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‘Kick-in the head’: high-performance and
air-stable mononuclear DyIII single-molecule
magnets with pseudo-D6h symmetry from a [1 + 1]
Schiff-base macrocycle approach†

Alexandros S. Armenis,a Arpan Mondal,b Sean R. Giblin,c

Dimitris I. Alexandropoulos, a Jinkui Tang, d Richard A. Layfield *b and
Theocharis C. Stamatatos *a

Using the [1 + 1] condensation approach for the preparation of new macrocyclic scaffolds (LN6phen and

LN4O2
phen ) with the rigid phenanthroline-based ‘head’ unit produces the air-stable mononuclear compounds

[Dy(LN6phen)(Ph3SiO)2](PF6) (1-LN6phen) and [Dy(LN4O2
phen )(Ph3SiO)2](PF6) (1-LN4O2

phen ) through a stepwise metal-ion

templated synthesis. Both compounds exhibit pseudo-D6h symmetry with different degrees of distortion

from the ideal hexagonal bipyramidal geometry, depending on the planarity of the equatorial macrocycles

and the intramolecular π–π stacking interactions between the phenyl groups of the apical siloxide ligand

and the equatorial macrocycle. Both compounds are single-molecule magnets (SMMs) with large energy

barriers for the magnetization reversal, exhibiting out-of-phase AC susceptibility signals up to 75 K or

90 K. The closer-to-ideal D6h complex 1-LN4O2
phen possesses a Ueff of 1360 K, which is the highest reported

barrier among all mononuclear DyIII SMMs synthesized using the [1 + 1] Schiff-base macrocycle approach.

The experimental results are supported by ab initio calculations, which indicate relaxation of the magneti-

zation via the first- or second-excited state for 1-LN6phen and 1-LN4O2
phen , respectively. The results demonstrate

the ability of Schiff-base macrocycles to facilitate the synthesis of high-performance and air-stable SMMs

through a chemical modulation of the individual carbonyl ‘head’ and amine subunits, deciphering the

factors which affect the magnetic dynamics of SMMs.

Introduction

Over the past decade, there has been a rapid increase in the
number of studies on molecular compounds of f-elements that
exhibit slow relaxation of their magnetic moment.1 The motiv-
ation behind this growing interest is the potential to use stable
magnetic moments for storing information in molecules.2

Coordination compounds based on 4f-elements, particularly
those containing dysprosium and terbium, are of great interest

because their strong spin–orbit coupling and appreciable mag-
netic anisotropy can result in large and bistable magnetic
moments separated by an energy barrier for the spin reversal
(Ueff ), thus leading to slow magnetization relaxation and
single-molecule magnet (SMM) behavior.2 SMMs can retain
their magnetization even in the absence of an external mag-
netic field, mimicking the behavior observed in bulk magnetic
materials but at the molecular level.3 This ability to control
and manipulate magnetic states at such small scales could
revolutionize areas such as quantum computing,4 spintronics,5

and information storage,6 where traditional extended solid
materials may face limitations.

In lanthanide complexes, two critical factors influence their
magnetic properties, namely the symmetry and strength of the
ligand field that surrounds the 4f-metal ions.7 These factors
contribute to the onset of significant crystal-field splitting,
which in turn leads to large effective energy barriers for mag-
netization reorientation and high blocking temperatures (TB),
both essential parameters for preserving magnetic infor-
mation.8 One of the most promising approaches for develop-
ing high-performance and air-stable lanthanide SMMs is the
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synthesis of mononuclear DyIII complexes, where the metal
center exhibits axial crystal-field (CF) symmetry, and adopts
pentagonal bipyramidal (D5h) or hexagonal bipyramidal (D6h)
coordination geometries.7,8 The primary intention of the CF
symmetry is to eliminate, or at least significantly reduce, the
transverse CF components that accelerate magnetic relaxation
through quantum tunneling of the magnetization (QTM).
Simultaneously, the strong axial CF is mandatory in the case
of the oblate-shaped DyIII ion for achieving large energy separ-
ation of the CF-induced mJ states and high Ueff values.9

