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Abstract

The crystal field parameters are calculated from first principles in the [AnIH(DPA):,J?’* series, completing
previous work on the [Ln''(DPA);]3~ and [An!Y(DPA)3]2~ series. The crystal field strength parameter
follows the Ln(III) < An(III) < An(IV) trend. The parameters deduced at the orbital level decreases
along the series while the J-mixing impacts strongly the many-electron parameters, specially for the Pu(III)
complex. We further compile the available data for the three series. In some aspects, the An(III) are closer
to the Ln(III) than to the An(IV) complexes, as for the geometrical structure and the bonding descriptors.
At the beginning of the series, up to Pu(III), there is quantitative departure from the free ion, specially
for the Pa(IIl) complex. The magnetic properties of the actinides keep the trends of the lanthanides, in
particular the axial magnetic susceptibility follows qualitatively Bleaney theory.

Introduction

Actinide chemistry remains a major field of re-
search since the actinides offer a rich chemistry,
close to the transition metals due to the resem-
blance of the metal ligand interaction to those of
d orbitals interactions' > as well as they exhibit
the same potentiality as the lanthanides in terms
of promising magnetic properties.®® Tt is infor-
mative to analyze the trends by following an in-
dicator through the series; it can be Gibbs free
energy of complexation,® determined both exper-
imentally and from DFT calculations, bond order
analysis, the energy and the composition of the or-
bitals from first principles calculations, energy de-
composition® 1 and finally the crystal-field param-
eters (CFPs). The whole [An'Clg]3~ series has
been studied both experimentally'! and theoreti-
cally.'>"1* Concerning the [An''(DPA);]3~ (DPA
= dipicolinate) series, there are few experimental
data for the beginning of the series, because An(III)
spontaneously evolves to different oxidation states
(from An(IV) to An(VI)). The middle of the se-
ries is the best documented. XRD structures of
[An(DPA);(C3HsN5)5]-3H,0 for An = Pu and
Am' and [An'''(HDPA);]-nH,O for An = Am,
Cm, Bk and Cf'6:17 were determined. The Pu(III),

Am(IIT), Cm(IIT) and CE(III) complexes were char-
acterized by paramagnetic NMR, the Am(III) one
using EXAFS, and the Bk(III) and Cf(IIT) com-
plexes by absorption and magnetometry spectro-
scopies and the complexation of the Am-Cf species
analyzed by thermodynamic measurements.® The
late actinides, after berkelium, do not possess long-
life isotopes to allow the recording of experimental
data. The bonding in the [An'(DPA),4]3~ series
has been recently described using DFT and CAS
based methods® % methods. The [Ln'(DPA)4)3~
and [An'Y(DPA)3]%" series are well characterized
as well, by XRD and NMR spectroscopies!?> 18-21
and first-principles CFPs.22:23  All of this put to-
gether results in a data set that allows for detailed
comparative analysis of the three series.

In this work, we calculate the CFPs in the
[An'(DPA),]?~ series from first principles. In last
few decades, CAS based methods have shown their
capability to describe the excited states and mag-
netic properties of metallic complexes with open
shell f orbitals. CAS approaches are successful in
rationalizing the electronic spectra and magnetic
properties. Observed macroscopic properties such
as magnetic susceptibility of the actinide complexes
are reportedly well reproduced from the molecu-
lar calculations as well as the spectral properties.?*



The CFPs are based on the century old crystal-
field theory which is based on a model Hamiltonian
that describes the electrostatic interaction of the
free ion with the ligand environment. The param-
eters are usually determined as phenomenological
parameters from experimental data. One can still
feel the flavor of the LS (or Russell-Saunders) cou-
pling scheme, at the least for the low lying states,
and this allows a determination of the CFPs from
first principles. The CFPs in the [An/(DPA),]?~
series are further compared to the [Ln'(DPA);]3~
and [An'V(DPA);]?" analogs. This is further com-
pleted by the comparison of the structural parame-
ters, QTAIM indicators and magnetic properties in
the three series, leading to a comprehensive analysis
of the trends in the three series.

Computational details

geometry optimization The geometry of the com-
plexes were optimized with ORCA 4.2.1%° within
the density functional theory (DFT) framework us-
ing the GGA BP86 functional?® with the D3BJ dis-
persion correction?” and TightSCF and TightOpt
convergence options for the highest spin state.
DKH-def2-TZVPP basis sets are used for oxy-
gen, carbon, nitrogen and hydrogen; SARC-DKH-
TZVPP?® basis sets are used for the metal center.
Def2/JK auxiliary basis sets are used for oxygen,
carbon, nitrogen and hydrogen atoms and the au-
toaux feature?? is used to generate the auxiliary
basis for the metal centers. The RI-JK approach is
used for the resolution of the identity.3°

electronic structure Wave-function based calcula-
tions have been performed on both the extrapolated
(see Section S1Geometry of the complexessection.1)
and DFT optimized structures. The AILFT cal-
culations are performed using ORCA 4.2.1%% with
the same basis sets as geometry optimizations.
Scalar relativistic effects are account for using the
DKH2 Hamiltonian.3"32  Quasi-degenerate per-
turbation theory is used to account for spin-orbit
coupling.®® In the CASSCF and NEVPT?2 calcu-
lations,34 36 the active space is composed of the
seven 5f orbitals of the An and associated N elec-
trons i.e. CAS(N,7). For each element, we com-
pute all the roots of all the spin states this active
space leads to. The ITO CFPs were calculated
using MOLCAS 7.8.37 Firstly, a state-averaged
SF-CASSCF (spin-free complete active space self
consistent field)38 calculations were performed with
same active space as defined above. Dynamic cor-
relation was added using the SS-CASPT2 (state-
specific complete active space perturbation theory
at 2nd order)3? method with a level shift of 0.5 a.u.
(except for Pa, 0.8 a.u.) in state specific manner i.e.
state by state on top of CASSCF wave functions.

