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Abstract

Actinide +IV complexes with six nitrates [An"Y (NO3)s]>~ (An = Th, U, Np and Pu) have been studied
by ®N and 17O NMR spectroscopies in solution and first principles calculations. Magnetic susceptibilities
were evaluated experimentally using Evans method and are in good agreement with the ab initio values.
The evolution in the series of the crystal field parameters deduced from ab initio calculations is discussed.
The NMR paramagnetic shifts are analyzed based on ab initio calculations. Since the cubic symmetry of the
complex quenches the dipolar contribution, they are only of Fermi contact origin. They are evaluated from
first principles based on a CAS/DFT strategy, in good accordance with the experimental one. The ligands
hyperfine coupling constants are deduced from paramagnetic shifts and calculated using unrestricted DFT.
The latter are decomposed in terms of the contribution of molecular orbitals. It highlights two pathways
for the delocalization of the spin density from the metallic open-shell 5f orbitals to the NMR active nuclei,
either through the valence 5f hybridized with 6d to the valence 2p molecular orbitals of the ligands, or
by spin polarization of the metallic 6p orbitals which interact with the 2s based molecular orbitals of the

ligands.

Introduction

The physicochemical properties of actinide (An)
cations have been the subject of numerous re-
searches to better characterize and understand
the ligand-actinide bonding character driving their
chemical behavior.:2 A particular interest may be
focused on the magnetic properties study of these
elements in order to obtain information on unpaired
5f electrons and their role in the An bonding prop-
erties. Because of their peculiar electronic struc-
ture, the An chemistry is strongly complicated by
the possibility to stabilize various oxidation states
(from +II1 to +VII).? Both for the industrial inter-
est of the An(IIT) / Ln(III) separation and for the
quest for heavy actinides, most analysis of the cova-
lent effects were carried out on An(III) cations.*®
On the other hand, very few studies have inves-
tigated the covalent nature of the An(IV)-ligand
bond due to the strong electrostatic component® 14
and experimental constraints required to handle
such radioactive elements.” 1522

We recently studied the An'V-DPA (An = Th,
U, Np and Pu, DPA = dipicolinate) series'* and
showed that pNMR (paramagnetic Nuclear Mag-
netic Resonance) provides interesting information
on the bonding in comparison to the An''-DPA
(An = Pu, Am, Cm) series.?> pNMR shifts arise
from contact and dipolar contributions®. The first
one contains information related to the electronic
spin delocalization from the metal center to a nu-
cleus while the second one is a through space mag-
netic interaction and contains structural informa-
tion. The separation of both contributions is often
a bottleneck. In lanthanide complexes, the different
temperature dependence of the two terms has been
widely used?® but this method has shown limita-
tions when applied to actinide complexes where the
metal-ligand interaction is more important.?6 On
one hand, the contact term is larger due to larger
covalent interaction and on the other hand, the
dipolar term is more entangled because the split-
ting of ground term of the free ion J is much larger

aThis partition is valid in the non-relativistic limit>*



than room temperature.?”

Of primary interest are the examples where one
of the contribution is dominant. It is the case
for the dipolar contribution when the complex is
highly anisotropic, as for actinyl complexes?® 32 or
for 'H far away from the paramagnetic center.!®33
Conversely, contact interactions prevail for nuclei
close to the paramagnetic center or for highly sym-
metric complexes where the magnetic anisotropy is
weak.1”34 Tt was the case for the An'V-DPA se-
ries where the coordination is very compact and
the contact was dominant but the dipolar term
not vanishing. In this work, we probe the para-
magnetic properties of the [An'Y(NO3)s]>" (An =
Th, U, Np, Pu) complexes using pNMR for 5N
and 170 nuclei and CAS (Complete Active Space)
based and DFT (Density Functionnal Theory) cal-
culations. We take advantage of the high symmetry
of the [An"Y(NO3)¢]?~ complexes structure, which
quenches the dipolar contribution, to get a better
insight in An'Y (Th, U, Np and Pu) covalent prop-
erties.

Experimental and Computational
Section

Experimental Section

Synthesis. Caution!!! Z**Thorium, 2**T23%Ura-
nium, 2"Neptunium and 23°+24°Plutonium are ra-
dioactive elements and have to be handled in ded-
icated facilities with appropriate equipment for ra-
dioactive materials. Their manipulation has been
carried out at the ATALANTE facility (CEA-
Marcoule, France). The experiments involving Np
and Pu were performed in a regular air atmo-
sphere negative pressure glove box with restric-
tive protocols, whereas Th and U were manipu-
lated under fume hood. Tetraethylammonium ni-
trate ((C2Hs5)4NNO3) (noted TEA nitrate here-
after), HNO3 70%, tert-Butyl alcohol (¢-BuOH)
and tetrahydrofuran (THF) were purchased from
Sigma-Aldrich and used as received. CD3CN from
Merck (ref. 366544) contains 0.03% of TMS and less
than 200ppm of water. In order to perform N and
170 NMR spectra, enriched H'NOj3 (Aldrich, 98
atom % 1°N at ~ 10 mol.L.~!) and Hz'7O (Cam-
bridge Isotope, with 6.8, 90.8 and 2.4 atom % of
160, 170 and 80 respectively) were used.

