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ABSTRACT: In recent years, dysprosium macrocycle single-molecule magnets (SMMs) have received increasing attention due to
their excellent air/thermal stability, strong magnetic anisotropy, and rigid molecular skeleton. However, they usually display fast
zero-field quantum tunneling of the magnetization (QTM) rate, severely hindering their data storage applications. Herein, we report
the design, synthesis, and characterization of an air-stable monodecker didysprosium macrocycle integrating strong single-ion
anisotropy, near-perfect local crystal field (CF) symmetry, and efficient exchange bias. These indispensable features enable clear-cut
elucidation of the crucial role of very weak antiferromagnetic coupling on magnetization dynamics, creating a prominent SMM with
a large effective energy barrier (Ueff) of 670 cm−1, open hysteresis loops at zero field up to 14.9 K, and a record relaxation time of
QTM (τQTM), 24281 s, for all known nonradical-bridged lanthanide SMMs.

In the field of lanthanide single-molecule magnets (SMMs),understanding the relationship between the effective energy
barrier (Ueff) and the blocking temperature (TB) is key to
designing and constructing high-temperature SMMs.1−3

Numerous lanthanide SMMs with large Ueff values have been
designed according to the Oblate−Prolate Model due to the
electrostatic nature of 4f−ligand interactions.4,5 However, the
development of TB lags far behind Ueff as the former is a more
informational metric involving all demagnetization path-
ways.6−8 Therefore, generally, improving TB is more
challenging than increasing Ueff. Although TB is governed by
complicated spin dynamics,9 the first step toward high-
temperature SMMs is undoubtedly the suppression of the
zero-field quantum tunneling of the magnetization (QTM)
process. Previous studies have clearly shown that strong
intramolecular exchange interactions between different spin
centers can strongly mitigate QTM rate and increase TB.

3,10−15

One of the most typical examples is lanthanide-radical
compound s w i t h th e gene r a l compos i t i on o f
[{(CpR)2Ln}n(μ-radical)] (n = 2−4) (CpR = substituted
cyclopentadienyl ligands) where the radical ligand with S =
1/2 possesses a rather diffuse singly occupied molecular orbital
that can strongly interact with 4f electrons.16−20 Recently,
Long et al. reported the limiting case of this family, a mixed-
valence didysprosium complex, (CpiPr5)2Dy2I3 (Figure 1A), in
which the two Dy(III) ions are glued by the unpaired electron
forming unique Ln−Ln metal bonding.21 It showed an
enormous coercive magnetic field exceeding 14 T at 60 K,
which has caught up with commercial permanent magnets.
In spite of the exceptional SMM behaviors of the above

lanthanide metallocenes, their extreme sensitivity to air limits
their use in molecular devices. In recent years, research has also
focused on air-stable species, especially Dy(III)-based macro-
cyclic compounds.22−25 However, these compounds typically
exhibit evident zero-field QTM behavior. Given that engineer-

ing the strong orbital exchange in lanthanide macrocycles is
quite difficult,15,26 it is a promising strategy to consider
utilizing dipole coupling to induce exchange biasing. In 2022,
we reported a pair of OH−-bridged double-decker dysprosium
enantiomers featuring ferromagnetic dipolar coupling.27

However, the hysteresis loops at zero field are closed as the
intramolecular f−f interactions cannot compensate for the
weakening of the axial crystal field (CF). Recently, some of us
reported a compartmental bis(pyrazolato) bridged macrocycle
derived from [2 + 2] condensation of 1,1′-(4-methyl-1H-
pyrazole-3,5-diyl)bis(ethan-1-one) and 2,2′-diamino-N-meth-
yldiethylamine, L1, that can encapsulate two lanthanide ions
into a pentagonal bipyramid environment favoring a dipolar
interaction.28 However, crucial magnetic axiality is absent in
the prepared compounds. These works inspire us to construct
an air-stable species that possesses strong axiality, high local
symmetry, and efficient dipolar coupling simultaneously, which
is undoubtedly challenging for synthesis. Here, we report a
near-perfect monodecker didysprosium macrocycle, Dy2(L1)-
(L2)4 (L2 = 4-(methylthio)phenolate, Dy2, Figure 1B), that
fulfills the above three requirements. It is a strong SMM at zero
field with Ueff of 670 cm−1 and open hysteresis loops up to 14.9
K. More impressively, the zero-field relaxation time of QTM
(τQTM) reaches up to 24281 s.
As expected, Dy2 is quite robust, with a high thermal