Relativistically contracted cc-pVTZ-DK34%:41 ba-
sis with TZP quality for the An, and the ANO-
RCC*? with TZP quality for O, N, DZP for C and
DZ for H atoms. Douglas-Kroll-Hess transformed
Hamiltonian at the 3rd order i.e. DKH3 was used
to treat the relativistic effects both scalar (SF) and
spin-orbit (SO).43:44 Spin-orbit coupling was calcu-
lated as state interaction between the SF-CASSCF
states with the RASSI (restricted active space state
interaction) module,*> and using the CASSCF and
dynamic correlation corrected SS-CASPT?2 energies
leading to the SO-CASSCF and SO-CASPT2 re-
sults, respectively. All the roots of the maximum
spin (S) multiplets were undertaken for the compu-
tation of the spin-orbit coupling matrices, for the
S — 1 multiplets: 28 for Pa and Md, 43 for U and
Fm, 99 for Np and Es, 128 for Pu and Cf, 91 for
Bk were considered, and for the S —2 multiplets:
31 for Np and Es, 98 for Pu and Cf, 91 for Bk
were considered. SO integrals were calculated using
the AMFT (atomic mean-field integrals) approxima-
tion.46 CFPs were calculated with a local program
written in Mathematica as described in ref.?? Mag-
netic g factors were calculated according to ref.4”

Results and discussions

The [An''{(DPA);]?" series is isostructural to the
Lo (DPA);]? and [An'V(DPA);)? series.'® 23
The metal is coordinated by three DPA lig-
ands forming a tricapped trigonal distorted prism
(see Figure 1). FEach ligand is tridentate, and
coordinated to the cation through the nitro-
gen atom of the pyridine cycle (capped posi-
tion), and the two oxygen atoms of the car-
boxylate groups (prism position). XRD struc-
tures of [An(DPA);(C3HgNy)5]-3H50 for An = Pu
and Am'® and [An'(HDPA);] - nH,O for An =
Am, Cm, Bk and Cf'617 were determined. The
structures of [Am(DPA);(C3HgN5)5]-3H,0 and
[AmM(HDPA);]-nH,O are very similar, showing
that the protonation of the DPA2™ ligand does not
impact the bonding scheme of the central cation.
Figure 2 compares the metal-ligand distances, for
the available XRD and DFT optimized structures.
For the XRD structures, the M-L distance follows
a decrease along the series, in accordance with the
decrease of the ionic radii. It has been shown that
in some actinide series, the metal-ligand distance
shows some "breaks’ between Pu and Am and then
between Bk and Cm, in the sense that the decrease
in the bond length is larger than expected.!® 48 Tt is
apparently not the case in the present series. The
trend for the M-L distance from DFT optimized
structures using the GGA functional BP86 is really
erratic. The structures optimized by Yu et al. using
the hybrid functional PBEQ were published after we
started this work; the trend is more regular, but still



Figure 1: [An''(DPA),]®>~ complexes, top view (left)
and side (right) views. Color code: orange-Np, blue- N,
red- O, saddle-brown- C, white- H. The C3 axis (denoted
z axis) is shown in light red color.

do not match perfectly the experimental trends.'*
The ionic bond lengths determined as the sum of
the ionic radius of the nine-coordinate An ion*® of
the O and N ions by Shannon® are larger than the
XRD bond lengths.

In Figure 3a, the distances in the coordination
sphere for the available crystallographic struc-
tures of the [Ln'}(DPA);)3~, [An(DPA)5)3~ and
[An'V(DPA),]?" series are represented in terms
of the ionic radius of the nine-coordinate central
metal, as determined by d’Angelo et al®! for the
Ln(III) and by David et al* for the An(III) and
An(IV). The trends are linear, with a slope smaller
than one. The curves are very similar for the
Ln(III) and An(III) cations, suggesting that the
covalent effects do not impact so much the bond-
ing distances. On the contrary, the trends for the
An(IV) cations are different. While the An(IV)-O
distances are the same as for An(III) and Ln(III),
the An(IV)-N distances are longer (= 0.1 A). There
is a deformation of the DPA ligand in order to
keep’ the optimal bonding distances for the O and
N atoms., as shown for the internal ONO angle in
Figure 3c: the biting angle denotes a linear trend
with the ionic radii for the three series, and as a
consequence of the larger An(IV)-N distances, it is
much smaller in the An(IV) series.

The CFPs are very sensitive to geometrical struc-
ture. Since our DFT optimized structures do
not confirm the experimentally observed trend, we
built the structures of the whole [An'!(DPA);]3~
series by extrapolating the two crystallographic
structures for the Pu(III) and Am(III) deriva-
tives, as described in Section S1Geometry of the
complexessection.1 of the SI (see Figure 2). We
consider both the extrapolated and DFT optimized
series to compute the electronic structures. But
if not mentioned specifically, the reported energy
levels, analysis of wave function and the trends of
the CFPs are based on the extrapolated geometric
structures.
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Figure 2: An-O (a) and An-N (b) bond distances (in
A) along the [An(DPA);]%" series of the experi-
mental (circles), extrapolated (crosses), DFT optimized
(squares and diamond!'4) and ionic (plus) structures.
The ionic bond lengths (ry 3+ +rg2- N3~ ) are determined
from the ionic radii.