Preparation of 17O doped TEA nitrate. A stock
solution is prepared by dissolving about 400 mg of
the TEA nitrate commercial compound in 400 uL
of H'70 with 10uL of the 10 mol.L=* H'>NO3 and
leaved for a few days at 60°C in an oven. 'O NMR
performed on this solution revealed about 21% 7O
enrichment.

Preparation of [(CoHs),;Nj2An"Y (*°N'"03)s. The
An'v solid compounds were synthesized according
to the method already reported.?? An'Y starting so-
lutions were prepared in 2 mol.L=! H»NO3 by dis-
solution of An'V hydroxide compounds freshly pre-
cipitated. Two equivalents of 17O enriched TEA ni-
trate is added to the An" 1N nitrate samples and
placed under nitrogen gas to improve the amount of
precipitate. The solid is washed twice with 200 uL
of tetrahydrofuran to remove nitric acid excess and
dried under nitrogen gas. Finally the resulting pow-
der is dissolved in CD3CN for NMR analysis. 'H
NMR spectra are performed to check that water
is in sufficiently small amount to avoid nitrate site
exchanges.

NMR spectroscopy. 'H, N and 70O
NMR spectra were recorded using a 400 MHz
Fourier transform spectrometer, Agilent DD2,
set up for the study of radioactive sam-
ples.'®  Acquisitions and processing were per-
formed with OpenVnmrJ 2.1A software (Available
at: http://github.com/OpenVnmrJ). Acquisition
of 170 spectra is performed with a standard pulse
sequence (delay-pulse-acquisition). Baseline distor-
tion is canceled using backward-linear processing
over the 15 first points of the FID (Free Induction
Decay). 'H and 5N spectra refer to water and ni-
tromethane reference scales respectively. The plots
of stacked spectra are performed with MestReNova
14.2 software as well as the determination of peak
positions as a function of temperature.

The molar magnetic susceptibilities x5;” (in m

.mol~1) of the samples were deduced with the Evans
method?® according to

3A0
exp __
XM = 103 [AHIV] (1)

3

where Ad is the dimensionless chemical shift dif-
ference between the 'H NMR signals of working
(t-BuOHj,) and reference (¢-BuOHgyt) solutions,
[Anw] is the molar concentration (mol.L.~!) of the
paramagnetic element and yps is the molar mag-
netic susceptibility. The ¢t-BuOH concentration was
0.1 mol.L.~!. The uncertainty values were estimated
by taking into account the AJ precision of the
NMR spectra (about 1%) and concentration mea-
surements from UV-vis spectra and alpha counting
(about 5%).

UV-visible  spectrophotometry. The
[(CoH5)4N]2An'Y (NO3)g  solid compounds —dis-
solved in CD3CN were analyzed by UV-visible
absorption spectroscopy using a Cary 5000 UV
spectrophotometer (Agilent).

The UV-visible spectra of [Pu'¥(NO3)s]?~ com-
plex were already recorded by Ryan et al. then
Reilly et al. after dissolution of the correspond-
ing alkylammonium salt in CH3CN solution.36:37
A conservation of the Pu coordination sphere in



the [Pu'Y(NO3)g]?>  anion in solution were asso-
ciated to the similarities with Pu'V solutions in
concentrated nitric acid or loaded on anion ex-
change resin®® while for the solid state, spectrum
had quite different features.?” A comparison of the
UV-visible spectra of [(CaHs)4N]oAn' (NO3)g dis-
solved in CD3CN and in concentrated HNOg3 reveals
also very similar feature that confirms the conser-
vation of the [An'Y (NO3)s]*~ complexes in CD3CN
solution (see Figure S2).

Computational details

Calculations were performed on the XRD struc-
tures?2:3839 symmetrized to the T;, symmetry. The
coordinates are given in Table S1. For the sake of
comparison, some calculations were performed us-
ing the XRD structures. When not specified, the
results are given for the 7, structure. Geometry
optimization were previously performed??

WFT Calculations. MOLCAS calculations were
performed with the version 8. ANO-RCC ba-
sis sets of TZP quality were used. Firstly, Spin-
Free Complete-Active-Space Self Consistent-Field
(SF-CASSCF) calculations were performed*! with
an active space composed of the seven 5f orbitals
of the actinide ion, and associated electrons, i.e.
CAS(n,7). For UV, 21 triplets and 27 singlets
are considered, for Np'V 30 quartets and 43 dou-
blets, and for Pu'V 30 quintets, 73 triplets and
17 singlets. Dynamical correlation is added using
the Complete-Active-Space Perturbation-Theory at
2nd order (CASPT2) method*? with a level shift
of 0.1 a.u.. Relativistic effects were taken into ac-
count by means of the Douglas-Kroll-Hess trans-
formation® and Spin-Orbit (SO) integrals are cal-
culated using the AMFI (Atomic Mean-Field In-
tegrals) approximation.** SO coupling is included
by a state interaction with the RASSI (Restricted
Active Space State Interaction) method;*® the state
interaction is calculated between the CASSCF wave
functions with CASSCF energies or Single-State
CASPT?2 energies leading to SO-CASSCF and SO-
CASPT2 results, respectively. Some results are
given restricting the SO calculations to only states
with the same spin as the ground state, Sy,q,. The
magnetic susceptibility and its spin-only contribu-
tion were calculated according to reference.*6

