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Analysis of the Magnetic Coupling in a Mn(ll)-U(V)-Mn(ll)

Single Molecule Magnet

Sourav Dey,” Gopalan Rajaraman,* and Héléne Bolvin

*[b]

Abstract: [{Mn(TPA)IH{UO2(Mesaldien){Mn(TPA)I}]I  formula
(here TPA =tris(2-pyridylmethyl)amine and Mesaldien=N,N’-
(2-aminomethyl)diethylenebis(salicylidene imine)) reported by
Mazzanti and coworkers (Chatelain et al. Angew. Chem. Int.
Ed. 2014, 53, 13434) is so far the best Single Molecule Magnet
(SMM) in the {3d-5f} class of molecules exhibiting barrier
height of magnetization reversal as high as 81.0K. In this
work, we have employed a combination of ab initio CAS and
DFT methods to fully characterize this compound and to
extract the relevant spin Hamiltonian parameters. We show
that the signs of the magnetic coupling and of the g-factors
of the monomers are interconnected. The central magnetic
unit [UY0,]" is described by a Kramers Doublet (KD) with
negative g-factors, due to a large orbital contribution. The
magnetic coupling for the {Mn(ll)-U(V)} pair is modeled by an

~

anisotropic exchange Hamiltonian: all components are ferro-
magnetic in terms of spin moments, the parallel component
J, twice larger as the perpendicular one J,. The spin density
distribution suggests that spin polarization on the U(V) center
favors the ferromagnetic coupling. Further, the J,/J, ratio,
which is related to the barrier height, was found to correlate
to the corresponding spin contribution of the g-factors of the
U(V) center. This correlation established for the first time
offers a direct way to estimate this important ratio from the
corresponding g*-values, which can be obtained using tradi-
tional ab initio packages and hence has a wider application to
other {3d-5f} magnets. It is finally shown that the magnet-
ization barrier height is tuned by the splitting of the [UYO,]"
5f orbitals.

J

Introduction

Single molecule magnets (SMMs) are of particular interest in the
field of molecular magnetism due to their potential application
in information storage and quantum computing.!" The blocking
barrier of magnetization reversal (Uy) and blocking temper-
ature (T, below which opening of hysteresis is observed) are
considered to be figure of merit for the performance of a
SMM.2¥ Recently groundbreaking results of achieving T as
high as liquid nitrogen temperature in [(Cp**)Dy(Cp*)]*
(Cp"™" = pentaisopropylcyclopentadienyl, Cp* =pentameth-
ylcyclopentadienyl) reveals that the magnetic anisotropy has
reached its axial limit as further fine-tuning of the Ln-ligand
interactions are not realistic*® One way to circumvent this
problem is to employ actinides that have diffused 5f orbitals
exhibiting greater metal-ligand covalency - thanks to their extra
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radial node - compared to the 4f orbitals of the lanthanides.®”!

But the radioactivity of actinides makes them less explored than
lanthanide and transition metal complexes.

Actinide, and in particular uranium complexes have the
ability to be superior candidates for SMM due to their high
anisotropy over the range of oxidation state and ability to
mediate strong magnetic exchange with other metals.® The
SMM behavior of U(ll) complexes is inherent and well
established.®”*" On the other hand, U(V) complexes, though
they possess only one unpaired electron, fair better due to a
stronger ligand field arising from multiple metal-ligand charac-
teristics with the donor atoms such as U=0."%% The
enhanced actinide-ligand covalency is also a disadvantage as
even weaker ligands interact strongly yield large transverse
anisotropy preventing achieving the Ising type of g-factors that
are seen in lanthanides. Due to this factor, mononuclear
actinide complexes exhibit stronger QTM, which often over-
compensate the ground gained in magnetic anisotropy. How-
ever, if a strong exchange coupling is induced, this can
substantially quench the tunneling, and this route leads to the
birth of a handful of {3d-5f} magnets exhibiting very attractive
barrier height/blocking temperatures.?#%?")

Ab initio calculations based on Complete Active Space (CAS)
principles have played an important role in modeling the
magnetic anisotropy in lanthanide and actinide complexes. The
modeling of one center lanthanide complexes is based on the
splitting of the ground J" manifold by the crystal field,”*>% as

'Note the typographic difference between J the total angular momentum
quantum number and J the magnetic coupling parameter.
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the splitting of the ground manifold is similar to the thermal
energy available at room temperature in most cases. In actinide
complexes, the interaction with the ligands is more important
and the ground J manifold might not be the good model
space.®"* Even more, the An free ion is not the good starting
point for the modeling of the actinyls, which must be
considered as the basic unit perturbed by the equatorial
ligands.***3* |n particular, for the 5f' [Np"O,]*" complex,
which is isoelectronic to the [UO,]* cation, the nature of the
equatorial ligands completely dictates the magnetic properties.

The coupling between lanthanide centers is often described
as an isotropic coupling using Lines model,***” where the local
properties are determined using ab initio calculations. Com-
bined with a first principle description of the monomers, it
allows to determine the value of the magnetic coupling J.5%"
Considering only the couplings between two KDs, the fit can be
performed using an Ising Hamiltonian.*" This approach is
valuable to calculate thermodynamic properties where the
whole 2J + 1 manifold of the free ion term is populated and
estimates J values in good accordance against accurate High-
Field EPR spectroscopy for a range of {3d-4f} dimers.*>* The
exchange coupling between two local J angular momenta may
be expressed using the irreducible tensor algebra by a tensor
which rank depends on the values of the local J.E” In the
present case, we limited the interaction to its second-order
term since the local states are a KD doublet and a spin-only
manifold. Furthermore, we neglected the antisymmetric con-
tribution. Consequently, in the following, the exchange cou-
pling is described by the tensor J#*4%

-§4.3.8%
—JIx S48 — JySPSE — 78488

HAB  _
m

where §* and §° are the local pseudo-spin operators. This
simple form of Eq.1 allows to model the interaction with a
reduced number of parameters, whose physical interpretation is
straighforward. Its applicability will be checked by comparing
the response to a magnetic field with the model Hamiltonian to
ab initio calculations. This coupling can be determined using
EPR.[40,46748]

