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Crystallographic Structure and Crystal Field
Parameters in the [An'Y(DPA)3]*~ series,
An= Th, U, Np, Pu.!

Matthieu Autillo®, Md.

b

Ashraful Islam®, Julie Jung®, Julien Pilmé?,

Nicolas Galland®, Laetitia Guerin®, Philippe Moisy®, Claude Berthon,
Christelle Tamain*® and Hélene Bolvin*®

The [An'Y(DPA)3]?~ series with An = Th, U, Np, Pu has been synthesized and characterized using SC-XRD
and vibrational spectroscopy. First principles calculations were performed, the total electron density is analyzed
using the Quantum Theory of Atoms in Molecules. Crystal field parameters and strength parameters are deduced
following a previous work on the Ln! analog series e.g. [Jung J. et al., Chem. Eur. J., 2019, 25, 15112]. The

trends in the parameters along the series are compared to the Ln

interactions and larger J mixing.

Introduction

The chemical properties of molecules containing
actinide ions have been investigated for decades
through their involvement in the nuclear fuel cy-
cle as well as in environmental sciences or medical
applications [1, 2, 3]. Despite numerous effort, the
understanding of this 5 elements remains a chal-
lenge because of their peculiar electronic structure
and radioactive character. Recently, more attention
has been devoted to the combination of experimen-
tal characterizations and theoretical calculations to
elucidate and predict the chemical behavior of ac-
tinide compounds. Within the nuclear fuel cycle,
plutonium is one of the most involved elements.
It displays a very rich and complex chemistry il-
lustrated by the possibility to stabilize five oxida-
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II complexes. They evidence larger covalent

tion states in aqueous solution (Pu'', Pu'V, PuV,
PuVl, Pu¥") [4]. Among them, tetravalent plu-
tonium is the most stable and has been described
in multiple systems. While the description of its
chemical behavior is challenging when reduced to
a single element, the extension to a complete series
can strongly improve our understanding. This has
been highlighted by recent investigations on Ln'!!
and An'"! complexes combined to the dipicolinate
(DPA) ligand [5, 6, 7, 8]. In the present study, we
extend the description of the chemical behavior of
actinides with DPA ligands, to ions in the +IV oxi-
dation state for which the increased charge density
on the metal is expected to govern the chemistry

[4].

We synthesized single crystals of [An"(DPA)3]%~
complexes of the actinide series (An=Th, U, Np,
Pu) following experimental procedure previously
described for the Ln'' compounds [1]. These
solid compounds were subsequently characterized
by SC-XRD (Single Crystal X-Ray Diffraction) and
vibrational spectroscopy (Raman and IR) to further
investigate the metal — ligand interaction. This is
the first complete structural characterization of the
[An"Y (DPA);1%~ complexes with An=Th, Np, Pu,
based on the work of the team of Fedosseev [9, 10].

Ab initio calculations are a useful tool to de-
scribe the electronic structure of actinide com-



Physical Chemistry Chemical Physics

plexes. They help for the understanding of their
electronic structure [11, 12], bonding structure
[13] and magnetic properties [14, 15, 16, 17]
and allow to interpret experimental data. The
[An"™(DPA);1%~ series has already been described
by SO-CASPT2 (Spin-Orbit Complete Active Space
Perturbation Theory at 2nd order) [18] and DFT
(Density Functional Theory) [7] methods. The aim
of this work is to approach the [An"Y (DPA)3]%~ se-
ries as we approached the [Ln™(DPA)3]3~ series in
our previous work, using crystal field theory [8].

Covalent effects are rather complex to analyze with
actinides, and have been the object of many stud-
ies [19, 20, 21]. The empty 6d metal orbitals
play a key role in bonding and charge donation
[22, 23]. On the other hand, the 5f orbitals are
more available to covalent interaction with the lig-
ands due to their larger spatial expansion as com-
pared to the filled 6s6p shell. But their shielding
by those latter orbitals becomes more and more
efficient in the series, with the contraction of the
5f orbitals. The Quantum Theory of Atoms-in-
Molecules (QTAIM) [24] - known for a long time in
the field of non-relativistic quantum calculations -
has been used as a complement to the orbital anal-
ysis. This approach analyzes the topology of the
electron density, the purpose being to answer ques-
tions about the chemical bonding and the chemical
reactivity. The QTAIM has been successfully applied
to actinide complexes described at the DFT level
[25, 26]. In this work, the [An"Y(DPA)3]?>~ com-
plexes are described by the SO-CASPT2 method,
and the bonding between the actinide ion and
the coordinating atoms is characterized using the
QTAIM. For the sake of comparison, the analysis
of the SO-CASSCF (Complete Active Space Self-
Consistent Field) density in the [Ln™(DPA)3]3~ se-
ries is performed as well.

In lanthanide and actinide complexes, the f or-
bitals are shielded from the ligand interactions by
the closed nsnp external orbitals (n = 5 for lan-
thanides and n = 6 for actinides) and the spec-
tra of the 4f and 5/ ions retain more or less their
atomic character. Crystal field theory has been
widely used to rationalize the spectroscopic prop-
erties of lanthanide complexes, in particular their
optical and magnetic properties. Crystal field pa-
rameters (CFPs) play a key role in the modeliza-
tion of pNMR shifts in lanthanide complexes, ac-
cording to the theory proposed by Bleaney in the
70’s [27, 28]. The suitability of the models de-
veloped for lanthanide complexes has been ques-
tioned early, in particular the capacity of crystal
field theory to describe the spectroscopic proper-
ties of actinide complexes. Typically, it was recently
shown that Bleaney’s theory for paramagnetic shifts
in lanthanide complexes is not suitable for actinide
complexes [18]. In lanthanides, crystal field the-
ory is applied within the limit of very weak field, at

either the orbital or many electron level using the
Stevens operators. There are few examples of CFPs
being determined for An'"Y complexes. Due to both
the strength of the metal - ligand interactions, and
the large nuclear charge of the metal center, crys-
tal field interactions are sizable leading to a broad
spread of the J manifolds and non-negligible J
mixing. CFPs have been determined in octahedral
or tetrahedral complexes with halides and oxo lig-
ands [29, 30, 31, 32]. Despite the high symmetry of
these compounds, and consecutive reduced num-
ber of CFPs, difficulties are encountered in assign-
ing electronic transitions which leads to significant
root mean square deviations between the fitted and
observed energy levels. There are few examples of
CFPs determined from first principles calculations,
all of which concern high symmetry complexes: for
U in octahedral symmetry using LFDFT [33] and
for trivalent and tetravalent actinide hexachloride
complexes [34].

CFPs are deduced from ab initio calculations fol-
lowing either the Ab Initio Ligand Field Theory
(AILFT) approach developed by Atanasov [35],
or the Irreducible Technique Operators (ITO) ap-
proach developed by Ungur and Chibotaru [36].
While the former has already been applied to ac-
tinide complexes, the latter has never. The ITO
technique is a general mathematical tool, which
permits to decompose any square matrix in terms
of spherical tensor operators. Using the Wigner-
Eckart theorem, the crystal field operator can be
expressed in the one-electron manifold, or in many-
electron manifolds spanned by the orbital or total
angular momenta L or J. The AILFT provides the
CFPs at the first level, while the ITO at the second.
We showed in our previous work that the CFPs de-
duced by those two methods are very similar, since
the many-electron wave-functions in the complex
remain close to the free ion ones, as determined by
Clebsch-Gordan coupling coefficients [37]. In the
limit of the Russell-Saunders coupling scheme, the
two approaches provide the same parameters. In
actinide complexes, where the 5f orbitals interact
more with the ligands orbitals and the J mixing is
more important, the use of crystal field theory to
the many-electron terms might be questionable. It
is one of the aim of this work to answer this ques-
tion. CFPs are determined using these two tech-
niques, and the ITO technique provide effective pa-
rameters including many electron effects and J mix-
ing, the similitude between the CFPs evaluated by
the two techniques permit to probe the applicability
of the Russel-Saunders coupling scheme to actinide
complexes.