decomposition temperature approaching 400 °C (Figure S1).
The measured powder X-ray diffraction (PXRD) pattern
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shows good agreement with the simulated one, confirming the
pure phase of the sample (Figure S2). Single crystal X-ray
analysis revealed that Dy2 crystallizes in the monoclinic P21/n
space group (Table S1) and the two Dy(III) ions in Dy2 are
bridged by four nitrogen atoms from two pyrazolates with a
Dy···Dy distance of 4.779 Å (Figure 1C). Every Dy(III) ion is
seven-coordinate and located in a compressed pentagonal-
bipyramidal coordination environment (Table S7). The axial
phenolate ligands provide relatively short Dy−O distances of
2.1474(18) and 2.1512(18) Å and an almost linear axial O−
Dy−O angle of 173.24(7)° (Tables S3−S4). The equatorial
macrocycle affords a longer Dy−N distance, averaged to 2.496
Å. In addition, two magnetically diluted samples, Dy2@Y2 and
DyY with 5% Dy(III), were also prepared for comparative
studies according to the reported method (for structural details
of Y2 see Tables S2, S5, S6, and S8).

29

The χMT value at 300 K of Dy2 is 27.14 cm3 K mol−1
(Figure S4), which is close to the theoretical value of 28.34
cm3 K mol−1 for the two free Dy(III) ions. With decreasing
temperatures, the product χMT decreases gradually, followed
by a sharp decline at approximately 8 K, which may be due to
(i) the progressive depopulation of excited Stark sublevels, (ii)
intramolecular antiferromagnetic (AFM) coupling, and (iii)
strong magnetic anisotropy. The field dependence of the
magnetization was also measured at 1.9, 3.0, and 5 K, giving
rise to saturation values of 9.98, 9.95, and 9.89 μB at 7 T,
respectively, implying that each Dy(III) ion has a strong
axiality with mJ = ± 15/2, geff,z = 20.0 (Figure S5). Open
magnetic hysteresis loops at zero field were observed between
1.9 and 14.9 K (Figure 2). Comparing the hysteresis loops of
DyY and Dy2@Y2 (Figure 2, bottom), we can conclude that it

is the intramolecular magnetic coupling that shifts the fast
QTM away from zero-field and induces open loops.
In the 1.0 to 1500 Hz frequency range, the out-of-phase

components of the ac susceptibility (χ″) exhibit well-defined
peaks between 20 and 61 K (Figure 3, top). The Cole−Cole
plots were obtained from these data and fitted to the
generalized Debye model to extract relaxation times (τ) and
relaxation distribution (α) (Figure S6 and Table S9). When
the temperatures are below 15 K, the magnetic relaxation is too
slow to display a maximum even at 0.1 Hz (Figure S7).
Consequently, variable-temperature dc magnetization decay
experiments were performed to determine τ (Figures S8−S14,
and Table S10). In the temperature range of 2−67 K, the plot
of ln τ versus T−1 is composed of a linear and a slightly curving
part, corresponding to the Orbach and Raman relaxation
process, respectively (Figure 3, bottom inset). Fitting the data
to the equation ln(τ) = −ln[τ0−1 exp(−Ueff/kBT) + CTn] gives
Ueff = 670(36) cm−1, τ0 = 10−10.8(3), C = 1.42(27) × 10−5, n =
4.63(7) with adjusted R2 = 0.998. Based on this plot, we
extracted τ100s at 4.1 K.
To obtain information about QTM, we further explored

magnetization decay at sub-Kelvin temperatures using μ-
SQUIDs (Figure S15 and Table S11). As shown in Figure S16,
using the equation ln(τ) = −ln[(1/10p2) exp(−E2/kBT) + 1/
τQTM], an excellent fit (adjusted R2 = 0.997) was obtained with
E2 = 0.36(2) K, p2 = 3.36(4), and τQTM = 24281(709) s. To
the best of our knowledge, this τQTM is the largest value for all
nonradical-bridged lanthanide SMMs (Table S12). The value
of p2 is comparable to the reported values for magnetically
coupled Ln SMMs with bistable ferromagnetic (FM) or AFM
ground states.30 Finally, we extrapolated eq 1 to the entire