Although it is difficult to modulate the arrangement of the
donor-atoms around a lanthanide ion and obtain perfect local
symmetry, synthetic chemists have invented ways through
ligand design and basic principles of molecular inorganic
chemistry that result in the metal center adopting geometries
with a near-ideal D5h or D6h symmetry. In this vein, there are
three different synthetic strategies based on the preferences of
the oblate-shaped electron density of DyIII, which requires
strong metal–ligand interactions along the z-axis and weak
interactions in the xy plane.9 The first strategy involves the
coordination of five weakly bound monodentate ligands (e.g.
pyridine, THF, H2O) in the equatorial plane in conjunction
with two strong and bulky axial ligands (e.g. alkoxides, phenox-
ides or phosphine oxides) that reside along the z-axis. This
approach prevents other ligands from coordinating with the
metal, leading to almost perfect pentagonal bipyramidal com-
pounds with remarkably high Ueff and TB values.10 The second
approach is based on the rotating degrees of freedom and the
twisting of the polydentate organic chelate (e.g. H2bbpen and
its derivatives; H2bbpen = N,N′-bis(2-hydroxybenzyl)-N,N′-bis(2-
methylpyridyl)ethylenediamine) that has the ability to coordi-
nate both equatorially and axially to the metal center, provid-
ing the appropriate axial ligand field (RO− groups) around the
oblate-shaped DyIII ions.11 The last route comprises the use of
macrocyclic molecules with certain cavity sizes and numbers
of donor-atoms, such as Schiff-bases and crown ethers. The
latter encapsulate the lanthanide ion and promote a soft equa-
torial ligation, rendering the apical positions amenable to
interact strongly with anionic O-donor ligands, such as phen-
oxides and siloxides.12 This synthetic strategy has yielded a
variety of DyIII coordination compounds with D5h or D6h local
symmetries,12 and record Ueff values for the magnetization
reversal,13 comparable to the landmark dysprosium-metallo-
cene SMMs.14

A common method to synthesize Schiff-base macrocyclic
complexes involves a condensation reaction of a dicarbonyl
(‘head’ unit) and diamine compounds in the presence of a
template metal-ion that can foster the cyclization of the result-
ing product.15 Depending on the ratio of diamine to dicarbo-
nyl, the amine chain length, the donor atoms, the ionic radius
of the metal, and the cavity size, the reaction can yield [1 + 1],
[2 + 2], or [3 + 3] macrocyclic products.15,16 Trivalent lantha-
nide ions (LnIII) have been employed as metal templates in the
condensation reactions of diamines and dicarbonyl com-
pounds to produce various [1 + 1] and [2 + 2] macrocyclic com-
plexes, with a pyridine ‘head’ unit usually located at the macro-

cyclic scaffold.16 More specifically, the [2 + 2] products have
led to a plethora of mononuclear DyIII complexes exhibiting
D6h symmetry and enhanced SMM properties with extremely
high Ueff values;17 this is mainly due to the ability of these
large macrocycles to accommodate sizeable 4f-metal ions
without suffering from significant bond strain within their
combined carbonyl and amine units. In contrast, the [1 + 1]
products can also yield DyIII complexes with D5h or D6h sym-
metries in a more designable manner, albeit the resulting
coordination compounds are often more distorted than the [2
+ 2] analogues, deviating from the ideal geometries.18 As a
result, most of the high-performance hexagonal bipyramidal
DyIII SMMs reported in the literature, have stemmed from the
[2 + 2] approach, whereas only two examples have been
reported that contain the [1 + 1] condensation reaction.18d,e

In this direction, we decided to utilize the metal-ion
assisted [1 + 1] cyclocondensation approach by implementing
the more robust phenanthroline-based ‘head’ unit to produce
DyIII Schiff-base macrocyclic complexes with D6h symmetries
and investigate their overall magnetic dynamics. To the best of
our knowledge, phenanthroline-based dicarbonyl compounds
have never been previously used in the coordination chemistry
of lanthanide/Schiff-base macrocyclic complexes (Table S1†).
Herein, we report the synthesis of two hexagonal bipyramidal
DyIII complexes: [Dy(LN6

phen)(Ph3SiO)2](PF6) (1-LN6
phen) and [Dy

(LN4O2
phen )(Ph3SiO)2](PF6) (1-LN4O2phen ), which bear the macrocycles

LN6phen and LN4O2phen (Scheme 1), surrounding the equatorial plane
of the metal centers, while two bulky triphenylsiloxide
(Ph3SiO

−) ligands occupy the apical positions. The two new,
structurally similar, macrocycles have resulted from the [1 + 1]

Scheme 1 Structural representation of the ‘head’ units (top) and the
new [1 + 1] Schiff-base macrocyclic ligands LN6phen and LN4O2

phen (bottom) dis-
cussed in this work.
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condensation reaction of 1,10-phenanthroline-2,9-dicarbalde-
hyde with either triethylenetetramine or 1,2-bis(2-ami-
noethoxy)ethane, yielding the all-N6 or the mixed-donor N4O2

scaffolds, respectively, with dissimilar equatorial environ-
ments, electronic properties, and degrees of distortion.