In this work, CFPs are deduced from the SO-
CASPT2 calculations in the [An'V(DPA)3]?~ series
using those two approaches, and the trends are
compared to the [Ln"'(DPA);]3~ series and dis-
cussed in the light of the QTAIM results. While the
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latter theory probes the total density, and charac-
terizes the bonding with all orbitals, CFPs charac-
terize the interaction of the magnetic 5f orbitals
with the ligands.

The first Section describes experimental and com-
putational details and the second Section discusses
the results. Some complementary Tables and Fig-
ures are provided in Supplementary Material.

1 Experimental and Computa-
tional Section

1.1 Experimental Section

Warning! 232Thorium, 238 Uranium,
239+240plytonium  and 23"Neptunium precursors
are radioactive and chemically toxic reactants, so
precautions with suitable care and protection for
handling such substances have been followed. The
manipulation of these elements has been carried out
at the ATALANTE facility (CEA-Marcoule, France).
Because of their highly radioactive nature, the
experiments involving Np and Pu were carried out in
a regular air atmosphere negative pressure glove box
with restrictive protocols, whereas Th and U were
manipulated under fume-hood.

Chemicals — 2,6-pyridinedicarboxylic acid HyDPA,
imidazole, tetraethylammonium chloride, DOWEX
resin AG MP1 X8 chloride form, HF 48%, HCI
37% and HNO3; 70% were purchased from Sigma-
Aldrich. Solid sodium hydroxide pellets arised from
VWR.

Syntheses — Pu'V solution is prepared by dissolving
PuO, in concentrated nitrofluoric solution (HNO3
10 M - HF 0.05 M) in glove box. It is then purified
by fixation on a DOWEX AG MP1 X8 resin under
nitrate form at 7 M HNO; and elution with 0.5
M HNOs. Sodium hydroxide was added to the
solution to obtain precipitate and the resultant
precipitate was washed with 0.01 M NaOH several
times. The stock solution was then prepared by
dissolving the washed precipitate in 4 M HClL. The
U(IV) chloride solution was prepared by dissolving
UO; in 4 M HCI followed by electrochemical
reduction. The initial solution of neptunium is Np¥
nitrate solution. Sodium hydroxide was added to
the solution to obtain precipitate and the resultant
precipitate was washed with water several times.
The washed precipitate was then dissolved in 4
M HCL. NpV was reduced electrochemically to
allow the preparation of Np'V chloride solution.
Oxidation states and concentrations of the actinide
solutions were checked by visible spectrophotom-
etry (Agilent Cary 5000 spectrophotometer). A
stoichiometric amount of tetraethylammonium

chloride was added and the resulting An'V solu-
tions were evaporated under N, flow to obtain
(CgH2oN)2AN"Clg compounds (An = U, Np and
Pu). The starting materials for Th'V and Ce!V
was Th"(NO3)4-5H,0 and (NH4),Ce(NOs)g
respectively. An aqueous DPA solution was pre-
pared by dissolving 2,6-pyridinedicarboxylic acid
(H,DPA) and imidazole in a 1/2 H,DPA/Imidazole
molar ratio. Starting materials (CgHyoN)2AN"Clg
with An = Th, U, Np and Pu, Th(NOs3)4-5H,0
and (NH4)2Ce(NO3)s were dissolved in the
DPA solution with a molar ratio An!Y/ DPA of
1/5. The resulting solutions were allowed to
stand until the deposition of prismatic crystals
identified as [An' (DPA)3] - (C3HsNy), - (H20)3
with An = Th, U, Np and Pu and
[Ce" (DPA)3] - (C3HsN3); - (H20)s .

SC-XRD - Each crystal was mounted on Micro-
Mount patented by MiTeGen, inserted into a go-
niometer base. To prevent actinide health haz-
ards, a MicroRT capillary was then drawn over the
sample and onto the base, where it was sealed
by adhesive. The single-crystal XRD intensities
were measured on a Bruker D8 Quest diffractome-
ter equipped with a Photon II detector coupled
device at 100 K using a 800 series cryostream-
cooler (Oxford Cryosystem). The instrument was
equipped with a Mo-target IuS Mircofocus source
(A = 0.71073 A). Data were collected using phi
and omega scans, with 1.1° frame widths. Inten-
sities were extracted from the collected frames us-
ing the program SAINTPlus [38]. The unit cell
parameters were refined from the complete data
set, and a multi-scan absorption correction was per-
formed [39]. The structure determination and re-
finement were realized with shelx-2017 software
[40]. The heavy atoms were located by direct
methods while the remaining atoms were found
from successive Fourier map analyses. All of the
non-hydrogen atoms were located and their posi-
tions were refined anisotropically. Hydrogen atoms
of the DPA molecules were placed in calculated
positions refined using idealized geometries (rid-
ing model) and assigned fixed isotropic displace-
ment parameters. The hydrogen atoms of the water
molecules were placed from Fourier map analyses
with O-H distances restrain to 0.8 A and refined
with isotropic displacement parameters.

Raman Spectroscopy — A Jobin—Yvon LabRam Ra-
man 242 spectrometer was used in conjunction
with a nuclearized superhead (Optique Peter, Lyon,
France) mounted on a support with an objective
turret (10x, 20x and 50x). A YAG laser (100 mW,
532 nm) was used with a variable filter to provide
low-excitation-beam power levels. The superhead
was mounted in a glove box, while the Raman spec-
trometer and laser were installed outside with a
fiber-optic signal transmission line. The microscope
objective used for single crystal analyses was 20x.
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Table 1: Crystallographic information for compounds A, B, C, D and E.

A B C D E
C27H25N7ThO15 C27H25N7UO15 Ca7HasN7NpO1s  Ca7HasN7PuOss Ca7HasN7CeO15
[Th™ (DPA)3] - [UV(DPA)3] - [Np" (DPA)3] - [Pu (DPA)3] - [Ce™(DPA)3] -

(C3HsN2)2 - (H20)3 (C3HsN2)2 - (H20)3 (C3HsN2)2 - (H20)3 (C3HsN2)2 - (H20)3 (C3HsN2)2 - (H20)3

Crystal color colorless green brown red yellow
Crystal size (um) 30x70x130 50x40x100 100x50x50 130x180x690 430x270x200
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/c P21/c P21/c P21/c P21/c
Z 4 4 4 4 4
FW (g.molfl) 919.58 925.57 924.54 929.54 827.66
a (A) 9.8122 (6) 9.8225 (8) 9.8352 (4) 9.8486 (4) 9.811 (1)
b IOX) 20.445 (1) 20.378 (1) 20.3151 (9) 20.3166 (8) 20.340 (3)
cA) 15.9721 (8) 15.902 (1) 15.8431 (7) 15.8306 (6) 15.876 (3)
£ 104.283 (2) 104.149 (3) 103.807 (1) 103.965 (1) 104.164 (5)
v A% 3105.2 (3) 3086.4 (4) 3074.0 (2) 3073.9 (2) 3071.8 (8)
Density (Mg.m~3) 1.967 1.992 1.998 2.009 1.790
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073
4 (mm~1) 4.889 5.346 3.468 2.232 1.569
Temperature (K) 100 100 100 100 100
20 range (°) 2.142-33.193 2.360-30.534 2.356-30.569 2.355-33.175 2.439-30.574
L.S. parameters, p 475 475 475 475 475
No. of restraints, r 6 6 6 6 2

R/Rw [I > 20(I)]]
R/Rw (all data) [I > 20()]]
Goof

0.0251/0.0629
0.0399/0.0755
1.096

0.0168/0.0426
0.0202/0.0446
0.987

0.0200/0.0432
0.0277/0.0501
1.138

0.0184/0.0531
0.0194/0.0544
0.958

0.0248/0.0737
0.0293/0.0799
1.017
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Infrared spectroscopy — The solids were analyzed
with a dual channel Fourier-Transfom InfraRed (FT-
IR) spectrophotometer from Bruker optics, equinox
55, equipped with an ATR module enabling solid
samples to be examined directly without further
preparation.

