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ABSTRACT: DyIII single-ion magnets (SIMs) with strong axial 
donors and weak equatorial ligands have recently been sought 
after as model systems with which to harness the maximum 
magnetic anisotropy of DyIII ions. Utilizing a rigid ferrocene 
diamide ligand (NNTBS), a DyIII SIM, (NNTBS)DyI(THF)2, 1-Dy 
(NNTBS = fc(NHSitBuMe2)2, fc = 1,1’ ferrocenediyl), composed 
of a near linear arrangement of donor atoms, exhibits a large 
energy barrier to spin reversal (770.8 K) and magnetic block-
ing (14 K). The effects of the transverse ligands on the mag-
netic and electronic structure of 1-Dy were investigated 
through ab initio methods, eliciting significant magnetic axi-
ality, even in the 4th Kramers doublet, thus, demonstrating the 
potential of rigid diamide ligands in the design of new SIMs 
with defined magnetic axiality.  

Magnetic anisotropy is arguably the most influential param-
eter that determines the performance of a lanthanide single-
molecule magnet (SMM). Being able to design molecular spe-
cies with defined magnetic axiality has allowed chemists to 
produce molecules possessing large energy barriers to spin re-
versal (Ueff) and, in some cases, magnetic blocking, reaching 
blocking temperatures (TB) as high as 20 K.1 In that regard, 
those SMMs containing only a single metal center, single-ion 
magnets (SIMs), have recently garnered significant interest in 
the field of molecular magnetism, as the observed magnetic 
properties exist in the absence of magnetic exchange interac-
tions, meaning that the experimentally determined perfor-
mance of SIMs must arise from the combination of un-
quenched orbital angular momentum and crystal field contri-
butions. This allows a tailored synthetic approach, which in 
recent years has evolved to include high symmetry crystal 
fields,1-3 the introduction of main group ligands,4 and the im-
plementation of bulky ligands to obtain low coordination 
numbers.5, 6 However, the common theme among all of these 
systems is the devotion to harnessing the maximum magnetic 

anisotropy from the metal ion, especially if the metal is a lan-
thanide. The inherent magnetic anisotropy of 4f ions results 
from the combination of large magnetic moments and spin-
orbit coupling, where contributions from the crystal field can 
significantly enhance the magnetic anisotropy of a lanthanide 
SIM. In this respect, recent reports have focused on generating 
design criteria with which to elicit strictly axial anisotropy.7, 8 
In particular, the motivation for the current study presented 
itself from our previous investigation of a series of dinuclear 
lanthanide SMMs.9 This work utilized a rigid ferrocene dia-
mide framework to support an inverse sandwich compound, 
exhibiting unprecedented uniaxial anisotropy, aligned with 
the shortest Dy-N bond.9 Thus, by removing the central bridg-
ing moiety, the crystal field imposed by the amide groups may 
enhance the SMM properties, since linearly coordinated neg-
atively charged donor atoms may result in harnessing the 
maximum angular momentum originating from the DyIII ion. 
This unique class of diamide ligands parallels the structural 
features of the diketiminates that have been popular in the 
fields of molecular magnetism, catalysis, and bioinorganic 
chemistry.10, 11 However, the ferrocene diamides have the abil-
ity to produce a wider bite angle, while still maintaining the 
rigidity of the backbone. This is an attractive feature if we wish 
to approach linearity and effectively mimic two-coordinate 
DyIII compounds, which still remain a synthetic challenge. 
Thus, these designer ligands represent a promising alternative 
to generating pseudo-axiality in DyIII compounds. To this end, 
we discuss the properties of (NNTBS)DyI(THF)2, 1-
Dy (NNTBS = fc(NHSitBuMe2)2, fc = 1,1′ ferrocenediyl, Figure 
1), which provides a unique design approach toward DyIII mol-
ecules with defined magnetic axiality. 



 

 

Figure 1. Structural representation of (a) 1-Dy and (b) NNTBS 
ligand metal bonding. Dashed lines represent the main mag-
netic axis in the ground, first excited, and second excited Kra-
mers doublet states (states ±1, ±2 and ±3 in Figure 3). 

