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The synthesis and structural characterisation of [Ln(Tp? ™)1l (1-Ln; Ln = La, Ce, Pr, Nd) (Tp?>"™ = hydrotris
(3-(2'-furyl)-pyrazol-1-yl)borate) have been reported as an isomorphous series adopting pseudo-icosahe-
dral ligand field geometries. Continuous shape measurement (CShM) analyses on the crystal field environ-
ments of 1-Ln show the smallest values yet reported for complexes employing two hexadentate ligands
(e.g. bis-scorpionate environments), with the smallest belonging to 1-La. Single-ion magnetism for 1-Ce,
1-Pr and 1-Nd was probed with ac magnetic susceptibility studies revealing slow magnetic relaxation for
1-Nd in applied magnetic fields and in zero-applied field for 1-Ce, which is a rare observation for Ce(i)-
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based single-ion magnets. The energy barrier to magnetic relaxation for 1-Ce was experimentally deter-
mined to be Uer = 30(5) cm™,

magnets in the literature, where these systems stablise the m; = +5/2 state and possess large energy gaps

which is comparable to that of other cerium-based single-molecule
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Introduction

Early lanthanide single-ion magnets (SIMs) are generally under-
represented due to the ions possessing relatively small spin
angular momentum, S, and correspondingly coupled spin-
orbit angular momentum, /, when compared to the recent
success within the field using mid-to-late lanthanides.'™*
Along with the small magnetic moments of early lanthanides,
low coordination numbers are not favoured due to the intrinsic
size of the lanthanide(ur) ions, which has been a major discus-
sion point for the success of lanthanocerium-based SIMs.
However, the spin multiplicity and coordination number of
lanthanide-based SIMs are not the only dependency of high
performing SIMs; ligand field geometries and the (non-)
Kramers nature of the lanthanide ion both play an integral role
in the overall slow magnetic relaxation behaviour.'?

A recently charted ligand field for lanthanide-based SIMs is
that of icosahedral geometry, which has been expanded by us
through the use of hexadentate scorpionate ligands in com-
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between the ground and first excited state that do not agree with the experimentally determined barrier.

plexes such as [Ln(Tp*™),](BPh4) (2-Ln; Ln = La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy; Tp>® = hydrotris(3-(2-pyridyl)-pyrazol-1-
yl)borate) and [Ln(Tp**"),](BPh,) (3-Ln; Ln = Ce, Dy; Tp**™ =
hydrotris(3-(2"-furyl)-pyrazol-1-yl)borate)."*'* The early lantha-
nide containing complex [Ce(Tp*™),](BPh,) 2-Ce exhibited
field-induced slow magnetic relaxation; however, due to the
complexity of the ligand field environment and pseudo-spheri-
cal nature of the charge distribution about the cerium(u)
centre, the dominating magnetic relaxation occurs via a
Raman mechanism. Thus by the fine tuning of the scorpionate
ligand used, we present the synthesis and characterisation of
[Ln(Tp*™),]I (1-Ln; Ln = La, Ce, Pr, Nd) by single crystal X-ray
diffraction and magnetometry with supporting ab initio calcu-
lations. Herein, we explore the effects of heteronuclear hexa-
dentate ligands on the slow magnetic relaxation in highly sym-
metric lanthanide-based SIMs.

