) intensities have been collected in
Table 5 for the “trans-uranyl” conformerI (global energy
minimum) and the corresponding “cis-uranyl” conformerV as
obtained from analytic second derivatives calculated at the
respective minimum energy geomtries of each species. Table
6 contains the calculated uranyl stretching frequenciesν1 and
ν2 of all the “trans-uranyl” structuresI-IV . Additional
calculated vibrational frequencies and IR intensities for all stable
structures are listed in the Supporting Information. While
Raman intensities would also be a useful tool, this involves the
calculation of third derivatives of the total energy.38

Experimental data10 exists only for the uranyl stretching
frequencies on which we will concentrate in the following. The

other frequencies have been included into Table 5 and the
Supporting Information for reference. The calculated uranyl
stretching frequenciesν1 and ν2 are very close between the
different “linear uranyl” conformersI-IV , Table 6. This is
not too surprising since structuresI-IV differ primarily by their
arrangement of the terminal hydrogen atoms, which should not
influence the central OdUdO unit too strongly. In particular,
the calculated uranyl bond lengths are fairly similar for all four
structures, Table 1.

Experimental data exists for the symmetric frequencyν1

which is Raman active. The Raman spectrum of solid [Co-
(NH3)6]2[UO2(OH)4]3‚2H2O (single crystals) shows a peak at
796 cm-1. The experimentally obtained frequency is, in
solution, 784 or 786 cm-1, respectively, depending on the other
ions that may be present in the solution.10 Clark et al. note
that this is the lowest symmetric uranyl stretching frequency
that has been reported in the literature so far. The calculated
ν1 frequencies are even smaller by about 45-50 cm-1 (Tables
5 and 6), a significant deviation from experiment. The harmonic
frequencies have been calculated at the equilibrium geometry
in each case. Earlier, we discussed that the calculated uranyl
bond lengths are too long by about 0.02 Å. It is well-known
that theoretical vibrational frequencies are very sensitive to the
reference geometry39-44 as well as to the type of functional used
in the DFT calculation. To calculate the harmonic frequencies
at some reference point other then a stationary point on the
potential energy surface would require dealing with the nonzero
forces at such a point. We speculate that part of the discrepancy
can be attributed to the overestimate of the bond length by the
B3LYP hybrid functional, and that frequency calculations at
the experimental geometry would improve the agreement with
the experimental spectra.

Transition States between “Trans ” and “Cis” Uranyl
Structures. A number of transition states have been character-
ized by calculations of their electronic structure and geometry.
The nature of the stationary point has been confirmed in every
case by calculating the vibrational frequencies, thus confirming
that exactly one frequency is imaginary. The different transition
state structures are shown schematically in Figure 3. Their
optimized geometries are displayed in Figure 4, and the total
energies are summarized in Table 7. The table contains further

(38) Frisch, M. J.; Yamaguchi, Y.; Schaefer, H. F., III; Binkley, J. S.J.
Chem. Phys.1986, 84, 531.

(39) Pulay, P.; Fogarasi, G.; F., P.; Boggs, J. E.J. Am. Chem. Soc.1979,
101, 2550.

(40) Fogarasi, G.; Zhou, X. F.; Taylor, P. W.; Pulay, P.J. Am. Chem. Soc.
1992, 114, 8191.

(41) Bérces, A. Ph.D. Thesis, University of Calgary, Calgary, Alberta,
Canada, 1995.

(42) Bérces, A.; Ziegler, T.J. Phys. Chem.1995, 99, 11417.
(43) Bérces, A.J. Phys. Chem.1996, 100, 16538.
(44) Bérces, A.; Ziegler, T.Top. Curr. Chem.1996, 182, 41.

Table 5. Calculated Harmonic Frequencies (cm-1) (IR Intensities
(km/mol) in Parentheses) of the “Trans-Uranyl” ConformerI
(Global Energy Minimum) and the “Cis-Uranyl” ConformerVa

resonance no. sym label forI b I V

1 E 90 (16) 59 (5)
2 E 90 (16) 103 (0)
3 B1 99 (0) 127 (1)
4 A1 112 (0) 149 (10)
5 B2 161 (17) 163 (43)
6 E 168 (32) 214 (22)
7 E 168 (32) 239 (24)
8 A2 221 (0) 252 (1)
9 E 248 (0) 266 (0)