The single crystal X-ray diffraction  
structure of 1-Dy was previously reported,9 but, for clarity pur-
poses, it will be discussed herein. Complex 1-Dy crystallizes in 
the triclinic space group P-1. Each asymmetric unit contains 
one DyIII ion coordinated to one NNTBS ligand through two ni-
trogen donor atoms that effectively produce a bite angle of 
134.7(2)° (Figure 1a). The coordination sphere of the DyIII ion 
is completed by two molecules of THF and an iodide ligand. 
The exact geometry of this five-coordinated DyIII was con-
firmed via SHAPE analysis, producing results most consistent 
with a trigonal pyramid geometry of D3h symmetry (Table S1).12 
Interestingly, short Dy-N distances of 2.21(2) and 2.20(6) Å are 
observed (Figure 1b), with only seven reported examples with 
Dy-N distances shorter or equal to 2.20 Å.13-17 The observed 
Dy-N distances of 1-Dy are smaller than the sum of the ionic 
radii (2.62 Å),18 suggesting that a dominant electrostatic inter-
action exists between the nitrogen atoms of the NNTBS ligand 
and the DyIII ion. However, covalent contributions to the 
bonding cannot be dismissed. The presence of such strong in-
teractions in the axial positions of this Kramers ion has the 
ability to harness significant magnetic anisotropy, through 
taking advantage of its oblate electron density.19 Thus, theo-
retically, significant TB and Ueff values may be expected to arise 
from this type of bonding interaction in 1-Dy. Nonetheless, 
within the lattice, these molecules are well separated, produc-
ing a minimum DyIII–DyIII distance of 9.776(5) Å (see Figure S1 
for crystallographic packing). While direct and superexchange 
pathways have been considered negligible at this distance, in-
termolecular dipolar interactions remain a possibility (vide in-
fra). At such a scale, slower relaxation processes have been at-
tributed to dipolar mediated relaxations in 5f single-ion sys-
tems.20 Collectively, the presence of strong metal-ligand inter-
actions through the nitrogen atoms of the NNTBS ligand and 
the well separated nature of paramagnetic centers within the 
lattice are expected to yield strong slow relaxation dynamics 
originating from the DyIII ion (vide infra). 

To investigate the consequence of this type of ligand archi-
tecture on the local anisotropy of the DyIII ion, magnetic sus-
ceptibility measurements were performed using a SQUID 
magnetometer. Under an inert atmosphere, to prevent sample 
degradation, a ground polycrystalline sample was prepared 

with 30 mg of 1-Dy. Direct current (dc) magnetic susceptibil-
ity measurements were performed in the temperature range 
1.8 – 300 K, under a static field of 1000 Oe. At room tempera-
ture, the χT value of 13.99 cm3Kmol-1 is in good agreement with 
the theoretical value of 14.17 cm3Kmol-1 for a mononuclear Dy-
III (6H15/2, S = 5/2, L = 5, g = 4/3) complex (Figure S2). The ex-
perimentally determined room temperature χT value is 
slightly smaller than the theoretical value, presumably due to 
the splitting of the 6H15/2 ground state.1 Upon cooling, the χT 
product remains relatively constant with only a slight decrease 
until 8 K, suggesting the presence of a well separated low-ly-
ing energy spectrum (vide infra). Below this temperature, the 
χT product rapidly drops, reaching a minimum value of 
9.67 cm3Kmol-1 at 1.8 K. The abrupt decrease in the χT profile 
is indicative of magnetic blocking, where the system cannot 
reach an equilibrated population distribution due to the en-
ergy barrier to spin reversal. This phenomenon has been ob-
served in other highly anisotropic lanthanide-based systems.1, 
5, 21, 22 To complement this, the isotemperature magnetization 
curve at 1.9 K saturates at 5.28 μB mol-1, further suggesting the 
well separated nature of the ground state (Figure S3). Large 
separations between the ground state and excited states are 
highly sought after as it remains the origin for large spin re-
versal barriers, a necessary feature for the future incorporation 
of SMMs into technological devices. This finding is also in ac-
cordance with the ab initio determined energy of the first ex-
cited Kramers doublet which possess an energy of 414.6 cm-1 
(vide infra); which is one of the largest separations observed 
between the ground state and excited states in any DyIII 
SMMs.1, 5, 21, 22 This large separation ensures that thermal relax-
ation will at least occur via this energy, yielding an impressive 
barrier to the slow relaxation of the magnetization.  