There are few ab initio description of this coupling. CAS
based methods are widely used to describe the crystal-field
levels in mononuclear lanthanide/actinide complexes. For
polynuclear systems the calculation of exchange couplings
requires large active spaces which renders CAS based calcu-
lations extremely demanding. Furthermore, the calculation of
exchange couplings requires the inclusion of dynamical
correlation by multi-reference configuration interaction, pertur-
bative methods being non reliable in those cases. This has been
described using variational methods (DDCI),***” the local-
density-fitted configuration-averaged Hartree—Fock (LDF-CAHF)
method,®" Density-Matrix Renormalization Group (DMRG)
method,*? and Density Functional Theory (DFT).®® DFT appears
as an alternative tool to compute magnetic exchange coupling
and to explore the electronic structure and magnetic properties
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of actinide-containing molecules, especially when the consid-
ered systems are very large.®”

A detailed understanding of the mechanism underlying the
anisotropic coupling is of first importance in order to under-
stand the anisotropy of polymetallic complexes. The coupling
often reduces the SMM properties by creating desexcitations
channels to the magnetization. It was shown that an anisotropic
antiferromagnetic coupling should be the source for
skyrmions.®™ This work is devoted to the detailed analysis of
the anisotropic properties in a trinuclear exchange coupled
{3d-5f} SMM [{Mn(TPA)I} {UO,(Mesaldien)}{Mn(TPA)I}]I (de-
noted [Mn—U—Mn], TPA=tris(2-pyridylmethyl) amine, Mesal-
dien =N,N-(2-aminomethyl)diethylenebis(salicylidene  imine)),
studied by Mazzanti and coworkers (see Figure 1).2 The Mn(ll)
centers with a high-spin 3d° configuration have a half-filled
shell: this leads to a simple electronic configuration that makes
their description simpler and mostly spin-only non degenerate
electronic state, with a negligible zero-field splitting. The central
U(V) unit is highly anisotropic. The electronic and magnetic
properties of actinyls are well described by CAS based methods
including spin-orbit coupling and a perturbative description of
the dynamical correlation.*****%" |n this work, the magnetic
monomers are first described using diamagnetic substitution,
then the magnetic coupling is computed in the dimers and
trimers using Configuration Interaction (Cl) and DFT methods.
This allows to discuss the spin Hamiltonian of the trimer and
the subsequent properties.

Results and discussion

The [Mn—U—Mn] complex was synthesized and characterized in
the group of Mazzanti.”® It consists of two [Mn(TPA)I]* cations
bound to the two oxo groups of the [UO,(Mesaldien)] anion
(see Figure 1). The U(V) atom is heptacoordinate with a slightly
distorted pentagonal bipyramid geometry, with the two uranyl
oxygen atoms O, and the five donor atoms of the Mesaldien*”
ligand in the equatorial plane. The transition metal centers are

Figure 1. X-ray structure of [Mn—U—Mn]= [{Mn(TPA)I} {UO,(Mesaldien)}
{Mn(TPA)I}]I complex. Color code U: cyan, Mn: pink; I: aqua, O: red, N: blue,
C: gray. H atoms are omitted for clarity.
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hexacoordinate, with a slightly distorted octahedral geometry
defined by the four nitrogen atoms of the TPA ligand, one
oxygen atom from the uranyl(V) group, and a coordinated
iodide anion (see the SHAPE analysis in Table S1). The U=0
bond length of 1.901 A denotes a slight lengthening due to
charge donation to the Mn(ll) atom and the Mn—0,, of 2.055 Ais
significantly shorter than in equivalent complexes. The complex
is almost linear, with a M—U—M angle of 173.77°, the deviation
from linearity is due to intramolecular hydrogen bonds between
the protons on the TPA ligand and the oxygen atoms of the
Mesaldien®~ ligand. The magnetic susceptibility was measured
and the high temperature T curve was fitted by an Heisenberg
Hamiltonian ;QS: —J(Spn1-Su + Swn2-Su) with a ferromagnetic
coupling J=15cm™" ? and an isotropic g-factor for the U(V)
center gy=1. The complex exhibits a slow relaxation of
magnetization in zero field with Ug=56.3 cm™". It is reported
to have the highest U among all {3d-5f} complexes having a
{M—0=U =0—M} (M =3d metal ions) moiety.

The monomers

The Mn(ll) cations have a 3d” configuration and their high-spin
ground state is an orbitally non-degenerate spin sextet. The
zero-field splitting arises by spin-orbit coupling with the excited
quartets at more than 20000 cm™" and is less than 1 cm™' (see
Table S2 and 1). It will be neglected in the following and the
Mn(ll) centers described by a pure spin S=5/2. The canonical
orbitals are shown on Figure S3. They are similar for the two
Mn(ll) centers, and characteristic for an octahedral symmetry:
the three t,,-like orbitals split by 500 cm™', the e,-like orbitals by
2000 cm™' and the gap between the two groups is 6000 cm™.

The uranyl group [U'O,]" is isoelectronic to the neptunyl
[Np"'0,]*" with a 5f' configuration. The magnetic properties of
the latter are very sensitive to the nature of the equatorial
ligands.?**" The four f; are non-bonding to the O, atoms, while
the f, and f, are strongly destabilized, forming anti-bonding
orbitals. In the ground state, the single electron lies in the f; or
f, orbitals, and magnetic properties are determined by the
composition of the ground KD in terms of those orbitals. The
canonical orbitals of the [Zn—U—Zn],,,q complex are shown in
Figure 2. The two f; orbitals are the lowest ones with a splitting
of 400 cm™', followed by the two f, at 2000 and 4000 cm™', and
finally the two f, orbitals, almost degenerate at 6700 cm™'. This
scheme is usual for actinyls with equatorial ligands: the two
former being involved in 7 interaction with the equatorial
ligands, the two next in ¢ interactions and the two latter in &
interaction with the two oxo groups, all those interactions
being anti-bonding. The f; and f, orbitals have four-fold and
three-fold symmetries along the U-0,, axis, respectively, while
the equatorial ligand is five-fold, but irregular. The two oxygen
atoms are closer to the U(V) center than the three nitrogen
ones (2.25 vs 2.61A4). Consequently, fy, is slightly more
destabilized than f;; because it interacts with the oxygen atoms

“Note the difference of convention of the Heisenberg Hamiltonian with ref.
[26].
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Table 1. SO-CASSCF energies and zero-field splitting parameters (cm™') of
the Mn(ll) monomers.

