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A pseudo-Dg, Dy(I1I) single-ion magnet (SIM) with axially asymmetric ligands was synthesized based on Schiff
base cyclic (LN®) ligand, which is rare seen in Dgy, single-ion magnets system. This complex shows field-induced
SMM behavior with Ueg of 36.58 K and 7 of 1.91 x 10~°s. Ab initio calculations indicate the poor SMM behavior
is due to quantum tunnelling of magnetization triggered by the mixture of the ground state m; = +15/2 and m;

= +7/2 state. Based on this complex, ab initio calculations were performed to systematically investigate the
effect of ligands on the magnetic properties, offering new design criteria to enhance Dg, SIM performance.

1. Introduction

Single-molecule magnets (SMMs) have attracted widespread atten-
tion because of their potential applications in high-density information
storage [1-2], quantum computing [3-4], molecular spintronics [5-6].
Due to the unique 4f electronic properties of lanthanide, most of the
lanthanide ions have strong spin-orbit coupling and large ground state,
which are considered ideal candidates for the construction of SMMs
[7-14]. Thus, there is continuous interest in assembling Ln-SMMs,
especially for lanthanide single-ion magnets (Ln-SIMs). There has been
very promising progress in recent years, with magnetic hysteresis
observed up to 80 K [15-16]. As is well known, in addition to the choice
of central metal ions, the design of the coordination environment for the
central metal ion is also crucial for the performance of Ln-SMMs, espe-
cially for Ln-SIMs. According to theoretical calculations, lanthanide
mononuclear complexes with ligand field showing axial point group
symmetry, such as trigonal prisms (Dsy,) [17-18], square antiprism (D4q)
[19-21], octahedrons (D4y) [22-24], pentagonal bipyramidal (Dsp)
[25-33], hexagonal bipyramidal (Dgp) [34-43] and so on [44-45] are
considered to be an effective way to slow down magnetization relaxation
by reducing transverse magnetic anisotropy. However, among the large
number of complexes with axial point group symmetry, there are only a
few cases with axially asymmetric ligands. For example, in 2018, Zheng
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et al. reported a Dsy, Dy(III) SIM complex [Dy(‘BuO)CI(THF)s][BPhg]-
2THF, in which the equatorial plane was formed by five THF molecules,
and the axial directions were occupied by Cl- and ‘BuO- [30]. In 2022,
Chen et al. reported a Dg, Dy(III) SIM with axially asymmetric ligands of
Ph3SiO™ and Cl-, which shows great potential for Ln-SIMs [46]. How-
ever, the effects of axially asymmetric ligand field on magnetic prop-
erties of such complexes have not been studied in detail.

Herein, we report an axially asymmetric lanthanide mononuclear
complex [DyLN®(Ph3Si0)(CH3CO0)](PF)-3H,0 (1) based on Schiff base
cyclic (LN6) ligand (Fig. 1). It is a nine-coordinate complex with a co-
ordination configuration close to the spherical relaxed capped cube
(Fig. S2 in Supporting information). Magnetic measurements indicate
that complex 1 is not a SIM under zero dc field. However, it is a field-
induced SIM with effective energy barrier (Ueg) of 36.58 K. Moreover,
ab initio calculations were performed to explain the magnetic behavior
for complex 1. Furthermore, based on this complex, ab initio calcula-
tions were performed to systematically investigate the ligand field effect
on the magnetic properties of this system.

Complex 1 crystallizes in the monoclinic P2;/m space group
(Table S1 in Supporting information) and the asymmetric unit contains
two independent molecules (Fig. S3 in Supporting information). The
DyeeeDy distance between the two molecules is 8.5264(4) A. Each Dy'!
is nine-coordinate Hula-hoop (HH) coordination geometry with
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deviation value of 2.008 (Table S2 in Supporting information) according
to the Shape analysis. As shown in Fig. 1, the hexagonal heterocyclic
ligand is as a distorted equatorial plane, the axial directions are occupied
by Ph3SiO™ and CH3COO™ (OAc), respectively. In the equatorial plane of
the LN® ligand, the Dy-N distances range from 2.5585(8) to 2.6034(6) A.
In the axial directions, DyHI ion coordinated with Ph3SiO~ to form a
shorter Dy-O bond with a bond length of 2.1024(7) A, while Dy™ ion
coordinated with CH3COO" to form a longer bond with a bond length of
2.4022(7) A (Table S3 in Supporting information).

