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nterest in the chemistry of the early actinide elements (notably uranium through americium) usually results either from the nudear
waste problem or the unique chemistry of these elements that result from 5f contributions to bonding. Computational actinide chem-
istry provides one useful tool for studying these processes.

Theoretical actinide chemistry is challenging because three prindpal axes of approximation have to be optimized. These are the model
chemistry (the choice of approximate electron—electron correlation method and basis sets), the approximate relativistic method, and a
method for modeling solvent (condensed phase) effects. In this Account, we arrange these approximations in a three-dimensional dia-
gram, implying that they are relatively independent of each other. A fourth level of approximation concerns the choice of suitable mod-
els for situations too complex to treat in their entirety. We discuss test cases for each of these approximations.

Gas-phase data for uranium fluorides and oxofluorides such as UFs and UO,F, show that GGA functionals provide accurate geom-
etries and frequendes while hybrid density functional theory (DFT) functionals are superior for energetics. MP2 is seen to be somewhat
erratic for this set of compounds, and CCSD(T) gives the most accurate results. Three different relativistic methods, small-core effective
core potentials (SC-ECP), ZORA, and all-electron scalar, provide comparable results. The older large-core ECP (LC-ECP) approach is con-
sistently worse and should not be used. We confirmed these condusions through studies of the actinyl aquo complexes [AnO,(OH,)s|™,
(An = U, Np, or Puand n= 1 or 2) that are also used to test solvation models. As long as the first coordination sphere of the metal is
induded explictly, continuum solvation models are reliable, and we found no dear advantage for the (costly) explicit treatment of the
second coordination sphere. Spin—orbit effects must be induded to reproduce the correct trend in An"/An" reduction potentials.

We propose a multistep mechanism for the experimentally observed oxygen exchange of UO,>" cations in highly alkaline solutions
present in tank wastes. This process involves an equilibrium between [UO,(OH),[>~ and [UO,(OH)s*~, followed by formation of the sta-
ble [UO3(OH);*~ intermediate that forms from [UO,(OH)s*~ through intramolecular water elimination. The [UO5(OH)sJ*~ intermediate fadil-
itates oxygen exchange through proton shuttling. We explain the experimentally observed stabilization of the pentavalent oxidation state
of actinyl ions by macrocydic ligands (such as 18-crown-6) as an effect of solvation: the large macrocyde sareens the positive charge of
the ion from the polarizable solvent. Alkyl-substituted isoamethyrin complexes are bent despite being aromatic because of steric factors,
rather than fit/misfit criteria regarding the actinyl ion.

By application of an efficent DFT code, actinide molecules with more than 100 atoms can now be studied routinely. “Real” chemical
questions can be answered as long as we take great cre to apply methods that are accurate with respect to the three axes of approx-
imation described above. While the exdusive focus of this Account has been on the early actinide elements, these condusions also apply
elsewhere in the periodic table.
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Introduction: Actinide Chemistry—Why
Bother?

One of the authors remembers vividly a colleague who, while
teaching his class on transition metals, would tell his students:
“And as far as the actinides are concerned, they aren’t impor-
tant, and you don't need to bother!” So should we bother?

If one asked any researcher why he or she is doing what
he or she is doing, chances are that the answer is “because it's
fun!” This is certainly true for our work in the area of theoret-
ical actinide chemistry, and a purpose of this Account is to
convey that “fun” to the reader. (It is not our intention to
review the entire area of computational actinide chemistry.')

“Fun”, however, is a category not normally employed in the
scientific literature or in grant applications. The proper alter-
native term is “fundamental interest”. Fundamental interest
arises for a number of reasons, first and foremost among them
the unique chemistry of the actinides.? Indeed, it is only here
that f-orbitals play an appreciable role in bonding. This leads
to unique bonding arrangements; uranocene provides a clas-
sic example.? Typical oxidation states for actinides range from
3 to 6 for uranium and 3 to 7 for neptunium and plutonium.*
Coordination numbers as high as 12 are possible. In solution,
complex equilibiria often exist, such as between mono- and
polynuclear species, complicating experimental characteriza-
tion.> Regarding challenges, we should not forget the radio-
activity of the actinides that results in safety and security
concerns, particularly for the transuranic elements.®

Computational actinide chemistry has its own challenges,
arising from the combined effects of relativity and electron
correlation, along with the size of typical systems, the large
number of electrons, and the close energetic proximity of sev-
eral electronic states. The actinides are still a frontier for
applied quantum chemistry.