10 E 248 (0) 328 (51)
11 B1 271 (0) 334 (43)
12 E 290 (24) 334 (16)
13 E 290 (24) 370 (447)
14 B2 319 (0) 378 (0)
15 E 370 (500) 379 (57)
16 E 370 (500) 425 (284)
17 A1 383 (0) 539 (55)
18 B2 585 (33) 623 (140)
19 E 591 (186) 632 (193)
20 E 591 (186) 660 (153)
21 A1 599 (0) 709 (178)
22 A1

c 739 (0) 734 (223)
23 B2

d 823 (512) 875 (84)
24 E 3745 (5) 3687 (11)
25 E 3745 (5) 3733 (3)
26 A1 3745 (0) 3734 (0)
27 B2 3745 (0) 3790 (4)

a The symmetry labels refer toI only. b D2d symmetry.c Symmetric
uranyl stretch.d Antisymmetric uranyl stretch.

Table 6. Calculated (for the “Trans-Uranyl” ConformersI-IV )
and Experimental Uranyl Stretching Frequenciesν1 andν2

uranyl stretch (cm-1)

conformer sym,ν1 asym,ν2

I 739 823
II 737 822
III 738 824
IV 735 826
expt

single crysta 796
solna 784, 786b

a Reference 10.b The number depends on other ions that may be
present in the solution.
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the calculated imaginary frequency that identifies a given
transition state. This frequency characterizes the local curvature
of the potential energy surface in the vicinity of the transition
state, for small displacements along the reaction coordinate.

We would like to start with transition states that connect the
stable structures with linear uranyl bonds,I-IV , with the newly
predicted “cis-uranyl” conformers that possess a bent uranyl
bond,V-IX . We have characterized two transition states of
this sort. Thus, the transition stateXIV , calculated (at the given
level of theory) at an energy of 38.7 kcal/mol above the
minimum energy conformationI , is the transition state for the
intramolecular hydrogen rearrangement betweenI and V.
Likewise, XV represents the transition state, at 37.6 kcal/mol
above the global energy minimum, between the “cis 2 up, 2
down” conformerII and the corresponding “cis-uranyl” structure
VI , Table 7. Similar transition states between the “3 up, 1
down” conformer III and the corresponding “cis-uranyl”
structuresVII andVIII , as well as between theC4V structure
IV and its counterpartIX , could certainly be determined.

Hydrogen Flip Transition States. Another set of transition
states, structuresX-XIII , have been characterized as well, cf.
Table 7 and Figures 3 and 4. These are transition states for the
exchange between the different stable conformers of [UO2-
(OH)4]2-.

StructuresX-XII represent the transition states that cor-
respond to hydrogen flips between the various stable conformers
with linear uranyl bonds, Figure 3. These reactions occur by a
rotation of one OH group around its U-OH bond. The
activation energy is very low (well below 1 kcal/mol) in every
case, Table 7. Therefore, there will be rapid exchange between
the different structuresI-IV . Rapid interchange is also possible
between the various “cis-uranyl” structures, structuresV-IX .
As an example, we have studied the interchange between
structuresV andVII . The transition state,XIII , is in this case
1.4 kcal/mol higher in energy than the product,VII , and 2.7
kcal/mol higher in energy than the reactant,V, Table 7.

In this connection, it is also interesting to consider a
hypothetical uranyl tetrahydroxide structure ofD4h symmetry,
i.e., with a planar U(OH)4 arrangement that is perpendicular to
the OdUdO uranyl axis. This structure is predicted to have a
total of eight imaginary frequencies (eighth-order saddle point),
and it has an energy of 28.2 kcal/mol as compared toI . The
eight imaginary frequencies correspond to hydrogen movements
in a plane perpendicular to the respective U-O bond vector,
which can be related to the optimized transition states for the
hydrogen flip,X-XII .

Intramolecular Oxygen Exchange. In their recent study
Clark et al.10 found experimental evidence for rapid uranyl oxo
ligand exchange in highly alkaline [UO2(OH)4]2- solutions.
Evidence for this exchange process was provided by line-width
resonance analysis, which showed broadening when the tem-
perature was raised from 25 to 94°C. This behavior was
opposite to what was found in acid media, where no exchange
is known to occur, and the17O uranyl line width sharpened with
increasing temperature. On the basis of the line-width analysis
they derived activation parameters for this process, for which a
barrier height of∆Hq ) 9.8 ( 0.7 kcal/mol was determined.
Finally samples prepared using18O-enriched water in alkaline
solution showed a new feature at 752 cm-1 compared to the
16O uranyl Raman frequency of 784 cm-1. Upon redissolution
into H2

16O, the 752 cm-1 feature was reduced, and the 784 cm-1

feature grew.