Results and discussion
Synthesis and solid-state characterisation

Synthesis of pseudo-icosahedral bis-scorpionate lanthanide
complexes is generally a straightforward metathetical reaction,
being first demonstrated by McCleverty and Ward in the
1990’s with the isolation of [Ln(Tp*™),](BPh,) (2-Ln; Ln = La,
Sm, Eu, Gd, Tb).">'® We have since extended the homologous
series for 2-Ln to cerium, praseodymium, neodymium and dys-
prosium. However, the latter requires an inert synthesis due to
large coordination numbers not being favoured for the late
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lanthanides.”® Furthermore, we have exemplified the use of
the furyl substituted ligand Tp*>™™ in [Ln(Tp**"),](BPh,) (3-Ln)
for Ln = Ce and Dy, where again the latter undergoes a 1,2-bor-
otropic shift to favour a lower coordination number."* The syn-
thetic routes to 3-Ln used sodium salts due to the availability
and solubility of NaBPh,, although NaTp®*" did not have
similar solubility, and the yields of these reactions are low.
Thus, to optimise these reactions the use of the potassium salt
KTp>™ and the counter-ion of iodide, inspired by the
uranium(m) complex [U(Tp>™),]1,"® allowed the isolation of 1-
Ln in large yields (64-89%) from a one-pot reaction in metha-
nol (Scheme 1) and later extracted with CH,Cl,. Single crystals
suitable for X-ray diffraction of 1-Ln-(CH,Cl,), were obtained
via Et,O vapour diffusions of 1-Ln dissolved in CH,Cl,. The
ATR-FTIR spectra of 1-Ln:(CH,Cl,), are superimposable
(Fig. S2 and S37), suggesting the same structural composition.
Due to the paramagnetic nature of 1-Ce, 1-Pr and 1-Nd the
NMR spectra were not collected; however, the '"H and ''B
spectra for 1-La were collected in ds-DMSO and present near
identical spectra to the alkali salts of the Tp*™ ligand
(Fig. S17).

The same synthetic procedure was attempted using
hydrated EuCl; and SmCl; as lanthanide sources but recrystal-
lisation resulted in discolouration and powdered samples. As
per our previous publications, the size of the lanthanide ion
plays a crucial role in the stability of twelve coordinate bis-scor-
pionate lanthanide complexes.">'* The proximity of the scor-
pionate ligand, and the deviation from perfect ligand fields
(measured by continuous shape measurements (CShM),
vide infra), can be used to predict when these twelve-coordinate
systems become unstable. We have attributed 1,2-borotropic
shifting of the Tp**" ligand as the likely cause for us not being
able to isolate 1-Eu and 1-Sm given the relatively small lantha-
nide ions in these systems.'*

The isomorphous 1-Ln:(CH,Cl,), series pack in the triclinic
space group P1 (the solid-state structure for the ion-pair for 1-
Ce is shown in Fig. 1 and the remaining compounds in
Fig. S4-S6;1 coordination geometries from the cations in 1-Ln
and B---B axis views are shown in Fig. 2 and selected atomic
distances and angles have been summarised in Table 1). When
comparing the unit cell dimensions of 1-Ln-(CH,Cl,),, there
are no obvious trends, though the volume of each cell
decreases, attributed to the lanthanide contraction (Fig. S87).
The cations in 1-Ln have inversion symmetry where one scor-
pionate ligand comprises the asymmetric unit, akin to that of
2-Ln," with a lanthanide ion and counter-ion of iodine having
half occupancies (Fig. 1). The unit cell consists of one ion pair
with two CH,Cl, molecules (Fig. S71). The iodide ions occupy

MeOH
LnClyxH,0 + 2 KTp?FU + KI ——— [Ln(Tp?Fu),]l

-3 KClI
Ln = La, Ce, Pr, Nd

Scheme 1 Synthetic route to 1-Ln (Lh = La, x =7; Ln = Ce, x = 6; Ln =
Pr,x =6, Ln = Nd, x = 6).
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Fig. 1 Solid-state structures of the cation in the asymmetric unit (top)
and the ion pair (bottom) in 1-Ce:(CH,Cl,),, drawn with a 50% ellipsoid.
Cerium(m) = cream, iodine = purple, oxygen = red, nitrogen = blue,
carbon = grey, boron = orange; hydrogen atoms and lattice solvents
have been omitted for clarity.

the corners of the unit cell and lie on inversion points, and
analogously the lanthanide ions also lie on inversion points
yet are located at the centre of the cells. Due to the lanthanide
lying on an inversion point the second Tp>™ is generated by
symmetry which results in all X-Ln-X (X = coordinating
atoms) angles being 180° alongside the B---Ln---B angle being
linear and the molecule possessing a pseudo-S¢ axis down the
B---B axis (Fig. 2).

The ligand field geometries present in 1-Ln are pseudo-ico-
sahedral (Fig. 2) with the CShM values being below 0.4 for all
compounds. The smallest CShM is observed in 1-La (CShM(I,)
= 0.340) and gradually increases across the lanthanide series.
To our knowledge these are the smallest CShM values of I, geo-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Coordination geometries of the metal centres in 1-Ln (top), shown with coordinated atoms drawn with 50% ellipsoids and view from the
B---B axis (bottom). Metal centres are lanthanum, cerium, praseodymium and neodymium going from left to right. The colour scheme is defined in

Fig. 1.