1.2 Computational details

MOLCAS calculations — All calculations were car-
ried out on the crystallographic structures. MOL-
CAS calculations were performed with the version
7.8 suite of programs [41]. ANO-RCC basis sets
were used: An QZP, O, N TZP, C DZP and H
DZ. Firstly, Spin-Free CASSCF (SF-CASSCF) calcu-
lations are performed [42] with an active space
composed of the seven 5f orbitals of the actinide
ion, and associated electrons, i.e. CAS(n,7). For
U 21 triplets and 28 singlets are considered,
for Np'V' 35 quartets and 35 doublets, for Pu'v
35 quintets, 60 triplets and 20 singlets. Dynami-
cal correlation is added using the Complete Active
Space Perturbation Theory at 2nd order (CASPT2)
method [43] with a level shift of 0.3 a.u., either
state-specific (SSCASPT2), state by state on the
top of the CASSCF wave function or multi-state
(MSCASPT2) where a partial decontraction is per-
formed in the active space according to 2nd order.
Scalar relativistic effects were taken into account
by means of the Douglas-Kroll-Hess transformation

[44], and Spin-Orbit (SO) integrals are calculated
using the AMFI (Atomic Mean-Field Integrals) ap-
proximation [45]. SO coupling is included by a
state interaction with the RASSI (Restricted Active
Space State Interaction) method [46], the state in-
teraction is calculated either with the CASSCF wave
functions giving rise to the SO-CASSCF and SO-
SSCASPT2 results or with the MS-CASPT2 wave
functions giving rise to the SO-MSCASPT?2 results.
g factors were calculated according to reference
[47] and CFPs were calculated with a local program
written in Mathematica as described in references
[36, 8].

The Quantum Theory of Atoms-In-Molecules
(QTAIM). The molecular space is split into sub-
systems (basins) which are achieved by applying
the theory of dynamical gradient systems to the
properties of the electron density. Thus, the
basins are associated with each of the atoms in
the molecule and are separated by the zero flux
surfaces. The topology of the gradient field is
characterized by its critical points (CP), where
the gradient of the electron density is zero, and
by their connectivity. CP can be either maxima
(3,-3), minima (3, 3) or saddle points. Among the
saddle points, the termed bond critical point (3,
-1) (BCP) has a pivotal role because it connects
two maxima by only a trajectory of the gradient
field (the bond path). In the context of relativistic
calculations, QTAIM-based analysis can be used
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without any modifications of its current form: this
theory is robust enough to resist to modifications
of the kinetic energy operator which can differ
from a non-relativistic form [48, 49]. Topological
descriptors were calculated at the BCP, the density
py, the Laplacian of the electron density VZpy,
and the energy densities, kinetic G;, potential
V, and total H, = Gy + V. These latter have
been calculated using the Kirzhnits approximation
[50]. As has been shown previously [51, 52], the
termed relativistic picture change error on the
electron density is significant only in the vicinity
of heavy atoms and consequently, it does not
significantly affect the values of descriptors at the
BCP. Topological analyses have been performed
using a modified version of the TopMoD09 [53]
and TopChem [54, 55] program packages using
the total density of the SO-CASPT2 ground state.
For the sake of comparison, the SO-CASSCF
ground states in the [Ln™(DPA);]3~ series were
considered as calculated in ref [8]. The cube files
were obtained with 300*300*300 points.

ORCA calculations — ORCA calculations were per-
formed using the ORCA 4.0.1.2 quantum chemistry
package [56]. For the CASSCF calculation, the de-
fault CI setting (i.e. CSFCI) was used in combina-
tion with the SuperCI and then NR algorithm for
the orbital step. Scalar relativistic effects were ac-
counted for using the second-order scalar relativis-
tic Douglas Kroll Hess (DKH2) Hamiltonian formal-
ism [57, 58]. Dynamical correlation was accounted
for by using the second order N-electron valence
state perturbation theory (NEVPT2) method in its
strongly contracted flavor, without frozen core [59,
60, 61]. SO coupling was then accounted for in a
mean-field fashion (SOMF) using quasi-degenerate
perturbation theory (QDPT) [62], and allowing all
CASSCF (SO-free) states from all spin multiplici-
ties to mix through the SOMF operator. To facil-
itate this task, the CASSCF (SO-free) states were
determined using a state-average approach, with
all CASSCF states equally weighted. The all elec-
tron scalar relativistic TZVPP basis sets [63] were
used for the actinide atoms, and the def2-TZVPP
basis set [64, 65] for the other atoms (i.e. H, C,
N and O). The present def2-TZVPP basis sets are
an adapted version of the def2 basis set from the
Karlsruhe group (i.e. Ahlrichs basis set) which is
provided in the Turbomole basis set library. They
retain the original def2 exponents but with contrac-
tion coefficients suitable for the DKH scalar rela-
tivistic Hamiltonian. Finally, the AUTOAUX feature
[66] was used to automatically generate auxiliary
basis sets for the resolution of identity approxima-
tion (RI-JK) [67], which helps speed up the calcu-
lation.

1.3 Crystal field parameters from first
principles

Crystal field theory models the splitting of the f or-
bitals by the field of the ligands surrounding the
metal center. This interaction is modeled by ten-
sor operators describing the interaction of f elec-
trons of the actinide ion with the ligands may be
described by tensor operators OZ acting in either
the ! (one-electron), L (spin-free) or J (SO) mani-
folds:

k
VO (X) Y ok > BEOFX) (D
k=2,46  gq=—k
where X = [,L,J according to the considered
manifold. The B} are the CFPs, the o% =

(X ||o¥|| X) are the reduced matrix elements of
2nd, 4th and 6th order respectively. The of are de-
termined by the number of f electrons N, the o
by N and the orbital angular momentum quantum
number L, and the o by N, L and the total angu-
lar momentum quantum number J. These reduced
matrix elements are tabulated for the ground state
of each lanthanide ion [68] and are similar for the
actinide ions with the same number N of unpaired
f electrons. The convention of Wybourne is used
throughout this work [69, 70]. The CFPs depend
on the orientation of the molecule in the {X,Y, Z}
frame. They are in general imaginary, and rotations
around the Z axis affect the phase factor mixing B,’;
and B* 4~ In the present work, Z is chosen as the
pseudo rotation axis (see Figure 1), and the choice
of the X and Y axes is arbitrary. Hence, only the
norm of these parameters is considered in this arti-
cle [71]

B =

q B+ |8,

2
For the sake of comparison, rotational invariants
are defined in order to reduce the large number of
CFPs to fewer parameters [72, 73].

We considered the strength parameter of kth order

' ) 1/2
5* = 21<;+1Z‘B§|2 3
q=—k

and the strength parameter as defined by Chang
[72]
1/2

k
_ |t L k|2
5= 3;2k+1q;k‘3q‘ @

These two strength parameters are rotational in-
variants. In order to quantify the symmetry around
the Z axis, the strength parameter of qth index was
considered

1/2
1
5, = [Z T lleﬂ (5)

k
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This parameter is not a rotational invariant but it is
invariant according to rotations about Z axis. The
parameter S allows to evaluate with only one pa-
rameter the strength of the ligand field and gives an
idea of the overall splitting of the ground J mani-
fold.

CFPs are determined at the orbital level using the
ab initio ligand field theory (AILFT) developed by
Atanasov [35] and implemented in the ORCA code.
The correspondence between the model space and
the ab initio wave function is performed by a recog-
nition of the 5f orbitals. Both the ab initio and the
model Hamiltonians are expanded in the basis of
the Slater determinants build from these orbitals.
This allows for a one-to-one correspondence with
the model space. The model matrix is expressed
with the 27 CF matrix elements, the three Slater-
Condon parameters for electron-electron repulsion
F?, F* and F® [74], and the effective one-electron
SO coupling parameter . CFPs are also determined
from many-electron wave-functions using the ITO
method proposed by Ungur and Chibotaru [36].
The decomposition of a square matrix in spin op-
erators equivalent is completely general. One con-
siders the ab initio matrix of the Hamiltonian H*!
expanded in the basis of spin matrices QEZ’“) of the

ITOs Oék) written in the basis of the ab initio repre-
sentative of the {|J, M)} kets [75, 76]

2J k
HY = 30 Y (nePely @

k=0q=—k

By comparison with Eq. 1, the expansion coeffi-
cients ng) represent the CFPs B} within the re-
duced matrix element o%. CFPs deduced from Eq.
6 are effective, in the sense that they provide the
energies and wave functions of the ab intio ma-
trix, and consequently include more physical ef-
fects than the original crystal field theory, as many-
electron and J mixing effects.