Figure 3. Schematic representation of the various transition states,
structuresX-XV . The most important process, i.e., the hydrogen
movement at the transition state, has been marked with an arrow in
every case.

Figure 4. Perspective pictures for the optimized structures of the
various transition states, structuresX-XV . Note that the actual bonding
in XIV and XV is better represented by the schematic structures of
Figure 3. The moving proton is marked by an arrow in structures
X-XIII .

Table 7. Calculated Energiesa and Imaginary Transition
Frequencies of Some Transition States, StructuresX-XV

struct

energy of the
transition statea

(kcal/mol)

reactant
(energya

(kcal/mol))

product
(energya

(kcal/mol))
transition

freqb (cm-1)

“Cis” to “Trans” Pathways
XIV 38.7 I (0.0) V (18.0) 1707i
XV 37.6 II (0.1) VI (19.2) 1687i

“Trans” to “Trans” Pathway
XVI c 58.7c II (0.1) II (0.1) 1619i,c 1715ic

“Hydrogen Flip” Isomerizations
X 0.7 I (0.0) III (0.5) 136i
XI 0.8 II (0.1) III (0.5) 130i
XII 1.5 III (0.5) IV (1.4) 130i
XIII 20.7 V (18.0) VII (19.3) 134i

a Relative toI . b A true transition state is always characterized by
one imaginary frequency, corresponding to the reaction coordinate in
the vicinity of the transition state. This frequency is given here.
c Calculated at the lower contracted/6-31G basis set level, see the text.
XVI is not a true transition state since it has two imaginary frequencies.
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It is interesting to investigate whether theory is capable of
reproducing these experimental results, while presumably
providing insight into the reaction mechanism. Clark et al.10

have also investigated the hydroxide ion exchange in solution.
However, this process is beyond the scope of the present paper.
We will come back to the experiments of Clark et al. again
later.

Possibly the most obvious and appealing mechanism would
include some kind of concerted transition state that connects,
for instance, the “cis 2 up, 2 down” conformerII with itself.
This hypothetical process is shown schematically in Figure 5.
A systematic study of this reaction reveals that it cannot be the
lowest energy pathway for the ligand exchange. Thus, we
attempted to optimize the geometry of the transition state
structureXVI . At a lower level of theory (contracted basis on
U, 6-31G basis for the ligands), a stationary point was found.
It had an energy of 58.6 kcal/mol compared to the reactant and
product II . However, the structure,XVI , has two imaginary
frequencies, Table 7. This proves thatXVI is not a true
transition state but rather a second-order saddle point on the
potential energy surface. One of the two imaginary frequencies
corresponds to the desired concerted hydrogen rearrangement
while the other one has the two hydrogens move in the same
direction. Similar imaginary frequencies were calculated for
XVI at the higher level of theory (uncontracted basis on U,
6-31+G* basis for the ligands, see above). However,XVI is
probably not a stationary point at this level of theory, and
attempts to optimize its geometry failed consistently.

The failure of the concerted hydrogen rearrangement led us
to propose another mechanism for the intramolecular ligand
exchange in the uranyl tetrahydroxide ion. The process avoids
the concerted hydrogen movement and is demonstrated in Figure
6. It involves as a stable intermediate the “cis-uranyl” structure
VI (19.1 kcal/mol higher in energy than reactant and product).
The transition state isXV , which has an energy of 37.5 kcal/
mol compared toII , and of 18.4 kcal/mol compared toVI ,
Figure 6. The process involves a successive proton movement.
Starting fromII , one proton moves via a transition state,XV ,
to form the stable intermediate,VI , with a “cis-uranyl”
arrangement. From there, a second proton is moved. In this
manner, the product,II , is reached, again via a transition state,
XV . Thus, uranyl oxygens can exchange with hydroxide
oxygens through an intramolecular process, Figure 6.

It should be noted that one could construct a completely
similar reaction profile with the “3 up, 1 down” conformerIII

as reactant and product, and with the corresponding “cis-uranyl”
structureVII as the stable intermediate. The activation energy
for this process should be comparable in magnitude. Further,
one could also construct a reaction profile involving the global
energy minimum,I , and the corresponding “cis-uranyl” structure
V. The transition stateXIV connects those two structures, as
has been pointed out before. However, to complete the oxygen
exchange between uranyl and hydroxide oxygens, some isomer-
ization of the intermediate structureV would be required. This
could, for instance, involve the transition stateXIII that connects
V with VII , see above. It is clear, then, that the proposed
process as outlined in Figure 6 is only one out of several possible
reaction pathways for the intramolecular oxygen exchange in
uranyl tetrahydroxide.