The AILFT matrix*” was calculated using the
ORCA 5.0.3 quantum chemistry package,*® with
SARC-DKH-DEF2-TZVP(-f) basis sets'®%% and
AUTOAUX feature®® to automatically generate
auxiliary basis sets for the resolution of identity
approximation (RI-JK).?? Scalar relativistic effects
were accounted for using the second-order scalar
relativistic Douglas Kroll Hess (DKH2) Hamilto-
nian formalism.?® The CASSCF calculation was
performed with a CAS(n,7), as for MOLCAS with

all states with S,,4, spin multiplicity. The CASSCF
energies are very similar to those obtained with
MOLCAS, and are not given.

The crystal field parameters (CFPs) were calcu-
lated using ITO decomposition:®* i) the AILFT
matrices (of size L = 3) lead to the CFPs at orbital
level, ii) the SF-CASSCF matrices (of size L) pro-
vide CFPs including many-electrons effects, iii) the
SO-CASSCF matrices (of size J) provide the CFPs
including spin-orbit coupling, either including only
the states with Sy, or with all spin-states. iv) Fi-
nally, the SO-CASPT?2 matrices (of size J) provide
the CFPs including effectively many-electron, spin-
orbit mixing and dynamical correlation effects.

DFT Calculations. Unrestricted DFT calcula-
tions were performed with ORCA version 5.0.3 .
Scalar relativistic effects were taken into account
with ZORA Hamiltonian.’> The “resolution of
identity” RIJCOSX approximation was used for the
formation of the Coulomb and exchange-type ma-
trices.’? The SARC-ZORA-TZVP basis set was
used for An atoms with the SARC/J auxiliary basis
set.’0 For a better description of the spin popula-
tion near the nuclei, the IGLO-II basis set was used
for the N and O atoms®” with the auxiliary basis
sets using the AUTOAUX feature. Comparisons
with SARC-ZORA-TZVPP for the An atoms and
IGLO-III, EPR-II°® and aug-cc-pVTZ-J%° for the
N and O atoms were performed leading to similar
results. The option DefGrid3 was used for the an-
gular grid. Seven different functionals were consid-
ered, two nonhybrid PBE®® and BLYP,? four hybrid
PBE0,%° BILYP.,5! B3LYP%? and BHLYP% and
two range-separated hybrid functionals, LC-BLYP?
and CAM-B3LYP.%* The ligand hyperfine coupling
(HFC) constants are deduced from the spin den-
sity at the position of the nuclei p(rg) according
to Eq. 4 and averaged on chemically equivalent
atoms. Spin Mullikens populations are calculated
with MOLCAS using an average of configurations
for the 5f orbitals.%”

Results and discussion

Geometry of the complexes

X-rays structures of solid
[(C2Hs)4N]2An'Y (NO3)62%66  show that the
oxygen atoms of the coordination sphere are at
the corners of an irregular icosahedron. Due
to the presence of the counter-ions, there are
significant differences in the U—-O distances. NMR
experiments presented in this work are performed
in solution and one expects all An—O distances
to be identical in solution.?? We therefore built
symmetrized complexes from crystallographic
structures spanning the 7; group using ChemCraft



software®” (see Table S1). The twelve coordinating
oxygen atoms, denoted Ojyt, form a dodecahedron
with pyritohedral symmetry (see Figure S1) and
the six nitrogen atoms form an octahedron. The
three two-fold axes join two opposite N atoms while
the four three-fold axes point towards the center of
triangles formed by three Oj,¢ atoms belonging to
adjacent nitrate groups. The six non-coordinating
O atoms are denoted Ogyt.

Electronic structure

The 5f orbitals of the [U'Y(NO3)g]>” complex are
depicted in Figure 1. They span the a, @ 2t, irreps.
The lowest t,, and the a,, manifolds are mostly non-
bonding. There are two fi3 orbitals in the plane
perpendicular to each C3 axis, one with the different
lobes pointing in between two Ojy¢ atoms and non-
bonding, the other one pointing towards the Ojp
atoms, and strongly anti-bonding. The f,,, orbital
spans the a,, irrep and the 8 lobes point in between
the Ojy,; atoms as well, it is only 500 cm™ above the
non-bonding ¢,, manifold.