CFPs are first deduced at the spin-free level from
the 2L+ 1 wave-functions and energies arising from
the ground 2°+! L term evaluated with SF-CASSCF.
Then, with SO coupling, from the 2J + 1 wave-
functions and energies arising from the ground
J term evaluated with SO-CASSCF, SO-SSCASPT2
and SO-MSCASPT2 methods. Since CFPs are ob-
tained by a decomposition technique, one gets
(2J+41)2 coefficients, but this number reduces natu-
rally due to symmetries. The odd order parameters
vanish because of time-reversal symmetry and pa-
rameters with k¥ > 6 vanish in the case of wave
functions built from pure f orbitals. The corre-
spondence between the model |J, M) kets and the
many-electron ab initio wave functions is based on
the similarity between the ab initio Mi (u=2x,y,2)
and the model M:/ matrices of the magnetic mo-
ment components operators. In direction wu, it

Figure 1: [An"(DPA);]%~ complex. Color code: green:
An, red: O, blue: N, black: C. Hydrogen atoms have been
omitted for clarity.

of [An"(DPA);]-
(C3H4N3)s - (H20)3 (on the left side) and the correspond-
ing polyhedron (right side). Ellipsoid of 50%.

Figure 2: Unit cell content

might be quantified by the distance between those
matrices as

Smy = \/ Tr (Mg - M;j”)T (M;f - M;;”) %)

where Tr denotes the trace and { the conjugate
transpose. dm,, vanishes in the limit of the free ion
in the LS coupling scheme. An another index, 6, is
introduced for quantifying the similarity between
the ab initio representation matrix and the model
matrix up to 6th order:

=1 (- (A-n") @

om, and Jh tend to be zero in the LS coupling
scheme limit of the free ion.

2 Results and discussion

2.1 Xray structure

The [An'(DPA);] - (CsHsNy), - (H,0)3 compounds
with An=Th, U, Np and Pu are isostructural and
crystallize in the monoclinic space group P21/c

Page 6 of 18
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with 4 molecules per unit cell as does the Ce'
analogue (see Table 1). Each actinide cation is co-
ordinated to three tridentate DPA molecules. The
ligand is connected through the two carboxylate
and the central nitrogen atom. The six oxygen
and the three nitrogen atoms form a distorted tri-
capped trigonal prism with the capped positions oc-
cupied by the nitrogen atoms (see Figure 2). The
same arrangement has been found in the Ln'!! se-
ries [77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87,
88, 89, 90, 91], An'!l series [5, 6, 92] and Ce'V
[85, 93] as well as in U™V crystals [9].

The crystal structure of the An'V series and Ce'V
derivative evidences closely packed molecules, sur-
rounded by three water molecules as well as two
imidazolium cations that ensured the charge com-
pensation (see Figure 3). In addition of the charge
compensation, the imidazolium ions are essential
to the structure stabilization as they are engaged
in multiple intermolecular interactions (see Fig-
ure 3). Indeed, m — 7 interactions can be identi-
fied between two neighboring imidazolium cations,
and between imidazolium cations and DPA ligands
with a distance of 3.1 and 3.24 — 3.34 A, respec-
tively. The counter-ions are also involved in hy-
drogen bonds with the free water molecules (in
the range 2.69(1) — 2.71(1) A) and the oxo oxy-
gen (between 2.68(1) and 2.71(1) A). Hydrogen
bonds connecting the free water molecules and the
oxo group (in a range 2.75(1) — 2.96(1) 10\) and
several free water molecules (2.78(1) /ok) can also
be observed and complete this large intermolecular
interaction network. Among this network, one of
the DPA molecule of the [An" (DPA)3]?~ unit is not
involved in 7 — 7 interactions. This non-interacting
DPA molecule presents similar geometrical param-
eters as the others and suggests that there is no in-
fluence of this intermolecular interaction network
on the first coordination sphere bond distances.

From Th'V to PulV, the An'V-O and An'V-N dis-
tances decrease from 2.427 to 2.354 A and from
2.598 to 2.500 fk, respectively (see Table 2). These
distances are comparable to the UV structure of
Grigoriev (2.376(1) and 2.540(1) A) [9]. Those
distances follow the ionic radii contraction (see Fig-
ure 4), and the trends are linear, which indicates
that there is no brutal change in their complexation
behavior across the An!'V series. [Ln'™(DPA)3]®~
structures have been described across the whole
4f series with [Co(NH3)6]®~ as counter ion. The
absence of significant modification induced by in-
termolecular interactions on the first coordination
sphere distances justify the comparison of the two
/ element series. Structure characteristics for those
two series are given in Table 2. M-O and M-N bond
distances are represented against the ionic radii in
Figure 4 as a first qualitative analysis for trends
in the series. We considered ionic radii as deter-
mined by Shannon with CN = 9 [94] for Ln'",

Th'V and U and by Choppin for Np'Vand Pu'v
[97]. The Ln™-0O and Ln'"-N distances also de-
crease linearly with the ionic radii. It is interesting
to note that the Ln'!-O and An'V-O distances are
similar for the same ionic radius whereas the An'V—
N distances are significantly longer (=~ 0.1 A) than
the Ln""-N distances. The simple analysis of the
metal-oxygen bond distances in these compounds
does not reflect the harder Lewis acid character ex-
pected for An'V cations. However, we can notice
that Ce'V-O and Ce!V-N bond distances and geo-
metrical parameters also fit the linear An'V series.

In order to get some insight on the interaction
strength between the metal and the ligand, we
analyzed C; — O; bond distances across both se-
ries, where O; is the coordinating oxygen atom
(see Figure 5). In the An'V structures, the
C; — O; distances are all close to 1.285(2) A
and are in accordance with the previously de-
scribed [U" (DPA)3] - (H20)3 - (CéH12(NHs),) com-
pound [9]. This is longer by 0.02 A than for
Ln'™ complexes (1.268(5) A). The lengthening
of the C; — O; bond brings out a larger donation
due to a stronger charge transfer towards the An"Y
cation. The O; — O] shortens between the free lig-
and and the coordinated one: 4.8(1) A for H,DPA
and 4.26(2) A for the An'V structures. Similarly,
this distance decreases from 4.456 to 4.303 A along
the Ln'!! series. As a consequence, the bite angles
NC,C; and OlNO/1 close with complexation, and
a loss of planarity of the ligand is highlighted by a
torsion angle O,C,C;0; up to 11°. Since the bite
angle is more closed in the An'V derivatives, for
the same M — O; distance, the M — N distance is
longer in a An'V than in a Ln'"l. Geometrical pa-
rameters in the Ce!V complex are very similar to
those of the An'V ones, which shows that the effec-
tive charge of the metal plays a determinant role in
the deformation of the ligand.

2.2 Raman and FT-IR spectra

To investigate the metal-ligand interaction in DPA
complexes, the Raman and FT-IR solid state
spectra of the [An"(DPA);]- (C3HsNa)s - (H20)5
and [Ce"V(DPA);3]- (C3HsNy)s - (H20)3 complexes
as well as the solid HoDPA and imidazole com-
pounds were collected at room temperature (see
Figures 6 and S1).