Table 1 Selected bond/atomic distances and angles for 1-Ln

1-La 1-Ce 1-Pr 1-Nd
Ln---B/A 3.891(7) 3.872(5) 3.861(5) 3.846(5)
Ln—NpZ/é 2.670(2)-2.683(2) 2.6502(15)-2.6641(15) 2.6354(14)-2.6528(14) 2.624(2)-2.643(2)
Ln-Og,/A 2.8819(19)-2.8688(18) 2.8478(13)-2.8753(13) 2.8424(12)-2.8680(12) 2.8390(17)-2.8674(17)
Conical angle®/° 43.06-43.23 42.85-43.16 42.70-43.07 42.70-43.12
Furyl torsion”/° 1.2(4)-8.5(5) 0.4(3)-9.1(3) 0.4(2)-9.4(3) 0.6(3)-8.9(3)
Ln--Ln/A 11.1211(8) 11.0781(6) 11.0573(5) 11.0672(6)
CShM(L.) 0.340 0.352 0.362 0.391

“Conical angles are taken from N2-B1-Ln1, N4-B1-Ln1 and N6-B1-Ln1 (Ln = La, Ce, Pr, Nd). ” Magnitude of the torsion angles is measured

between N2-C3-C4-04, N4-C10-C11-02 and N6-C17-C18-03.

metry for two hexadentate ligands; in particular, these are the
smallest for bis-scorpionate complexes, or tripodal ligands in
general. The smaller CShM values are attributed to the
different ‘bite’ angle of the Tp>™ ligand (conical angle,
Table 1). The five membered furyl rings produce differing
coordination bond distances, conical angles (Ln1-B1-N2, Ln1-
B1-N4 and Ln1-B1-N6) and furyl torsion angles (N2-C3-C4—
01, N4-C10-C11-02 and N2-C17-C18-03) when compared to
the analogous Tp”>™ ligand, where the smallest CShM(I.) is
0.362, seen in 2-Ce.'® The coordinating distances of both the
nitrogen atoms from the pyrazolyl group (Np,) and the oxygen
atoms from the furyl groups (Og,) gradually decrease across
the lanthanide series, which is seen in the 2-Ln series and is
an excellent physical observation of lanthanide contraction.™
The coordination distances in 1-Ln are shorter than that of 2-
Ln, which again is due to the different bite of the ligands
allowing the scorpionate ligand to reside closer to the lantha-

This journal is © The Royal Society of Chemistry 2025

nide ions, evident by the shorter B---Ln distances (3.891(7)-
3.846(5) A ¢f. 3.923(7)-3.904(6) A when comparing 1-Ln to 2-Ln
respectively, for Ln = La, Ce, Pr, Nd)."* The solid-state packing
of 1-Ln:(CH,Cl,), allows for well-spaced lanthanide ions,
which are defined by the a-axis with the smallest inter-

molecular Ln---Ln distance belonging to 1-Pr (11.0573(5) A)

Magnetometry

The static magnetisation and y\T were investigated for the
paramagnetic analogues of 1-Ln (Ln = Ce, Pr, Nd). Room temp-
erature y\T values are slightly low but still in good agreement
with their free-ion Curie constants (C), being 0.72 cm® K mol "
for 1-Ce (Ce(m), *F5/2, C = 0.80 cm® K mol™"), 1.50 em® K mol ™
for 1-Pr (Pr(m), *H,;, C = 1.60 cm® K mol™') and 1.55 ecm® K
mol ™" for 1-Nd (Nd(m), *Io/,, C = 1.64 cm® K mol ™) (Fig. 3)."
AD initio calculated ;T products are also in good agreement
with the measured results. The y\T products steadily decrease

Dalton Trans., 2025, 54, 3071-3078 | 3073
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Fig. 3 Molar magnetic susceptibility (ym) temperature products of 1-Ln
(Ln = Ce, cream; Ln = Pr, green; Ln = Nd, purple) between 2 and 300 K
under an applied magnetic field (Hyc) of 1000 Oe. Experimental data are
shown as solid circles and CASSCF-SO calculations as dashed lines.

before dropping more rapidly at low temperatures for all
samples, though the rapid drop is most pronounced for 1-Pr,
likely indicating a marginal splitting in the pseudo-doublet
ground state. The magnetization curves for 1-Ce, 1-Pr and 1-Nd
all show their desired saturation (Fig. S9t) at low temperature
(T =2, 4, 6 K) and are again in agreement with calculations.

