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Non-relativistic DFT (PW91, PBE, PB86) geometry optimizations followed by relativistic ZORA single
point energy calculations on the neutral hexafluoride complexes of the series of actinides U, Np, Pu,
Am, Cm, Bk, Cf, Es, Fm, Md, No, Lr in octahedral symmetry are presented. Bond lengths are in good agree-
ment with available experimental data. Actinide bond length contraction as a function of the atomic

number of the central metal atom of up to ~ 4% is observed. An approximate inverse relationship is pre-
dicted for the bonding energies as a function of the atomic number of the central cation at the two com-
ponent ZORA//DFT level; pure DFT bonding energies do not exhibit the same pattern.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The chemistry of the compounds of the series of actinides is
interesting for both practical and fundamental reasons. Actinides
chemistry has practical implications in nuclear technology and in
the handling and disposal of nuclear waste [1]. Actinides are inter-
esting from a fundamental point of view because of contributions
from 5f orbitals to bonding [1]. Sophisticated calculations on actin-
ides compounds are now possible because of the advances in tech-
nology that produce faster and better computers. However, despite
the advances in experimental and computational techniques, many
structural and chemical properties of the compounds of the acti-
nide series remain unexplored [2].

According to Molski and Seppelt [3], a total of 16 binary ele-
ment hexafluorides are known, out of which three are actinide
hexafluoride compounds: UFg, NpFs, PuFs. Among the binary hexa-
fluorides, SFs and UFg are extremely well studied. A triplet, octahe-
dral (Sdtzg)4 geometry for PtFg was predicted by Wesendrup and
Schwerdtfeger [4] using scalar relativistic DFT and Coupled Clus-
ters methods. UFg, an important part of the nuclear fuel cycle is
one of the most frequently studied actinide systems. Single crystal
structures of a series of metal hexafluorides (Mo, Tc, Ru, Rh, W, Re,
Os, Ir, and Pt) at —140 °C were reported by Drews and coworkers
[5]. All compounds were shown to crystallize under the same
molecular structure exhibiting octahedral symmetry. Gagliardi
and coworkers [6] studied via a variety of theoretical methods
the structures of UFg and PuFs monomers and dimers, finding little
differences between the geometries of the monomers. The three
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known actinide hexafluorides have been studied under a wide vari-
ety of theoretical methods: see for example calculations on UFg [7-
17], calculations on NpFg [13] and calculations on PuFg [13,18].
There are additional reports on molecular dynamics simulations
on the solvation of UCI{", UCI , UCl, [19].

Experimental data on the structures of UFg, NpFg, PuFg can be
found in several works [20-23]. Garrison and Becnel [24] studied
the UFg + H,0 reaction because it is important to understand the
corrosion caused by the HF produced, which can significantly de-
grade the tanks commonly used for storage and because UFg is
highly toxic, and the thermochemistry of its hydrolysis reaction
plays an important role in its environmental dispersion. Hydrolysis
and solvation of the AnClé’ complexes (An = U, Np, Pu) have also
been studied [25-27]. Synthesis of AmFg has been elusive. Fitzpa-
trick and coworkers [28], for example, following the same steps for
the preparation of PuFg, attempted fluorination of AmF, with OF
without success. Other methodologies including reactions of solid
Am with F;, CIF; and BF3 [29] and with KrF, [30] proved to be inef-
fective as well for the production of AmFg.

In this Letter, we study the geometries, molecular properties,
and relativistic effects for the octahedral complexes of the series
of actinides hexafluorides AnFs, An=U (Z=92) to Lr (Z=103).
Accurate computations in compounds of the actinide series are
notoriously difficult due to several, wide in scope reasons; we cite
the following among the most relevant:

(i) Relativistic effects: Pyykko has pointed out that for the exist-
ing actinoids, relativistic effects are essential [31]. It has
been shown that the high electronegativity of fluorine atoms
maghnifies the relativistic effects when bonded to heavy met-
als [32]. M-X bond lengths decrease from La-X, Ac-X to Lu-X,
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Lr-X, respectively. It is worth noticing that the actinide con-
traction of the monoxide (AcO) is entirely a relativistic
effect; i.e., at the non-relativistic level a slight actinide
expansion is obtained [2,33]. It is known that bonds formed
by f elements sometimes show a relativistic bond length
expansion, as opposed to the more commonly observed con-
traction in non-f elements [31,34,35]. Several cases have
been reported in which relativistic effects influence molecu-
lar geometries, we cite a few: PdFs, PtFg and DsFg [36],
CH,ICI* [37], WFs [38], UFs [39], Cog, Rhg,Irg [40]. On the
other hand, Schreckenbach and Shamov suggest that for
UF¢ and U,0,F,, GGA functionals provide accurate geome-
tries and frequencies while hybrid functionals are superior
for energetics [1].

(ii) Jahn-Teller distortions: Jahn-Teller (JT) molecular geometry

distortions of hexa-coordinated transition metal compounds
are well established, especially when there is degeneracy on
the orbitals of partially filled d valence shells; the statement
translates into the series of actinides for the cases of degen-
eracy of partially filled f shells. Complex combinations of JT
effects and spin-orbit (SO) couplings are needed for correct
description of molecular geometries [41,42]. A very recent
report [40] suggests that JT distortions are a case of incom-
plete theory for d* complexes: as Z for the central cation
increases, the SO couplings approach the magnitudes of Dy,
the Crystal Field splitting parameters for the square bipyra-
mid, D4, geometries, resulting from distortions of Oy, octahe-
dral geometries. Molecular geometry distortions due to the
dynamic JT effect are usually treated within a non-relativis-
tic theoretical framework. One popular approach to account
for JT distortions and SO couplings is to avoid solving the full
relativistic Dirac Hamiltonian by diagonalizing the vibronic
Hamiltonian (linear, quadratic JT) and then include the SO
couplings via perturbations. Such line of action, when
applied to study molecules with C3, geometries, led Ber-
ckholtz and Miller to conclude ‘The necessity of performing
the complete calculation becomes clear as the deviations
between approximation and reality becomes large’ [43]. A
more sophisticated approach, involving the vibronic Hamil-
tonian describing linear JT and SO couplings in the diabatic
spin-orbital representation, employing the Breit-Pauli SO
couplings in the single electron approximation, has been
used for example in the treatment of trigonal symmetry
molecules [44]. To our knowledge, there are only two
reports of attempts to include the SO coupling effects by
solving the full relativistic Dirac Hamiltonian in four-compo-
nent space [36,40]; in both cases, the relativistic calculations
lead to the experimental O, symmetries, while at the non-
relativistic limit, distorted D4, geometries are predicted, that
is, JT distortions for PdFg, PtFg, DsFg, CoFg, RhF; and IrFg are
a consequence of neglecting the SO couplings.

(iii) Inner shell correlation effects: for heavier elements, electron

correlation is especially strong because as electrons come
closer to each other, there is a growing number of orbitals
sharing the same region of space [2].

(iv) The number of allowed microstates for partially filled f shells:

The number of microstates for n electrons to be spread
among m spin-orbitals is given by the binomial coefficient.
Because of symmetry and several types of couplings, not
all the possible microstates have physical meaning, how-
ever, the number of possibilities to be computed is quite
large. The maximum number of f microstates for the metal
cations in the complexes studied here corresponds to the
Es®" cation, which with a minimal basis set, would allow
3432 microstates to accommodate 7f electrons in 14 spin-
orbitals.