The presence of magnetic blocking, as evidenced from the 
characteristic low temperature profile of the χT curve (i.e., 
plummeting of the χT product below 8 K), was probed with 
magnetic hysteresis measurements in the range of 50 to -
50 kOe, at an average sweep rate of 23 Oe s-1 (Figure S4). The 
complex displays clear hysteretic behavior at 1.9 K at H = 0 Oe. 
Upon raising the temperature, openings at H = 0 Oe are ob-
served up until 5 K, and at H ≠ 0 Oe openings can be observed 
up to 14 K at higher magnetic fields. Comparatively, the abrupt 
drop in the χT product at 8 K also serves as a reference in 
terms of magnetic blocking. However, the discrepancy be-
tween these observed values may result as a consequence of 
mixed relaxation processes, specifically Raman and direct re-
laxation processes that occur at low temperature.5 The possi-
bility of mixed relaxation mechanisms cannot be discarded 
given the low temperature data of the frequency dependent 
susceptibility (Figure 3). Lastly, the possibility of mixed relax-
ation mechanisms is further supported by the distribution of 
relaxation times obtained from the dynamic susceptibility 
data (see below for discussion and Tables S2-S3). 

Alternating current (ac) magnetic susceptibility measure-
ments were performed to probe the possibility of multiple re-
laxation processes. Within the range 0.1-1500 Hz, a single peak 
in the out-of-phase (χ’’) susceptibility was observed between 
1.9 and 60 K, with shifting peak maxima toward lower fre-
quency (Figure 2 and S5). The relaxation time was extracted 
for each isotemperature curve of the in-phase (χ’) and χ’’ sus-
ceptibilities via the generalized Debye model.23 A narrow dis-
tribution of relaxation times was found for the entire data set, 



 

yielding an α parameter of ≤ 0.17 (Tables S2 and S3). Compar-
atively, relaxation times obtained from fitting the Cole-Cole 
plot (Figure S6) to the generalized Debye model produced 
similar results (α ≤ 0.22), with only a single deviation occur-
ring for the 6 K curve, resulting in α = 0.50. 

 
Figure 2. Frequency dependence of the χ’’ magnetic suscepti-
bility for 1-Dy under zero applied dc field from 6 K to 60 K (for 
data below 6 K see Figure S5). Solid lines represent best fits to 
the generalized Debye model. Inset: Relaxation time of the 
magnetization, ln(τ) vs. T-1; the solid black line corresponds to 
the linear fit to the Arrhenius equation. 

The zero-field χ’’ data was fit to the Arrhenius law 
(τ = τ0 exp[Ueff /(kBT)]) to give an energy barrier to spin rever-
sal of 770.8 K (535.7 cm-1) and a pre-exponential factor of 
8.20 x 10-11 s. An energy barrier of this magnitude is rare in lan-
thanide based systems as they are often plagued with signifi-
cant ground state tunneling arising from their classically 
dense energy spectra.24 Such that, there exists only two reports 
of monometallic dysprosium compounds exhibiting larger 
barriers.5, 21 In the case of 1-Dy, the extracted energy barrier of 
770.8 K is in good agreement with the computationally deter-
mined thermally activated relaxation process through the 
third and fourth KDs (Figure 3). The plot of the natural log of 
the relaxation time versus reciprocal temperature remains lin-
ear in the high temperature regime (Figure 2 inset). This fea-
ture strongly correlates to a dominant thermally activated Or-
bach relaxation regime.25 The plot remains linear until 26 K, 
when it experiences a deviation from the Arrhenius law. 
Which is easily visualized through the overlapping peak max-
ima at lower frequencies in the χ’’ susceptibility (Figure 2). The 
observed behavior may arise from mixed relaxation mecha-
nisms, although it is likely dominated by quantum tunneling 
of the magnetization (QTM). 