[MnW*UVI] [UVI*an]
CAS (5,5) CAS (5,10) CAS (5,5) CAS (5,10)
KD1 0 0.0 0.0 0
KD2 04 0.5 04 0.5
KD3 1.2 1.3 1.3 1.4
KD4 26701 24685 26278 24228
KD5 26704 24687 26281 24230
D° 0.20 0.21 0.21 0.23
E 0.02 0.02 0.02 0.02

* deduced from the three first KDs with spin Hamiltonian
Hy =D(S2 —3S(S+1)) +E[S2 — $}] and S=5/2.

f,©6750) *

f¢2(4120)

f(pl (2100) 3% AL

Figure 2. Canonical orbitals and energies (in parentheses, cm™') from SF-
CASSCF of [Zn—U—Zn],,.q. TWo perspectives are shown for the 4 lowest ones.
Isovalue: 0.01 e/bohr 3.

of the Mesaldien ligand. The splitting between f,, and f; arises
for the same reasons.

The energies of the U(V) monomer are given in Tables SS3
and 2. The simplified [Zn—U-Zn],,q complex gives energies
close to the [Zn—U—Zn] complex. The magnetic orbitals in the
complex are slightly perturbed as compared to the free, and are
denoted according to the linear parentage: |m,| the value of 72
for the orbitals and |m;| the value of j, for the spinors. The main

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 2. Energies (cm™') of the U(V) monomers from spin-orbit calcula-
tions.

[Zn—U—Zn] [Zn—U—Zn]noq

CAS(1,6) CAS(1,6) RAS(13,18)

SCF SCF PT2 SCF PT2
KD1 0 0 0 0 0
KD2 1124 1007 774 918 610
KD3 6486 6443 6296 6363 6214
KD4 9034 8973 8928 8844 8751
KD5 11658 11595 12036 11906 11378
KD6 14481 14420 14861 14636 14175

effect of the equatorial ligands is to lift the degeneracy of the
orbitals, the two f; by 700 cm™" and the two f, by more than
2000 cm™". The states are labeled after the single occupied
orbital (spin-orbit free) or spinor (spin-orbit). The ground spin-
free state is of A, parentage, with the single electron in the
lowest f,, orbital. The lowest excited state, at 700 cm™', is of %A,
parentage, with the single electron in the f;, orbital. The next
excited states are of 2d parentage. In the [U'0,]" free ion, the
spin-orbit coupling splits the ?A state according to Q = |M,| the
value of J, in A, and A,,. In our complex, the composition of
the ground KD is close to A,, ensued from the coupling
between the two 2A components, whatever the level of
calculation (see Table S6). The next KDs arise from the mixing
between A and ’® manifolds. KD2 lies between 600 and
1100 cm™', depending on the level of calculation. The main
effect of correlation is to lower the energy of *®, from 2000 to
1300 cm™'. But this does not affect the ground KD, since of
Q = 3/2 linear parentage, and the spin-orbit free *® free-ion
state spits in ®@;, and ®,,, by spin-orbit.

As a consequence, the ground KD can be modeled in the A
space, as proposed in Section 52.2.%¥ The key parameter is the
splitting by the equatorial ligands of the spin-orbit free ?A state
in 2A, and ?A,. The larger this splitting, the more quenched the
orbital contribution. If the two ¢ orbitals are degenerate, the g-
tensor is axial with a negative g, value. On the opposite, with
an extremely large gap, only the ?A, state contributes and as a
pure spin doublet, it has an isotopic g tensor equals to g, = 2.
The present case is an intermediate regime, with a splitting of
700 cm™' leading to relative weights of 60% and 30% for *A,
and %A, and the orbital contribution is partially quenched. Ab
initio g-factors are given in Table S5 in Supporting Information.
Since the composition of the ground KD in terms of spin-orbit
free states barely depends on correlation, so do the g-factors.
gﬂ‘ and g% equal 1.6 and 0.5. g, and g, are almost equal, as
expected from Ds, symmetry, and will be considered to be
equal in the following. The parallel spin and orbital contribu-
tions are in good accordance with Equation S2, with an orbital
contribution about twice the spin one, and with opposite sign,
leading to a negative value for g;. But Equation S2 predict a
vanishing orbital contribution to the equatorial g, while the ab
initio value is by far non zero, and even larger than the spin
one. This might be due to the small weights of the ground KD
on the >® and °II states. The sign of g, is undetermined, since
only the product gygyg; has a physical significance.®*®¥ The
sign of g% can be assigned by switching off gradually the spin-
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orbit coupling: at the spin-free limit, all values equal to 2, by
continuity g5 is positive, and consequently, g, negative. In the
following, we will keep this choice, keeping in mind its
arbitrariness. The magnetic U(V) center will be modeled by a
unique KD, with g-factors g,=—1.6 and gy = gy =—0.5.