The energy levels of the three [An' (NO3)6]?~ com-
plexes were calculated with CASSCF and CASPT?2
methods (see Tables in Section S3.1). The results
for the XRD structures are similar to the sym-
metrized ones, except the lifting of the degener-
acy of the different manifolds. The splitting of the
ground J manifold is between 1100 (U'Y) and 2000
(Pu') em®. This is larger than for the An'Y-DPA
(1100 - 1500 cm™1*) and the aquo An'Y (700 - 1200
em~1%8) series. The ground state is degenerate for
the three complexes, threefold T, for the UV and
Pu"" and fourfold Fy s, for [Np'Y (NO3)g]* " (cf Ta-
ble S5). Those states have an isotropic magnetic
moment, with opposite orbital and spin contribu-
tions, as expected from third Hund’s rule.

CFPs and strength parameters were calculated,
with z along one of the Cs axis (see Tables in Sec-
tion S3.2). As expected from the 7j symmetry,
only the axial CFPs B, B3, BS and the ternary
B3, B§ and Bf do not vanish. Crystal field theory
models the interaction of the active 5f electrons
with the ligands. Originally issued from the ex-
pansion of the electrostatic interaction, the CFPs
effectively describe other interactions. The crystal
field model Hamiltonian is a one-electron operator,
the electron-electron interaction and spin-orbit cou-
pling being described by their own parameters, F*
and (, respectively. The CFPs at this level are pro-
vided by the AILFT, developed by Atanasov.5® The
ITO technique proposed by Ungur and Chibotaru®*
allows the calculation of the CFPs from the many-
electron wave-functions, with or without spin-orbit,
with or without dynamical correlation.”® In one
word, with the CFPs deduced from SO-CASPT2
for example, one can calculate the 2J + 1 energies
and wave-functions of the ground J manifold.

(3520 em™t)

Figure 1: 5f active orbitals of [U™Y(NO3)s]?~. Orbitals

are labeled according to 7, irreps. The energies are
given in cm™'. The isovalue is 0.025 e/bohr®.

The CFPs can be summed up to the crystal field
strength parameter S which is rotation invariant
and allows an easy comparison between complexes
(see Figure 2). In the [An'"Y(NO3)g)*>  series, S
ranges in the 1000 - 2000 cm™ window, larger
than for the An'"V-DPA series. At orbital level,
S decreases from 2000 to 1500 cm™. BZ is zero
due to the cubic symmetry and the 6th order is
largely dominant. CFPs from SF-CASSCEF are sim-
ilar to the orbital ones for [Np'¥(NO3)g)>  and
[Pu'V(NO3)¢]> but differ for [U'Y(NO3)¢]*". This
is confirmed by the larger distance between the
model and ab initio matrices (see Table S8) and it
shows that the many-electron wave function departs
from the free-ion with L = 5. The introduction of
spin-orbit coupling affects the CFPs, as usually for
actinides. It leads to a larger effective crystal field
for the Pu!Y complex, with an important increase of
the 2nd and 4th orders. The dynamical correlation
does not affect so much. Finally, the SO-CASPT2
CFPs increase in the series, contrarily to the orbital
one, mostly due to the effects of spin-orbit.

Magnetic susceptibility

The magnetic susceptibilities evaluated with Evans
method are given in Table 1 and compared to
the SO-CASPT2 values. The agreement is good,
with a slight underestimation and overestimation
for UV and Pu!V, respectively (Figure 3). The SO-
CASPT?2 values obtained for the XRD structures
are very similar. y in the [An'(NOs3)g]?~ series



Table 1: Total x and spin-only x° magnetic susceptibilities (in 1078 m%.mol™?) of [An"V(NO3)s]>" complexes at 298

K from Evans method (exp) and ab initio calculations.

UIV NpIV PuIV
X x° X x° X x°
SO-CASSCF 3.85 -2.24 3.91 -3.14 1.43 -2.24
SO-CASPT2 3.27 -2.02 3.87 -3.06 1.29 -2.16
exp 3.64 (40.09) 3.84 (+£0.11) 0.90 (+0.14)
LS coupling * 6.70 -3.36 6.87 -5.14 3.77 -5.02

2 2
J(J+1 — . N .
a:xps =k 3ET+ ) and Xig = n%wnh K= %, see Section S4.2
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Figure 2: Crystal field strength parameters (in cm™*)
in the [An'V(NO3)s]?~ series. black: orbital level
(AILFT), blue: L level (SF-CASSCF), red: J level (SO-
CASSCF Spaz, SO-CASSCF and SO-CASPT2).

is strongly reduced from the LS coupling scheme
value, which is observed for the isoelectronic lan-
thanides. It has been shown?”7! that this reduc-
tion arises i) from the large splitting of the ground
J manifold, much larger than the thermal room
temperature energy. The contribution of the most
destabilized J components do not contribute to x.
ii) The J-mixing with excited J-manifolds tends to
reduce x. The reduction from the LS value is about
50 % in the [An'Y(NO3)g]> " series, and even larger
for the Pu'Y complex. This is much larger than for
the aquo and DPA complexes (about 70 %'4:68). Tt
is in accordance with the crystal field strength pa-
rameter twice larger in the present series than in the
DPA one. In the aquo and DPA complexes, the co-
ordination number is 8 and 9 with An-O distances
in the 2.35 - 2.41 A range. The AnO;5 coordination
sphere is more compact even if the An-O distances
are slightly larger by 0.1 A. Thus, the reduction
of x compared to the previous series is due to the
larger coordination number, and follows the large
increase of the crystal field strength parameter S
and the even larger reduction for the Pu'V arises
from a larger J-mixing.”% 73

The temperature dependence of both the Evans and
SO-CASPT2 curves denote a 1/T behavior in ac-
cordance with Curie law (see Figures S4 and S6).