We are now at the point to return to the experimentally
determined oxo ligand exchange. Clark et al.10 conclude that
the observed ligand exchange is water facilitated with an
activation energy of∆Hq ) 9.8 ( 0.7 kcal/mol, see above. It
is obvious, then, that our proposed mechanism cannot be
compared directly with the experimental result since we have
not considered water explicitly. Our mechanism would apply
to nonaqueous solutions where the ligand exchange rate is
known to be considerably lower than in the aqueous media. In
aqueous solutions one can, however, envisage a similar mech-
anism involving the conversion of the “trans” to “cis” isomers
assisted by a solvent water in which proton transfer from the
water to the uranyl oxygen of the “trans” isomer produces the
“cis” isomer. This hypothetical reaction is shown schematically
in Scheme 1a.

In a subsequent step another water molecule carries out a
similar process regenerating the “trans” isomer, but with uranyl
and hydroxide oxygens exchanged, Scheme 1b.

This stepwise process would involve the exchange of two
protons with the solvent water molecules. The uranyl oxygens
are exchanged with hydroxide oxygens in the productII as
compared to the reactant in Scheme 1a. Elucidation of these
solvent-assisted pathways will require further theoretical and
experimental investigation to determine the reaction intermedi-
ates in these processes.

Conclusion

The present paper constitutes the first systematic study of
the uranyl tetrahydroxide ion, [UO2(OH)4]2-, and one of the
few theoretical studies on uranyl complexes reported to date.
A major goal of the study was to further test the accuracy and
feasibility of applying relativistic ECPs31 within the framework
of DFT. At this point, we are able to conclude that relativistic
DFT, using the B3LYP hybrid functional,19-22 is capable of
quantitative predictions about the structure and vibrational
frequencies of actinide complexes.

We were able to characterize a number of stable conformers
for [UO2(OH)4]2-. These include the structuresV-IX that are
predicted to possess a nonlinear uranyl bond. Given that these
structures are only 18-19 kcal/mol higher in energy than the
ground state, it might become possible to synthesize uranyl
complexes with a “cis” arrangement of the uranyl units. In their
experimental paper, Clark et al.10 discuss the unusually long
uranyl bond in conjunction with the low uranyl stretching
frequencyν1. Both observations point to a weak uranyl bond
in this particular complex. Clark et al. argue that the OH-

ligands are strongπ-donors. Partialπ-bonding along the U-OH
bonds in the equatorial plane of the molecule would be in
competition with the uranyl bonds, and it could explain the
comparatively long and weak UdO bonds. Clark et al. base

Figure 5. Intramolecular ligand exchange in [UO2(OH)4]2-: schematic
representation of a hypothetical concerted hydrogen rearrangement
reaction. Note that the intermediate structure,XVI , is not a true
transition state since it has two imaginary frequencies (see the text for
details).
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their arguments on an assumedD4h symmetry for [UO2(OH)4]2-.
However, a similar argument can be applied to the actual
conformations that possess lower symmetry (D2d, C2h, Cs, and
C4V, respectively, Table 1) and U-O-H bond angles of about
106°.

One would anticipate that “cis” OdAndO structures will
arise in other actinyl species besides [UO2(OH)4]2-. In fact,
recent calculations by the authors1 have found stable “cis” and
“trans” isomers also in [UO2F4]2- and [UO2Cl4]2-. One would
also expect that the pentahydroxide uranyl species, which were
inferred to exist in solution by EXAFS studies, could have
isomers corresponding to linear and bent (“cis”) uranyl struc-
tures.