The dc susceptibilities of complex 1 were measured in temperature
range 2-300 K under 500 Oe dc field. At 300 K, the y\T value is 14.14
em® K mol ™!, which is in good agreement with the expected value of
14.17 ecm® K mol ™! for one free Dy™ ion. Upon cooling, the yyT value
keeps almost constant from 300 to 110 K and decreases rapidly after 110
K, reaching a minimum value of 11.40 cm® K mol ! at 2 K (Fig. S4 in
Supporting information). In the meantime, the isothermal field-
dependent magnetization (M/H) was measured at 2, 3 and 5 K in the
field range of 0-7 T. The value of magnetization at 2 K and 7 T was
determined, and the result shows that the maximum magnetization can
reach 5.4 pg, significantly lower than the theoretical value of 10 pg for
one free Dy ion (gy x J =15/2 x 4/3 = 10 pp), suggesting the presence
of magnetic anisotropy within the complex.

AC magnetic susceptibilities were measured for complex 1 in order to
investigate the SIM properties (Fig 2 and Fig S6-S8 in Supporting in-
formation). Under zero dc field, the complex does not exhibit single-
molecule magnetic properties probably due to the severe QTM (Fig. S6
in Supporting information). Therefore, dc fields were applied to measure
the ac susceptibilities, and a dc field of 500 Oe was determined as the
optimal field. In the optimal field, both in-phase (yy") and out-of-phase
(ym") show peaks (Fig. 2). Thus, the magnetic relaxation time, 7, can be
fitted from Cole-Cole plots using generalized Debye model (Fig. S7 in
Supporting information), which gave a values in the range of 0.040-0.72
(2-16 K) (Table S4 in Supporting information). The t~! vs T plot was
fitting with equation of = T(S”}"M +CT" + 19 lexp(—Ueff/ T), in which C
and n are Raman process parameters and tgrv is QTM rate. The best fit
gave parameters of Uesr = 36.58 K, 79 = 1.91 x 107°%s, C = 0.00116 st
K™, n = 5.33, 7grm = 0.1 s (Fig. S8 in Supporting information).

Fig. 3

To elucidate the relaxation mechanism and electronic structure of
complex 1, the MOLCAS 8.2 software was employed to carry out ab initio
CASSCF/RASSI-SO/SINGLE_ANISO calculations (computational details
in Supporting information). The calculations reveal that the complex
ground Kramers doublet (KD) is Ising in nature (g,, = 19.96, gg = 0.01,
&xx =0.01), and this is in line with earlier D¢y, molecule published [34,
47]. The composition of the ground state is predominantly my = £15/2,

(@

LN6

Fig. 1. (a) The macrocyclic ligand
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Fig. 2. Variable frequency in-phase (upper) and out-of-phase (lower) magnetic
susceptibility of 1, in the static field of 500 Oe and an oscillating field of 3 Oe.
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Fig. 3. Orientation of the magnetic anisotropy axis (g,,) of 1. Hydrogen atoms
and solvent molecules are omitted for clarity.

; (b) molecular structure of 1 with one Ph3SiO- axial ligand and one CH;COO" axial ligand and the polydentate ligand LN® in the
equatorial plane. Hydrogen atoms and solvent molecules are omitted for clarity.