To examine the effects of the Tp®>*" pseudo-icosahedral
ligand field on SIM behaviour, alternating current (ac) mag-
netic susceptibility studies were performed on 1-Ce, 1-Pr and
1-Nd. Firstly, 1-Pr does not present any pronounced out-of-
phase magnetic susceptibility (y”) signals regardless of applied
fields (T = 2-20 K, Fig. S12 and S13t), implying 1-Pr is not a
SIM. Based on the behaviour of 1-Ce and 1-Nd, vide infra, the
use of the non-Kramers ion praseodymium(m) and weakly per-
turbing icosahedral crystal field (which is observed in 2-Ln)"?
has been attributed to the poor behaviour of 1-Pr.

The zero-field behaviour of 1-Nd shows frequency depen-
dence in y” only below 5 K; however, no peaks are present
(Fig. S157). Applied field (Hg. = 2000 Oe) studies on 1-Nd
reveal peaks in y” between 2 and 4 K (Fig. 4 left and Fig. S187),
which were fitted to the generalised Debye equation (eqn
(S1)7) to extract the magnetic relaxation times (7) that were
further modelled using a magnetic relaxation rate equation

View Article Online
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(eqn (S2)T). Plotting the natural logarithm of the magnetic
relaxation times against inverse temperature (7") produces a
non-linear regime, likely indicating Raman relaxation
(Fig. S19t). Thus, these were fitted employing the Raman relax-
ation rate equation, 7' = CT", yielding the values C = 0.028(7)
s™' K" and n = 10.3(2).

The Raman exponent of 10.3(2) is unusually large for a
Kramers ion, where reduced exponents are typically sought to
improve SIM behaviour.'® When attempting to fit the magnetic
relaxation rates for 1-Nd to an Orbach style equation, an
energy barrier of Uy = 19.9(5) em™ (7, = 3.0(9) x 1072 g) is
extracted. Despite it being similar to those of other reported
neodymium(m) based SIMs,'® we note that the data points do
not fit as well as for the purely Raman relaxation mechanism
(Fig. S191). We attribute the dominant Raman relaxation
mechanism to the large ligand scaffold likely having a high
density of low energy vibrational modes.

Surprisingly, the zero-field magnetic susceptibility for 1-Ce
showed frequency and temperature dependence up to 15 K
when using frequencies up to 10 000 Hz and the sensitivity of
cerium(m) based zero-field SIMs is highlighted by the high
adiabatic susceptibility, indicating that a large percentage of
the sample does not show slow relaxation under zero-field con-
ditions. To date, only two other cerium(u) compounds have
been reported as zero-field SIMs, [Ce(Cp™),Cl] (Cp™ = 1,2,4-tri-
tert-butylcyclopentadineyl), though the authors only refer to
the applied field data (Hq. = 1000 Oe), and [Ce{ZnlI
(L)}2(MeOH)](BPh,) (L = N,N,0,0-tetradentate Schiff base), with
an effective anisotropic energy barrier of Ues = 14.7(4)
em '.?%*' The zero-field relaxation parameters for [Ce
(Cp™),Cl] are included in their ESI and showed both Raman
and quantum tunnelling of magnetisation (QTM) relaxation
mechanisms, with applied field magnetic relaxation displaying
solely Raman relaxation (Table 2).>° Upon reviewing the zero-
field data for [Ce(Cp™),Cl], it seems the fitting to the general-
ised Debye equation at 2 K was not modelled appropriately,
producing a non-existent QTM mechanism.