15N and "0 NMR spectroscopy

15N and 170 NMR spectra of [An'Y (NO3)g]?~ com-
plexes were recorded in CD3CN at different temper-
atures from 223 to 325 K (Figure 4 as an example
and Figures S7, S8 and Tables S11, S13 for details).
15N resonance of the acetonitrile diluent is used as
reference and set at -133.5 ppm all along the tem-
perature range. The absence of free nitrates that
may arise from nitric acid or TEA nitrate excess
was checked by looking for '°N signal around 0 ppm
(Figure 5): All [An'Y(NO3)s]>  samples present
only one 15N signal that belongs to the nitrates sur-
rounding the An'V cations. The amount of water in
deuterated acetonitrile is determined from 'H spec-
tra and found to be around 0.03 mol.L.~! for Th to
Pu. This amount is maintained as low as possible in
order to avoid water/nitrate competition in the first
coordination sphere of An'V. On the other hand,
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Figure 3: Experimental and calculated (SO-CASSCF and SO-CASPT2) magnetic susceptibility x with temperature

(in K) of the [An"(NO3)6]?>” complexes.

this small amount of water is required as reference
scale (set at 0 ppm) in O NMR spectra. De-
spite these optimized experimental conditions, we
looked for chemical exchange effects accountable for
chemical shift variations with temperature. In or-
der to study temperature dependency only arising
from paramagnetic shifts we sought to uncorrelate
the effects due to chemical exchange from those of
paramagnetic shifts (see Section S5.1 for details).

The signals of the two different 7O sites can
be distinguished at room temperature for the
[UV(NO3)g)?>” complex (see Figure 5), with sig-
nals at 529 and 430 ppm, for Oj,; and Oy re-
spectively. For the Th'Y, Np'Y and Pu'V com-
plexes, the Oj, peak appears at 427, 442 and
429 ppm respectively and probably overlaps the sig-
nal of Oy since the Ojyy peak line width is at least
1000 Hz large (~ 20 ppm). Nitrate anions may
undergo a fast three-fold jumps at room temper-
ature as observed in NaNOj solid state.”™® Hung
et al. determined an exchange constant rate of
about 107 Hz at room temperature by simulating
170 solid state NMR spectra.” It has to be men-
tioned that nitrates in the NaNOg3 sample are mon-
odentate and present cristallographically equivalent
oxygens linked to two sodium atoms.”® Conversely,
nitrates of [An"Y(NO3)g]?" complexes are in biden-
tate chelating mode and assumed to adopt a more
stable conformation. AN and 7O line width anal-
ysis (see S5.1 in SI) allow to eliminated the hypoth-
esis of fast chemical exchange in nitrates. Conse-
quently, we considered thereafter a simple signal
overlapping of Ogxt/ Oing sites.

pNMR shifts The presence of a paramagnetic
center induces an additional shift &%, for a lig-
and atom K with respect to a diamagnetic analog.
[Th'Y(NO3)s]?~ was used as diamagnetic reference
at 235 K. The Actinide Induced Shift (AIS) f; can
be separated in pseudocontact or dipolar 6% and
Fermi contact 0% components
O = 0% + 0% (2)
0% depends on the electron spin density of the para-
magnetic cation delocalized and/or polarized onto

Figure 4: >N NMR spectra of [Pu'¥ (NO3)s]>~ complex
in CD3CN solution from 235 to 314K. N signal of
CD3CN is used as reference at 133.5 ppm.

the K nucleus. It can be expressed as’™

5¢ 1 c .S

p— 3
K pohppgeyk Na KX )

where gk is the gyromagnetic ratio of the observed
nuclei (yisy = -4.316 MHz/T and yirg = -5.774
MHz/T), A% the HFC constant and x° the spin
contribution to the magnetic susceptibility. N4 is
the Avogadro constant, po the magnetic permeabil-
ity, up the Bohr magneton and g, is the free elec-
tron g-factor.