CAS based energy levels

The energy levels of the [An!'l(DPA);]?>" com-
plexes are given in Tables S4SF energy levels (in
em™!) from CASSCF and CASPT2 methods in
MOLCAS. S stands for the states with the highest
spin multiplicity and S — 1 for the excited reduced
spin states. Ground L manifolds are separated
by horizontal lines.table.caption.6 and S5SF en-
ergy levels (in cm™!) from CASSCF and NEVPT?2
methods in ORCA. § stands for the states with
the highest spin multiplicity and S—1 for the ex-
cited reduced spin states. Ground L manifolds are
separated by horizontal lines.table.caption.8 before
spin-orbit coupling (SF), and in Tables S6SO en-
ergy levels (in cm™!) from CASSCF and CASPT2
methods in MOLCAS. Ground J manifolds are
separated by horizontal lines.table.caption.10 and
S7SO energy levels (in cm™!) from CASSCF and
NEVPT2 methods in ORCA. Ground J manifolds
are separated by horizontal lines.table.caption.12
with spin-orbit coupling. The ab initio energy
levels of the ground J manifolds are plotted in
Fig.  S2Energy spans of the ground J man-
ifolds (in cm™!) of the [An'(DPA);]®>  com-
plexes calculated with ORCA (a) and MOLCAS
(b). Horizontal lines : SO-CASSCF, dots : SO-
NEVPT2/SO-CASPT2.figure.caption.14. The SO-
CASSCF energies (showed by horizontal lines in
Fig. S2Energy spans of the ground J manifolds
(in cm™!) of the [An'"(DPA);]?" complexes calcu-
lated with ORCA (a) and MOLCAS (b). Horizon-
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Figure 3: M-O (circles) and M-N (triangles) bond dis-
tances (a, in A), their difference (b, in A) and the O-N-
O angle (c, in °) from the XRD structures along the
[Ln''(DPA);)% (black), [An''l(DPA);]3~ (red) and
[An!V(DPA);]?~ (blue) series as a function of the ionic
radii.

tal lines : SO-CASSCF, dots : SO-NEVPT2/SO-
CASPT2.figure.caption.14) calculated with MOL-
CAS (Fig. S2Energy spans of the ground J
manifolds (in cm™!) of the [An'"'(DPA);]3~ com-
plexes calculated with ORCA (a) and MOLCAS
(b).  Horizontal lines : SO-CASSCF, dots
SO-NEVPT2/SO-CASPT2 figure.caption.14a) and
ORCA (Fig. S2Energy spans of the ground J
manifolds (in cm™') of the [An'"'(DPA);]*~ com-
plexes calculated with ORCA (a) and MOLCAS
(b).  Horizontal lines : SO-CASSCF, dots
SO-NEVPT2/SO-CASPT2.figure.caption.14b) are
similar, but differ with the inclusion of dynamic cor-
relation with either CASPT2 or NEVPT2 (denoted
by the dots). This is expected since the two meth-
ods differ by the definition of the zeroth order and
the perturbed Hamiltonian. The energy splitting
of the ground J manifold ranges from as low as 200
em~! for the Pu(IIT) complex to 1500 cm~! for the
Pa(III) one. The span of a ground J manifold is
larger with the NEVPT2 than CASPT2 method.
The ground doublet of the Kramers ions (U, Pu,
Cf, Fm and No) are quite similar with all meth-
ods, as shown by the values of the g-factors shown
in Table S8g;,g2,8. (g; is assigned the to g factor
which makes the smallest angle with the pseudo C3
axis) of the ground Kramers doublets from different
methods of calculations.table.caption.16.

Degree of J-mixing

In the free ion, the ground 2*'L; term defined
in the Russell-Saunders coupling scheme couples
by spin-orbit coupling with excited terms with the
same value of J: this is the so-called intermediate
coupling scheme, or J-mixing. Since the spin-orbit
coupling is calculated as a state interaction, it is
possible to quantify this mixing as given in Table 1.
Furthermore, it allows to evaluate the CFPs from
the LS wave functions. In the [An'(DPA);]3~
complexes, the contributions of the ground 25*1L
manifold to the ground J manifold ranges from 75
to 97%. This is of the same order as for the free
ion and for the [An'!Cl4]3~ complexes,'® and quite
smaller than for the lanthanide series where this
contribution is close to 98%. In all cases, the most
contributing excited state corresponds to AL = +1
and AS = £1 with the ground state allowing the
same value of J and first-order spin-orbit coupling.
In the free-ion, only J-mixing is allowed by the
spherical symmetry. The weight are very similar in
the complexes, denoting that the J-mixing remains
the main spin-orbit effect. The energy gap with this
excited manifold is plotted in Figure S3SF-CASPT2
energy (in cm™!) of the excited 2 ~!L/ manifold con-
tributing the most to the ground J manifold in the
[An''(DPA);]?" complexes.figure.caption.15. The
large J-mixing in the actinides in comparison to the
lanthanides is a result of i) an increased spin-orbit



Table 1: Weight of the principal 25*1L terms in
the ground J manifold for the free An®t ions, the
[An™CI)% (from!0) and [An'(DPA)4]3 complexes
from SO-CASSCEF calculations with MOLCAS.

An Free Ion [An'llClg]? - [AnMH(DPA),]?

Pa 92% *H + 8% 'G 90% *H + 7% 'G
U 89% *I + 10% 2H 85% *I + 7% 2H 89% *I 4+ 10% *H
Np 88% 1 + 11% 3H 87%°1 + 11% 3H 88% I + 8% *H
Pu 80% °H + 15% *G 78% °H + 12% *G 79% °H + 7% *G
Bk 82% 'F 4+ 14% 3G 79% 'F + 12% °G 82% 'F + 12% °G
Cf 76% °H 4+ 20% *I 75% SH + 15% *I 77% SH + 9% *I
Es 79%°1 4+ 19% 37  77% 31 + 16% 3] 79% I + 19% 3J
Fm 92% *I + 8% 2J 91% 41 + 8% 2J
Md 98% 3H + 2% I 97% 3H + 3% 'I

coupling ii) a decrease of 5f electron-electron inter-
action due to the larger radial extension of the 5f
orbitals. One can notice from Table 1 that the J-
mixing is specially important in the middle of the
actinide series for Pu, Cf and Es.