There is also practical interest, chiefly revolving around
nuclear fuel processing, waste disposal, and long-term stor-
age, as well as environmental cleanup of contaminated sites.
Indeed, the nuclear waste problem, involving as it does time
scales of the order of 100 000 years, is unsolved.” Contami-
nation has resulted from more than six decades of nuclear
weapons production and peaceful use of radioactivity. This is
exemplified by the Hanford Site in Washington State, USA.®
Radioactive contamination and cleanup can be considered
one of the leading environmental challenges facing mankind.

It would be preposterous, of course, to pretend that a few
calculations, however carefully done, might be key to solv-
ing the problem. Still, theory, particularly if approached in
close interaction with experiment, has a unique chance of pro-
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FIGURE 1. Schematic representation of (a) model chemistries
according to Pople'"'2 and (b) three level of approximation
required in computational actinide chemistry.

viding data, insight into, and understanding of the chemistry
of the early actinide elements.

We shall, in the following, discuss a number of examples.
We shall illustrate (i) the approximations that are needed and
their evaluation and (ii) some applications. Finally, we shall
summarize our conclusions.

Approximations

General. It is impossible in all but the simplest systems to solve
the Schrodinger equation (or, in the case of relativistic quantum
mechanics that has to be applied in actinide chemistry,” the Dirac
equation'®) exactly, and various approximations have to be cho-
sen. These choices are at the heart of applied quantum chemis-
try."" We can only draw meaningful conclusions if we are sure
that our approximate methods are applicable!

Textbooks often show a graph, attributed to John Pople,'?
that defines the “model chemistry”, Figure 1a.'' The graph has
the approximate quantum-chemical method on one axis and



FIGURE 2. Schematic representation of continuum (left) and explicit
(right) solvation models.

the basis set on the other. We propose to add two new axes,
one for “relativity”, that is, the approximate relativistic method,
and another for “solvation”, that is, the model used to account
for the bulk solvent or, more generally, for condensed-phase
effects. This is shown schematically in Figure 1b.'® (We have
combined the two axes of Figure 1a into one to fit the model
into 3D space.) It is a reasonable assumption to consider the
three levels of approximations to be relatively independent of
each other, which allows us to test and optimize them sepa-
rately. A further dimension might be the choice of a suitable
model system for experimental systems that are too complex
to be treated straightforwardly in silico.

Regarding the model chemistry axis, the only practical
method in most cases is density functional theory (DFT),"*
given the size of experimentally relevant actinide systems.
Still, there is considerable choice with respect to the flavor of
approximate DFT, the exchange—correlation (XC) functional.
Regarding basis sets, we can rely on the experience from
other parts of the periodic table.""

A hierarchy of decreasing accuracy, supposedly combined
with increasing efficiency, can be constructed for the relativ-
ity axis. Near the top is the full Dirac equation,'® followed by
two-component methods (e.g., the zeroth-order regular
approximation for relativistic effects, ZORA'>), and finally
effective core potential (ECP) methods.'®"” Spin—orbit effects
can be projected out of the four- and two-component meth-
ods and neglected, leading to simpler scalar relativistic
approximations.