The Natural Spin Orbitals (NSOs) correspond to the natural
orbitals issued from the spin magnetization for a given direction
of the external magnetic field as defined in references.**%4¢"
They allow to vizualize the orbitals contributing to the spin
density, for a given quantification axis. NSOs with a positive
(negative) population participate to the spin density with an o
(B) spin for this quantification axis. The NSOs of the ground KD
issued from the CASSCF and RASSCF calculations are repre-
sented in Figures S4 and S5, respectively and the corresponding
spin magnetization densities are shown in Figure 3. As shown in
Section S2.2 of the Supporting Information, the decomposition
of the two Kramers partners in their a and S components
depends on the direction of the quantification axis, and
consequently, of the applied magnetic field. Along both X and Z
directions, f;, and f,, are NSOs with respective populations 0.6
and 0.3 (see Equations S4 and S7). But along Z, f, and f;,
orbitals appear both with a positive spin density, those
contributions are additive and integrate to a large value,
leading to an important longitudinal g-factor. Along X, f;, and
fs, orbitals appear with opposite spins, and the spin density
alternates with lobes of opposite signs: this integrates to a
smaller value than in the Z direction. With both SO-CASSCF and
SO-RASSCF, the NSOs correspond well to this model. The
increase of the active space with orbitals of the oxo groups in
RASSCF allows a better description of the correlation in these
bonds, the main effect being the spin polarization.***" In the
ground spin-orbit free A, state, the Mulliken spin densities on
the U and O,; atoms are 0.9967 and 0.0005 with CASSCF, the
spin density is positive on the oxo groups, since only spin
delocalization is introduced. They become 1.0276 and —0.0154
with RASSCF, due to spin polarization. With spin-orbit coupling,
there is a small amount of negative spin density, due to the
coupling of the A states with the IT ones with opposite spin.

Figure 3. Spin density of the ground KD of the [Zn—U—Zn],,,.,q complex, for
the principal directions of the g tensor, from SO-CASSCF (above) and SO-
RASSCF (below). Isovalue =0.0002 e/bohr .
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The trimer

The trimer consists of the [UO,]* unit (denoted A) in the center,
coupled to two Mn(ll) centers (denoted B and C). Monomer A is
the [UO,]" unit, restricted to its ground KD, is described by a
pseudo-spin $"* = 1/2, the tensor g* and its principal values
gy =9y =g\ and g}.

A

HA

usB.9" s

Us (9§Bx§x + géngv + QQBZ§Z> 2

Monomers B and C are described by a pure spin ¢ = 5/2
with a negligible zero-field splitting due to the half-shell
structure. The spin Hamiltonian reduces to the isotropic Zee-
man term

HP/C = Lupg.B.§P/C 3)

The coupling between the two magnetic centers is
described by the anisotropic coupling Hamiltonian of Equa-
tion (1). By symmetry, J, = J, =J, and

7W3:_A@@gwm@_h%$

_ GA GB A QB
- —J84.8 +D(SZSZ | @

1444 1 A4
-5 - 55057

with J=(2J, +J;)/3 and D=2/3(J, —J;). We suppose the
principal axes frame (PAF) of J*® and g* to be identical.

We started by studying the dimers, and as a first example,
the coupling between two KDs, §* =1/2 and §* =1/2 as
developed in Section S3.1.1. It appears that the zero-field
energies of the dimer are not affected by the reversal of sign of
two components, J, and J;. The response to an external
magnetic field is unaffected by this change of sign, if one flips
the sign of the corresponding g-factors on one of the site:
either g/, and g}, or g, and gj. By changing both g%, gj, g, and
gg, one retrieves the original sign for J, and Js. This rule applies
whatever the values of $* and S? are. As depicted in Table S7, a
ferromagnetic interaction (J > 0) favors the states with parallel
pseudo-spins, ++ or — —. With positive g factors, it corresponds
to parallel magnetic moments. If one of the g is negative, +
corresponds to a negative magnetic moment, and the favored
state has opposite magnetic moments; this is equivalent to an
antiferromagnetic coupling (J < 0) with positive g factors. It
comes out that the fitting of the ab initio spectra is not
sufficient to provide the sign of the coupling parameters, and is
related to the sign of the corresponding g factors.

We then considered the dimers, built by replacing one
Mn(ll) by a diamagnetic Zn(ll). A chemical model [Mn—U—Zn],,o4
was considered, where the cycles of the ligands are removed,
and the coordination sphere of the Zn(ll) center simplified (see

Chem. Eur. J. 2022, 28, €202201883 (5 of 11)

Figure S2). The dimers were first described by SO-CASSCF, with
the 3d and 5f active orbitals. The dynamical correlation is
further described, performing a RASSCF calculation which
includes the bonding and antibonding ¢ and & orbitals of the
yle bond. Finally, Cl calulations were performed using the DDCI
method. All results are given and discussed in details in Section
S3.2.1 of the Supplementary Material. At the spin-free level,
each of the six doublets of the [UYO,]" unit couples with the
spin sextet of the Mn(ll) center to form a septet and a quintet.
For the A and @ states, the septet lies below the corresponding
quintet, which is the fingerprint of a ferromagnetic coupling.
This coupling increases with correlation. With spin-orbit
coupling, the 12 low lying states are fitted by the spin
Hamiltonian, leading to parameters given in Table S11: J, is
positive, while the sign of J, is undetermined. The values
increase with the level of correlation, and J, is 2-3 times smaller
than J,. It appears that the exchange coupling is largely reduced
by the spin-orbit coupling as compared to the spin-free
spectrum, by roughly a factor of 2. A similar effect was observed
in the cerocene triple decker.””

The comparison between the M =f(B) and xT =f(T)
curves calculated from first-principles and deduced from the
spin Hamiltonian with the parameters deduced at the same
level of calculation, allows to assess that the spin Hamiltonian is
able to reproduce the physics, and to assign the sign of the g
factors of the central [U'O,]™ unit, relatively to the J values. As
developped in the Supporting Informations, it comes out that
the J and g for the direction have opposite signs. In order to be
coherent with the spin-free limit, the J components should be
positive, leading to a ferromagnetic coupling in terms of spin
densities, and the g, negative, due to the large orbital
contribution, as shown in Section S2.2.