Interestingly, both DyIII complexes exhibit SMM behavior
up to 75 K (1-LN6

phen) and 90 K (1-LN4O2phen ), albeit with distinctly
different Ueff values depending on the deviation of the macro-
cyclic ligands from the perfect planar conformation and the
overall distortion from the ideal D6h local symmetry.
Apparently, the replacement of the –NH groups by the etheric
O-donor atoms within the macrocycle scaffolds has yielded a
substantial increase in the Ueff value, thus rendering 1-LN4O2phen as
a record holder in energy barriers amongst all reported [1 + 1]
macrocycle-based DyIII SMMs.

Results and discussion
Synthesis and molecular structures

We recently reported the mononuclear complexes [Dy(LN6
py )

(Ph3SiO)2](PF6) and [Dy(LN3O3py )(Ph3SiO)2](PF6), which feature
pseudo-D6h symmetry and exhibit enhanced SMM properties
with Ueff values up to 1300 K.18e The two air-stable compounds
have resulted from the [1 + 1] Schiff-base macrocyclic
approach, utilizing the macrocycles derived from the conden-
sation of the well-known 2,6-diacetylpyridine ‘head’ unit
(Table S1†) with either tetraethylenepentamine (LN6py ) or 1,11-
diamino-3,6,9-trioxaundecane (LN3O3py ). In the present study, we
decided to shift from pyridine to phenanthroline ‘head’ unit,
thus exploiting several new opportunities, such as the offer of
an additional N-donor atom from the ‘head’ unit for coordi-
nation to the metal center, as well as the rigidity, bulkiness
and planarity of phenanthroline over pyridine groups. Further,
we have retained the Ph3SiO

− groups as strong axial ligands
for directing the magnetic anisotropy along the Ising-type axis.

The new phenanthroline-based compounds 1-LN6
phen and 1-

LN4O2phen were prepared by following a well-known synthetic proto-
col (Scheme 2), which was firstly introduced by Murrie and co-
workers for the synthesis of [1 + 1] DyIII complexes with D5h

symmetries.18c In particular, the stoichiometric reaction of
1,10-phenanthroline-2,9-dicarbaldehyde and the respective
diamine was carried out in the presence of DyCl3·6H2O as a

template agent to form the DyIII/Cl−/macrocycle precursor.
Subsequently, the bulky triphenylsilanol pro-ligand (Ph3SiOH)
was used, which upon deprotonation with Et3N, can occupy
the axial sites of the DyIII center and replace the weakly bound
Cl− ions and/or the coordinated solvate molecules (i.e., MeOH,
H2O). Finally, an anion metathesis reaction with NH4PF6 or
KPF6 was performed to aid crystallization, resulting in pale
yellow plate-like crystals of the mononuclear complexes
[Dy(LN6phen)(Ph3SiO)2](PF6) (1-LN6

phen) and [Dy(LN4O2phen )(Ph3SiO)2]
(PF6) (1-LN4O2

phen ).
Both 1-LN6phen and 1-LN4O2

phen are thermally robust, with a high
decomposition temperature approaching 250 °C (Fig. S3†).
The powder X-ray diffraction patterns of both compounds
show good agreement with the simulated ones, confirming the
phase purity of the samples (Fig. S4 and S5†).

Single-crystal X-ray diffraction revealed that complexes 1-
LN6phen and 1-LN4O2

phen crystallize in the orthorhombic P212121 and
triclinic P1̄ space groups, respectively (Fig. S6†).
Crystallographic details for both complexes are presented in
Table S2.† Selected interatomic distances and angles for com-
plexes 1-LN6

phen and 1-LN4O2
phen are listed in Tables S3 and S4,†

respectively. For the sake of brevity, only important metrical
parameters will be discussed in the main text. The molecular
structure of 1-LN6

phen is composed of the mononuclear cationic
complex [Dy(LN6phen)(Ph3SiO)2]

+ (Fig. 1A) counterbalanced by a
PF6

− ion. The DyIII center is encapsulated in the cavity of the
LN6phen Schiff-base macrocycle, which provides an equatorial N6

coordination environment, whereas the axial positions are
occupied by two strongly bound Ph3SiO

− ligands, leading to an
overall N6O2 coordination environment. The eight-coordinate
DyIII center adopts a significantly distorted hexagonal bipyra-
midal geometry according to the SHAPE program (Fig. 1B),19

as indicated by the large Continuous Shape Measure (CShM)
value of 4.35 (Table S5†). Values of CShM greater than 3 corres-
pond to a significant distortion from the ideal coordination
geometry. The relatively large Dy–Nequatorial bond distances,
which fall into the range of 2.558(8)–2.695(9) Å, in conjunction
with the two short and strong Dy–Oaxial bond lengths of 2.159
(5) and 2.163(5) Å, demonstrate the compressed D6h local sym-
metry favoring the axial crystal-field required for an oblate-
shaped DyIII ion. Additionally, the O–Dy–O bond angle of
164.6(2)° significantly deviates from the ideal angle of 180° for
a perfect hexagonal bipyramid, as well as the O–Dy–N bond