On the Raman spectra of solid Ho,DPA compound,
the C; = O2 stretching vibration appears as a
strong band at 1641 cm~! while the C; — O,
stretching vibration is much weaker and located at
1151 ecm™! as previously reported [98]. The mul-
tiplication of weak bands on An'V complexes spec-
tra makes a confident assignment of the C; — O,
stretching frequency difficult and is therefore not
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Figure 3: [Pu"(DPA)3] - (CsHsNa), - (H20)3 structure. Intermolecular interactions are represented by dashed lines :
hydrogen bonds on the left side and = — 7 interaction on the right side. For the last one, water molecules were omitted

for clarity.

Table 2: Distances (in A) and angles (in °) of [An/Ce™ (DPA)s] - (C3HsN>), - (H20)3 structures compared to structures
from the literature of HoDPA and [Ln™(DPA)3]13~. The atoms are labeled after Figure 5.

@

ionic radii * distances angles torsion angle
<M-01> <M—-N> <C;=05> <C;—-01> <O;---0;> NC,C; O;NO; 0:C;,C;0;
Th'V (A) 1.09 2.427 2.598 1.233 1.283 4.296 1142 111.2 8.31
utv ®) 1.05 2.380 2.543 1.232 1.287 4.252 113.9 110.6 8.06
Np'™V (©) 103 2.368 2.513 1.233 1.285 4.258 1140 1105 7.81
pu!V(D) 1.01 2.354 2.500 1.233 1.285 4.240 113.9 1103 7.10
ce'V(E) 1.02+0.01°  2.357 2.516 1.231 1.286 4.231 113.8 110.1 7.73
ytVe 1.05 2.376 2.540 1.229 1.287 4.248 113.9 1105 4.25
H,DPA? - - - 1.239 1.285 4.841 116.6 121.0 2.6
H,DPA® - - - 1.247 1.275 4.719 116.6 122.5 1.0
La'll /9 1.216 2.540 2.644 1.241 1.260 4.456 115.5 114.6 5.05
cel 9 1196 2.521 2.634 1.242 1.265 4.426 115.0 114.0 5.41
prll 19 1.179 2.503 2.598 1.244 1.266 4.432 115.2 114.0 5.57
NdHI ¢ 1.163 2.473 2.562 1.236 1.267 4.402 115.0 113.7 8.21
Sm!y 1.132 2.457 2.541 1.238 1.263 4.391 114.6 113.5 5.59
Eull/ 1.12 2.440 2.526 1.274 1.274 4.377 115.8 113.0 7.32
Gd™m f 1.107 2.435 2.516 1.261 1.261 4.367 114.5 113.1 7.93
bl /9 1.095 2.424 2.499 1.269 1.269 4.366 114.5 112.9 6.43
Ho!!l 1.072 2.396 2.477 1.275 1.275 4.345 114.7 112.2 7.19
Erlle 1.062 2.395 2.463 1.253 1.274 4.337 114.2 112.4 5.84
Tm!! /9 1.052 2.376 2.448 1.235 1.265 4314 114.2 112.1 9.28
b f 1.042 2.372 2.439 1.246 1.269 4.313 113.9 112.0 10.87
Lulll /9 1.032 2.361 2.425 1.239 1.275 4.303 113.9 111.8 9.88

a: from ref. [94]. b : The Ce"V ionic radii with CN = 9 is not known. Nevertheless for CN = 6, 8 or 10, Rp v < Rcorv < Ryprv. The
ionic radii given in this table are considered as the average of the Np'V and Pu!V radii with a CN of 9. ¢: from ref. [85]. d: from ref.

[95]. e: from ref. [96]. f: from ref. [77]. g: from ref. [78].
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Figure 5: DPA ligand with the numbering of the atoms.
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Figure 6: Raman spectra of [An/ CeV(DPA);] -
(C3H5N2)2 . (H20)3 for AHZTh, U, Np and Pu, HzDPA
and imidazolium chloride.

discussed. Because of the electronic delocaliza-
tion along the carboxylic function, the C; = O,
stretching frequency can be used to analyze the
C; — O;--An'V interaction. The Raman spectra of
the [An" (DPA)3] - (C3HsN,), - (H,0)5 single crys-
tals reveal unshifted C; = Oy stretching vibra-
tions across the actinide series at 1684(1) cm~!.
An'"V complexation induces a stabilization of the
C; = O2 bond resulting in a blue shift of its cor-
responding stretching vibration of 41 ¢cm~! com-
pared to the free ligand. This aspect is in agree-
ment with the non-evolution of the C; = O, bond
distances from Th!V to Pu'V in the XRD crystal
structures, and confirms that the strength of the
hydrogen bond that involves this oxygen atom is
also unchanged. The spectrum corresponding to
the isostructural Ce!V complex is almost identical
with a C; = O, stretching vibration at 1683 cm™!.
This similarity between An'V and Ce'” complexes
associated to unchanged bond distances supports a
complexation behavior predominantly affected by
the actinide effective charge. The non evolution of
distances and frequencies of the C=0 is quite un-
usual for this type of carboxylate compounds.

2.3 Energy of the states

First principles calculations were performed for the
[An'Y(DPA);]%~ series on the crystallographic struc-
ture with SF-CASSCF, SO-CASSCF, SO-NEVPT2 and
SO-CASPT2 methods. At the SO free level, the
states arising from a LS free ion term split due to
the interaction with the ligands, but the splitting
is smaller than the energy difference between two
LS terms, and the states of the complex may be la-
beled after the free ion LS term. At SO level, the
free ion J terms are rather close in energy, the J
mixing is important, and the different J manifolds
overlap. The identification of the states after their
free ion J term might not be possible for the ex-
cited states, but at the least, the manifold arising
from the ground J term is well separated from oth-
ers, its splitting will be discussed in the following,
and it will be used for the calculation of the CFPs
in Section 2.5. SO free energies are given in Ta-
ble 3, the SO energies, in Table 4, and the standard
deviation between methods, in Table S2.

The ground LS term spreads over about 2800 cm ™!

for U, about 3500 cm~! for Np!V, and about
4000 cm~! for Pu!V. It is much larger than for
the Ln'""' complexes because the 5f orbitals inter-
act more with the ligands orbitals and because
the charge of the metal is larger. For compari-
son, the splitting is in the 500 cm~! range for the
[Ln™(DPA);]3~ series. The SF-CASSCF energies ob-
tained with the two programs (ORCA and MOL-
CAS) are identical for the spin-free states arising
from the ground LS term, and very similar for the
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Table 3: Energies (cm™') of the SO free states in the [An' (DPA)3]?~ series. Different LS manifolds are separated by a
vertical line.

method Ey Eo FE3s Ey Es Es FEr FEs FE9 Fig Fiin FEi2 FEi3 FEiu FEis Eis FEir Eis
UIV

SF-CASSCF* 0 317 412 628 992 994 1457 1566 2534 2644 27965219 5320 5348 5781 5800 5809 6020
SF-CASSCF® 0 321 417 643 1006 1008 1466 1575 2544 2655 2799|5195 5240 5295 5685 5712 5779 6000
SE-SSCASPT2® 0 107 233 346 425 588 1230 1257 2187 2315 2669|3828 3857 4152 4208 4459 4485 4567
SF-MSCASPT2® 0 139 236 587 823 930 1591 1656 2463 2660 2976(4145 4181 4316 4460 4499 4734 4880
SENEVPT2® 0 210 349 751 1100 1138 1757 1882 2934 3001 3153|3900 4012 4482 4557 5046 5430 5448
NPIV
SF-CASSCF * 243 262 1096 1133 1439 1772 2056 2108 2554 2768 2826 3377 [11674 11682 11810 11866 11985
SF-CASSCF 240 258 1093 1130 1443 1775 2058 2109 2554 2772 2833 3383 [11580 11589 11704 11760 11869

SF-SSCASPT2 @
SF-MSCASPT2 @
SE-NEVPT2 ®

253 357 1084 1213 1233 1660 2087 2092 2797 2804 3001 3593 | 9092 9215 9243 9841 10012
321 616 1092 1377 1498 1835 2174 2351 2930 2996 3246 3769 | 9264 9416 9445 9952 10084
308 352 1404 1459 1809 2201 2593 2668 3154 3424 3502 4000 | 8003 8190 8251 9141 9158
pulV

SE-CASSCF® 0 888 939 1096 1589 1640 1762 2253 2473 2505 3186 3204 3460 12192 12816 12889 12938 13096
SE-CASSCF? 0 889 944 1106 1598 1649 1776 2261 2491 2526 3205 3225 3475 |12044 12671 12747 12790 12952
SE-SSCASPT2¢ 0 685 774 888 1233 1316 1522 2250 2500 2582 3365 3425 4013 {10023 10469 10691 10691 11050
0

0

o O O © ©

SE-MSCASPT2 ¢ 679 761 889 1238 1434 1622 2283 2530 2706 3412 3509 4084 10067 10493 10752 10752 11168
SENEVPT2 ® 1221 1301 1586 2156 2225 2407 3043 3343 3392 4201 4242 4605 | 9147 9315 9885 9934 10223

a: calculated with MOLCAS. b: calculated with ORCA.