We have proposed a reaction pathway, including the transition
state, for the intramolecular oxygen exchange in uranyl tetrahy-
droxide, Figure 6. The proposed, nonconcerted pathway
excludes the solvent explicitly, as has been discussed above;
we have shown that a hypothetical concerted mechanism cannot
be the minimum energy path. A “cis-uranyl” structure occurs
as the stable intermediate in the proposed reaction. The
experimental data points to a water-assisted reaction pathway
in aqueous solution. It includes proton transfer from free water
to the oxo groups and a corresponding proton transfer from a
hydroxide group to the H2O, “all of which may or may not be
concerted.”10 Hence, a direct comparison between theory and
experiment is not possible at the moment. It is, however, likely
that the water-assisted transition state will proceed along a
pathway that includes a “cis-uranyl” structure as a stable

intermediate, in analogy to the nonaqueous pathway of Figure
6. Thus, the water-assisted pathway would not be concerted
either, as has been shown schematically in Scheme 1. This
assumption is further supported by the fact that solvation in a
polar solvent (like water) will stabilize structures with a
permanent dipole moment more than those without. Calculated
dipole moments are given in Table 8 for structuresI-IX . Of
the “linear uranyl” structures,I andII have no permanent dipole
moment, due to symmetry, whileIII andIV have a permanent
dipole moment. Given the rapid exchange between the linear
uranyl conformersI-IV , see above, it can be assumed that the
average dipole moment of linear [UO2(OH)4]2- is small. All
of the bent uranyl conformers,V-IX , have, on the other hand,
a permanent dipole moment, and stabilizing solvent interactions
should be present. To conclude, we could expect a polar solvent
to stabilize the “cis-uranyl” conformersV-IX as compared to
the “trans-uranyl” (linear-uranyl) ground state. Further studies
are in progress or planned that shall address the importance of
solvation effects and study the water-assisted ligand exchange
in more detail.

Figure 6. Nonaqueous intramolecular ligand exchange in [UO2(OH)4]2-. The transition state,XV , and the intermediate “cis-uranyl” structure,VI ,
are calculated to have total energies relative toII of 37.5 and 19.1 kcal/mol, respectively. The uranyl oxygens are exchanged with hydroxide
oxygens in the product, as compared to the reactant.

Scheme 1 Table 8. Calculated Electric Dipole Moments of the Stable
ConformersI-IX

I II III IV V VI VII VIII IX

calcd dipole
moment (D)

0 0 2.09 3.71 0.92 1.19 1.98 2.05 3.58

Table 9. Influence of the Basis Set on the Optimized Geometry of
the Minimum Energy Structure I (“Trans 2 Up, 2 Down”) of
[UO2(OH)4]2-

bond lengths (Å)

basis seta uranyl U-OH
OH bond
length (Å)

6-31G/contracted 1.8739 2.3056 0.9824
6-31G*/contracted 1.8556 2.3106 0.9710
6-31G/uncontracted 1.8688 2.3046 0.9821
6-31G*/uncontracted 1.8472 2.3133 0.9709
6-31G**/uncontracted 1.8463 2.3132 0.9673
6-31+G/uncontracted 1.8629 2.3212 0.9779
6-31+G*/uncontracted 1.8421 2.3338 0.9702
6-31++G*/uncontracted 1.8418 2.3338 0.9705
6-31+G**/uncontracted 1.8412 2.3341 0.9659
exptb 1.824(3) 2.258(3)

a HF-derived ECP and contracted or uncontracted valence basis on
uranium;31 standard all-electron basis sets (6-31G etc.) on the ligands,37

see the text.b Experimental data according to ref 10: crystal structure
of [Co(NH3)6]2 [UO2(OH)4]3‚2H2O.
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Appendix: Basis Sets

It is well-known that the choice of basis sets is important for
reliable results. The computational effort is, on the other hand,
proportional to some power of the number of basis functions.
Hence, a good compromise between accuracy and efficiency
has to be found for any given problem. We investigate the
influence of the basis sets by studying two stable conformations
of uranyl tetrahydroxide, [UO2(OH)4]2-, Tables 9 and 10. Table
9 contains geometry parameters for the global minimum
structure,I ; Table 10 lists key geometry parameters and the
total energy (taken relative to conformerI ) for a stable “cis-
uranyl” structure,V. On the uranium center, we use either a
contracted valence basis set31 or the same set but completely
uncontracted. At the ligand atoms oxygen and hydrogen, we
employ the standard all-electron 6-31G basis, possibly aug-
mented with polarization functions (6-31G*, 6-31G**), with
diffuse functions (6-31+G), or with a combination thereof (6-
31+G*, 6-31++G*, and 6-31+G**). 37

First, let us consider the relative energy betweenI and V,
Table 10. The influence of the basis sets on this parameter is
seen to be modest: the different basis sets result in variations
of 2.5 kcal/mol or less. The polarization functions on the
oxygen atoms (6-31G* basis) result in changes of 1.5 and 1
kcal/mol (for the contracted and uncontracted uranium basis sets,
respectively). Diffuse functions (6-31+G etc.) and polarization
functions on the hydrogen atoms (6-31G**) show less influence
on the energy. Uncontracting the uranium basis yields changes
of 1 and 0.5 kcal/mol (with the 6-31G and 6-31G* ligand basis
sets, respectively).