Scheme 2 General synthetic route for the preparation of complexes 1-LN6phen (X = NH and A+ = NH4
+) and 1-LN4O2

phen (X = O and A+ = K+).
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angles, which diverge from the ideal angle of 90° (Table S3†),
corroborating the distorted polyhedron of 1-LN6

phen.
On the other hand, the DyIII center in 1-LN4O2

phen (Fig. 1C) is
equatorially coordinated by the LN4O2phen mixed-donor macrocycle
via two pyridine N-atoms and two N-atoms of the secondary
amine (–NH–) groups (same as in 1-LN6

phen), as well as two ether-
type O-donors in place of the secondary amine N-atoms in 1-
LN6phen. Likewise, two axial triphenylsiloxide ligands, each
located above and below the DyN4O2 plane, complete the
overall N4O4 coordination environment. In contrast to 1-LN6

phen,
the Oax–Dy–Oax angle of 174.52(7) and the Oax–Dy–Neq/Oeq

bond angles within 1-LN4O2
phen are closer to the ideal 180o and

90o, respectively, for a perfect hexagonal bipyramid
(Table S4†), resulting in a CShM value of 1.74 (Table S5†),
implying a smaller distortion from ideal D6h symmetry
(Fig. 1D). Moreover, the Dy–Oax bonds are 2.142(2) and 2.153
(2) Å, noticeably shorter than the analogous bonds in 1-LN6

phen,
while the Dy–Neq/Oeq lie in the range of 2.570(2)–2.628(2) Å.

A closer inspection of the degree of planarity of the equator-
ial plane, according to the relative positions of the donor
atoms with respect to the hexagonal plane, revealed that the
macrocycle LN4O2

phen exhibits a more planar conformation than
LN6phen. This observation was validated by the strikingly different

CShM values regarding the ideal hexagon between 1-LN6
phen and

1-LN4O2phen (CShM = 4.13 vs. 1.32) (Fig. S7†). The packing diagram
of neighboring monomeric complexes revealed that the short-
est intermolecular Dy⋯Dy distance is 10.848(4) Å for 1-LN6

phen

and 8.015(5) Å for 1-LN4O2
phen (Fig. S8 and S9†).

Attempting to rationalize the observed differences in the
macrocycles’ planarity and the Oax–Dy–Oax angles, it is worth
noting that the phenyl rings of the triphenylsilanolate ligands
interact through π–π stacking and C–H⋯π intramolecular
interactions with the phenanthroline moiety of the macrocyclic
scaffold in both compounds (Fig. S10†). More specifically, the
strength of the C–H⋯π interactions is of the same magnitude
for both complexes, as indicated by the relatively long C52–
H52⋯Ar1 centroid (1-LN6

phen) and C21–H21⋯Ar1 centroid (1-
LN4O2phen ) distances of 2.936 Å and 2.935 Å, respectively. However,
the π–π stacking interactions within 1-LN6

phen are much stronger
than 1-LN4O2phen , as demonstrated by the centroid⋯centroid dis-
tances of 3.538 Å (Ar2⋯Ar4) for the former and 3.719 Å
(Ar1⋯Ar4) for the latter. This discrepancy may be responsible
for the tilting of the axial triphenylsilanolate ligand towards
the macrocycle, thus leading to a more bent hexagonal bipyra-
midal coordination geometry and less axial Oax–Dy–Oax angle
in 1-LN6

phen.

Magnetic properties

To probe the static magnetic properties of the two complexes,
direct current (dc) magnetic susceptibility studies were
conducted on analytically pure microcrystalline samples in the
temperature range of 2–300 K under an applied field of 0.1 T
(Fig. 2). The room temperature χMT values of 14.10 (1-LN6phen)
and 14.06 (1-LN4O2

phen ) cm
3 mol−1 K are very close to the theore-

tical value of 14.17 cm3 mol−1 K for an isolated DyIII ion
(6H15/2, S = 5/2, L = 5, g = 4/3). For both complexes, the χMT
product decreases smoothly upon cooling until ∼14 K, and
then more sharply reaching values of 12.49 (1-LN6

phen) and 10.00
(1-LN4O2

phen ) cm
3 mol−1 K at 2 K. The abrupt decrease of the χMT

products can be attributed to the depopulation of the low-lying

Fig. 1 Structures of the cationic complexes 1-LN6phen (A), 1-LN4O2
phen (C), and

the distorted hexagonal bipyramidal coordination polyhedra of the Dy
centers (B and D). The PF6

− counterions, and the H-atoms of both com-
pounds are omitted for clarity. The smaller white spheres define the ver-
tices of the corresponding ideal polyhedron. Color scheme: Dy, yellow;
O, red; N, blue; C, grey; Si, olive.