The trimer [Mn—U—Mn] was described at SO-CASSCF level,
DFT using a broken-symmetry scheme and by a spin Hamil-
tonian. The CASSCF energies are given in Tables S12 and S13 of
the Supporting Information. At spin-orbit free level, each of the
six spin doublets of the [UYO,]™ unit couples with the two spin
sextets to form one doducaplet, two docaplets, two octets, two
sextets, two quartets and two doublets. Except for the IT states,
the energy decreases with total spin, which denotes a
ferromagnetic coupling. The simplified complex [Mn—U—Mn],,4,
where the cycles have been removed from the ligands (cf
Figure S2), leads to energies similar to the whole one
[Mn—U—Mn], except for the splitting between the two A
manifolds which increases by more than 100 cm™, as for the
dimer (cf Table S8), but not in the monomer (cf Table S3). The
SO-CASSCF calculation provides the 36 KDs issued from the
coupling between the two spin sextets of the Mn(ll) centers and
the ground KD of the [UYO,]” unit (cf Table S13). The overall
splitting is 72 cm™', about twice the whole splitting in the
dimer. There is a gap between KD21 and KD22. The g tensors
go from axial to more or less equatorial from KD1 to KD21, and
then from KD22 to KD36, from more or less equatorial to axial.
KD36 has a larger g, than KD1.

The spin Hamiltonian for the trimer is the following

H=HA+HE +HC + HAB + HAC 4 #BC )
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A A A
where H* is given in Equation (2), H® and H® in Equation (3)
A A
and H*“, H*® in Equation (4). The coupling is considered to be

A
equal with the two Mn(ll) centers. H* represents the Mn(ll)-
Mn(ll) coupling and is described by a Heisenberg spin

Hamiltonian 751“: —j§B.§C. The spectra for different classes of
parameters are shown on Figure S8. The SO-CASSCF spectrum
of the trimer was fitted by this Hamiltonian (cf Table S14),
leading to parameters very close to the dimer, with a positive
value for J, and undetermined sign for J, =J,. The fit is
improved with a small dissymmetry between J, and J, which
does not affect their average value and by adding a tiny
positive magnetic direct coupling between the two Mn(ll)
centers, j=0.06 cm™'. As for the dimer, the response to the
magnetic field with the spin Hamiltonian using the g-values of
the monomer with different signs was compared to the ab
initio curves (cf Figure S12). Again, negative g, and g, match
better. This corresponds to positive spin contributions (see
Section S2.2 of the Supporting Information). Furthermore, the
g-factors deduced from spin Hamiltonian compare well with
the ab initio values which confirms that the spin Hamiltonian of
Eq. 5 is an adequate model to describe the magnetic properties
of the [Mn—U—Mn] complex.

The experimental T curve is represented in Figure 4. The
SO-CASSCF curve does not match the experimental one, the
peak appears at too low temperatures. This is improved using
the DDCI2 parameters, with a larger coupling. The fit proposed
by Chatelain etal®® works only at high temperature and
provides a too high and too narrow peak at low temperatures.
We fitted the experimental yT = f(T) curve with the two J; and
J, parameters, the g-factors fixed to their ab initio values, gi =
—06 and gj=-1.57. One gets J,=564cm™' and J =
30.9 cm™, two-three times larger than the DDCI2 values. The
experimental M = f(B) curves are shown on Figure S12 and
compared to those deduced from the spin Hamiltonian with
the different sets of parameters. The set of parameters fitting
the T = f(T) does not fit the M = f(B) curves, leading to too
small values of the magnetization. It is actually the SO-CASSCF
curves which is in best accordance. We tried to fit jointly
xT =f(T) and the M = f(B) curves at different temperatures,

xT (cm3 mol™’ K)
30f

25F
20f
15
10

5

20 40 60 80 100T(K)

Figure 4. 4T = f(T) experimental, and deduced from Spin Hamiltonian with
parameters from CASSCF (red), DDCI2 (green), from ref. [26] (blue) and fit of
the xT curve (black; Z component dashed, L component dot-dashed).
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but unsuccessfully. The axial of ¥T denotes a maximum, while
the transverse component is smaller and increases smoothly
with temperature; the two components converge to a plateau,
where the contributions of the three centers are additive. The
contribution for the U(V) center corresponds to a g-value of

2g% + gﬁ/3:1.03, a value very close to the g, from Chatelain

etal. The ab initio g-factors are consequently in good
accordance with the experimental data.

Broken-symmetry DFT provides magnetic couplings in good
agreement with experimental data in {3d-4f} systems.”®”" The
same approach was performed on the [Mn—U—Mn] complex
using the B3LYP/TZVP set up. The calculations are performed
without spin-orbit coupling and are modeled according to the
broken-symmetry scheme for isotropic magnetic couplings. The
high-spin and three broken-symmetry configurations were
considered to estimate the three isotropic exchange coupling
constants /A and j. This leads to J** = /*“=49.7 cm™" and
j=0.5cm™". We remind here that those values are issued from
calculations where the spin-orbit coupling is not included. As
mentionned previously, the coupling reduces by roughly a
factor of 2 with the spin-orbit coupling.

Spin densities of the four configurations are shown in
Figure S13 and are compared to SF-RASSCF values for the dimer
in Table S15 and Figure S6. In any case, there is a negative spin
density on the bridging O, in the high-spin state. The magnetic
orbital of the U(V) center is the same f; as in the ground state
of CAS-based calculations. In all configurations, the spin density
of the bridging O, atoms is opposite to the U(V) one; this shows
the importance of the spin polarization of those atoms and that
the magnetic unit is the [U'0,] " cation. Mulliken charges on the
oxo oxygens are larger with DFT, which may explain the larger
coupling with this method, but the comparison should be
performed with care, since the basis sets are different with the
two methods.