It is less clear how to arrange the different methods on the
solvation axis. The principal choices are explicit and contin-
uum (implicit) solvation models, Figure 2. Continuum models
replace the solvent by a polarizable continuum.'® Various
choices exist regarding size and shape of the solvent-excluded
cavity and the parametrization of the solvent—solute interac-
tion."® Explicit solvation models (microsolvation) include a
finite number of solvent molecules. They are appealing since
they avoid the ambiguities of the continuum methods, and
they are probably unavoidable if direct solute—solvent bonds
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are important. Still, they have their own set of problems,
resulting from the finite cluster sizes (How many solvent mol-
ecules? Surface effects?) and the difficulty in adequately sam-
pling the large conformational space. Periodic or dynamic
calculations might be required to overcome these two prob-
lems."? It is also possible to combine microsolvation and con-
tinuum methods.>%2'

Test Case 1: Uranium Oxofluoride Gas-Phase Energet-
ics. Accurate experimental gas-phase data is ideal for testing
quantum-chemical methods since it allows one to focus on the
relativity and model chemistry axes of Figure 1b. The general
lack of such gas-phase experiments is a challenge for theo-
retical actinide molecular science. However, some data exists,
and we have performed a study of the uranium(VI), urani-
um(V), and uranium(lV) oxides, fluorides, and oxofluorides.??

UFs is perhaps the most studied actinide molecule over-
all.?3 Table 1 shows its calculated®**%* and experimental bond
lengths and the first and second bond dissociation energies
(BDE). The table also contains two other BDEs (UOF4, UO5F>),
chosen as representative examples, as well as statistical data
for a total of 11 reactions. Vibrational frequencies have been
studied also: for a given actinide, any trends in frequencies
tend to follow trends in bond lengths quite closely. For
instance, a method that overestimates bond lengths underes-
timates the corresponding stretching frequency.

We compare four different relativistic methods, as imple-
mented in three different codes: all-electron scalar where the
full Dirac equation is applied but with spin—orbit neglected
(AE; Priroda®®), ZORA'® (ADF2°), and large- and small-core ECP
methods (LC-ECP,'® SC-ECP;'” Gausssian??). Two classes of
approximate DFT are applied, generalized gradient approxi-
mations (GGA) and hybrid functionals. We have tested sev-
eral functionals in each class but find the variations between
these to be relatively minor. Hence, we only report one exam-
ple each. We have also included standard correlated
ab initio methods, MP2 and CCSD(T).

The data in Table 1 allows for a number of conclusions.
First, comparing the older LC-ECP approach (14 valence elec-
trons on uranium) with the SC-ECP method (32 valence elec-
trons), we find that the latter is more accurate than the former.
We demonstrate this here for UFg, but it is a very general
result (though it has been disputed,®® in our view based on
fortuitous error cancellation.) This is counterintuitive since the
extra 18 electrons clearly occupy core shells. The likely rea-
son for the differences between SC-ECPs and LC-ECPs is the
following: When substituting the core by an effective poten-
tial, we create by construction pseudo-orbitals for the valence
where the core wiggles (the orthogonality-imposed oscilla-
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TABLE 1. Comparison between Selected Calculated and Experimental Parameters of UFs, UFs, UOF,, and UO,F, and MAE for 11 Reactions of

Uranium Fluorides, Oxides, and Oxofluorides

reaction enthalpies (kcal/mol)

bond Iengths (A), UF5 UF5 - UF5 +F UF5 - UF4 +F UOF4 - UF4 +0 UOzFZ g UOz + 2F MAE?
PBE, SC-ECP 2.024 107.1 1274 134.9 38.6
PBEO, SC-ECP 1.997 80.6 105.1 97.8 254.6 17.2
PBEO, LC-ECP 2.006 30.1
PBE, AE 2.015 100.5 120.8 132.6 266.2 24.6
PBEOQ, AE 1.990 73.6 97.8 95.3 2419 6.9
MP2, AE® 2.005 84.0 97.8 1209 249.9 13.2
CCSD(T), AE 69.1 92.2 95.5 237.8 6.9
PBE, ZORA 2.025 101.5 126.6 137.7 239
experiment 1.996, 1.999 71.0 98.0 91.3 248.6

9 MAE = mean absolute error over 11 reactions with available experimental data.> Other choices of experimental data give slightly different errors; see Table
S1, Supporting Information. © RI-MP2; all orbitals were correlated except for the first 30 orbitals on U and the 1s orbitals on F and O that are kept in core. < MP2

geometry, single-point calculations.