Zero-field ac magnetic susceptibilities for 1-Ce were col-
lected between 2 and 8 K (Fig. 4 and Fig. S167). Fitting this
data to the generalised Debye equation resulted in distribution
parameters (a) below 0.02, indicating a narrow distribution of
magnetic relaxation times (Table S2t). The »" at low tempera-

Hge = 2000 Oe 0.3 0.8 . Hgc = 250 Oe
0.15 Y 1-Nd o 1-Ce
/ 2K 95K
) 2K mmp 4K - ~ 06 -
> S 0.2 =
Q o Q
g 0.10 2 2
" " n 0.4
§ 0.05 : E 0.1 §
>~ >~ 0.2
e e
0.00 S SRRt =F EEN 0.0 0.0
10! 102 10° 104

v /Hz

v /Hz

Fig. 4 Out-of-phase (y") magnetic susceptibility data for 1-Nd under an applied field (H4. = 2000 Oe; 2—-4 K; left), 1-Ce in zero-field (Hyc = O Oe,
2-8 K; middle) and 1-Ce under an applied field (Hyc = 250 Oe; 2-9.5 K; right). Temperature gradients are from blue (low temp) to red (high temp),

where dashed lines are fits to the generalised Debye equation (R? > 0.90).
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Table 2 Relaxation parameters for zero and applied field cerium-based SIMs*>19-2
Orbach Raman
QTM

Complex Hg./Oe 7o/S Ueg/om ™ C/sT K™ n TorvlS
1-Ce 0 2.7(3) x 107° 30(5) 54(7) 1.2(1) —

250 1.2(2) x107° 25.1(6) 0.9(1) 2.2(1) —
2-Ce 1500 — — 6.9(6) 4.34(5) —
[Ce(Cp™),Cl] 0* — — 1.28 x 1073 8.28 1.74 x 1072

1000 — — 4.75 1072 6.48 —
[Ce{zZnI(L)},(MeOH)](BPh,)” 0 1.6(3) x 1077 14.7(4) — — 3.8(2) x 107*
[Ce(NO;);(1,10-diaza-18-crown-6)] 1000 2.3(5)x 1078 31(1) 0.54(2) 5¢ —

“ Zero-field behaviour may not be reported accurately (see in text). > The switch to a non-linear regime is identified as QTM though it is possible
that this divergence is a consequence of Raman relaxation as at the time of publishing it was not widely adopted. ¢ Value was fixed during fitting.

ture for 1-Ce bears a resemblance to the behaviour of 2-Tb;"?
there is a limiting value for y” at high frequency below 5.5 K
before temperature dependence emerges above the said temp-
erature. For 2-Tb, this behaviour was indicative of the switch-
ing between Raman and Orbach relaxation. After plotting the
relaxation times for 1-Ce, the same is true where above 5.5 K
there is a switch from Raman to Orbach relaxation. The relax-
ation rate fitting for 1-Ce produces an effective energy barrier
to magnetic relaxation of U.s = 30(5) em™" and Raman para-
meters of C = 53(2) s K" and n = 1.26(6) (Fig. 5). Notably,
the zero-field ac susceptibility for 1-Ce does not present mag-
netic relaxation via a QTM mechanism, implying that the
cerium centres are well isolated from each other (shortest
intermolecular distance of Ce---Ce = 11.0781(6) A), which
differs from [Ce(Cp™),Cl] (Ce---Ce = 8.0712(5) A) where an
applied field was reportedly needed to supress QTM.>°
Applied-field sweeps at 2 K (Fig. S117) revealed the optimal
applied field for magnetic relaxation in 1-Ce to be Hy. = 250
Oe, with the applied field data bearing a resemblance to
the zero-field susceptibility, though magnetic relaxation is
slower at a given temperature (Fig. 4). Applied-field ac data for
1-Ce were analysed analogously to the zero-field data, yielding

00eft - -
-2{ ---- 2500efit .- =il
3 o00e e
—3] & 2500e P
S
— -4 A
L -t
t _5 / =
= 4 . o
- /' 5 e
—6 7 b
=t o 2
£
=7 =
-8
0.10 0.15 0.0 025 030 035 0.40 0.45 0.50

Th/K?
Fig. 5 Magnetic relaxation plots for 1-Ce under zero and applied mag-

netic fields. Both data sets have been modelled using Orbach and
Raman fitting with parameters summarised in Table 2.