The coupling in the dimer is finally described as a
ferromagnetic coupling between a center with positive g-
factors and an other with negative g-factors. The sign of the J-
parameters denotes which state is favored in terms of pseudo-
spins, while the sign of the g-factors denotes the relationship of
the magnetic moment to the pseudo-spin. The coupling is
found to be ferromagnetic because it was analyzed in terms of
spin moments, with positive spin g-factors on the central unit.
But, since the orbital contribution on the [U'O,]" unit is
opposite to the spin one and dominant, this ferromagnetic
coupling leads to opposite moments on the [UYO,]" and Mn(ll)
units. In the trimer, the moments of the two Mn(ll) units are
parallel, as a ferrimagnetic coupling scheme. We can summarize
the coupling scheme by Figure 5: i) the coupling between the
spin densities of the [U'0,]" and Mn(ll) magnetic centers is
ferromagnetic, in all directions, due to the spin polarization of
the oxo bridging groups; ii) the anisotropy of the coupling is
related to the anisotropy of the spin contribution of the g of
the central magnetic [U'0,]" unit; iii) the orbital contribution of
the [UYO,]" unit being dominant and opposite to the spin one,
the total magnetic moment of [U'0,]" is opposite to the ones
of the two Mn(ll) units. This is modeled by positive J, and J,
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| |

Mn O =U=0 Mn
yl yl

Figure 5. Magnetic scheme in the [Mn—U—Mn] trimer. Blue: spin, red: orbital.

and negative g% and g4 parameters. iv) The overall magnetic
scheme is ferrimagnetic.

The [Mn—U—Mn] complex exhibits a SMM behavior with a
relaxation barrier Uy of 81 K and exhibits an open magnetic
hysteresis loop at temperatures below 3 K, with a significant
coercive field of 19T at 1.8K. In lanthanide complexes,
correlations can be found between the barrier Uy and the
energy of the first excited state, which is the sign of an Orbach
relaxation process. In actinide complexes, the energy gaps are
much larger, and this correlation is not as clear, which suggests
that other relaxation pathways occur.”” Anyhow, a ground state
with an anisotropic magnetic moment, and excited states with
anisotropic moments and large excitation energies are neces-
sary to the SMM behavior. In Figure 6, the energy of the states
is represented as a function of the axial (red) and transverse
(blue) g-factors, deduced from the spin Hamiltonian with the
coupling parameters fitting the experimental ¥T. One notices
that the perpendicular magnetic component is zero up to
80 cm™' while the parallel component decreases, leading to an
energy barrier close to the experimental Uy value. In Section
S4.3 of the Supplementary Material, this scheme is depicted for
different sets of parameters. It comes out that the barrier
appears when the coupling is close to an Ising Hamiltonian,
with J, as small as possible. The sign of J, does not influe much
and the anisotropy of the g* tensor does not impact this

Energy (cm'1)

[ ] [ ]
. ’.
»*
[ ]
[ ]
[ ]
‘.
-20 -10 10 20

Figure 6. Energy (cm™') of the KDs of the trimer as a function of the g-
factors; red: g, blue g,. g} =—0.5, g5 =—1.6,J, =309 cm™', ;=564 cm™".
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scheme ; the magnetization barrier issued from electronic states
arises essentially from the anisotropy of the magnetic coupling.

In the Mn(II—M(II)—Mn(I1I)(M=Ru,0s) SMM complexes,”>
the ground KD is issued from an orbitally degenerate spin-free
state; the coupling is orbitally-dependent and consequently
anisotropic.” In the present case, the ground KD is issued from
two spin-free states ?A, and 2A,. These two states have the
same coupling with the Mn(ll) centers. When degenerate, the
KD is the A, of the [U'0,]" cation, with a pure axial g tensor
with both orbital and spin contributions (see Equations S2 with
B = 0). The spin density of the [UYO,]" unit is represented in
Figure 3 (see as well Equations S5 and S8 and NSOs in
Figure S5); along Z, the contributions of the two J orbitals are
additive, which leads to a non-zero g3, while along X or Y, they
have opposite signs and this leads to a zero value for g3*. With
a splitting of the two ¢ orbitals, the cancellation is only partial,
g3} is non-zero, and with a very large gap, the g*-factors are
isotropic. The magnetic interaction between two magnetic
centers is based on local spin densities. The spin g-factors are
directly related to the spin densities along the corresponding
direction o’ (r) as

ﬂ:4/@mw ©6)

The two O orbitals are of the same symmetry as the
corresponding d;, and consequently have the same interaction
with the Mn centers, in accordance with the X =Y symmetry.
But the spin density is axially anisotropic. One can expect the
coupling interaction in a given direction to depend on the
amount of spin density in this direction: if the latter vanishes,
the interaction should vanish. In Table 3, the J, /J; ratio is worth
between 0.3 and 0.38, and 0.55 with the fitted parameters,
while in Table S5, g¥*/g3* is worth 0.38. It suggests to express
the anisotropy of the coupling in terms of the anisotropy of the
local g-tensors, as it is usually performed, but in terms of the
anisotropy of the spin g-tensors. In Eq.1, the exchange
coupling is described as an anisotropic interaction between
pseudo-spins. The pseudo-spins are mathematical operators
which allow to describe the anisotropy of the local magnetic
moments through the g tensor. Those magnetic moments
break down in orbital and spin contributions, as specified by
the g and g° tensors, respectively. Consequently, the spin

Table 3. Spin Hamiltonian parameters (cm™') from the ab initio energies of
the [Mn—U—Zn],,,q dimer and from the experimental 7 = f(T) curve.

fit energies [Mn—U—Zn] 04’ fiit 4T exp
CASSCF  RASSCF CAS+S  DDC2  ° ¢
J, 4.7 6.0 9.6 10.0 30.9 225
Jz 13.7 20.2 259 26.2 56.4 60.0
J 7.7 10.7 15.0 154 394 35.0
D -6.0 -9.5 -10.8 -10.8 -17.0 -25.