The different basis sets have a strong influence on the
optimized geometries of the uranyl tetrahydroxide conformers,
Tables 9 and 10. The addition of polarization functions on the
oxygen atoms (6-31G* vs 6-31G) has the most pronounced
effect. It results in a contraction of the UdO double bond
lengths of about 0.02 Å, and a lengthening of the U-OH bonds
by 0.005-0.007 Å (structureI ) and up to 0.01 Å (structureV),
respectively. The oxygen polarization functions result in
contractions of the O-H bonds by 0.005-0.007 Å, Table 9.
The further addition of polarization functions to the hydrogen
basis sets (basis 6-31G**) yields, however, only small changes
in the optimized bond lengths, even for the O-H bond lengths
(0.004 Å in this case).

Uncontracting the uranium basis is seen to be important as
well, although less dramatic in its influence. Thus, we obtain
a uranyl bond contraction of 0.008 and 0.004 Å for structures
I andV, respectively. The influence on the U-OH bond length
is much smaller while the O-H bond length is not influenced
at all.

A third parameter to consider is the influence of diffuse
functions. By adding a set of diffuse functions to the oxygen
basis (6-31+G, 6-31+G*, 6-31+G**) we get uranyl bond
contractions of up to 0.007 Å, and considerable lengthening of
the U-OH bonds by up to 0.03 Å, Tables 9 and 10. The
influence on the O-H bond lengths is smaller but not negligible.
Adding diffuse functions on the hydrogen atoms as well (6-
31++G* basis) is seen to have practically no influence at all
on the optimized geometries.

We conclude from the previous discussion that the combina-
tion of an uncontracted uranium basis with the 6-31+G* ligand
basis set should yield reasonable results. This basis has been
adapted in the rest of this study, unless otherwise stated. More
comprehensive investigations of basis set effects are certainly
possible. However, the cost of using much bigger basis sets
will likely become prohibitive for practical applications.

Finally, it should be noted that the uranyl bond angle inV
varies in the range 122-129° with the different basis sets, Table
10. It is difficult to extract a clear trend for this parameter.
The potential energy surface must be very flat with regard to
this angle. This is confirmed by the calculated vibrational
frequencies forV, Table 4. For instance, the lowest energy
mode ofV, calculated at 59 cm-1 (6-31+G*/uncontracted basis),
contains a OdUdO bending motion.
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Table 10. Influence of the Basis Set on the Energy and Optimized Geometry of a “Cis-Uranyl” Structure (V) of [UO2(OH)4]2-

bond lengths (Å)

basis seta total energy (kcal/mol)b uranyl U-OH uranyl bond angle (deg)

6-31G/contracted 16.03 1.9048, 1.9024 2.2919, 2.2527 125.5
2.3146, 2.3146

6-31G*/contracted 17.54 1.8840, 1.8823 2.2984, 2.2486 127.5
2.3223, 2.3223

6-31G/uncontracted 17.08 1.9047, 1.9024 2.2809, 2.2510 122.5
2.3111, 2.3111

6-31G*/uncontracted 18.06 1.8798, 1.8777 2.2960, 2.2505 126.2
2.3212, 2.3212

6-31G**/uncontracted 18.49 1.8795, 1.8783 2.2929, 2.2512 125.5
2.3215, 2.3215

6-31+G/uncontracted 17.34 1.9051, 1.9001 2.2939, 2.2622 122.2
2.3320, 2.3320

6-31+G*/uncontracted 17.95 1.8745, 1.8700 2.3197, 2.2672 128.4
2.3489, 2.3489

6-31++G*/uncontracted 17.99 1.8734, 1.8691 2.3212, 2.2681 128.9
2.3496, 2.3496

6-31+G**/uncontracted 18.38 1.8759, 1.8721 2.3129, 2.2663 126.8
2.3496, 2.3496

a HF-derived ECP and contracted or uncontracted valence basis on uranium;31 standard all-electron basis sets (6-31G etc.) on the ligands,37 see
the text.b Relative to the global minimum energy structure (at the same level of theory).
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