To suppress any contribution of QTM to the obtained spin 
reversal barrier, frequency dependent measurements were 
carried out under various static fields (0-1200 Oe) (Figure S7). 
At fields smaller than 100 Oe, a single peak was observed in 
the χ’’ susceptibility, however, when collected at 100 Oe, a 
broad shoulder at low frequencies becomes evident, which has 
been previously observed at small fields in other DyIII SIMs.26 
This process is augmented by increased static fields, until 
400 Oe, where both processes are unobservable. An Argand 
plot was utilized in order to abstract the relaxation time of 
each iso-field curve via the generalized Debye model (Figure 
S8), providing a distribution of relaxation times with 

0.89 ≥ α ≥ 0.25 (Table S5). Selection of a small optimal dc field 
of 150 Oe was utilized in order to probe the relaxation dynam-
ics of the secondary process. Under these conditions a single 
peak in the frequency dependent χ’’ susceptibility was ob-
served between 54 K and 1.9 K (Figures S9 and S10). Similar to 
the zero-field ac susceptibility, this process’s frequency de-
pendence is arrested below 16 K. Fitting the data to the Arrhe-
nius laws yields an energy barrier to spin reversal of 348.9 K 
(242.5 cm-1) and a pre-exponential factor of 3.27 x 10-7 s (Figure 
S11). Fitting this process to the generalized Debye model via 
an Argand plot (Figure S12) revealed a distribution in the re-
laxation times to give 0.011 ≤ α ≤ 0.404 (Table S6). The pres-
ence of the secondary process becomes evident as a shoul-
der/broad signal at 16 K, and emerges as an independent peak 
at 4 K. From the collected data, it is difficult to conclude the 
nature of the secondary process. 

Ab initio calculations for 1-Dy were performed in order to 
gain additional insight into the electronic and magnetic struc-
ture of this compound and to analyze the factors that contrib-
ute to lowering the magnetization blocking barrier. All calcu-
lations were of the CASSCF/RASSI/SINGLE_ANISO kind us-
ing the MOLCAS-8.0 program package,27 details are provided 
in the Supporting Information. Properties of the investigated 
molecule were calculated on the basis of the computer spin-
orbit states. A comparison of measured and calculated mag-
netic susceptibilities is given in Figure S2. Using previously 
proposed methodology, the magnetization-blocking barrier 
for 1-Dy was calculated (Figure 3).28, 29 From the obtained ab 
initio results, the parameters of the effective crystal-field 
Hamiltonian were extracted (Table S8). Analysis of the mag-
netization blocking barrier (Figure 3), provides a transverse 
magnetic moment of 1.5x10-4 μB, providing evidence for re-
duced QTM in the ground state of 1-Dy, thereby permitting 
the observation of the zero filed SMM behavior (vide supra). 
Similarly, tunneling through thermally activated mj = ±13/2 is 
also minimized, this is due in part to the co-linearity of the 
anisotropic axes of the ground and first excited state (see Fig-
ure 1). These findings correlate strongly with the obtained g-
tensors, demonstrating significant magnetic axiality even at 
the mj = ±11/2 states (vide infra). Based on the transverse mag-
netic moments (indicated above the arrows in Figure 3), the 
most probable pathway (red arrows) for magnetic relaxation 
encompasses the third and fourth KDs, while the experimen-
tally obtained energy barrier lies only marginally below the 
third KD. Thus, the presence of mixed relaxation mechanisms 
may contribute to the lowering of the experimental energy 
barrier from the anticipated energy of the third KD. This is not 
surprising, given the experimental ac magnetic susceptibility 
behavior of 1-Dy under zero field and 150 Oe (vide supra). No-
tably, the magnetic moment of an Orbach relaxation (green 
arrows) from mj = -13/2 to mj = +9/2 is only narrowly smaller 
than the tunneling between mj = ±11/2 states (4.2 x 10-1 μB vs. 
4.5 x 10-1 μB), suggesting that a competition between these two 
pathways may also contribute to the lowering of the experi-
mental barrier. 



 

 

Figure 3. Magnetization blocking barrier of 1-Dy. Arrows de-
pict the most probable path for magnetic relaxation (red), 
QTM (blue), and Orbach relaxation (green). 