Fig. 2 Temperature dependence of the χMT product for complexes 1-
LN6phen (black circles) and 1-LN4O2

phen (red circles).
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crystal-field mJ states of the ground 6H15/2 state as the tempera-
ture is lowering, combined with the onset of magnetic block-
ing on approaching the low temperature limit of the
experiment.

The isothermal field (H) dependence of the magnetization
(M) was measured at 2, 3, and 5 K for both complexes in the
range of 0–7 T (Fig. S11 and S12†). The M(H) curves at 2 K are
similar for both complexes, exhibiting an abrupt increase of
magnetization at low fields while remaining almost constant
at high fields. The magnetization values at the maximum
applied field of 7 T and the lowest temperature of 2 K are 5.30
(1-LN6

phen) and 5.07 NμΒ (1-LN4O2
phen ), much lower than the expected

saturation value (MS) for one free DyIII ion (MS/NμΒ = 10NμΒ);
this can be ascribed to the crystal field effects that induce sig-
nificant magnetic anisotropy.

To assess the slow magnetization relaxation phenomena
and the SMM behavior of 1-LN6

phen and 1-LN4O2
phen , alternating

current (ac) magnetic susceptibility studies were performed
under zero applied dc field and a weak ac field of 3.0 Oe, oscil-
lating with frequencies ranging from 10 to 10000 Hz.
Interestingly, both compounds exhibit frequency-dependent
in-phase ðχ′MÞ (Fig. S13†) and out-of-phase ðχ″MÞ (Fig. 3A and
Fig. 4A) peaks of signals with well-defined maxima up to 75
and 90 K for 1-LN6

phen and 1-LN4O2
phen , respectively. The appearance

of the out-of-phase magnetic susceptibility signals denotes the
presence of slow magnetization relaxation due to an energy
barrier for the spin-reversal consistent with SMM behavior.
Furthermore, the detection of the frequency dependence of
the out-of-phase susceptibility up to this high-temperature
regime suggests the existence of significant magnetization
reversal barriers for both complexes. The ac frequency at
which the maximum occurs in the corresponding χ″M vs.
v plots shows a slight variation below 10 K, suggesting the
presence of quantum tunneling of magnetization (QTM) relax-
ation process. At elevated temperatures, this maximum
becomes significantly dependent on temperature, shifting to

higher frequencies as the temperature increases, indicating a
relaxation process driven by thermal activation.20

To obtain the temperature-dependence of relaxation times
(τ) and derive the operating relaxation processes, we con-
structed the Arrhenius plot (ln τ vs. 1/T ) by fitting the data
through the equation:

τ�1 ¼ τ0
�1e�Ueff =kT þ CT n þ τQTM

�1; ð1Þ

where the pre-exponential factor, τ0, and the effective energy
barrier (Ueff ) correspond to the thermally-assisted Orbach
relaxation process, C and n are the parameters of the Raman
relaxation process, while τQTM represents the relaxation time
through the quantum tunnelling of the magnetization
(QTM).21 As depicted in Fig. 3Β and Fig. 4Β, the non-linear
regime of the Arrhenius plots supports the substantial role of
the Raman and QTM mechanisms as the temperature is
lowered. In particular, at intermediate temperatures, the relax-
ation time seems to be dominated by the Raman process as
indicated by the curvature of the ln τ vs. 1/T plots, while below
10 K the relaxation time becomes temperature-independent for
both complexes.20,21 Accordingly, in the high-temperature
regime, the thermally-activated Orbach process becomes the
dominant relaxation pathway and the relaxation time shows an
exponential dependence on temperature (linear region in ln τ

vs. 1/T plots).20,21 Therefore, the best-fit to the experimental
data afforded the following parameters: Ueff = 779 (54) K, τ0 =
9.98 × 10−10 s, C = 0.5477 (0.045) s−1 K−n, n = 2.42 (0.03), τQTM
= 1.57 × 10−2 (2.19 × 10−4) s for complex 1-LN6

phen and Ueff = 1360
(21) K, τ0 = 5.88 × 10−12 s, C = 0.0777 (0.01) s−1 K−n, n = 2.45
(0.06), τQTM = 1.77 × 10−2 (6.94 × 10−4) s for complex 1-LN4O2

phen .
The values of the parameters τ0, C, and n are within the
expected range for mononuclear DyIII-based SMMs,10,11,17,18

while the exponent n of the Raman process takes a
significantly smaller value than the expected for a Kramers ion
(n = 9). However, it has been reported that deviations in n