TABLE 2. Calculated (SC-ECP—B3LYP, LC-ECP—B3LYP; AE—PBE; Gas Phase) and Experimental Bond Lengths (A) of [AnO,(H,0)s]™ ¢

[UO,(H,0)s]** [NpO,(H,0)s]** [PuO,(H,0)s]**
SCECP—B3LYP LCECP—B3LYP AE—PBE expt’ SCECP—B3LYP LCECP—B3LYP AE—PBE expt’ SC-ECP—B3LYP LCECP—B3LYP AE—PBE expt’
Ru—o 1.751 1.756 1776 176,178 1730 1752 1758 175176 1720 1.742 1749 174
Ran—0_eq” 2.486 2516 2472 2.41 2.470 2.50 2457  2.42;242 2.466 2.485 2453 241
[UO,(H0)s] ™ [NpO,(H0)s]"™* [PuO,(H0)s]"*
SC-ECP—B3LYP LC-ECP—B3LYP AE—PBE EXptb SC-ECP—B3LYP LC-ECP—B3LYP  AE—PBE expt” SC-ECP—B3LYP LC-ECP—B3LYP  AE—PBE EXptb
Ran—o 1.806 1.810 1.824 1.791 1.81 1.807;1.810 1.83;1.84 1.776 1.808 1.796;1.797 1.81
Ran—0_eq 2.585 2,616 2.568 2.588 2.61 2.567 2.50;2.52;2.49 2577 2.61 2.567 247

9An = U, Np, Pu; n = 1, 2. (See Table S3, Supporting Information, for frequencies.). * As cited in refs 20 and 30, new neptunium data®' added in italics.

< Average.

tions and nodes of valence orbitals) are smoothed out and
removed. By unfreezing one entire shell of core orbitals, we
add back the outermost core wiggle to the valence orbitals.
This core wiggle may reach into regions of space that are rel-
evant for bonding. Thus, the effect of the extra 18 electrons
in the SC-ECPs would be an indirect one in that they force a
more accurate description of the valence oribtals. It has been
argued that the neglect (or approximate treatment) of core
polarization and correlation might be relevant, too.
Comparing now the different relativistic approximations SC-
ECP, ZORA, and AE, we find them to give similar results, pro-
vided the same DFT method (e.g., PBE in Table 1) is used and
the basis sets are reasonably converged.?® This is reassuring.
The three methods take very different approaches to the “rel-
ativity axis” of Figure 1b. Agreement among them, then,
would mean that they can be used interchangeably and that
the description of relativity is essentially correct, at least for the
kind of valence properties considered here and under the
caveat that spin—orbit effects are neglected (see also below.)
Let us now turn to the “model chemistry” axis of Figure 1.
We have modeled dissociation of covalent U—F and U=0
bonds in uranium oxofluorides; selected results are shown in
Table 1.22 Hybrid DFT (PBEO) is superior to pure GGAs (PBE) for
the energetics; at the same time, hybrids show bond lengths
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that are too short and frequencies that are too high (overbind-
ing; GGAs improve on that); this is again a very general result.
Over the whole set of uranium oxofluoride compounds, MP2
shows somewhat “erratic” results; that is, for example, it does
overbind U—F bonds for the highly fluorinated species UFg but
not for UO,F,. The overall agreement for MP2 energies is bet-
ter than for GGAs but slightly worse than for hybrid function-
als. For wave function based methods, only CCSD(T) gave
consistently the best reaction enthalpies.

Test Case 2: Actinyl Aquo Complexes. The actinyl aquo
complexes [AnO»(H,0)s]"* (n = 1, 2) are prototypical environ-
mental actinide species, since environmental chemistry implies
aqueous environments. They provide a fertile testing ground
for all three levels of approximation, model chemistry, rela-
tivity, and solvation, Figure 1b. The challenge lies in separat-
ing the different effects.