2. Computational details

Following Schreckenbach and Shamov’s suggestion [1] (see
above), we attempted molecular geometry optimization for octa-
hedral symmetry complexes in the series of actinides hexafluorides
AnFg (An =U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm, Md, No, Lr) by using
the PW91, PBE, PB86 functionals in conjunction with a triple zeta
plus polarization (TZP) basis set. The TZP basis set for the series
of actinides contains Slater functions up to an angular momentum
¢ = 5. Calculations were run under the frozen core approximation,
(no core pseudopotentials involved); we set the frozen cores to 80
electrons (5d) for the actinides and to 2 electrons (1s) for F atoms.
Molecular geometry optimizations were carried out by forcing the
AnFg systems to reamain in O, symmetry. Characterization of all
the molecular species as true minima or saddle points was carried
out by calculating second derivatives at the same optimization le-
vel. Relativistic effects at the two component zeroth-order regular
approximation, ZORA [45], were considered via single point energy
calculations with the same TZP basis set. The ZORA Hamiltonian in-
cludes SO interactions and partially recovers the relativistic kinetic
energy; since the relativistic kinetic energy is positive, ZORA is
known to yield too negative absolute energies [41]; in addition,
it is known that ZORA is not electrostatically gauge invariant, lead-
ing to erroneous distortions of molecular geometries due to non
physical forces between nuclei [46]. To our knowledge, the ZORA
implementation in ADF by van Lenthe and coworkers [47], uses
the scaled ZORA Hamiltonian, which according to the authors “is
exactly gauge invariant for hydrogenic ions. It is practically gauge
invariant for many-electron systems and proves superior to the
(unscaled) first order regular approximation for atomic ionization
energies. The regular approximation, if scaled, can therefore be ap-
plied already in zeroth order to molecular bond energies.” The
authors presented, among several pieces of evidence to support
their claim, deviations between scaled ZORA and full four compo-
nent Dirac Hamiltonian calculations no larger than 0.08% for the
energies of valence orbitals levels in Uranium; no larger than
3 x 107°% in total energies for Gold and Uranium atoms; and no
larger than 0.03% in ionization energies for Gold. Finally, the
authors state that the scaled ZORA Hamiltonian is specially ade-
quate for valence orbitals [47], like the ones used in our frozen core
calculations. A gauge-invariant formulation of ZORA was recently
given by Filatov and Cremer [46]. In this Letter, we use the ADF-
2008 suite of programs [48] and its implementation of ZORA and
the PW91, PBE and PB86 functionals for all calculations.

3. Results and discussion
3.1. Geometries

Octahedral symmetry molecular geometries for the series of
actinides hexafluorides AnFg were optimized using the computa-
tional methods described above. Not all octahedral molecular spe-
cies are well defined minima within the calculated potential
energy surfaces (PES): AmFg, MdFs, NoFg converged to octahedral
equilibrium geometries for all chosen functionals, however, were
predicted to exhibit negative eigenvalues of the Hessian matrix;
this results are not discouraging in view of the lack of experimental
evidence for the existence of the involved hexafluorides and of the
failed attempts to synthesize AmFs mentioned above [28-30].

A summary of An-F bond lengths for the octahedral complexes
is listed in Table 1. A contraction trend to a maximum of ~ 4% of
the An-F bond length is observed as the atomic number of the me-
tal increases (except for LrFg); this result is consistent with the well
documented actinide contraction [31,34,35]. Our calculations
show good agreement with experimental bond lengths for UFg
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Table 1

M-F bond lengths (A) for the series of actinides hexafluorides. Available experimental
values: Ry — F = 1.999 A [21-23]; Ry, — F = 1.980 A [23]; Rp, — F = 1.972A[23,6]. The
ADF program predicts AmFs, MdFs, NoFs, not to be well defined minima under Oy
symmetry for any of the studied functionals (see text).

Complex NR-PW9I1 NR-PBE NR-BP86
UFg 1.97 1.96 1.95
NpFg 1.93 1.93 1.92
PuFg 1.94 1.93 1.92
AmFg 1.90 1.91 1.89
CmFg 1.91 1.91 1.90
BkFs 1.91 1.89 1.87
CfFs 1.90 1.90 1.88
EsFg 1.95 1.88 1.87
FmFg 1.91 1.90 1.88
MdFg 1.97 1.94 1.92
NoFg 2.04 2.04 2.01
LrFg 1.97 1.93 1.92

Table 2

and PuFg and are not inferior to prior theoretical studies [6,7], so
we feel confident in applying the same methodology to the unre-
ported hexafluorides.