a: fit of energies for the [Mn—U-Zn],,qs dimer of Table S10 by spin
Hamiltonian of Eq. 4. b: fit of the experimental yT=f (T) curve using ¢} =
—0.6 and gi=—1.57 and spin Hamiltonian of Eq.5. c: fit with only Ji,
using Eq. 9 with g} =0.6; g7' =1.6.
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magnetic moment of a magnetic unit is gs.ﬁ. Since the
anisotropy of the coupling arises from the anisotropy of the
spin densities, we propose to model the coupling between two
magnetic centers A and B with respective spin g tensors g** and
g* by an isotropic interaction between the anisotropic spin
moments

,i,]iso (gSA . S'A)T . (gSB . §B> @)

HAB _

The factor 1/4 is introduced in order to obtain the usual
Heisenberg Hamiltonian in the case of two isotropic spin-only
magnetic centers. In the case where the two local g-tensors
have the same PAF, Eq. 7 becomes

N 1 NN Aa oA
A = =i (934955 5458 + 98957 5157

SA _SB&AGB ®
+97°97 SZSZ>

and in the present case

- 1 a4 A oA A
HAP = o (9549288 + 9545088
a ©)
+951925%)

which is equivalent to Equation S18 with J, =1J..g%
J; = 3J93 and J = 34, (297 + g3'). We applied this approach
by fitting the experimental T curve; as shown in the last
column of Table 3, this leads to parameters rather close from
the two-parameters fit. This approach allows to reduce the
fitting of the experimental curve to one parameter, once the
one-center anisotropic magnetic properties are known.

The barrier is related to the anisotropy of the coupling,
which depends on the anisotropy of the spin g-tensor. The
composition of the ground KD is tuned by the f; splitting. While
this splitting smoothly impacts the axial spin density, it
determines the transverse one: the transverse spin density sums
up to 0 in the case of no gap and to 2 when the gap becomes
important. It shows that this energy gap between the two f;
orbitals plays a key role in the anisotropic properties, not only
by introducing a large orbital contribution in the case of no
gap, but by quenching the transverse spin contribution, and
consequently by quenching the transverse magnetic coupling.
The f; splitting is related to the symmetry of the equatorial
ligands of the [UYO,]™ unit. The splitting will be the largest with
ligand with a four-fold symmetry, one of the f; being in this
case largely anti-bonding.

Conclusions

The large metal-ligand covalency and stronger anisotropy of
actinides make it very attractive for SMMs over lanthanides.
Furthermore, the strong magnetic exchange substantially
quenches the tunnelling, as shown in several cases. Despite
these advantages, actinide chemistry is less explored. This is
essentially due to a lack of solid theoretical understanding of

Chem. Eur. J. 2022, 28, €202201883 (8 of 11)

the design principles and various factors that contribute to a
reduction in barrier heights/blocking temperature. This work
proposes a detailed analysis of the anisotropic magnetic
properties in a {3d-5f-3d} trimer. This analysis is based on CAS
based and scalar DFT methods, and spin Hamiltonian. The two
Mn(ll) centers are half-filled 3d® shell with spin-only isotropic
magnetic properties. The unpaired electron of the central
[UY0,]" unit is mostly borne by the two 5f; orbitals; the ground
KD has an axial g-tensor, with negative values, due to a large
orbital contribution, opposite to the spin one. The coupling
between the [UYO,]" unit and the two Mn(ll) centers is
ferromagnetic, due to a large spin polarization of the oxo
groups. It is anisotropic, larger in the parallel direction than in
the transverse one, and increases with correlation. The sign of
the transverse coupling can only be determined relative to the
sign of the transverse g-factors. The spin Hamiltonian fits well
the 72 magnetic states calculated with SO-CASSCF, which
validates the ability of the spin Hamiltonian to describe this
system. The two coupling parameters were finally fitted on the
xT curves, using the ab initio g-factors of the unit, leading to
values larger than those determined by CAS-based and DFT
methods. But, the main contribution to the magnetic moment
of the unit is orbital, which is opposite to the spin one, leading
to negative g-factors. It follows that the magnetic moments are
opposite on Mn(ll) and U(V) centers: the ferromagnetic inter-
action between the spin magnetic moments becomes a
ferrimagnetic interaction for the total moments, due to the local
Hund'’s rule on the central cation.

The magnetization barrier is deduced from the spin
Hamiltonian. Supposing that the relaxation follows an Orbach
relaxation scheme, it corresponds to the experimental
value.’” It is related to the anisotropy of the coupling, but is
not affected by the anisotropy of the central g-tensor. The ratio
of the transverse and axial components of the coupling and of
the spin g-factors of the central unit are close. One can expect
the anisotropy of the coupling to arise from the anisotropy of
the spin density. The transverse spin density sums up to zero
when the two f; orbitals are degenerate. As a result, in order to
increase the barrier, one should quench the transverse spin
contribution of the [UYO,]™ unit, which is tuned by the splitting
between the f; orbitals. Due to the four-fold symmetry of the
latter, the splitting is favored by equatorial ligands denoting the
same symmetry. As a consequence, one should avoid four-fold
equatorial ligands in order to increase the barrier.

The fitting of the magnetic response for complexes with
anisotropic properties is difficult, even impractical, due to the
large number of parameters. Thanks to the use of the local g-
tensors determined from ab initio calculations, only the
coupling is fitted. In lanthanide complexes, the coupling is
reduced to only one parameter, when the ground J manifold is
populated.®**” This was performed in this work by expressing
the coupling Hamiltonian as an isotropic interaction between
the spin magnetic moments, which are anisotropic. The new fit,
with only one parameter, is in good accordance with the two-
parameters fit.