This journal is © The Royal Society of Chemistry 2025

a similar energy barrier (Fig. 5 and Table 2). The same limiting
phenomenon was observed in the applied field data for 1-Ce;
however, the switching temperature was lower at ca. 4 K.
The energy barrier derived from the fitting for 1-Ce in zero-
field is, to our knowledge, the highest for a cerium-based SIM
but is approximately equal to the record of 31(1) em™" (within
error), observed for [Ce(NOs);(1,10-diaza-18-crown-6)] in an
applied field (Table 2),>> and is a rare example where zero-field
behaviour is observed, although we do acknowledge that a
small residual field might be the cause of said zero-field
behaviour.

Ab initio calculations

To gain insight into the magnetic properties of 1-Ln, com-
plete-active space self-consistent field spin-orbit (CASSCF-SO)
calculations were performed. The total splitting of the ground
spin-orbit coupled term in 1-Ln is more pronounced than in
2-Ln, where the total splitting in 1-Ln is between 501 and
768 cm™' (c¢f. the largest splitting of 407 cm ™" within the bis-
Tp*>® moiety in 2-Dy)."* To determine if the charge density,
i.e. the electronic field created by the ligand environment, is
different when comparing Tp*® to Tp>*", the LoProp charges
were extracted from the CASSCF-SO calculations. The charges
on the metal centres are slightly higher in the bis-Tp*™"
systems, being 2.45 on average (cf. 2.40 in 2-Ln),"* along with
higher negative charges on the coordinating N,, and Og,
atoms of —0.36 and —0.35 (Table S87), respectively. The result-
ing higher magnitude charges, when employing an electro-
static model, are responsible for the increased crystal field
splitting, but due to the pseudo-sphere distribution of charge,
the total splitting is still relatively low cf. other bis-axial ligand
environments.'>"! In all cases, the crystal fields in 1-Ln are
defined along the g, direction due to the presence of axial an-
isotropy created by the bis-Tp**" ligand environment. The
highest magnitude m; states for each ion in 1-Ln become less
oblate from cerium to neodymium which is reflected by the
increasing deviation of the ground state quantisation axis from
the B---B axis (Fig. S20-S221), an increase in the degree of
mixing in the ground states and a reduction in the g, values
from the Ising-limit.?*

Dalton Trans., 2025, 54, 3071-3078 | 3075


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt03231d

Open Access Article. Published on 17 January 2025. Downloaded on 1/22/2026 3:30:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 3 Calculated energies, g, values for pseudo-doublets and
wavefunction compositions for the non-Kramers ion containing 1-Pr

1

Energy/cm™ 2z Wavefunction composition®

0 5.9644 0.47|+4) + 0.47|—4)

2.70 0.48|+4) + 0.48|—4)

48.9 — 0.44]+3) + 0.44]-3)

142 2.3772 0.47]+2) + 0.47|-2)

151 0.33]—-2) + 0.33|—2) + 0.12|+1) +0.12|—1)
234 — 0.44|+3) + 0.44|-3)

556 1.2040 0.41[+1) + 0.41|-1) + 0.12]0)

563 0.35|+1) + 0.35|—1) + 0.12|+2) + 0.12]|-2)
768 — 0.77|0)

“ Contributions under 10% are not shown.

The ground state of the non-Kramers praseodymium(ur) ion
in 1-Pr reflects that of a pseudo-doublet with states 2.70 cm™"
apart (Table 3). The relatively large energy gap within this
ground pseudo-doublet is likely the reason for the fast magnetic
relaxation in 1-Pr. The wavefunction decomposition reveals that
the 37/4™ and 6"/7™ excited states are pseudo-doublets with
slightly larger energy separation (Table 3). In a perfectly axial
crystal field, there would be no wavefunction mixing for non-
Kramers ions, and all energies would be doublet states with a
singlet state of m; = 0. This type of electronic structure is approxi-
mately established when stronger crystal fields are used and are
not as susceptible to deviations from axial crystal fields.