X. Zhong et al.

which is mixing with the my = +7/2 state (see Table S5-S18 in Sup-
porting information). Although the transverse anisotropy is relatively
smaller, this is sufficient to trigger quantum tunnelling of magnetization
as revealed by the computed QTM probability of the ground state KD,
Supporting the absence of out of phase signal in the absence of applied
magnetic field. However, as the QTM probability is smaller, a relatively
small magnetic field can quench the tunnelling, as observed in the ex-
periments. However, the expected barrier height is relatively smaller.
Furthermore, the first excited KD g-tensors were found to have a sig-
nificant transverse component (gz; = 16.67, gyy = 0.38, gxx = 0.63), that
diminish the prospect of 1 being a good SIM also relaxation occurs
predominantly in the 2nd KDs (Fig 4). Furthermore, the estimated the

crystal  field Her =

ko246 Zgik B} O; (here B} is the crystal field parameter and 0; is
the Stevens operator respectively) for 1 suggest comparable axial crystal
field (CF) parameter (k = 2, 4, 6; ¢ = 0) with non-axial (k = 2, 4, 6; q #0),
reflecting a weak SIM behaviour (Table S19 in Supporting information).
This is due to the non-planarity of the equatorial ligand and relatively
weaker axial ligands. For comparison, the previously reported related
D¢, complex relax via the second excited state with a much larger
ground state to first excited state gap (620 cm ! vs 392 cm™1) [47].

As 1 does not exhibit good SIM characteristics, we decided to
perform in silico modelling of the axial ligand to predict a suitable ligand
that can yield superior SIM characteristics. In this model, we have
substituted the OAc™ ligand with a linear ligand, such as the OSiPhs,
which can offer strong axiality and yield a favourable geometry. Further
modelling was performed, replacing the axial group by acac (model 1a),
nitrate (model 1b), -Cl (model 1c¢), F (model 1d), -OH (model 1e),
OPh_'Buy, (model 1f), OPh_'Bus (model 1 g), 0Si'Bu (model 1h), OC'Bu
(model 1i), OCPhg (model 1j), OSiPh3 (model 1k), HoO (model 11).
These geometries were optimized using the DFT method (B3LYP/
6-31G*; see computational details).

The substitution of OAc™ ligands with F 1d and OH 1le ligands,
characterized by their strong ligand properties, has a profound impact.
The considerable increase in the barrier height is a direct result of the
strong axial and weak equatorial bonds, which are influenced by the
oblate shape of Dy’s electron density. Moreover, small and strong axial
ligands induce planarity in the equatorial bonds, enhancing the system’s
anisotropy. This is evident in the considerably higher axial crystal field

parameters using the Hamiltonian
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Fig. 4. Magnetic relaxation in 1 involves multiple pathways: Kramer’s doublet
(KD), QTM/TA-QTM via ground/excited states (red arrow), potential Orbach
pathway (green arrow), and the most probable relaxation pathway (blue
arrow). Associated numbers indicate mean absolute values of corresponding
magnetic transition moment matrix elements.
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parameter than the non-axial crystal field parameter. (Table S24-25 in
Supporting information). In the case of complex 1d and 1e, the 1st, 2nd,
and 3rd Kramer’s doublets (KDs) consist of m; values +15/2, +13/2,
and +11/2. However, starting from the 4th KD onwards, a mixing of
states becomes evident, as indicated in Table S10-11. Therefore,
relaxation occurs predominantly in the 4th KDs for both ligands. This
observation is further supported by the relaxation mechanism illustrated
in Fig S10 (f-g) for models 1d and 1e, respectively. To clarify further, we
generated a plot (Fig S9(a-n) in Supporting information) illustrating the
anisotropy axis for all optimized geometries. Notably, when the ligands
were either OH or F, it was observed that the anisotropy axis aligned
with the Dy-F or Dy-OH bond. This alignment suggests that the presence
of OH and F ligands enhances the anisotropy of the complex.