In Table 2 and Table S3 of the Supporting Information, we
compare computed bond lengths and actinyl frequencies to
experiment.2%3°3" An example of an optimized structure is
shown in Figure 3. Regarding methods, we can draw essen-
tially the same conclusions as before: LC-ECP is consistently
inferior to the other relativistic methods. B3LYP tends to
overbind. (There is some measure of error compensation vis-
ible in the LC-ECP—B3LYP data.) PBE gives the best bond



FIGURE 3. Optimized gas-phase structure (AE—PBE) of
[UO2(H>0)s**.2°

lengths, particularly for equatorial bonds, though they are still
overestimated by these gas-phase calculations.

In going from left to right along the actinide series (U to Np
to Pu), the actinide contraction is clearly evident from the data:
The actinyl bond becomes both shorter and weaker along the
series, due to the decreasing size of the f-orbitals and thus
decreasing covalent character of the bonds.?°393"

The uranyl aquo complexes provide us with an opportu-
nity to test explicit and implicit solvation models for struc-
tures, frequencies, and energetics (Tables S4 and S5,
Supporting Information). Explicit solvation, Figure 2b, has been
modeled by adding five, seven, ten, and twelve water mole-
cules to the second coordination sphere (Figure 4). These
structures can be embedded into continuum solvation. Sev-
eral conclusions emerge:
 Solvation strongly influences the bond lengths, particularly

the equatorial bonds that are overestimated by gas-phase

calculations. The effect is evident for both explicit and
implicit solvation models; the effect on the frequencies is
similar.

o The second coordination sphere has only a minor effect on
the energetics.
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reduction potential, V

u Np Pu

FIGURE 5. Calculated and experimental [AnO,(H,0)s]*>*/

[An0,(H,0)s]'* reduction potentials.2®3° Calculated values without

and with the inclusion of (empirical) spin—orbit and multiplet

corrections are shown. Green squares, experiment; dark red
diamonds, LC-ECP—B3LYP with corrections; red circles, SC-

ECP—B3LYP without corrections; blue triangles, AE—PBE without

corrections; orange stars, SC-ECP—B3LYP with corrections; light blue

crosses, AE—PBE with corrections.

» Cluster models (explicit solvation) are unable to capture
long-range electrostatic effects on the energetics.

e Overall, no clear advantage for combined methods (sec-
ond coordination sphere plus continuum solvation) can be
seen. We note, however, that others disagree.?’

In Figure 5, we show the calculated reduction potentials for
the AnY/An" couples. In our earlier LC-ECP studies,° we
already recognized the importance of spin—orbit and mul-
tiplet corrections that are not accounted for by approximate
scalar DFT. These are required to reproduce the correct
trend in relative reduction potentials, for example, dark vs
light blue lines, Figure 5. (We note in passing that the same
trend in relative reduction potentials is evident for other
ligand environments also;3? it is thus primarily a function
of the actinyl ion.) However, we were unable to remove the

FIGURE 4. Two examples of explicitly solvated complexes: optimized structures of [UO»(H>0)s]** - 5H,O and [UO,(H,0)s]** - 12H,0 (AE—PBE

gas phase).?°
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a) b)

FIGURE 6. Optimized structures of (a) trans and (b) cis isomer of
[UO»(OH)4]?~, and () the new oxygen exchange intermediate
[UOs(OH)5*~.

large systematic error of some 3 eV (dark red line) that
could have been due to any of the different levels of
approximation in Figure 1b. This has been solved recent-
ly; the relativistic approximation was the main problem.?°
Both AE and SC-ECPs give dramatically better results. Inter-
estingly, in this example, there is no clear advantage for
either hybrid or GGA DFT.