Trends of the Slater-Condon and spin-
orbit parameters

The AILFT parameters are deduced from the en-
tire ab initio energy spectrum within the 5fV
configuration (see Section S2.2ITO and AILFT
methodssubsection.2.2 for more details). The ro-
tation %3 axis is taken as the z axis. The spec-
trum is fitted by the 27 CFPs B’;, the three Slater-
Condon parameters F2, F* and F° which model the
many-electron interaction and the one-electron ef-
fective spin-orbit parameter &. Thus, the AILFT
method describes explicitly the many-electron in-
teraction. The AILFT parameters are tabulated
in Table S12Slater-Condon (F2, F* and F®), SOC
(¢) parameters (in cm~!) and nephelauxetic reduc-
tion factor o (in %) calculated with AILFT method
for the [An'''(DPA);]? series. The free ion pa-
rameters are collected from Ref.” table.caption.21
and plotted in Figure 4 and compared to the
free ion'3 and [Ln'''(DPA);]3~ complexes.?? This
method is based on a one-to-one correspondence
of the ab initio active orbitals with the 5f or-
bitals. Table S9Weight (in %) of the actinide
atomic 5f orbitals in the CASSCF active orbitals
with ORCA. Deviation from 100% represents the
mixing of the actinide 5f orbitals with other type
of orbitals.table.caption.17 gives the contribution
of the 5f orbitals to the seven active CASSCF or-
bitals. In the beginning of the series, the 5f orbitals
are significantly mixed with other orbitals especially
for Pa, but in the second-half, the active orbitals are
almost purely 5f. At the beginning of the series, the
energy gap in between the actinide valence 5f, 6d
and 7s subshells is smaller and the bonding with the
ligands is mediated by a significant participation of

these valence orbitals. Further in the series, the
5f orbitals become more inner core limiting their
admixture with the 6d and 7s shells.

The Mulliken atomic spin population analysis of
the SF-CASSCF ground state in Table S10Mulliken
spin population in the SF-CASSCF ground state
of the extrapolated and DFT optimized structures
with MOLCAS. p? is the total atomic spin on the
actinide center and p‘s’f, pg; are its components
in the actinide 5f and 6d orbitals, respectively.
1— % represents the degree of spin delocalization
from the actinide to the ligands, N is the num-
ber of 5f electrons. table.caption.18 and Figure
S4Mulliken spin population in the atomic 6d or-
bitals and metal-to-ligand spin delocalization for
the SF-CASSCF ground state with MOLCAS of
the [An(DPA)4]3" series. Solid and dotted lines
represent the values for the extrapolated and DFT
optimized structures, respectively.figure.caption.19
shows a significant spin population in the atomic 6d
orbitals up to Bk, and much larger in the case of Pa
due to the significant energy overlap of the 5f-6d
subshells for the latter. The metal-to-ligand Mul-
liken spin delocalization in the ground state shown
in Fig. S4Mulliken spin population in the atomic
6d orbitals and metal-to-ligand spin delocalization
for the SF-CASSCF ground state with MOLCAS of
the [An''[(DPA);]?" series. Solid and dotted lines
represent the values for the extrapolated and DFT
optimized structures, respectively.figure.caption.19
gradually decreases in the first half of the series and
again slightly increases at the second half. The va-
lence 6d and 7s subshells are primarily involved in
bonding interactions through orbital overlap. As
already mentioned, the mixing between those or-
bitals decreases due to the increase of the 5f to 6d
energy gap and consequently, the delocalization of
the spin density on the ligands. At the end of the se-
ries, the 5f orbitals approach the ligand orbitals en-
ergetically, favoring again the delocalization of the
spin density.

The three Slater-Condon parameters (see Figure 4
and Table S12Slater-Condon (F?, F* and F©), SOC
(¢) parameters (in cm™') and nephelauxetic reduc-
tion factor o (in %) calculated with AILFT method
for the [An!'l(DPA);]? series. The free ion param-
eters are collected from Ref.” table.caption.21) are
close to the values for the free ion,'? except at the
beginning of the series. They increase along the se-
ries due to the increase of the 5f electron numbers
and the contraction of the 5f orbitals. They are
greatly reduced compared to the lanthanides, due
to the larger radial extension of the 5f orbitals. In
the central Coulomb field approximation, the ratios
of F*/F? and F%/F? for trivalent lanthanide ions
are very close to 0.70 and 0.54, respectively.®? 53
This ratios are kept for the trivalent actinide ions,
except for the Pa(IIl) complex, which is the most
deviated case from the free ion, as mentioned pre-
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viously. As expected, accounting for electron dy-
namic correlation greatly reduces the magnitude
of the three Slater-Condon parameters (compare
CASSCF and NEVPT?2 values). From Am to the
end of the series, the parameters are slightly lower
than for the free ion. The nephelauxetic reduction

complex

factor o =1— FT where peomplex

and pf! are the

values of the parameters in the complex and free
ion, respectively, expresses the deviation from the
free ion, due to the electron-cloud expansion over
the ligands. Up to Pu, they pull apart from the free
ion values, the nephelauxetic reduction lies between
4% (in Pu) to 22% (in Pa). The nephelauxetic re-
duction beyond Pu is less than 2% as observed in
the [Ln'(DPA)5]3" series.?? This shows that the
late actinides are closer to the free ions. The spin-
orbit parameter { increases along the series due to
the increase of the effective nuclear charge and the
decrease of the radial extension of the 5forbitals.
Overall, the value for { in the [An!'{(DPA);]3~
complexes are close to the corresponding free ion
values indicating a quite small mixing with the lig-
and orbitals. { is not so much affected by the dy-
namic correlation unlike the Slater-Condon param-
eters, as the dynamic correlation is a two-electron
phenomenon.