Fig. 3 (A) Frequency-dependence of the out-of-phase ðχ’’MÞ magnetic susceptibility under zero applied dc field over the temperature range of
2–75 K for complex 1-LN6phen. (B) Temperature-dependence of relaxation times (τ) for complex 1-LN6phen. The circles correspond to experimental data
and the lines to the best-fit of the data.
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values suggest the mixing of optical and acoustic phonons,
most probably due to the presence of low energy optical
phonons that contribute to the Raman
demagnetization.17,18,21,22 The obtained Ueff for compound 1-
LN4O2phen is the highest effective energy barrier yet reported among
all mononuclear DyIII SMMs, which have derived from the [1 +
1] Schiff-base macrocycle approach (Table S1†). Li, Yin and co-
workers have recently reported the complex [Dy(LN6

1 )(Ph3SiO)2]
(BPh4) with a pseudo-D6h symmetry, bearing the neutral
hexaaza macrocyclic Schiff base ligand derived from the [1 + 1]
condensation of 6,6′-diformyl-2,2′-bipyridyl and triethyl-
enetetramine.18d This complex behaves as an SMM with a Ueff

of ∼584 K, much smaller than the corresponding values of 1-
LN6phen and 1-LN4O2

phen , which is rationalized in terms of the severe
distortion from the ideal D6h symmetry (CShM = 3.91) and the
significant deviation from the perfect axiality (O–Dy–O =
169.1°) and equatorial hexagonal plane (best mean angle of N–
Dy–N = 50.8°).

To further examine the distribution of relaxation times (α)
across the entire temperature range, the Cole–Cole plots
(Fig. S14†) of both complexes were fitted using a generalized
Debye model (eqn (S1) and (S2), see ESI† for details). The non-
semicircular shape of the plots indicates a wide distribution of
relaxation times, most probably due to overlapping of different
relaxation mechanisms. Indeed, the large α values span the
range 0.35–0.18 for 1-LN6

phen (Table S6†) and 0.33–0.11 for 1-
LN4O2phen (Table S7†), corroborating the above hypothesis. In par-
ticular, the largest α values are observed in the low-T regime,
denoting the coexistence of Raman and QTM relaxation pro-
cesses as the temperature is lowered.

To verify the blocking temperature of both compounds,
magnetization (M) vs. field (H) hysteresis studies were per-
formed at an average field sweep rate of 40 Oe s−1 and
different low temperatures by sweeping the field between −5
and 5 T (Fig. 5A and Fig. S15†). Both compounds showed but-

terfly-shaped loops, characteristics of the fast tunneling near
zero field, which results in small coercivities.23 In particular,
complexes 1-LN4O2phen and 1-LN6phen exhibit opening of the hysteresis
loops up to 9 K (Fig. 5B) and 5 K (Fig. S15†), respectively, thus
implying a smaller transverse anisotropy and a higher pseudo-
D6h symmetry for the former compound, in agreement with
the results obtained from the ab initio calculations (vide infra).

Ab initio calculations

Detailed insight into the magnetic properties of 1-LN6
phen and 1-

LN4O2phen was obtained through ab initio calculations, using the
SINGLE_ANISO approach implemented in the ORCA 5.0.2 soft-
ware package24a (see the ESI† for details), to further analyze
the mechanism that governs magnetization relaxation in both
complexes. As expected from the strong axial ligand field, the
DyIII ions in both compounds exhibit large crystal-field split-
ting of 1854 K (1-LN6

phen) and 2126 K (1-LN4O2
phen ) (Table S8†). The

calculated energies of the eight lowest Kramer Doublets (KDs)
of the 6H15/2 ground multiplet of the DyIII centers along with
the principal components of the g-tensors and the angles
between the ground and excited KDs of 1-LN6

phen and 1-LN4O2
phen are

tabulated in Tables S9 and S10,† respectively. The ground KDs
in both complexes possess strong axial magnetic anisotropy,
which can be reflected in the wavefunction composition of
nearly 100% of the mJ = 15/2, as well as the respective g-tensors
approaching the Ising limit (gx = 3.3 × 10−4, gy = 5.7 × 10−4, gz
= 19.85 for 1-LN6phen and gx = 6.8 × 10−4, gy = 8.0 × 10−4, gz =
19.87 for 1-LN4O2

phen ). In addition, the calculated orientations of
the ground state anisotropic axes in both complexes point
towards the axial Dy–O bonds of the triphenylsilanolate
ligands (Fig. 6C/D). Moreover, the anisotropic axes of the
ground doublet for both compounds are almost collinear with
those of the first two excited doublets, exhibiting angles of
0.462o and 0.99o with the second KD and 1.413o and 3.07o

with the third KD for 1-LN6
phen and 1-LN4O2

phen , respectively.