Uranyl Hydroxide: Ligand Exchange,
cis-Uranyl Structures

Highly alkaline conditions are prevalent for tank wastes, and
uranyl hydroxide, [UO,(OH)4]>~, is a prototypical species, Fig-
ure 6. This molecule has been synthesized and characterized
by Clark and co-workers®® who used a bulky counterion to
prevent formation of insoluble higher aggregates. Several

intriguing questions arise. The equatorial coordination num-
ber has been controversial, with four or five being the possi-
bilities. Most interestingly, a rapid ligand exchange between
axial and equatorial oxygens has been observed (AH* = 9.8
kcal/mol). This is highly unusual, given the known stability of
the uranyl unit.* The process has escaped a plausible mech-
anistic explanation until very recently.

The first mechanistic proposal was provided in the origi-
nal paper,®® a concerted movement of two hydrogens
(Scheme 1a). We have tested this proposal computationally
and found a barrier of 58.6 kcal/mol.>* Moreover, the transi-
tion state is a second-order saddle point. This led us to test a
revised mechanism where only one hydrogen atom is moved
in pseudorotation, Scheme 1b. This mechanism necessitates
a stable intermediate with a bent uranyl unit, termed “cis-ura-
nyl”, Figure 6b. We note in passing that, based on our pro-
posal, several experimental groups attempted to synthesize
stable cis-uranyl structures. This search has succeeded only
recently.?®

The calculated gas-phase activation energy for the pseu-
dorotation mechanism is 37.5 kcal/mol at the LC-ECP—
B3LYP level of theory that was still used at the time. Explicit
inclusion of a water molecule into the proton shuttle

SCHEME 1. Oxygen Exchange in Uranyl Hydroxide, Previous Mechanistic Proposals33>4
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(Scheme 1c¢) reduces the activation energy to 31.4 kcal/
mol. Adding continuum solvation reduces it by a further 5
kcal/mol or so. Still, the best calculated activation energy of
26.8 kcal/mol does not provide a satisfactory explanation
for the experimentally observed process. (Using modern rel-
ativistic methods or different solvation models lowers the
barrier further but does not fundamentally change the qual-
itative picture.3®)

This was the state of our investigations in about 2000,
when we essentially shelved the subject as unsolved. Fairly
recently, though, we realized that the problem of the pseu-
dorotation mechanism lies in the fact that it contains a cis-
intermediate and that it requires the system to give up the
tremendous energetic advantages of the linear uranyl unit. Is
it possible, then, to modify the process to retain a linear ura-
nyl throughout? An [UO3(OH)s]*~ intermediate as facilitator of
the exchange could satisfy the condition. The full mechanism
is provided in Scheme 2. The first step of the new mechanism,

Theoretical Actinide Molecular Science Schreckenbach and Shamov

[UO,(OH),]*” + OH™ < [UO,(OH)s]*~ (1)

concerns the experimentally observed equatorial coordina-
tion equilibrium in solution. The next step involves elimina-
tion of a water molecule to form the key [UOs(OH);[3~
intermediate:

[UO,(OH)]>~ — [UO5(OH);~ + H,0 (2)

This process has a low activation barrier and goes steeply
downhill. It thus drives the equatorial equilibrium 1 to the
right-hand side, particularly under the experimental condi-
tions of alkaline solutions and high ionic strength of NaOH.
The [UO3(OH)5]?~ intermediate facilitates the oxygen ligand
exchange through proton shuttling, either without or with an
explicit water molecule (4a, 4b in Scheme 2):

SCHEME 2. Oxygen Exchange in Uranyl Hydroxide, Proposed Three-Step Mechanism3°®
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[0=U=0"(0)(OH);*" = [UO,(O)O"H)(OH),I*~  (3)
The overall calculated activation energy, 12.5 kcal/mol for the
initial step (eq 1), compares favorably to the experimental
value of 9.8 kcal/mol, particularly because it appears to be sta-
ble against methodological variations. The proposed mecha-
nism, reactions 2—4, Scheme 2, is therefore a plausible
explanation of the experimental observations, solving a
10-year-old riddle.

Crown Ether Complexes: Why Do
Macrocycles Stabilize the Pentavalent
Oxidation State?