The pseudocontact shift 6% corresponds to the
through-space magnetic dipolar interaction be-
tween the electronic magnetic moment of the para-
magnetic center and the K nuclear magnetic mo-
ment, in the point-dipole approximation.”” 8% de-
pends on the anisotropy of the magnetic suscep-
tibility tensor x.”® As discussed in the previous
Section, the magnetic susceptibility is isotropic in
the [An"V(NO3)¢]? " series due to the cubic symme-
try, and the dipolar contribution to the AIS is zero.
This contrasts with >N NMR of mononitrato com-
plexes of lanthanide performed at very low temper-
ature (-95 °C) in water-acetone mixture.” 8 With
one nitrate in coordination sphere completed by wa-
ter molecules, we can expect a non symmetric con-
formation and thus paramagnetic chemical shifts
mainly driven by dipolar interactions.
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Figure 5: "N (top) and 7O (bottom) NMR spectra of
[An"™(NO3)6]?™ -2[(C2Hs5)4N]"T complexes in CD3CN
solution recorded at 298 K. 5N scale is set to CHzCN
shift at -133.5 ppm (in °N reference scale to CH3NO>)
and 170 scale is set to water at 0 ppm. Spectrum of the
TEA nitrate is given for comparison on the top.

The N and YO AIS are reported in Tables
S12 and S14 respectively and the temperature-
dependent chemical shifts are shown in Figures 6,
S7, S8 and in Tables S11 and S13. The AIS for the
15N and the 7O of Oy of the UV complex have
a pure 7! behavior. This is in agreement with
Golding findings for the contact term of isotropic
compounds®! and with our previous study of An'V-
DPA complexes.'* The SO-CASPT2 x* curves de-
note the same pure 7! behavior (see Figure S6).
It follows from Eq. 3 that the HFC constant A% is
temperature-independent. The values for the other
170 signals are small and their temperature depen-
dence is less clear.

For [UIV(NOg,)G]Q*, the Ogy signal seems to behave
independently with temperature like 17O signals of
[NV (NO3)6]?" and [Pu'Y(NO3)g)*>" compounds.
An increasing dispersion of data is observed while
lowering temperature and could be explain by i) line
broadening due to the quadrupolar 7O nucleus
with the media viscosity and ii) the shouldering of
Oint and Ogyt signal making the peak picking diffi-
cult to determine in the case of the [Np!V (NO3)g]?~
and [Pu"(NO3)g)?~ compounds.

pNMR shifts can be evaluated from first princi-
ples based on the formula derived by Kurland and
McGarvey.828 It has been successfully applied
with CAS based methods to lanthanide and ac-
tinide complexes, where the dipolar term is dom-
inant.31:88 This approach turns out to be more

limited for cases where the Fermi contact contribu-
tion is important. In this work, the AIS are calcu-
lated using Eq. 3.1* To do this, one needs the value
of x° which depends on the paramagnetic center
only and is well described by CAS based methods
and the ligands HFC constant which needs a good
description of the spin delocalization and polariza-
tion which is correctly described by unrestricted
DFT methods. x° calculated with SO-CASSCF
and SO-CASPT?2 are given in Table 1. As for the
total y, x° is strongly reduced compared to the LS
coupling scheme values calculated in Section S4.2,
and is reduced compared to the DPA complexes. It
shows again that the strength of the crystal field
makes the use of the tabulated values of (S,) for
lanthanides inappropriate for actinides.?6:89:90 S
is larger for Np'V and Pu!Y due to their larger spin
value S but slightly decrease for Pu!Y due to the
decrease of g;. The HFC constants were calculated
for the 1N and 7O nuclei, using unrestricted DFT
with different functionals (see Tables 3 and S17).

The AIS calculated with the two CAS methods and
three types of functionals are compared in Table 2.
In all cases, the signs and the trends are the same.
The functional affects strongly the HFC constant as
will be discussed in details in the next Section. The
calculated values are in the right range compared
to the experimental ones, but it is not always the
same functional that fits best. Surprisingly, the cal-
culations predict two well distinct AIS for Oj, and
Oext in the three complexes, the largest gap being
for [Pu'Y(NO3)s]?~ while experimentally only U
presents two distinct signals. It has to be mentioned
that 17O spectra suffer from low resolution since
peak line width are at least 1000 Hz (> 20 ppm see
Table S13) large in the best case. Would the Oy
and Oeyt signals be less separated than predicted by
the calculation (about 130 ppm), an experimental
overlap of both signals could be observed. However,
the discrepancy between experimental and calcu-
lated 1N AIS arises from computed values since
experimental resolution for half integer spins is ex-
cellent (= 20 Hz, see Table S11).

HFC constants FExperimental values for the
HFC constant can be evaluated from Eq. 3. As
discussed previously, for actinide complexes, x* de-
pends on the ligand environment, contrarily to the
lanthanides where y° can be taken as its free ion
value. To evaluate an experimental value for the
HFC constants, one needs consequently to use the
SO-CASPT2 x°. They are compared to the DFT
values in Tables 3 and S17. Our calculations are
performed at the scalar relativistic level for practi-
cal reasons. It has been shown that the spin-orbit
coupling can play a preponderant role, even chang-
ing the sign.”! The trends are the same for the
three complexes, and for all functionals: Ag,, is
positive in the range 0.4;1.3, Ayx is negative, and
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Figure 6: AIS (in ppm) vs 77! (in K~ ') in the 233 - 323 K temperature range. Left: N for U and Np", middle:
15N for PulV, right: 170 for UV, Np!V and Pu'V. Linear regressions are represented in dashed lines.