As stated, the Kramers ions (neodymium(m) and cerium(ur))
prefer axial anisotropy for their ground states, although the m;
= +9/2 state for neodymium(m) is more isotropic than cerium
(m) (with respect to its electrostatic potentials).">** For 1-Nd,
we find that the ground state wavefunction composition is
67% m; = +7/2 while the first excited state possesses a higher
composition of the m; = +9/2 state at 51%. All states in the
ground J-manifold for 1-Nd are heavily mixed and the first
excited state sits 20.5 cm™" above the ground state. This energy
gap is comparable to the Orbach relaxation parameter derived
from the magnetometry data, suggesting that an Orbach
mechanism is probable for 1-Nd.

The electronic structure for 1-Ce is a simpler example as
there are only 3 doublets that define the J-manifold. The
ground state of 1-Ce is highly axial (g, = 0.13, g, = 0.23, g, =
4.05) and well defined by m; = +5/2, with the projection of this
state deviating from the B---B axis by 0.9° (Fig. S207). The
ground state is highly stabilised with the first and second
excited states in 1-Ce sitting 532 and 572 cm™' above the
ground state. The first and second excited states are predomi-
nately defined by m; = +1/2 and +3/2, respectively (Table 4),
and are not sequentially ordered; thus magnetic relaxation
could occur via the first excited state. However, like most
cerium-based SIMs, the experimental energy barrier to mag-
netic relaxation is less than 50 ecm™" even though the first
excited state sits an order of magnitude higher than this.

Previous exploration by Rajaraman and co-workers looked
into a similar cerium(u) problem and attempted RAS-probing
calculations to explore if 4d orbitals contributed to the crystal
field splitting states, to no avail.>* We explored an alternative
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Table 4 Calculated energies, g, values and angle of the projection of

the state compared to the ground state, and wavefunction contributions
for the Kramers ion containing 1-Ce and 1-Nd

Wavefunction
Energy/cm ™" 2 Angle/° compositions®
1-Ce 0 4.05 — O.99|15/2>
532 2.84 80.99 0.81|+1/2) + 0.15|+3/2)
572 2.68 43.32 0.84|i3/2) + 0.13|i1/2)
1-Nd 0 4.88 — 0.67|%7/2) + 0.16|+9/2)
+0.13]+5/2)
20.5 5.15 16.85 0.51|+9/2)
+0.22|+3/2) + 0.16|+7/2)
150 1.82 86.83 0.38|%3/2) + 0.28|+5/2)
+0.12]+1/2)
397 2.33 82.54 0.39|%5/2) + 0.27|+1/2)
+0.11|+3/2)
501 3.8146 11.43 0.42|£3/2) + 0.32]|+9/2) +

0.12|+1/2) + 0.12|+5/2)

“ Contributions under 10% are not shown.

avenue, performing calculations including the 5d orbitals in the
RAS3 space. However, similar to the prior computational studies,
we found minimal variations in the calculated results
(Table S91). Computational variations are ongoing, focussing on
the double shell effect (5f orbitals) as well as the impact of simul-
taneous inclusion of 4d and 5d orbitals in RAS probing
methods. However, to date, an explanation for the low experi-
mentally observable cerium(m) energy barriers remains an unex-
plained phenomenon.

Conclusions

The introduction of a new pseudo-icosahedral crystal field to
generate single-ion axial anisotropy has been achieved with the
use of the hexadentate Tp*™ ligands. The synthesis of 1-Ln for
the early lanthanides yields SIM behaviour for Kramers ions
and, for the case of cerium(m) where the ground state is oblate,
provides a rare case of a zero-field single-ion magnet. Unlike
Tp>P, the use of a heteronuclear scorpionate ligand that sup-
ports an equatorial belt of oxygen donors produces a greater
overall perturbation of the ground j-manifold due to the higher
partial charges on the donor atoms. The pseudo-I. crystal field
in 1-Ce stabilises a ground state that is predominantly m; = +5/2
and sits over 500 cm™* below the first excited state, which is a
key property for cerium(m)-based SIMs. Magnetic characteris-
ation by ac susceptibility measurements produces an energy
barrier to magnetic relaxation of 30(5) ecm™, which is signifi-
cantly smaller than the calculated energy of the first excited
state. Additional CASSCF calculations that incorporate the 5d
orbitals into the active space did not shed light on this discre-
pancy, which remains an unanswered question in the literature.
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