Fig. 4 (A) Frequency-dependence of the out-of-phase ðχ’’MÞ magnetic susceptibility under zero applied dc field over the temperature range of
2–90 K for complex 1-LN4O2

phen . (B) Temperature-dependence of relaxation times (τ) for complex 1-LN4O2
phen . The circles correspond to experimental data

and the lines to the best-fit of the data.
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Fig. 5 Magnetic hysteresis loops for complex 1-LN4O2
phen measured at a temperature range of 2–9 K with a mean field sweep rate of 40 Oe s−1 (A) and

enlargement of the zero-field region from 5 to 9 K (B).

Fig. 6 Single_Aniso computed energy of the KDs (A and B) and orientation of the ground state anisotropic axis highlighted with purple color for 1-
LN6
phen (C) and 1-LN4O2

phen (D). Dark red arrows show the most probable relaxation route and light red arrows indicate less significant but non-negligible
matrix elements between different mJ states.
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Although the high purity of the first excited doublet (mJ = ±13/2)
for 1-LN6

phen can be validated by the relative wavefunction com-
position of 99.4%, the axial g-tensor is significantly lower (gz =
16.92) and the transversal components of the g-tensor are also
small but non-negligible (gx = 0.1176, gy = 0.1195). In contrast,
complex 1-LN4O2

phen exhibits a purer and more anisotropic first
excited doublet composed of 99.67% of the mJ = ±13/2, while
the values of the g-tensors are: gz = 16.94, gx = 0.081, and gy =
0.089. However, the third KD in 1-LN4O2phen is an admixture of mJ =
±11/2 (96.47%) and mJ = ±1/2 (2.60%), while the low axiality
within this KD is corroborated by the significant contribution
of the transverse g-components (gx = 0.106, gy = 0.298) along
with the decreased value of the axial component (gz = 13.77).
These observations suggest that the gz-component is not
sufficiently axial to suppress the through-barrier relaxation
mechanisms within the second KD in 1-LN6phen and the third KD
in 1-LN4O2

phen . This is further confirmed by the experimentally
determined Ueff values following the calculated energies of the
second KD in 1-LN6

phen and the third in KD 1-LN4O2
phen which are

located at 680 K and 1352 K, respectively. In detail, the experi-
mental Ueff value of 1360 K for 1-LN4O2

phen is in excellent agree-
ment with the calculated energy of the third KD (1352 K),
whereas the experimental Ueff value of 779 K for 1-LN6phen is
slightly higher than the calculated energy state of the second
KD (680 K). The small deviation between the energy of the
second KD and the experimentally observed Ueff in 1-LN6

phen

most likely results from neglecting electron correlation outside
the 4f orbital space in the CASSCF calculations.14a Therefore,
we applied an alternative fit to the experimental data for
1-LN6phen in the temperature range of 10–75 K, discarding the
QTM term from eqn (1). This was due to the relaxation time
becoming temperature-independent below 10 K, and indeed
the alternative fit gave a Ueff value of 653(27) K (Fig. S16;† see
the caption for additional fit parameters), very close to the
computed energy of the second KD in 1-LN6

phen.
Fig. 6 illustrates the probability of the magnetic relaxation

pathways where the most intense red arrows show the most
probable relaxation route. According to the above observations,
combined with the magnitudes of the transition
moment matrix elements (Tables S11 and S12†), which show
transitions between different KDs, the crossing of the magneti-
zation relaxation barrier is predicted to proceed through the
second and third KDs in 1-LN6

phen and 1-LN4O2phen , respectively. In
the case of 1-LN6

phen the predicted barrier of 473 cm−1 is some-
what lower than the experimental barrier of 541 cm−1,
although, based on the appreciable transverse components of
the g-tensors in the first-excited KD, relaxation via any higher-
lying states seems unlikely. The discrepancy in the
experimental and calculated barriers could be a consequence
of electron correlation effects outside of the 4f orbital mani-
fold not being captured by the calculations. For 1-LN4O2

phen , the
first-excited KD at 512 cm−1 has more pronounced axial char-
acter, increasing the probability of reaching the second-excited
KD at 940 cm−1, where a barrier-crossing transition then
occurs. If valid, this analysis provides a good match with the
experimental barrier of 945 cm−1.