Table 2: AIS (in ppm) at 300 K calculated from Eq. 3 with x° calculated with SO-CASSCF or SO-CASPT2 and AS,

deduced from DFT with three different functionals.

S12 and S14)

The experimental values are given for comparison (from Tables

617

oN

517

Oint Oex
SO-CASSCF  SO-CASPT2 SO-CASSCF  SO-CASPT2 SO-CASSCF tSO—CASPTQ
[U™ (NOs)6]*
BLYP 37.2 34.1 -348.3 -319.9 -7.1 -6.5
B3LYP 99.3 91.2 -236.5 -217.3 -9.4 -8.6
CAM-B3LYP 126.8 116.4 -197.7 -181.6 -6.2 -5.7
exp 92.6 -272.8 -6.7
[Np' (NOs)6]*
BLYP 30.4 29.5 -349.7 -339.7 0.7 0.7
B3LYP 100.5 97.6 -247.8 -240.7 -8.1 -79
CAM-B3LYP 133.4 129.6 -217.4 -211.1 -5.5 -5.3
exp -245.2 13.2
[Pu'V(NO3)6)*~
BLYP 59.0 56.9 -164.8 -158.8 9.9 9.5
B3LYP 120.4 116.0 -119.1 -114.8 2.9 2.8
CAM-B3LYP 146.1 140.8 -103.1 -99.4 1.8 1.8
exp -72.7 -7.5

Table 3: '°N and '“O HFC constants (in MHz), deduced from AIS using SO-CASPT?2 x° values at 298 K with Eq. 3

(denoted exp) and calculated with UDFT.

Ax v Np¥ e
exp BLYP B3LYP CAM-B3LYP exp BLYP B3LYP CAM-B3LYP exp BLYP B3LYP CAM-B3LYP

Om¢ 036 0.27 0.72 0.912 0.16 0.52 0.69 0.43 0.87 1.06

N -0.80 -1.89 -1.28 -1.07 -0.72 -1.35 -0.96 -0.84 -0.21 -0.89 -0.64 -0.56

Oext  -0.03 -0.05 -0.07 -0.04 0.05 0.00 -0.04 -0.03 -0.03 0.07 0.02 0.01
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Figure 7: Contributions from AOs to Mulliken spin pop-
ulation (ppro — pcas) /N where N is the number of
unpaired f electrons. (up) for the metal; (down) for the
ligands atoms.

larger in magnitude, in the range -2.0;-0.4 and Ao_,,
is much smaller, positive or negative according to
the functional, in the range -0.1;0.1. Since the gy-
romagnetic ratios yisyy and yi7o are of the same
sign, the change of sign between O, and N denotes
a spin polarization mechanism. The trends in the
series are the same with all functionals: Ay is di-
vided by a factor 2 from U to Pu'V, while Ao,,,
decreases between UV and Np!V and increases for
Pu'V to become larger than for U'Y. The trends are
the same for the available experimental values, with
a much larger decrease for Ay between Np!V and
Pu!V. With the increase of the amount of Hartree-
Fock exchange in the functional, Ao, , increases and
|An| decreases, denoting a change of the balance of
the spin density on the ligands. For Ay, the best
fit to experimental values is reached by increasing
the Hartree-Fock exchange while the fit to the only
available experimental Ao, value is obtained with
the GGA functionals.

The Mulliken populations are analyzed in details in
Section S5.4 and are shown in Figure 7. The spin
density is mostly borne by the 5f orbitals and the
polarization plays the key role over the delocaliza-
tion. The unpaired spins can polarize the paired
spins in lower lying orbitals.?® The main contribu-
tions in the metallic orbitals are in the 6d due to
the sole polarization and in the occupied 6p where
delocalization and polarization cancels partly each
other.

In the non relativistic limit, Af can be expressed
in terms of the spin density at the position of the
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i Oext
20 2 N
<
5 1
= 00 .
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U
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Figure 8: Contributions from ligands atomic orbitals to
A% (in MHz) calculated with B3LYP.

nucleus K p? (ry)?*9293
c N’OMBQ@’VKFL S
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where S is the spin. Af; can subsequently be de-
composed in MOs contributions as given in Table
S18 and shown in Figure S11. The ligand MOs
are shown in Figure S3. The MO decomposition
has been very informative for the analysis of ligand
HFC constants in transition metal complexes.? 97
For Ojnt and Oy, the largest contribution arises
from the 6p of the metal which is negative, coun-
terbalanced by a large positive contribution from
the 2085, block. The 203, orbital is developed on the
three oxygen atoms, but denotes a node on the cen-
tral nitrogen atom, so the 6p— 205, interaction does
not bring spin density on those atoms. It shows
that the ligands MOs contributing to Af; are those
in bonding interaction with a metallic AO bearing
spin density. But the bonding and anti-bonding or-
bitals contribute with opposite signs, so it is the
sum of that should be analyzed.