ITO vs AILFT crystal field parameters

Two methods are proposed to extract the
CFPs from first principles CAS calculations as
summarized in Section S2.2ITO and AILFT
methodssubsection.2.2; a) the AILFT (Ab Initio
Ligand Field Theory) method®* 5% developed by
Atanasov and Neese is a least square fit technique
and extracts the CFPs from the whole ab initio f
configuration energy spectrum, b) the ITO (Irre-
ducible Tensor Operator) method®® suggested by
Ungur and Chibotaru is a tensor decomposition

technique where the CFPs are extracted from the
Hamiltonian matrix of the ground L (without spin-
orbit) or J (with spin-orbit) manifolds. With the
ITO technique, the CFPs take into account effec-
tively the two-electron effects and the spin-orbit ef-
fects, if applicable. The parameters of 6th orders
are not deducible for manifolds with J < 3 and it
is not possible to evaluate the ITO-CFPs for Am
with spin-orbit (with J =0) and for the spin-only
Cm case. The quality of the ITO technique is
probed by the distance between the ab initio and
model matrices for the moment and the energy (see
Egs. S8ITO and AILFT methodsequation.2.8 and
S9ITO and AILFT methodsequation.2.9 and Ta-
ble S138L, (u=x,y,z) (in pg), omy, (u=x,y,z) (in
ug) and 8k (in cm™!) distances between ab initio
and model matrices (see Eqs. S8ITO and AILFT
methodsequation.2.8 and S9ITO and AILFT
methodsequation.2.9).table.caption.22). The val-
ues are larger than the corresponding Ln(III)
complexes®?> and smaller than the corresponding
An(IV) complexes.?® In all cases, the distances
between ab initio and model matrices are small,
and this attests the availability of this technique
to quantify the CFPs in the [An'''(DPA);]?~ se-
ries. In the second half of the series, the distances
are small, indicating that the wave functions in the
complexes are close to those of the free ion. When
the dynamical correlation is included, 6k increases
when J > 3, which shows that terms of order more
than 6 should be introduced, but the effects is still
negligible. It is at the very beginning of the series,
specially for Pa that the differences between the ab
initio and the model spaces are the largest.

The ITO-CFPs and AILFT-CFPs are tabulated
in Tables S14ITO CFPs (in cm™') from SF-
CASSCF, SO-CASSCF and SO-CASPT2 meth-
ods. table.caption.23 and SI15AILFT CFPs (in
em™!) from SO-CASSCF and SO-NEVPT2 meth-
ods. table.caption.24. Indeed the six CFPs 3%7 Bé,
Bg, Bg‘, Bg’ and Bg are dominant according to the
trigonal spatial symmetry of the coordination envi-
ronment. Some of the parameters related to rhom-
bic and triclinic symmetry (B3, B3, B}, B3) are found
non negligible (i.e. > 100 cm™!) but they are sev-
eral orders of magnitude smaller than the dominant
ones, except for Pa. The three axial AILFT CFPs
B(z), Bf‘), Bg (represented in Fig. S5The three ax-
ial CFPs BZ, B¢ and B along the [An''(DPA),3
series.figure.caption.25) are rather constant along
the series whereas their variation is more erratic at
the beginning of the series in the case of ITO.

The crystal field total strength parameter S includes
the combined effects of the 27 CFPs into a single
parameter as defined by Eq. S6Theoryequation.2.6.
This parameter is rotational invariant, it means in-
dependent of the Cartesian frame, while the CFPs
are. Its is a very convenient tool for compar-
ing series by reducing the discussion to only one
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crystal-field strength parameter S (red, in ecm™') from
CASSCF (a) and NEVPT2 (b) in the [An!![(DPA)4]3~

series.

parameter. They are compared for the different
methods in Fig. 6. The AILFT strength pa-
rameter deduced from SO-CASSCF smoothly de-
creases along the series following the overall de-
crease of the splitting of the 5forbitals (see Fig-
ure 5). With NEVPT2, the overall splitting in-
creases slightly at the end of the series, leading to
a small increase of the corresponding S. The ITO-
CFPs, and the subsequent S parameter are deduced
at SF-CASSCF, SO-CASSCF and SO-CASPT?2 lev-
els. The S deduces from AILFT probes the orbital
level, SF-CASSCF includes the many-electron ef-
fects, SO-CASSCF the spin-orbit interactions, as
the J-mixing and SO-CASPT2 the dynamical cor-
relation. AILFT and SF-CASSCF are compared in
Figure S7Crystal field total strength parameter S
(in em™!) . a: from different methods along the
[An''l(DPA);]®" series, b: for extrapolated and
optimized geometries along the [An'(DPA);)3~
series, ¢: from AILFT (circles) and SF-CASSCF
(squares) along the [An''[(DPA);]?> (red) and
[Ln'"(DPA);]3~ (blue) series. figure.caption.30c.
The [Ln'™(DPA);]13~ and [An!''(DPA);]?" series
denote the same behavior, emphasized for the lat-
ter: in the first half of the series, S tends to be
smaller with AILFT than with SF-CASSCF, and
it is the reverse for the second half. The many-
electron wave function depends on the filling of the
f orbitals, the most energetic being the most anti-
bonding. The effect of spin-orbit is analyzed by
comparing the SF-CASSCF and SO-CASSCF (see
Figure 6b) and the trends are jagged. The largest
effect is obtained for the Pu(III) derivative, with a
shrinking of the ground J manifold. This was al-
ready observed and discussed for the La;_,Pu,PO,
crystal.’” The J-mixing is around 2% in the lan-
thanides whereas it is increased by several order
of magnitude in the actinides due the strong spin-
orbit coupling, specially in the middle of the se-
ries (Pu, Bk, Cf, Es) where it reaches around 20-
25%, as shown in Table 1. The effect of electron
dynamic correlation on the ITO strength parame-
ters (see Figure 6b) is relatively small, contrarily to
AILFT (see Figure 6a).

S can be partitioned according to 2nd, 4th
and 6th order contributions S¢ (see Eq.

1200 - AILFTSO-CASSCF | 1900 ITO-SF-CASSCF
- AILFT-SO-NEVPT2 -#- ITO-SO-CASSCF
| | * ITO-SO-CASPT2
10001 o 10001
e Y
. 800 e I~ 8001
z 5 1
£ e £ RV .
S 600] Tl Tel IS 600 3 [y N
2 e N : RN,
< 4 -®
400 B T 3 1
H
200 200 S
*

0 0
Pa U Np Pu AmCr(n )Bk Cf Es Fm Md No Pa U Np Pu AmCr(\'l;)Bk Cf Es Fm Md No
a

Figure 6: Crystal field total strength parameter S (in
em™!) along the [An''(DPA);)~ series. a: from
AILFT, b: from ITO.