Clark et al. synthesized and characterized the first trans-uranic
crown ether inclusion complex [NpO5(18-crown-6)]'*.3” We
have studied this system,3® along with its An¥V! counterparts
(An = U, Np, Pu) and related uranyl complexes synthesized
earlier. Figure 7 shows an example for an optimized struc-
ture. We note again the effect of the actinide contraction, that
is, actinyl bond lengths that become shorter and weaker along
the actinide series (see Table S6, Supporting Information).

The most intriguing question in Clark’s paper concerns the
observation that macrocycles such as 18-crown-6 stabilize the
AnY oxidation state over An"!, thus perhaps allowing for selec-
tive extraction of specific metals in specific oxidations states.
It has been speculated? that this stabilization comes about
because “reduction from oxidation state VI to V gives an
expanded metal ion radius that provides a better fit to the
[ligand] cavity”. To probe the origins of the stabilization effects,
we have chosen two reactions, the complex formation reac-
tion 4 and the ligand exchange reaction 5.38

AnO,™ + 18-crown-6 — [AnO,(18-crown-6)""  (4)
[AnO,(H,0)]"" + 18-crown-6 —
[AnO,(18-crown-6)]"" + 5H,0 (5)

(An =U, Np, or Puand n = 1 or 2). Reaction 5 might be closer
to the experimental situation. It accounts in an approximate
manner for the competition between outer-sphere and inner-
sphere complexes. Calculated free energies are provided in
Table 3.

If the interaction between actinyl ion and macrocycle (the
“fit/misfit” criteria) was the driving force for the stabilization of
AnY, then this would be evident from the gas-phase data. This
is not the case. Instead, AG for AnV is very roughly half that
of the respective An¥! counterpart for both reactions. This can
be understood from the charges of the cations, 1+ vs 2+,
because the equatorial bonds are primarily ionic in charac-
ter.3®
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FIGURE 7. Optimized structure of [UO(18-crown-6)]**: (a) top and
(b) side views.38

TABLE 3. Reaction Energies for Reactions 4 and 5 in kcal/mol>®

reaction 5%
AAGY AGlag)
reaction 4, AG(gas) AG(gas) CPCM COSMO-PCM CPCM  COSMO-PCM
[Uo,+ —273.8 —622 584 372 12.0 —-93
[uo™ —-121.7 —337 285 12.8 35 -12.3
[NpO,J>* —266.4 —595 589 373 115 —10.1
[NpO,'* —-121.6 —380 269 12.3 3.6 —11.1
[Pu0,J** —267.8 —64.4 585 28.2 24.2 —6.2
[Pu0,"™* —120.5 —383 276 11.1 5.4 —11.1

9 The 5H,0 term on the right-hand side of reaction 5 has been treated as a
cluster, (H;0)s.

For the free energies in solution, however, AAG*®" is large
and positive in all cases. Solvation strongly favors the left-
hand side of reaction 5. This can be readily understood: To
first order, solvation stabilizes a charged solute by polariza-
tion of the polar solvent. The effect is proportional to the
charge squared and inversely proportional to the distance
between charge and polarizable medium. The charge is bal-
anced; however, the distance to the solvent is quite different
for the left- and right-hand sides of reaction 5. In other words,
the large macrocycle screens the charge, leading to a posi-
tive AAG®V. The effect is much stronger for the 2+ charge of
AnY' complexes than for the 1+ charge of AnY systems. This,



SCHEME 3

in turn, leads to the relative stabilization of the pentavalent oxi-
dation state.*°

Isoamethryin Complexes: Bent or Planar?