It is important to mention that ab initio results are not 
based on direct fitting of the experimental data (in contrast to 
various phenomenological models).30, 31 The methods may be 
straightforwardly applied for the investigation of molecules 
prior to their synthesis or for the evaluation of molecular 
properties upon various distortions employed. In this respect, 
we have developed and analyzed three different models in ad-
dition to 1-Dy, in order to see the effects of THF and iodide 
ligands on the electronic and magnetic properties of the title 
molecule. Three models have been prepared: 1-noTHF – con-
taining no THF ligands, 1-noI – containing no iodide ligand 
and 1-noTHFnoI– where THF and iodide ligands were re-
moved from the molecular structure. These models systemat-
ically remove the transverse ligands, allowing for a direct 
study of the ligand field effects which originate in 1-Dy. In un-
derstanding the factors which contribute to lowering the ex-
perimental energy barrier we can then find improved ways for 
augmenting the local magnetic axiality in other low coordi-
nate DyIII systems. By employing similar 
CASSCF/RASSI/SINGLE_ANISO calculations with exactly the 
same computational options as employed for the original 
compound 1-Dy, the energy splitting of the ground free ion 
J = 15/2 was obtained for all models and the title compound, 
see Table S9. 

Analysis of the low-lying energy spectra of the abovemen-
tioned models and the title compound reveals a strong in-
crease in the splitting of the ground free ion J = 15/2 when THF 
ligands are removed, 1-noTHF, as well as when the iodine lig-
and is removed, 1-noI. With respect to the first excited state 
there is a 15.8 % and 15.1 % increase in the energy splitting for 
1-noTHF and 1-noI respectively. While the difference be-
tween 1-noTHF and 1-noI is minimal at the first excited state, 
in the second excited state the effect of the THF molecules on 
the electronic structure is greater. Removal of such moieties 
produces a 22.2 % increase over 1-Dy, whereas removal of the 
iodine ligand in 1-noI only produces a 13.7 % increase over 1-
Dy. This is conceivable as Dy-I bonds are characteristically 
weak, meaning that its contribution to the total ligand field of 
the parent compound is less with respect to the oxophilic in-
teraction of DyIII with THF. From this we suspect that the THF 

molecules are producing a competitive, perpendicular ligand 
field with that generated by the nitrogen atoms of the NNTBS 
ligand, which likely contributes to the diminished energy bar-
rier. 

When all of the transverse ligands are removed, as in 1-
noTHFnoI, a 33.3 % increase in the energy splitting of the first 
excited state is observed. In terms of the magnetic structure, 
this translates well, revealing gZ >> gX, gY even in the fourth 
KD. Thus, providing evidence for what would be a near three-
fold improvement (535.7 cm-1 vs. 1591.1 cm-1) on the energy bar-
rier to spin reversal for a DyIII SMM with a rigid ferrocene di-
amide framework. Interestingly, the obtained g-tensors for 1-
noI in the fourth KD are less axial in comparison to 1-Dy, 
whereas 1-noTHF and 1-Dy display similar g-tensors. The in-
ferior axiality of 1-noI once again can be reasoned by the com-
petitive, perpendicular ligand field generated by the remain-
ing THF molecules. Thus, demonstrating the immediate sig-
nificance of removing or replacing these moieties with 
weaker-field ligands. Through this systematic study of g-ten-
sors combined with the low-lying energy spectra, we are find-
ing ways to improve the local magnetic axiality of molecular 
species. This leads to the conclusion that future work should 
be devoted to finding suitable equatorial ligands that do not 
affect the crystal field splitting of the main lanthanide ion or 
to avoid equatorial ligands, if possible.5, 8 

Our study highlights a new design approach towards mim-
icking the elusive two coordinate DyIII, although the presence 
of a coordinated solvent and iodide ligand prevent the maxi-
mum energy barrier that could theoretically be achieved for 
such a system (≈1600 cm-1 for 1-Dy in the absence of THF 
and I). The functionalized ferrocene backbone of the NNTBS 
ligand offers a truly unparalleled synthetic approach towards 
harnessing single-ion anisotropy. Through careful synthetic 
modifications, the contributions of the equatorial/transverse 
ligands may be altered by replacement with weaker crystal 
field ligands, effectively allowing for finite tuning of the mag-
netic axiality. While two coordinate DyIII compounds will un-
doubtedly remain a synthetic challenge, the use of rigid dia-
mide ligands represents a promising approach for imposing 
pseudo-axial ligand fields in the development of high temper-
ature lanthanide based SIMs with predictable and defined 
magnetic axiality. 
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