S5Theoryequation.2.5) as shown in Fig.
S6Dominant crystal field strength parameters
(in em™!) of k™ order S* and ¢™ index S, along
the [An'(DPA);]3~ series.  figure.caption.29,
which all are rotation invariant. The AILFT
second order contribution S? is constant along
the series, $* decreases slightly and S® decreases
strongly. The same trends were found in the
[Ln'''(DPA);]3~ series, the decrease of the S°
being more pronounced in the present case. S
can be partitioned as well according to the index,
Sy (see Eq. ST7Theoryequation.2.7). S, is not
rotation invariant. Since the z axis is along the
C; axis, the S, of index 0, 3 and 6 (see Eq.
S7Theoryequation.2.7) are preponderant, Sg show-
ing the strongest decrease along the series, much
more pronounced than in the [Ln''(DPA);]?~
series.

HDPA "~ versus DPA?™ ligands

As already mentioned, the [An!'(DPA);]?~
complexes are known for An = Pu and Am'®
and the [An''(HDPA);] complexes for An
= Am, Cm, Bk and Cf!6:17  The struc-
tures of [Am(DPA);(C3H;N,)5]-3H,0  and
[Am(HDPA);] - nH,O are very similar, show-
ing that the protonation of the DPA2~ ligand
does not impact the geometrical structure of the
coordination sphere.

There are two different conformers in the
[An''(HDPA),]-nH,O crystals, due to the hydro-
gen bond network between two DPA ligands of two
different molecules. The position of the hydrogen
atoms on the DPA ligands is not determined by
the XRD and due to the hydrogen bonding net-
work, it is expected to fluctuate. In Table S11SO-
CASPT2 energies (in cm™!) of the lowest states
of the [An(HDPA);] complexes depending on the
XRD structure and the position of the H atom on
the DPA ligand. cis: the 3 H are on the same
side of the equatorial plane, trans; 2 H on one
side, 1 H on the other side (see Figure S8The A cis
(a) and trans (b) [Bk™!(HDPA),] complexes. The
protonated positions are highlighted with larger
spheres for the H atoms. figure.caption.31).2:17



table.caption.20, we compare the electronic struc-
ture of the [Bk'(HDPA)s] and [Cf(HDPA),]
complexes, for the two sites, each of them with two
different positions of the protons, either on the same
side of the equatorial plane, denoted cis, or two on
one side and the other on the opposite side, de-
noted trans (see Figure S8The A cis (a) and trans
(b) [Bk'(HDPA);] complexes. The protonated po-
sitions are highlighted with larger spheres for the
H atoms. figure.caption.31). These two conformers
can be considered representative of all other confor-
mations. The position of the three protons impacts
strongly the electronic structure. Namely, the pro-
tons are close to a coordinating oxygen atom, and
consequently, impacts the crystal field. The effect
is the most dramatic in the trans conformer, since
in this case the ternary symmetry is broken.

The ab initio magnetic curves are compared to
the experimental ones in Figures S9x7T as a func-
tion of temperature for the [C{(HDPA);] (left) and
[Bk(HDPA),] (right) complexes, experimental? 17
and from SO-CASPT?2 for different structures (see
Table S11SO-CASPT2 energies (in cm™') of the
lowest states of the [An(HDPA);] complexes de-
pending on the XRD structure and the position
of the H atom on the DPA ligand. cis: the 3 H
are on the same side of the equatorial plane, trans;
2 H on one side, 1 H on the other side (see Fig-
ure S8The A cis (a) and trans (b) [Bk'(HDPA),]
complexes. The protonated positions are high-
lighted with larger spheres for the H atoms.
figure.caption.31).%17  table.caption.20).  The
data for the corresponding [An'!(DPA);)>~ and
[Ln'l(DPA),]3~ (SO-CASSCF) are given for com-
parison. figure.caption.32 and S10Magnetization
as a function of magnetic field at 1.8 K for the
[Cf(HDPA);] complex, experimental? and from SO-
CASPT? for different structures (see Table S11SO-
CASPT?2 energies (in cm™!) of the lowest states
of the [An(HDPA);] complexes depending on the
XRD structure and the position of the H atom on
the DPA ligand. cis: the 3 H are on the same side of
the equatorial plane, trans; 2 H on one side, 1 H on
the other side (see Figure S8The A cis (a) and trans
(b) [BK!(HDPA);] complexes. The protonated po-
sitions are highlighted with larger spheres for the
H atoms. figure.caption.31).217 table.caption.20).
The data for the corresponding [An'!(DPA),4]3~
and [Ln'(DPA);]3~ (SO-CASSCF) are given for
comparison. figure.caption.33. Since the conform-
ers differ by their low-lying state energies, the ¥T
are much different at low temperature but all curves
converge on the same high-temperature plateau.
This plateau is slightly lower for the correspond-
ing lanthanide, because the splitting of the ground
J manifold is larger than room temperature ther-
mal energy. The experimental curve should be com-
pared to the average of the conformers: for the Bk
complex, it suits well but for the experimental Cf

curve lies above all calculated curves. The Cf com-
plex is a Kramers ion, the magnetization depends
on the g factors of the ground Kramers doublet:
they are almost the same for all Cf conformers, and
smaller than for the Dy complex.

Comparison with the [Ln'!(DPA);]*>~ and
[An'Y(DPA);]?" series

In this Section, we compare the available data
for the [Ln™(DPA);®~, [An'(DPA);]*~ and
[An!V(DPA);]?" series. We have previously seen
that the bond distances in the coordination sphere
were similar in terms of ionic radius for the Ln(IIT)
and An(III) complexes, but that for the An(IV)
complexes, the bonding with the nitrogen atoms
was longer, leading to a deformation of the DPA
ligand.