To further quantify the axiality of both compounds and the
magnitude of the crystal-field induced energy separation
between the ground and the low-lying excited states, we calcu-
lated the crystal-field parameters by implementing
SINGLE_ANISO module (Table S13, see ESI† for details). To
calculate the crystal-field parameters was used the following
Hamiltonian:24b,c

ĤCF ¼
Xq

k¼�q

Bk
qÔ

k
q; ð2Þ

where Ôk
q are the extended Stevens operators, Bk

q the crystal-
field (CF) parameters, and k is the rank of the ITO (2,4,6) and q
is the component of the ITO, taking values of −k, −k + 1, … 0,
1, … k. Furthermore, the crystal-field Hamiltonian in D6h sym-
metry can be simplified by the following equation:

ĤCF ¼ B0
2Ô

0
2 þ B0

4Ô
0
4 þ B0

6Ô
0
6 þ B6

6 ðÔ6
6 þ Ô�6

6 Þ; ð3Þ
where the axial crystal-field parameters are coined as Bk

q (k = 0,
q = 2, 4, 6) and the transverse ones as Bk

q (k ≠ 0, q = 2, 4, 6).25

For both compounds, the axial CF parameters clearly domi-
nate over the transversal ones, as expected due to the strong
ligation provided by the hard O-donor atoms of the triphenylsi-
lanolates along the easy axis (Table S13,† highlighted values in
bold). More specifically, the magnitude of the |B0

2| term deter-
mines the axiality of the molecular compound and the scale of
the crystal-field splitting. The greater the magnitude of the
|B0

2|, the larger the energy separation between the ground KD
and the excited ones, thus leading to higher Ueff values, as well
as lower operational QTM process at low temperatures.13,26

The |B0
2| term for compound 1-LN6phen takes a value of 6.786,

whereas for compound 1-LN4O2
phen exhibits a greater value of

7.773. The variation between these values is due to the more
linear O–Dy–O bond angle and the higher D6h symmetric local
coordination environment of the DyIII center in complex
1-LN4O2phen . This noticeable difference is further translated to
the larger energy splitting of the mJ states in 1-LN4O2

phen than
1-LN6phen (Table S8† and Fig. 6), thereby leading to an almost
two-fold increase of the magnetic anisotropy barrier (i.e., from
779 to 1360 K).

Conclusions

In summary, we have synthesized two new air-stable DyIII

macrocyclic complexes with hexagonal bipyramidal geometries
by implementing for the first time a phenanthroline-based
‘head’ unit through the metal-ion assisted [1 + 1] Schiff-base
cyclocondensation reaction. Both compounds 1-LN6phen and 1-
LN4O2phen behave as zero-field SMMs with high energy barriers
stemming from the strongly axial ligand fields in conjunction
with the weak coordination from the all N-donor LN6phen macro-
cycle in complex [Dy(LN6phen)(Ph3SiO)2](PF6) and the mixed
N/O-donor LN4O2phen macrocycle in complex [Dy(LN4O2

phen )(Ph3SiO)2]
(PF6). The replacement of the secondary amine groups in LN6phen
with etheric O-atoms in LN4O2phen seems to have a significant
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impact on the overall planarity of the equatorial plane, as well
as improved magnetic axiality, thereby leading to a closer-to-
ideal D6h symmetry for complex 1-LN4O2

phen . Additionally, it
appears that the strength of the intramolecular π–π stacking
interactions between the aromatic groups of the apical and
equatorial ligands has its own effect on the geometric and
electronic structures of the two compounds via modulating
not only the planarity of the Schiff-base macrocycle but also
the axial O–Dy–O tilt. Theoretical studies have shed light on
the magnetization relaxation mechanisms of both complexes,
presaging a dominant relaxation pathway through the first
excited doublet for 1-LN6

phen and the second excited doublet for
1-LN4O2phen . Furthermore, the larger value of the axial CF para-
meter |B0

2|, when shifting from 1-LN6
phen to 1-LN4O2

phen , was in agree-
ment with the experimental results, and particularly the 2-fold
enhancement of the Ueff value from 779 K in compound 1-
LN6phen to 1360 K in compound 1-LN4O2

phen . The latter Ueff is a record
value among all (D5h and D6h) previously reported mono-
nuclear DyIII SMMs resulted from the [1 + 1] Schiff-base macro-
cyclic approach.

Ongoing research involves the enrichment of the family of
[1 + 1] Schiff-base macrocyclic DyIII complexes through the
designed synthesis and use of macrocycles with reduced equa-
torial binding strength and improved planarity by modulating
either the carbonyl ‘head’ or the amine(s) units, or both. In
turn, the implementation of aliphatic instead of aromatic sub-
stituted O-donor axial ligands, as a means of eliminating the
intramolecular π–π stacking interactions, can lead to more
linear O–Dy–O bond angles and increase the axial magnetic
anisotropy of the DyIII ions, and the energy barrier for the mag-
netization reorientation.
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