N-donor macrocyclic ligands, expanded porphyrins, consti-
tute another class of macrocycles that possess a great vari-
ety in size and electronic properties. They can in principle be
tailored to different metal ions.*' Actinide complexes with
expanded porphyrins have been studied both experi-
mentally*#“3 and theoretically.3244-4¢

As an example, we shall discuss our work on the unsub-
stituted and substituted isoamethyrin complexes, Scheme 3
and Figure 8.%> The macrocyclic ligand is aromatic, so one
would expect a planar structure. However, the experimentally
obtained complexes of uranyl(VI) and neptunyl(V) dodeca-
alkyl substituted isoamethryrin complexes show a nonplanar
conformation.*” The authors speculate*” that the bending is
“a result of a need to accommodate a metal center that is
slightly too small.” We have addressed this question by also
studying uranyl complexes of the unsubstituted system, as
well as the free ligand. Having compared the dodeca-alkyl
substituted ligand and its uranyl complexes with their unsub-
stituted counterparts, we found that the ligand bending is due
to steric repulsion of the ligand’s peripheral alkyl groups and
that it shows up already in the free ligand but is absent from
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either the free or complexed unsubstitued ring. The ligand
bending indeed allows for a better “fit” to the uranyls (both
uranyl(V) and uranyl(Vl)) because it provides shorter, more
optimal uranium-to-nitrogen distances than those possible in
the planar isoamethyrin ligand.

Conclusions

With application of an efficient DFT code, actinide molecules

with well over 100 atoms can now be studied routinely. This

makes it possible to gain unique insight by connecting the cal-
culated properties to details of the electronic structure. Thus,

“real” chemical questions can be answered, provided great

care is taken to apply methods that are accurate with respect

to every single axis of Figure 1b. While the exclusive focus of
this Account has been on the early actinide elements, these
conclusions apply of course elsewhere in the periodic table
also.

Methods. Regarding methods, we draw the following spe-
cific conclusions:

o Three different scalar relativistic methods, AE, ZORA, and SC-
ECP, give very close results, provided all other settings are
similar.2%22 Therefore, these relativistic method can be con-
sidered as accurate, at least as far as valence properties are
concerned. The older LC-ECP method is consistently worse
than other relativistic methods and should probably not be
used anymore.2030.38

o Spin—orbit effects are relevant for properties such as reduc-
tion or oxidation energies or potentials and NMR chemical
Shiﬁ5.20’22’24’30

» Hybrid DFT gives much better energetics than GGA function-
als for covalent bond-breaking, for example, in the case of
uranyl oxofluorides. For weaker coordinative bonds like
those in aqua-complexes, both approaches give compara-
ble energies. At the same time, though, hybrids tend to
overbind, as is evident from bond lengths and frequencies.
GGA functionals perform, in general, better for these
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FIGURE 8. Optimized structure of the dodeca-alkyl-substituted isoamethyrin uranyl complex.**
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properties.?®22 This kind of situation is, of course, not
entirely satisfactory, because one would prefer a universally
applicable method. Modern incarnations of both hybrids and
GGAs, and new developments such as meta-GGAs should
probably be included into benchmark studies."

« Solvation effects are very important.2°38 Continuum solva-
tion models appear to work reasonably well, provided the
first coordination sphere is treated explicitly. These models
do depend (too) strongly on the choice of atomic radii,
though. We have not found any clear advantage for an
explicit second solvation shell (others have concluded dif-
ferently?'), particularly given the additional problems that
arise from this approach.2°

« In general, great care has to be taken regarding all levels of
approximations including the choice of model; otherwise,
meaningful conclusions might be impossible.

Applications. Some specific conclusions on different sys-
tems are as follows:

« The uranyl(VI) hydroxide system has been studied exten-
sively. We have proposed stable cis-uranyl isomers®* that
have only recently been realized experimentally.?> The
experimentally observed oxo ligand exchange has been
explained by a three-step mechanism with [UO5(OH)s]*~ as
a key intermediate, Scheme 2.3°

o We have shown that the experimentally observed stabiliza-
tion of the pentavalent metal oxidation state by crown
ethers®” is entirely an effect of solvation and not of fit or
cavity size.>®

o Theory is capable of probing questions such as the reason
for conformational preferences. The observed*> nonplanar
conformation of inclusion complexes of substituted isoam-
ethyrin, Figure 8, is purely a steric effect of the peripheral
alkyl ligands.*>

Overall, we hope that we have conveyed a sense that rel-
ativistic DFT is a reliable tool for the study of actinide mole-
cules!
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