The CFPs in crystal-field theory arise solely from
the charge and position of the ligands and from the
charge of the metal. In the modeling of the dipo-
lar contribution to chemical shift of pNMR in lan-
thanides, the BS is considered to be constant along
the series.%® This hypothesis is clearly not verified
in the present case as can be seen by the compari-
son of the crystal field strength parameter S for the
three series in Figures 7a at the orbital level, S de-
creases for the three series. In the case of Ln(III)
complexes, it has been shown that within a point
charge model reproducing the electrostatic poten-
tial of the ligands, the CFPs are rather constant
across the series, due a counterbalance between the
shrinking of the coordination sphere and the greater
compactness of the 4f orbitals.?? The decrease in
the series was attributed to covalent effects. S for
the An(IV) is about 50% higher than for the An(III)
and three times greater than for Ln(III). This fol-
lows the splitting of ground J manifold of 2000-
4000 cm~! for the An(IV), 500-1000 cm~! for the
An(IIT) and about 300 cm™! for the Ln(III) com-
plexes. Even not constant, the trends are smooth,
following the picture of electrostatic and molecular
orbital interaction of ligand-field theory.

The ITO CFPs in Figures 7b effectively incorpo-
rate the many-electron and spin-orbit interactions.
The trend in the Ln(III) series remains the same
what suggests that the CFPs are not affected by
many-electron interactions and spin-orbit coupling
The trend is more irregular for the two actinide se-
ries, due to the effect of the J-mixing. In the two
actinide series, covalent effects are larger and the
electrostatic interaction larger for the An(IV) series
leading to larger values of S. At the orbital level, 5
is rather constant in a given series, larger and iden-
tical for the An(III) and An(IV) series. The largest
contributions and the most variable ones are the 4th
and 6th order ones, $* and $°. They are much larger
for actinides, larger for An(IV) than for An(III) (see



o Ln(Il)
1500 =1 An(IID

*-# An(IV)
U(IM(IV)
1000

Paln.l.\>\‘\-\—\_\_\‘\k
00l —a Mot

Cewﬂ)

5 10

(a)

1500 Pu(IV) =8 An(IIl)
4 - An(IV)

No(III)
0

Ce(II) Yh(II)

Figure 7: Crystal field strength parameter S (in
em ) for the [Ln''[(DPA);]3~ (black, from?2),
[An''l(DPA)5]3" (red, this work) and [An'Y (DPA),]2~
(blue, from?3) series; a: at the orbital level (AILFT),
b: at SO-CASSCF (plain) and SO-CASPT2 (dashed)
levels (ITO), c: S AILFT.

Figure 7). It suggests that the 4th and 6th orders
are much more affected by covalent effects than the
2nd order.

The magnetic properties of the three series
are compiled in Tables S19Mean magnetic sus-
ceptibility x, (in 107® m?.mol™') at 300 K
for the [Ln'(DPA);13~, [An!'(DPA);]?>~ and
[An!V(DPA),]? series, calculated and experimen-
tal. table.caption.34 and S20Axial magnetic sus-
ceptibility Ay, (in 107% m3mol™!) at 300 K
for the [Ln'(DPA);137, [An!!(DPA);]3>~ and
[An'V(DPA),]?" series, calculated and experimen-
tal. table.caption.35 and shown in Figures 8. The
mean magnetic susceptibility J,, was probed using
SQUID and pNMR with Evans method.%? It shows
the well known double-bell shaped curve following
the g;J(J+ 1) saturation value for the T (see Ta-
ble S3Ground L and J of the free ions. gj is the
Landé g-factor, ,uejff is the effective magnetic mo-
ment (in pp) and yJ is the Curie magnetic sus-
ceptibility (in 1078 m?mol~!). table.caption.5). As
already reported for aqueous complexes,51763 while
the value at 300 K is close to the saturation value
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Figure 8: Mean (a) and axial (b) magnetic sus-
ceptibility (xm and Ayxs in 1078 m3mol™!) at
300 K for the [Ln'(DPA);]*" (black, from!>17),
[AnIH(DPA)g}?’* (red) and [AnIV(DPA)3]27 (blue,
from®9) series, calculated (crosses) and experimental
(icons) (see Tables SI9Mean magnetic susceptibility X,
(in 1078 m3.mol™") at 300 K for the [Ln''[(DPA),]3",
[An''{(DPA);]%~ and [An!Y(DPA);]? series, calcu-
lated and experimental. table.caption.34 and S20Axial
magnetic susceptibility Ay, (in 107% m3.mol™!) at
300 K for the [Ln'(DPA);]?~, [An''(DPA);]3~ and
[An'V(DPA),]?" series, calculated and experimental.
table.caption.35).



for Ln(III) complexes, x,T is smaller for the ac-
tinide derivatives due to the larger splitting of the
ground J manifold, larger than the thermal energy
at room temperature, and the plateau is not fully
reached at room temperature.