3.2. Energetics and bonding

Bonding energies are computed as the difference between the
fragments and the complex as implemented in ADF. Bonding ener-
gies calculated in this way lead to larger positive numbers for the
more stable complexes. Table 2 shows bonding energies for all
AnFg complexes. The bonding energies reported here exhibit devi-
ations from experimental binding energy values already pointed
out in other non-relativistic calculations: Gagliardi and coworkers
for example [6], reported 23.11 eV for all electron non-relativistic
atomization energies in UFs (experimental value 32.55eV [21];
our bonding energies are 44.3, 44.4 eV (Table 2)). There is an
approximate inverse relationship between the atomic number of
the central cation and the ZORA calculated bonding energies as
shown in Figure 1; pure DFT calculations do not reproduce the
same behavior, instead, a low — high — low- - - trend in the bond-
ing energies is predicted for alternating even — odd — even- - it Z
of the central cation; this probably has to do with symmetry break-
ing due to Jahn-Teller effect, which is compensated by the SO cou-
plings in the relativistic case [41]. The largest bonding energy

Bonding energies (eV) for the series of actinides hexafluorides. Available experimental binding energy values: BEyr, = 31.91eV[21-23];
BEnpr, = 29.35 eV[23]; BEpur, = 26.85 eV[23,6]. The ADF program predicts AmFg, MdFs, NoFg, not to be well defined minima under O, symmetry for

any of the studied functionals (see text).

Complex NR-PW91 NR-PBE NR-BP86 ZORA/[PW91 ZORA//PBE ZORA//BP86
UFgs 449 44.7 443 45.2 449 444
NpFg 47.7 47.4 47.1 44.2 44.0 43.5
PuFg 38.5 38.3 38.0 42.0 41.7 41.1
AmFg 42.8 42.5 42.1 39.5 394 389
CmkFg 45.7 454 45.1 42.4 42.2 41.8
BkFg 43.4 435 434 36.8 36.3 35.7
CfFg 38.9 38.6 38.6 34.2 34.0 333
EsFs 48.0 519 51.7 31.8 32.2 31.8
FmFg 35.7 35.8 36.1 30.6 30.2 29.6
MdFg 39.6 42.4 43.5 28.7 28.1 27.7
NoFg 30.8 30.5 325 26.2 259 25.6
LrFg 51.1 55.5 55.6 31.2 303 30.0
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Fig. 1. Bonding energies as a function of the atomic number of the central cation. An approximate inverse Z dependency for the ZORA//DFT bonding energies is observed; no

such trend is predicted by NR-DFT calculations.
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Fig. 2. BP86 and ZORA//BP86 Energy splittings (eV) of the 5f orbitals under octahedral fields and under the influence of the spin-orbit couplings. UFs, a system with no f
electrons in the central cation is not shown. BkFg, CfFs, LrFg reduce their spin multiplicity under relativistic treatment; notice that the us, orbitals are destabilized with respect
to the es orbitals in AmFs and BkFs. Energy differences are not drawn to scale to help visualization. For the open shell systems, the unrestricted calculations predict small
differences in energies for the o and 8 spin-orbitals, they are drawn as degenerate for simplicity. The ADF program predicts AmFs, MdFg, NoFg, not to be well defined minima
under O, symmetry for any of the studied functionals (see text).