Table 4: Energies (in cm™!) of the first excited states including SO coupling in [An"(DPA)3;]?~ series. Different J
manifolds are separated by a vertical line.

method Ev E» E3 E; Es5 E¢ E7 Eg E9 FEio FEunn Ei2 Ei3 Eiu Eis5  Eig

SO-CASSCF ¢ 0 47 197 211 354 443 938 1042 1496 | 5328 5345 6095 6108 6184 6260 6487
SO-CASSCF ® 0 41 201 218 346 442 945 1049 1499 | 5335 5352 6115 6125 6221 6309 6518
SO-SSCASPT2* 0 100 194 230 236 316 843 966 1413|4789 4805 5235 5267 5380 6301 6371
SO-MSCASPT2¢ 0 221 229 300 338 421 975 1105 1606 | 4294 4401 5136 5171 5289 6289 6510
SO-NEVPT2 ® 0 85 238 258 426 543 1091 1205 1731 | 4545 4578 4816 4892 4905 6371 6414

SO-CASSCF @
SO-CASSCF ?
SO-SSCASPT2 @
SO-MSCASPT2 @
SO-NEVPT2 b

138 138 517 517 999 999 1245 1245|6009 6009 6045 6045 6200 6200
138 138 517 517 991 991 1247 1247|6079 6079 6117 6117 6269 6269
89 89 474 474 938 938 1225 1225|6173 6173 6222 6222 6403 6403
44 44 464 464 894 894 1196 1196 |6084 6084 6188 6188 6289 6289
161 161 606 606 1154 1154 1456 1456 [6389 6389 6426 6426 6600 6600
Pulv

SO-CASSCF ¢ 0 96 460 467 557 700 1039 1078 1388 | 4853 4935 4988 5247 5264 5337 5339
SO-CASSCF ® 0 95 460 465 556 682 1021 1059 1344 | 5103 5179 5229 5455 5464 5552 5560
SO-SSCASPT2* 0 109 512 528 628 704 1109 1162 1545|4977 5037 5091 5438 5464 5495 5515
0

0

o O O © O
o O ©O © O

SO-MSCASPT2 ¢ 149 524 583 612 726 1151 1236 1521 | 4991 5088 5134 5414 5497 5528 5537
SO-NEVPT2 ® 119 526 537 647 855 1262 1304 1653 | 5457 5556 5621 5914 5929 6043 6060

a: calculated with MOLCAS. b: calculated with ORCA.
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excited LS terms. The CASPT2 and NEVPT2 en-
ergies are different, which is expected since the
two methods are based on different formalisms.
The energies of the ground LS term are gener-
ally larger with NEVPT2 than with CASPT2 hence
leading to a larger overall splitting of the ground
term with NEVPT2. SSCASPT2 and MSCASPT2 do
not provide the same energies: with SSCASPT2,
the perturbation is calculated individually for each
CASSCF state while with MSCASPT2, an effective
coupling between the CASSCF states is estimated,
hence leading to different wave-functions and dif-
ferent energies. With all methods, the perturbation
increases the spread of the ground LS term while
the energy of the second LS manifold is lowered,
due to a larger compactness of the electron den-
sity, and consequently a larger dynamical correla-
tion. The largest deviation between NEVPT2 and
CASPT?2 is reached for the UV complex, especially
for SSCASPT2 with a deviation of 700 cm~!. The
deviation between the different methods is about
100 cm~! for the ground LS manifold, and can
reach 1000 cm~! for the 2nd LS manifold.

At SO level, the SO-CASSCF energies obtained with
the two codes are identical; this confirms that the
calculation of the SO coupling is equivalent in the
two codes, as was already checked for the p block
[99]. At the PT2 level, the inclusion of dynami-
cal correlation does not impact strongly the over-
all splitting of the ground J term, but it impacts
the energy of the different states arising from this
term. With SO coupling, the overall splitting of
the ground J term is 1500 cm~!, to be compared
to 300 cm™! in the analog Ln'"! series. This split-
ting depends only slightly on the method: with SO-
NEVPT2, it is always larger than with SO-CASSCEF,
and more generally, all energies of the ground J
manifold are larger. Conversely, there is no system-
atic trend for CASPT2: it may decrease or increase
the energy of the second J manifold, depending on
the method.

Contrarily to the energy difference between two
spin-free LS terms which arises from two-electron
interactions and consequently are affected by dy-
namical correlation, the energy difference between
two J manifolds arising from the same LS term is
due to SO coupling, which is mostly a one-electron
interaction. It is impacted by 2nd order interac-
tions through J mixing, which are more important
for actinides than for lanthanides. The standard de-
viation in the SO energies calculated by the differ-
ent perturbative methods is rather small, even for
a large number of roots. The J mixing can be eval-
uated from the composition of the SO wave func-
tions in terms of the LS states. The weight on the
ground LS manifold of ground J SO functions is
88 % for the three complexes at SO-CASSCF level,
and 86 % at SO-CASPT2 level. In all cases, the J
mixing occurs mostly with a state of spin Sy, — 1

11
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(G for UV, 2H for Np'V and 3H for Pu'V); this
should be compared to 98 % in the [Ln(DPA)3]3~
series.

Magnetic properties depend on both the wave func-
tion and the energy of the low lying states, and
may differ sensibly with the method of calculation.
This is specially the case for UV and Pu'V which
have an even number of electrons. In this case,
without spatial symmetry, the SO states are not de-
generated and non magnetic. Magnetic properties
arise from the coupling with excited states through
the Zeeman interaction. Hence, the energy gap
between these states is determinant for the mag-
netic properties [100]. In actinide complexes, the
gap is much larger than in lanthanides, about 100
cm~!, as in the present case. For the Np!V com-
plex, the ground state is a Kramers doublet, which
is characterized by the g factors. One gets 2.82,
2.46, 1.92 with CASSCF, 2.73, 2.61, 1.93, with SS-
CASPT2, and 3.43, 1.28, 0.42 with MSCASPT2: the
MS-CASPT2 values are different since this method
affects the composition of the wave-functions.

The energies calculated in the [An'Y(DPA)3]%~ se-
ries with SO-CASSCF, SO-CASPT2 and SO-NEVPT2
methods show that the states arising from the
ground free ion J manifold are well separated from
other manifolds. The overall splitting of this man-
ifold is larger with the PT2 methods. The distri-
bution of the SO states in the ground J manifold
differ by up to 100 cm~!, which impacts the calcu-
lated magnetic properties and, perforce, the CFPs
as described in Section 2.5.