To summarize (i) The g factors of the ground KD of the
central anisotropic unit [UYO,]" are negative, due to a large

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1T.1D) 3|qeo! |dde au3 Aq pausenob a8 Seoile O ‘8SN JO S8|nJ o} Akeiq 1 8uljuQ A1 UO (SUOTHPUOD-PUB-SWBIALOO" A3 1M Ae1q | BulUo//:Sdny) SUOIPUOD pue sWs 1 8y} 88S *[£202/T0/50] Uo Ariqiauuo A11m ‘(g-111) Aequog ABojouyos | JO aininsu| Ueipu| Aq £88T0Z202 WeYd/Z00T 0T/I0p/w0d A8 i Are.d i jpul|uoadoine-Ansiweyo;/sdny wo. pepeojumod ‘89 ‘g0z ‘S9.ET2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202201883

orbital contribution opposite to the spin one. Further, due to
strong U-ligand covalency, we show that this anisotropy
originates due to splitting within the 5f orbitals, particularly
between two 5f orbitals. This allows to offer a design principle
to enhance the anisotropy via ligand tuning. (ii) Due to the
large orbital contribution opposite to the spin one, even if the
coupling is ferromagnetic in terms of spin densities, the
interaction in terms of magnetic moments is ferrimagnetic. (iii)
The anisotropy of this interaction is related to the anisotropy of
the spin density of the U(V) unit. Therefore, the use of local spin
contribution to the g-tensor extracted from ab initio calcula-
tions allows reducing the number of parameters to be fitted in
this anisotropic case to only one parameter. Consequently, the
method can be used to analyze the magnetic properties of any
other 3d-5f SMM, what we will do in a close future. (iv) The
magnetization barrier is related to the anisotropy of the
coupling, not from the anisotropy in the g factors as seen in the
lanthanide SMMs. Thus for the design of actinide SMMs, one
has to focus on enhancing this exchange coupling via suitable
ligand and not the individual single-ion anisotropy.

Computational details

WFT calculations

Calculations were performed on the X-ray structures®® or simplified
structures: (see Section S1 in the ESI for more details) i) the trimers,
with three paramagnetic centers, either complete [Mn—U—Mn] (cf
Figure 1) or truncated [Mn—U—Mn] s in which the TPA and
Mesaldien ligands are simplified (cf Figure S2). ii) the dimers
obtained by diamagnetic substitution: one of the Mn(ll) centers is
replaced by a diamagnetic Zn(ll) cation with a simplified coordina-
tion sphere. The Mn(ll) and U(V) center are either with the original
coordination sphere [Mn-U-Zn] or with simplified ligands
[Mn—U—Zn],.q (cf Figure S2). iii) the monomers, with only one
paramagnetic center. In the Zn—U—Zn complex, the two Mn(ll)
centers are replaced by diamagnetic Zn(ll) cations with a simplified
coordination sphere, and in [Mn—U"] complexes, U(V) is replaced by
the diamagnetic U(VI) and the other Mn(ll) center is removed (cf
Figure S1). Our earlier work suggests that such approach has
negligible effect on anisotropic properties.””

WFT calculations were performed using MOLCAS 7.8 program
package.®” Spin-free wave functions were generated by the state
average complete active space self-consistent field (SF-CASSCF)
method.®"” The DKH (Douglas Kroll Hess) Hamiltonian was used to
account of relativistic effects® and Cholesky decomposition to
reduce the computational cost of calculating two-electron
integrals.®® Dynamical correlation in the U(V) monomer was
calculated with the CASPT2 method:®¥ the 5p(U) and 5d(U) are
included in the correlation space, since it was shown that they may
impact the results.® In the dimers, dynamical correlation was
calculated by Configuration Interaction (Cl) calculations performed
with the CASDI program:®® CAS+S and DDCI2.9 If S, (S,) is the
space of the orbitals which are doubly occupied (unoccupied) in
the CASCI (Complete Active Space Configuration Interaction)
calculation and n,, (n,) the number of allowed holes (particles) in S,
(S5), the CAS+S Cl corresponds to n, <1 and n, < 1 and DDCI2
space contains all the configurations satisfying n, +n, <2. Cl
calculations for the [Mn—U—Zn],,,q complex involved 118 electrons
in 429 orbitals, with a CAS(6,9) using the orbitals of the septet. CAS
+5 Cl corresponds to n, < 1 and n, < 1. The spin-orbit interaction
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was calculated as a state interaction by RASSI-SO module.®” Spin-
Orbit (SO) integrals are calculated using the AMFI (Atomic Mean-
Field Integrals) approximation.®® SO-CAS+S and SO-DDCI2 results
were obtained by dressing the spin-orbit matrix obtained with
CASSCF with the corresponding Spin-orbit Free (SF) energies. Both
for the state average CASSCF and the spin-orbit state interaction,
all magnetic states were considered. Parameters for the zero-field
splitting spin Hamiltonian of the Mn(ll) centers were computed
with the SINGLE_ANISO code.®™ g-factors and their spin and orbital
contributions were calculated according to ref. [90] and magnetic
susceptibility to ref. [91]. Basis sets, active spaces and spin-orbit
state interaction are detailed in Section S1.

DFT calculations

DFT calculations were carried out using the G09 suite® using the
hybrid B3LYP exchange-correlation functional.”® Quadratic conver-
gence was used to get the most stable wave function. A quasi
relativistic ECP with 60 core electrons (ECP60MWB) along with
ECP60MWB_ANO basis set was employed for Uranium as this ECP is
well established to give a numerical accuracy.” Basis sets of
Ahlrichs TZVP quality were used for Mn, O and C atoms and SVP for
H.®® Since these calculations do not include the spin-orbit coupling,
the exchange coupling is isotropic and the following Heisenberg
Hamiltonian was considered

H=-J8".8% —J8*.8° - ;87.58° (10)

where %, §* and §* are the local spin operators with S, = 1/2 and
Sg = Sc = 5/2. We underline that $* acts as a real spin in Eq. 10
while it acts as a pseudo-spin in Eq. 1. For our calculations, four
configurations were considered: one high-spin
HS=Mn17-Ul-Mn27 and three broken-symmetry, BS1=Mn1|-U
7=Mn27, BS2=Mn11-U]-M2]|, BS3=Mn11-U|—Mn27. Using the
broken symmetry approach developed by Noodleman,”® the two
coupling parameters J and j were estimated using the non-spin

projected  formula®  Ep — Eys = Epsy — Eyis = 3J+ 15 and
Egs; — Eys = 6J.
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