The axial anisotropy Ax.. of the x tensor can be
deduced from pNMR measurements. This needs
the separation of the contact and dipolar contribu-
tions to the paramagnetic chemical shifts. Assum-
ing an axial symmetry, the dipolar term is related
to Ax.: and the separation is obtained from the
temperature dependence of the shifts. As shown
by Bleaney,® 64 at the saturation of the ground
J manifold, the Ay, behaves as —Cjozja)B%T*2
where Ozjm is the reduced matrix element of sec-
ond order (see Eq. S3Theoryequation.2.3) and C;
is Bleaney constant, expressed in terms of gy and
J. In the three series, B% is positive, correspond-
ing to a prolate coordination sphere, B% being re-
lated to the quadrupole moment of the ligands.%®
The sign of a}z) alternates in the series®® follow-
ing the filling of the f orbitals. It is positive for
Pm-Sm and Er-Yb and negative for Ce-Nd and
Tb-Ho. The sign of Ay, in Table S19Mean mag-
netic susceptibility ¥, (in 1078 m®.mol~!) at 300
K for the [Ln'™(DPA);3~, [An'/(DPA);]3~ and
[An'V(DPA),]?" series, calculated and experimen-
tal. table.caption.34 follows this trend in the three
series, both for the ab initio and experimental data:
AXqy is positive for N =1—3;8 — 10 and negative for
N =4-5;11—-13. Contrarily to Y, the values of
Axq are larger for the actinides than for the cor-
responding lanthanide: the splitting of the ground
J manifold being larger, at room temperature, this
manifold is less uniformly populated and this leads
to a larger anisotropy. The alternation of sign was
observed in the Ln(III) series,%” although the lim-
itations to Bleaney theory.53~"! Tt is recovered in
the An(III) series, even if the 4th and 6th order
crystal field terms are the largest.

The bond interaction was analyzed in the three se-
ries, using QTAIM (quantum theory of atoms-in-
molecules).'®23 In all cases, it was shown that the
analysis of the electronic density including or not
spin-orbit coupling leads to similar values; the spin-
orbit coupling does not affect the bonding analysis
since it mixes states with similar electronic densi-
ties.”? The descriptors are represented against the
M-L bond distance in Figure 9 for the three se-
ries. The four descriptors behave roughly linearly
with the bond length, they do not depend on the
nature of the coordinating atom (N or O) but on
the central cation (Ln(IIT), An(IIT) or An(IV)). The
bonding is mostly ionic, and the covalent contribu-
tions are slightly larger with the An(IV) cations,
both for the An-O and An-N bonds. The descrip-
tors for An(III) and Ln(III) complexes are close,
slightly larger for the former, while they are much
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Figure 9: QTAIM descriptors p,, V2pp, Hp and |V,|/Gp
at the BCPs for the M-O (filled icons) and M-N (empty
icons) bonds in the [Ln''(DPA);]?" (black, from?3),
[An''[(DPA);]?~ (red, from'4) and [An!V(DPA),]?~
(blue, from?3) series.  The dashed lines indicate the
trends.

larger for the An(IV) series. The density at bond-
critical points p, is about 30 and 50 % larger for
the An(IV)-N and An(IV)-O bonds than for the
Ln(IIT) complexes, while it is only 10 % larger in
the An(III) complexes. In all cases, the trends for
the [An'1(DPA)4]3" series are never more different
by 10 % from the [Ln'(DPA);]3~. The trend of
the [An'Y(DPA)5)?" series differ much more, even
qualitatively.

Conclusions

In this work, the CFPs were calculated in the
[An'(DPA),]?" series, completing previous works
on the [Ln™(DPA);]?~ and [An'V(DPA)3)% se-
ries. The overall splitting of the ground J mani-
fold and as a consequence, the CFPs and crystal-
field strength parameters were found intermediate
between the Ln(IIT) and An(IV) complexes. They
all decrease in the series, as for the other two se-
ries. The CFPs follow the ternary symmetry, with
a predominance of indexes ¢ = 0, 3 and 6. The 4th
and 6th orders are the prevailing ones and decrease
strongly along the series.

For the Pa(IIl) complex, the deviation to the
free ion is large, this gap still exists for U and
Pu, and then is rather small from Bk. This
can be gauged by two indicators: i) the distance
between the model and ab initio magnetic mo-
ment matrices in the ground J manifold (see Ta-
ble S136L, (u=x,y,z) (in ug), om, (u=x,yz)
(in pp) and Sh (in em™') distances between ab
initio and model matrices (see Egs.  S8ITO
and AILFT methodsequation.2.8 and S9ITO and
AILFT methodsequation.2.9).table.caption.22) ii)
the Slater-Condon parameters in the An(III) com-
plex as compared to those of the free ion, quantified



by the nephelauxetic reduction factor (see Figure 4
and Table S12Slater-Condon (F?, F* and F©), SOC
(¢) parameters (in cm™!) and nephelauxetic reduc-
tion factor o (in %) calculated with AILFT method
for the [An'(DPA),]3 series. The free ion pa-
rameters are collected from Ref.” table.caption.21).
The participation of the 6d to actinide spin popula-
tion rapidly drops while the degree of spin delocal-
ization drops at the beginning and slightly increases
at the end of the series.

In many aspects, the An(III) series is closer to
the Ln(III) one than to the An(IV): the structural
parameters of the coordination sphere are similar
in terms of ionic radius except for the An(IV)-N
distance which is shorter, leading to a larger de-
formation of the DPA ligand in the An(IV) se-
ries. The QTAIM descriptors in the An(III) se-
ries represented in term of M-L bond distance dif-
fer by no more than 10 % from the Ln(IIT) series,
whereas their behavior is much more different from
the An(IV) series, both qualitatively and quantita-
tively.

The magnetic properties follow the same trends in
the three series: the average magnetic susceptibility
Xm €xhibits the double-bell shaped curve following
the expected value of the effective moment u! if but
the values are damped in the actinide complexes,
since the splitting of the ground J manifold is larger
than thermal energy. The axial anisotropy Ax,, fol-
lows qualitatively Bleaney theory, with three alter-
nation of sign in the series, although this theory is
based on only the axial CFP of 2nd order and it
was shown that in actinide complexes, the 4th and
6th orders CFP prevail. The anisotropy is larger in
actinides than in lanthanides, due to a lower popu-
lation of excited states at room temperature. The
low temperature magnetic properties are more un-
predictable, as shown by the comparison between
the HDPA and DPA ligands, and the sensibility to
the location of the protonated position.

Supporting Information

Geometry of the complexes, Crystal Field Param-
eters (theory and results for the [An'(DPA)5)3~
series), Ab initio results for the [An''(DPA);]3~ se-
ries, magnetic properties for the [Cf(HDPA);] and
[Bk(HDPA)4] complexes. (PDF)
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