2.4 QTAIM topological analysis

The ground state total density was analyzed by
the mean of QTAIM approach, together with the
SO-CASSCF and SO-CASPT2 wave functions in the
[Ln™(DPA);]13~ and [An'Y(DPA);]?>~ series. The
computed descriptors at the BCP of the bonds be-
tween the central metal and the coordinating oxy-
gen and nitrogen atoms are given in Table S3. It is
acknowledged in the QTAIM framework that both
a pp density larger than 0.20 a.u. and a nega-
tive Laplacian V?p, are typical of shared-shell in-
teractions between atoms, that is (mainly) covalent
bonds. Conversely, we found here typical values of
closed-shell interactions. p, is always lower than
0.10 a.u. and V?p, is markedly positive, i.e. there
is a depletion of the charge density at the BCP of
each M-O and M-N interaction. Hence, all those
values show a ionic or donor-acceptor type inter-
action, in accordance with previous QTAIM analy-
sis on actinide complexes [25, 19, 101, 26]. The
ionic nature of the M-O and M-N bonds is also
supported by the computed QTAIM charges, which
reflect highly polarized bonds. Indeed, the Ln™
and An" ions bear very positive charges, around
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Figure 7: QTAIM descriptors py, V2pp, Hy, and |V3|/G at the BCPs for the M-O and M-N bonds in the [Ln™(DPA)3]3~
and [An" (DPA)3]?~ series. The dashed lines indicate the trends.

2.5 and 3.2 electrons, respectively, while the coor-
dinating oxygen and nitrogen atoms bear marked
negative charges, around -1.4 and -1.3 electrons,
respectively.

The p,, values for the bonds involving An'v ions are
at least 20% stronger than for the bonds involving
Ln'™ jons, which confirms that the bonding with the
DPA ligands is stronger for the former. A |V3| /G,
ratio at the BCP larger than 1, as well as a nega-
tive value of Hj, indicate some covalent contribu-
tion [102]. Indeed, the potential energy density
V, is the leading term vs. the positive definite ki-
netic energy density Gy, hence electrons are stabi-
lized at the BCP. |V, | /G, is larger than 1 for AnV-N
and An'V-O bonds, but it is smaller for for Ln'-N
bonds and eventually lower than 1 for some Ln'!-O
bonds. Although weak (the total energy H, is over-
all very close to zero), the magnitude of covalency
is more pronounced for interactions mediated by
the An'V ions than by the Ln ions. The relativistic
effects due to the SO coupling interaction on the
ground state density have also been assessed. As
an example, Table S3 reports the descriptors val-
ues obtained for the spin-free wave functions of
[Tm™(DPA);1%~ and [UY(DPA);1%~, for the latter
within single-state and average-state schemes. Tri-
fling differences with respect to previous values can
be noticed, showing no significant effects of the SO
interaction on the bonding patterns.

The descriptors are represented against the bond
distance in Figure 7. The trends for the four de-
scriptors with the bond length are roughly linear,
with distinct trends for Ln''l and An!vV. p, at
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the BCP of Ln'"-O bonds seems rather constant
while it slowly decreases with the bond length for
Ln'''-N ones, meaning that Ln'''-N bonds slightly
strengthen along the series. The effect of the dis-
tance is more pronounced for the bonds with An'V:
p, depends only on the distance between the An'Y
cation and the coordinating atom, whether an oxy-
gen or nitrogen atom, and increases when the dis-
tance shortens. Regarding the |V;,| /G, descriptor
in the Ln'!! series, it decreases as the bond length
shrinks, eventually becoming lower than 1 for some
Ln'"-O interactions, indicating a pure ionic charac-
ter in late lanthanides. In the An!'V series, |V;,| /G
is rather constant, independently on the nature of
the coordinating atom. It shows a small decrease
towards the end of the series, which is in favor of
a small decrease of the covalent effects. Hence,
according to the QTAIM analysis, with the shrink-
ing of the coordination sphere, An'v and Ln'! ions
tend to form stronger interactions, and more ionic
in the case of Ln''l.,

QTAIM and LoProp charges are compared in Ta-
ble S3. Note that the partition of the total den-
sity into atomic contributions is not unequivocal.
QTAIM atomic charges are calculated as the inte-
gration of the density over atomic basins, which
are defined from zero-flux surfaces partitioning the
3D total density [24]. LoProp charges are obtained
after a localization procedure, organized into a se-
ries of orthogonalizations of the original basis set
[103]. The metallic charges determined by the two
methods are very similar, around 2.5 for Ln' and
3.2 for An'V, but the charges on the coordinating
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oxygen and nitrogen atoms are much larger with
QTAIM than with LoProp. It shows that the parti-
tion of the density between the metal and the three
ligands is the same with QTAIM and LoProp, but
the partition inside each ligand strongly differ. This
mostly concerns the nitrogen atoms. With LoProp,
the nitrogen charge is much smaller than the oxy-
gen one, leading to a closer picture to the chemical
intuition (oxygen is more electronegative and the
charge located on the COO™ moiety). While the
charges of the coordinating atoms are constant in
the series, the metal charge, as depicted in Figure
S2, shows small variations, with opposite trends
with the two methods. The QTAIM metal charge
is a little bit erratic in the lanthanide series, but the
global trend is a decrease along the series. Actu-
ally, the QTAIM metal charge follow the trend of the
metal basin volume, which follows the contraction
of the coordination sphere along the two series. Ac-
cording to LoProp charges, the ligand to metal elec-
tron donation decreases in the series, while QTAIM
predicts the opposite behavior. This charge analy-
sis was completed by a Mulliken population anal-
ysis which gives the distribution of the electrons
par type of orbital (see Table S4). From U to
PulV, the An charge increases from 3.17 to 3.21
denoting a more ionic bond. The donation to the
f orbitals decreases (0.55-0.46), partially compen-
sated by the increase of the donation to the d or-
bitals (1.10-1.15). This is due to the more rapid
contraction of the 5f than the 6d orbitals and the
5f orbitals are more filled.

To conclude, the QTAIM and other charge analysis
show that the metal-ligand interaction is stronger
in the An'V series than in the Ln'"one: the inter-
action is strongly ionic, with slightly larger cova-
lent effects for actinides. The interaction increases
slightly in the two series, with a small decrease of
the covalent effects for Ln'"! complexes.

2.5 Crystal Field Parameters

The CFPs have been deduced from the ab initio cal-
culations using both the AILFT and the ITO meth-
ods. The largest strength parameters are repre-
sented in Figures 8 and all CFPs are given in Ta-
ble S6 of the SI. The Slater-Condon and SO param-
eters are given in Figures 9 and Table S7. As in
the [Ln™(DPA)31%~ series, the variation are rather
smooth, such that one can consider the CFPs to be
transferable. In agreement with Equation 1, the o*
are determined by the central metal ion and the B(’;
by the ligands. The CFPs are strongly dominated by
the 4th and 6th orders parameters. The 2nd order
strength parameter S? is around 300 cm~?, against
150 cm~! in the Ln'!! series, while the 4th and 6th
orders S* and S% are around 1200 cm~!, against
300 cm~! in the Ln'" series. The CFPs determined
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Figure 10: Nephelauxetic reduction factors (%) calcu-
lated with AILFT in the [Ln™(DPA)3]1~ (dashed, [8]) and
[An"Y (DPA)5]%- (plain) series. Free-ion data are taken
from ref. [34].

by Krupta and Carnall, for different halide and oxo
An'"V compounds, by fitting optical spectra, are of
the same order of magnitude as the parameters
in the present study [29, 104, 30]. The Condon-
Slater parameters increase in the series in accor-
dance with the contraction of 5f orbitals and to
the increase of the number of electrons. F* and
F° are similar to the experimental ones while F? is
larger, as it was the case for the [An"Cl¢13~ [34].
As discussed in ref. [34], it might be due to the in-
complete description of the dynamical correlation,
and to the different definition of the parameters,
since the fitting of experimental data include more
terms, as for example three body terms. The SO
coupling parameter ( is slightly overestimated with
respect to experiment, but the trend is the same.
It increases in the series following the increase of
the nuclear charge and follows the trends described
in ref. [34]. The nephelauxetic reduction factors
((1 — p/p*!) * 100 where p and p’! represent the
property in the complex and in the free ion respec-
tively) for inter-electronic repulsion integrals and
the SO coupling parameter have been deduced, and
compared to the Ln'"" analog series, using the free
ion values of ref. [34] in Figure 10. This reduction
arise from covalent effects, both due the delocal-
ization on the ligands and to a the better shielding
the nucleus [105]. At the CASSCEF level, the reduc-
tion is about 5%, which is slightly smaller than in
the [An"Clg]3~ series, where it is about 6%, but
much larger than in the Ln' analog series where
for the beginning of the series, it is only worth 2%.
It is much smaller than in 3d transition metal com-
plexes [106]. The reduction factor deduced from ¢
is smaller and decreases much faster.