The ligands MOs issued from the 2s interact with
the metallic 6p, while those built from the 2p in-
teract with the occupied 5f and vacant 6d orbitals.
In order to gain in readability, the contributions are
grouped by type of AO, by summing over large con-
tributions of opposite sign. We take further advan-
tage of the planar symmetry of the ligands, sepa-
rating the o and 7 contributions. Since the metallic
6p interacts with the different oo; MOs, its contri-
bution was included in the 2s group. The AOs con-
tributions to Af; are shown in Figure 8 for B3LYP
(and in Figure S12 for BLYP and CAM-B3LYP).
The 2s orbitals bring the largest contributions for
the two types of oxygen atoms, with opposite signs,
positive for Oju, negative and smaller for Ogyy.
This emphasizes the importance of the interaction
with the metallic 6p orbitals. The 2p, contribu-
tion is almost as large, and actually larger for N:
its sign is alternating as well, opposite to the the 2s
contribution for the oxygen atoms, but not for N.
The 2p, contribution is smaller, 7 bonding being
less efficient than o one. Its sign varies with the
functional, depending on the relative energy with
the 5f orbitals. Since the 2p and 2s contributions



are opposite in sign for the oxygen atoms, there is a
partial cancellation, while they are additive for the
nitrogen atoms. Finally, Af is the largest for N,
even the different contributions are smaller, oppo-
site to Ojnt due to the large positive 2s contribution,
and evanescent for Oqy due to the cancellation of
2s and 2p contributions. For all atoms, 1s and 2s
contributions are opposite in sign.?®% It becomes
clear why HFC constants varies so much with the
functional, and more precisely with the amount of
Hartree-Fock exchange which impacts the balance
between the different bonding modes. The effect of
the amount of exact exchange on ligands HFC con-
stants has been analyzed in transition metal com-
plexes and hybrid functionals are often those fitting
the best experimental values4 100-102

This analysis highlights two pathways between the
spin density borne by the 5 f orbitals and the nuclei
of the ligand: i) the direct interaction between the
5f and the 2p ligand MOs, with a participation of
the 6d ii) the spin polarization of the metallic 6p
orbitals (see Section S5.4) which interact with the
2s of the ligands.

By comparing the three complexes, we observe that
overall all the AO contributions decrease in the se-
ries with the exception of 2p contributions to the
Ojnt atoms. This was not clear from the MO con-
tributions, where the bonding the 6pa, - 205, in-
teraction increases from U to Pu!V following the
smaller energy gap between the two interacting or-
bitals. The overall decrease is consistent with an
overall decrease of the metal-ligand bonding inter-
actions.

Conclusion

Magnetic susceptibility has been evaluated using
Evans method for [An'Y(NO3)g]?" complexes dis-
solved in CD3CN solution which maintains the
first coordination sphere as demonstrated from UV-
vis spectra. For SO-CASPT2 calculations, the
symmetrized structures in the cubic 7 group are
considered. The magnetic susceptibility tensor is
isotropic with values in good agreement with the
Evans values. The CFPs are deduced from the
ab initio calculations, either at the orbital level,
or including effectively the different interactions.
The crystal field strength parameter S is about
3000 cm™, denoting an important metal-ligand in-
teraction, in accordance with the large coordina-
tion number. S decreases from U to Pu'V at
the orbital level and increases otherwise. This con-
firms that for actinide complexes, the J-mixing af-
fects quantitatively the CFPs when describing the
ground J-manifold.

PN and '"O paramagnetic chemical shifts were
measured in the series. While the signals for the
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two different 17O positions are well separated for
the U complex, they are not distinguishable for
the Np'V' and Pu!V complexes. Due to the cu-
bic symmetry, the dipolar contribution to param-
agnetic NMR shifts is quenched and the AIS result
from pure contact interactions. This is consistent
with the observed T—! temperature-behavior. The
AIS are calculated based on a SO-CASPT2/UDFT
strategy, which gives a reasonable accordance with
the experimental data and similar trends but pre-
dicts two well separated signals for the two 17O po-
sitions in the three complexes.

The ligands HFC constants calculated with differ-
ent functionals or deduced from the experimental
AIS show an alternation of sign between the bond-
ing oxygen atom Oj,; and N, and a vanishing value
for the external Ogy. Based on AO contributions to
the HFC constants, it is shown that the sign alter-
nation arises from the ligands 2s orbitals, which get
spin density through the bonding interaction with
the metallic 6p orbital, which itself is spin-polarized
by the open-shell 5f orbitals. The importance of
the N HFC is due to the cumulative contributions
of the 2s and 2p orbitals, with all the same sign,
even if the contributions are all smaller. The 2p
ligands orbitals interact with the valence metallic
5f hybridized with the more outer shell 6d orbitals.

Thanks to the simple molecular structure and its
high symmetry, we were able to deeply analyzed
the AIS and the ligands HFC constants in the
[An'Y(NO3)6]?> complexes. And this shows that
the signs and magnitude are difficult to foresee,
since they arise from the interference of different
pathways, sometimes additive, sometimes destruc-
tive.
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