(more stabilized) hexafluoride is UFs at the ZORA//DFT levels, relativistic case, in the double group symmetry (0O;), the extrairre-
while LrFg is the most stable at pure DFT levels. A remarkable con- ducible representations for the f shell, esy, Uy, €y, Uy, ey, are
sistency is observed: non-relativistic calculations reproduce the afforded by the direct products

same trend regardless of the functional used, while all ZORA//

DFT calculations also follow a different trend. The significant DFT ~ I'spin @ G2u = €5y, I'spin ® Loy = Uz, €3y, I'spin @ by = Uz, D €y

and ZORA overestimation of experimental binding energies and (1)

their mutual disagreement reveal that energy calculations on the

title AnFg series are more sensitive to inclusion of electron correla- From the CFT splittings, a further division of the 3 dimensional rep-

tion and/or relativistic formalism than geometrical parameters, for resentations into a 2 dimensional and a 1 dimensional representa-

which very good results are obtained in this Letter (see above). tions is expected because of the effect of the SO couplings. A
generic diagram for the PB86 and ZORA//PB86 splittings of the 5f

3.3. Splitting of the 5f orbitals orbitals including definitions for the several energy differences is

shown in Figure 2. Figure 3 shows the variation of the magnitudes
Crystal field theory (CFT) dictates that octahedral fields split the of the SO couplings as a function of Z of the central cation. several
f orbitals into the ay,, t»,, ti, irreducible representations. For the interesting observations are drawn from Figures 2 and 3: (i) As a
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Table 3

Electron configurations for the series of AnFe. The leftmost superscript indicates the
predicted spin multiplicity; superscripts to the right indicate the number of electrons
on a given orbital (see Figure 2). All non-relativistic functionals afforded the same
electron configurations for a given central cation. For MdFs, NoFs, LrFg, slightly
different electron configurations are predicted by the ZORA//PBE and ZORA//PB86
calculations; only the ZORA//PW9T1 results are listed. The ADF program predicts AmFg,
MdFs, NoFg, not to be well defined minima under O, symmetry for any of the studied
functionals (see text).

complex NR-DFT ZORA//PWI1
UF, (a,) ()

NpFs 2(al,) 2 (eglu)

PuFg 1(a3,) 1 (egu)
G '(4e)
i) ()
BKkFg 4(ad,13,) 2 (egu egu u%“ )
@) ()
R * (el
P '@, ()
MdFs 2( t2ut1u) 2 (eguui,egu”%]u)

general norm, Aso, > Aso,, the crossing point occurring beyond
FmFg (ii) curves for Aso, have approximately the same shapes as
for Aso,, with different magnitudes (iii) progressive filling of the f
orbitals leads to increase in Asp, and decrease in Aso, beyond CfFg,
in other words, completely filling the Uy, extrairreducible represen-
tations coming from the t,, orbitals, partlally responsible for Aso,,
seems to be a transition point between two approximately increas-
ing trends for Asp, and between approximately increasing to
approximately decreasing trends in Agp,. (iv) The somewhat large
SO couplings predicted in this Letter provide extra stabilization to
the octahedral molecular geometries, very much in agreement with
what has been found for d* complexes [40].

Table 3 summarizes the electron configurations and spin multi-
plicities for all AnFg predicted in this Letter. BkFg, CfFg, LrFg reduce

their total spin multiplicities under the ZORA treatment; this result
is a consequence of large stabilizations of the us, spinors, which re-
strain the electrons from occupying the hlgher energy ey, ey,
orbitals.

4. Conclusions and perspectives

We present non-relativistic hybrid DFT (PW91, PBE, PB86)
geometry optimizations followed by two-component ZORA single
point energy calculations on the optimized geometries of the series
of actinides hexafluorides AnFg, An = U, Np, Pu, Am, Cm, Bk, Cf, Es,
Fm, Md, No, Lr. Not all hexafluorides are well defined minima with-
in the corresponding PES: AmFs, MdFg, NoFs could not be charac-
terized as minima with any functional (there is no experimental
evidence for the existence of any of them). There is ~ 4% contrac-
tion on the series of An-F bond lengths. An approximate inverse
relationship is predicted for the bonding energies as a function of
the atomic number of the central cation at the ZORA//DFT levels;
pure DFT bonding energies do not exhibit the same pattern. Some-
what large SO couplings are predicted in most cases, resulting in a
reduction of the relativistic total molecular spin multiplicity for
BkFe, CfFs, and LrFg and providing additional stabilization to all
octahedral molecular geometries.
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