However, in model 1c, despite its small size and absence of non-
planar equatorial ligands, the Ucal value does not significantly in-
crease in the presence of the Cl- ligand. Therefore, the axial ligand must
be small and strong to achieve a remarkably high barrier height. To
investigate the impact of axial ligand bulkiness on Uc,), two complexes
were optimized with ligands OPh_*Bu, (model 1f) and OPh_*Busz (model
1 g); These ligands are similar, differing only in the presence of two
tertiary butyl groups in model 1f and three in model 1 g As a result, in
model 1f, one side of the equatorial ligands is planar while the other side
is non-planar. In contrast, both sides of the equatorial ligands are non-
planar in model 1 g due to much bulkier ligands (Fig 5(a, b)). Conse-
quently, model 1 g exhibits lower U, compared to model 1f. Table 1
highlights the significance of planarity. It demonstrates that as the non-
planarity in a molecule increases, there is a corresponding decrease in
the barrier height.

To explore the impact of the secondary coordination sphere atoms
that are not directly coordinated to the metal in the axial direction, we
have examined models 1h, 1i, 1j, and 1k, where the Si atom was
substituted with C. Surprisingly, this substitution yielded no significant
alteration in the Uy value, suggesting that the secondary coordination
sphere atom has minimal influence on the barrier height. Further ligands
similar to the acetate were also examined, such as acac model (1a) and
nitrate model (1b); here, as well, non-planarity was observed, resulting
in diminished SIM characteristics (Fig S9 (c-d). To understand the
impact of LoProp charge on U, our findings indicate that axial ligands
with the same donor atom but a more negative LoProp charge exhibit
higher barrier heights. This observation is evident in models 1a, 1b, 1e,
1f, 1 g, 1h, 1i, 1j, 1k, 11, while those with a less negative charge tend to
have higher barrier heights for equatorial donor atoms shown in Fig S11
(Supporting information).

In summary, an axially asymmetric lanthanide mononuclear com-
plex [DyLN6(Ph3SiO)(CH3COO)](PF6) (1) based on Schiff base cyclic
ligand (LN®) with the axially asymmetric ligands was synthesized. The
complex shows poorer performance compared with the previously re-
ported [DyLNG(PhgsiO)z] (PFe) with axially symmetric ligands [39].
Through ab initio calculations, it is found that the poor performance of
complex 1 is ascribed to the ground state my = +£15/2 mixed with the m;
= +7/2 state, which has a small but sufficient transverse anisotropy to
trigger quantum tunnelling of magnetization. Moreover, the impact of
axial ligands on magnetic properties of complex 1 was investigated.
Ligands like F- and OH™ improve the barrier height, enhancing the SMM
performance. Furthermore, the significance of planarity was also
explored, revealing that an increase in non-planarity in a molecule
corresponds to decreased barrier height. These findings provide valu-
able insights into enhancing Dgy, SIM performance.
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Fig. 5. (a, b) Orientation of the magnetic anisotropy axis (g,,) of 1 g and 1f. Hydrogen atoms and solvent molecules are omitted for clarity.

Table 1

Ligands were chosen for this study, along with computed Barrier height (Ucal),
Axial crystal field parameters (BS), ground state KD g-tensor, equatorial angle
deviation from 180° (¢).

model Ligand U, (em™Y) BY 8oz @

1 Crystal 392 10.5 19.967 28.8
1_opt optimized 402 10.1 19.975 21.7
la acac 390 12.7 19.962 26.3
1b nitrate 373 9.9 19.982 18.6
1c Cl 365 10.9 19.991 8.9
1d F 1207 17.5 19.992 7.1
le OH 1256 18.8 19.996 6.8
1f OPh_'Bu, 876 15.9 19.987 14.9
1g OPh_'Bus 795 14.2 19.990 26.6
1h 0Si'Bu 966 18.2 19.991 15.2
1i O'Bu 984 18.6 19.989 16.1
1j OCPh3 930 17.9 19.992 12.1
1k OSiPhs 957 17.3 19.993 15.1
11 H,0 346 9.1 19.989 119
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