While S?, S* and S® are rotation invariants, the
S, strength parameters are not. Z axis is chosen
to be orthogonal to the plane formed by the three
nitrogen atoms. As in [LnIH(DPA)g]B’ series, the
dominant CFPs are Sp, S3 and Sg, in accordance
with the trigonal symmetry. B2 is positive while
B¢ and B are negative. The total strength param-
eter S is reduced in the ITO method from U’Vto
Pu’V with a sharp decrease for Pu’/Vin the SO cal-
culation. CFPs extracted from ITO method are not

14

as uniform, since these are effective parameters
that have been generated from the many-electron
wave functions. The CFPs may be deduced from
the ground L manifold using SF-CASSCF energies
and wave-functions: at this level, the ITO CFPs con-
tain many-electron effects, which are included in
the Slater-Condon parameter in the AILFT method.
At the SO-CASSCF level, they are deduced from
the ground J manifold and then, the ITO CFPs
additionally contain the J mixing with excited LS
terms. The SF-CASSCE/ITO CFPs are very close to
the CASSCF/AILFT ones; this shows that the build-
ing of the many-electron function from the 5f or-
bitals is close to that of the free ion as in lanthanide
complexes [37]. But the SO-CASSCF/ITO differ
slightly from the SF-CASSCF/ITO ones due to the
larger J mixing in the actinide complexes, which
also tends to reduce the total strength parameter.
This effect is more pronounced for the Pu'V deriva-
tive, most likely because Pu'V holds more f elec-
trons, and hence, a richer electronic structure. PT2
does not impact strongly.

The ITO CFPs are based on the similitude of the
2J +1 ab initio states with those of the angular mo-
mentum J, as quantified in Table S5. The method
relies on the decomposition of the matrix represen-
tation of the Hamiltonian in terms of ITOs accord-
ing to Equation 6. The odd orders of this expansion
disappear due to Kramers symmetry and the expan-
sion sums up to 8th order in the case of J = 4 or
9/2. In the frame of crystal field theory, with wave
functions built with pure f orbitals, the terms of or-
ders larger than 6 vanish due to the 3;j symbol selec-
tion rules. The larger 0h, the more important terms
of 8th order are. In Table S5, the values of §h are
larger than in the Ln''' analog series, but are still
reasonably small, which proves the reminiscence of
the free ion electronic structure. The largest 6h are
found for the Pu'V derivative, when SO coupling is
included, in accordance with the CEPs for the Pu'v
derivative being more different between AILFT and
ITO. While 6k is worth at most 40 cm~! in the Ln'!!
series, it is worth up to 100 cm™"! in the An'V se-
ries. It shows that the 8th order terms are not com-
pletely negligible in actinide complexes: the effect
of the 8th order on the matrix elements and eigen-
values is of several 10 of cm~!. This might have
a quantitative effect but the fundamentals of crys-
tal field theory keeps qualitatively correct for those
actinide complexes.

In our previous study, it was shown that
the decrease of the strength parameter in the
[Ln"'(DPA);13~ series arises from covalent effects
in their general meaning, namely any orbital ef-
fect including bonding, charge donation and polar-
ization. Even in the ionic crystal PrCls, covalent
effects were shown to be important. Covalent ef-
fects are even more complex to analyze with ac-
tinides, and have been the object of many studies
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[19, 20, 21]. The empty 6d metal orbitals play a
key role for bonding and charge donation [22, 23],
5f orbitals are more available to covalent interac-
tion with the ligands due to their larger spatial ex-
pansion as compared to the filled 6s6p shell. But
the shielding becomes more and more efficient in
the series, with the contraction of the 5f orbitals.
The impact of covalent effects has been discussed
throughout this work and can be summarizes as
follow: i) The nephelauxetic reduction factors are
larger than in the Ln'! series and decrease from
U to PulV. ii) The QTAIM descriptor |V3|/Gh
slightly decreases in the series. iii) Figure S3 com-
pares the variation of the strength parameter with
respect to the ionic radius AS/AR: the decrease
in the [An"Y(DPA)3]%~ series is much faster than in
the [Ln"™(DPA);]3" series. iv) The charge analysis
denotes a decrease of the ligand to metal charge
transfer. v) We have observed in previous studies
on lanthanide species [37, 8] that the 2nd order S?
is dominant and corresponds to a pure electrostatic
picture, but tend to decrease in favor of the S* and
S8, once the covalent effects are incorporated. In
the present case, the 4th and 6th orders are very
important. All together, this indicates that covalent
effects are larger in the actinide series and tend to
decrease from U'V to Pu'V.

Conclusion

The [An"V(DPA)3]?~ series has been synthesized,
and characterized by SC-XRD. It is shown than the
metal-oxygen bond is similar to the [Ln"'(DPA);13~
analog with the same ionic radius, while the metal-
nitrogen distance is elongated. Intermolecular in-
teractions do not impact the coordination sphere.
Ab initio calculations were performed on the X-rays
geometries. The QTAIM analysis confirms the ionic
nature of the bonding and shows that the inter-
actions tend to be stronger and more ionic along
the series. It is shown that the SO coupling does
not affect the bonding and that the interaction is
stronger than in the analog lanthanide series. SO-
NEVPT2 and SO-CASPT2 energetic spectra are sim-
ilar, and the weight on the LS ground terms is eval-
uated to be 88 %, much lower than in the Ln™
analog series. The AILFT provide CFPs deduced at
orbital level, whose meaning is close from the origi-
nal crystal field theory. They show a smooth behav-
ior, similarly to those deduced at spin-free many
electron level. As in the Ln'"! series, the magni-
tude of the CFPs also tend to decrease, but the de-
crease is steeper. The nephelauxetic reduction fac-
tors related to Slater-Condon and SO parameters
decrease.

The ITO decomposition has been applied for the
first time to calculate CFPs in actinide complexes.
The expansion coefficients provide effective CFPs
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whose physical meaning incorporate many electron
effects and J mixing. The smallness of the CFPs of
order larger than 6 and the likeness of the ab ini-
tio magnetic moment matrices with those of a spin
operator consolidate the use of this technique. In
spin-free calculations the CFPs seem to be trans-
ferable but the addition of SO coupling makes it
difficult to conclude. CFPs deduced from SO cou-
pling calculations are more irregular, which is most
likely a consequence of significant J mixing. No-
tably for the Pu!V complex that is most affected by
the J mixing, although quantitatively similar as for
the two other complexes. The CFPs are of the same
order of magnitude than those fitted on experimen-
tal optical spectra [29, 104, 30]. They are larger
than their Ln'!! analogs, and the CFPs of 4th and
6th orders are important. This makes the spectra
of actinide complexes more difficult to be antici-
pated, since the B3 is by far not dominant. B? is
related to the prolate or oblate shape of the coordi-
nation sphere. When B? is dominant, one can pre-
dict with simple rules the anisotropy of the mag-
netic properties, like the single molecule magnets
properties or the pseudo-contact term for paramag-
netic shifts through Bleaney’s theory. Furthermore,
due to the J mixing, the spectra can not be antic-
ipated since it scrambles the energetic spectra and
consequently the properties. It means that the set
of CFPs deduced from many-electron manifolds de-
pend strongly on the J manifold. As already con-
cluded for the Ln'!! series, the many electron CFPs,
since they effectively account for all interactions
are suitable to reproduce the magnetic properties
which arise only from the ground J manifold. Fur-
thermore, the CFPs reproduce the energy ordering
and composition of those states avoiding the cal-
culation of the interaction with excited states. On
the other hand, the orbital CFPs are more appropri-
ate for the modeling of optical spectra, since they
are unequivocal. It is then possible to calculate the
whole spectrum using the Slater-Condon and SO
parameters.
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