Figure 1. Synthetic routes for (CpiPr5)2Dy2I3
21 (A) and Dy2 (B). (C) Solid structure of Dy2. The green lines represent the local magnetic axis of the

Dy(III) ion from the ab initio calculations. Purple, Dy(III); blue, N; red, O; black, C. Hydrogen atoms and axial parts, except for coordinated Ophen
atoms, are omitted for clarity.
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temperature range, showing an excellent fit quality (Figure 3,
bottom). Alternating current measurements on the DyY
sample were performed to reveal the role of intramolecular
magnetic coupling in magnetization dynamics. In the 0.1 to
1500 Hz range, χ″(ν) plots exhibited frequency-dependent
peaks from 3 to 61 K (Figure S17). The plot of ln(τ) against
T−1 presented a clear plateau at low temperatures with a QTM
rate much faster than that in Dy2. The relaxation rate for DyY
is fitted by eq 2, giving Ueff = 648(64) cm−1, τ0 = 10−10.6(4), C =
(7.4 ± 2.9) × 10−4, n = 3.56(11), and τQTM = 1.63(25) s
(Figure S18).

= [ +

+ + ]

U k T CT

E k T

ln( ) ln exp( / )

(1/10 )exp( / ) 1/

n

p
0

1
eff B

2 B QTM2 (1)

= [ + + ]U k T CTln( ) ln exp( / ) 1/n
0

1
eff B QTM (2)

Magnetic hysteresis curves for a single crystal of Dy2 were
also measured by μ-SQUIDs with the field applied along the
easy axis of the crystal (Figure 4 and Figure S19).31 The
hysteresis loops of Dy2 exhibited an S-shape, typical of
antiferromagnetically coupled lanthanide dimers. The measure-
ments also clearly reveal the exchange-bias characteristic of the
system with QTM shifting from zero field to 0.1−0.2 T.32
Magnetic interaction between two axial Dy(III) ions in Dy2
can be written in terms of the Ising Hamiltonian: Ĥexch =
−JIsings1̃zs2̃z, where s1̃z = s2̃z = 1/2 are the pseudospins of the
ground KD on each Dy site. The coupling strength, JIsing, can
be calculated using JIsing = −4μBgJmJHex with Hex = 0.15 T, mJ =
15/2, gJ = 4/3, giving JIsing = −2.801 cm−1 (see the details in
SI). Additionally, μ-SQUID results show interesting details in
the low-temperature hysteresis curves: (i) four steps at ±0.15
and ±0.2 T due to the presence of two kinds of macrocyclic
planes in the unit cell (Figure S3), confirmed by the angular
dependence of dM/dH(H) (Figure S19 bottom); (ii)
increasing width of hysteresis loops with increasing T from
30 mK to 2.5 K, indicating more molecules are available in the
FM state for the relaxation to the AFM state as temperature is
increased in this regime.

Ab initio calculations were carried out to gain further insight
into magnetic anisotropy and the relaxation mechanism of

Figure 2. Magnetic hysteresis loops for Dy2 at a field sweep rate of
200 Oe/s (top and middle). Isothermal magnetization of Dy2@Y2
and DyY at 1.9 K was obtained for an average sweep rate of 22 Oe/s
(bottom).

Figure 3. (Top) χ″(ν) plots for Dy2 at a zero applied dc field. The
circles and solid lines represent experimental data and fits,
respectively. (Bottom) Temperature dependence of the relaxation
time τ for Dy2 and (bottom inset) enlarged view of the same for
temperatures above 2 K.
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magnetization.33,34 As shown in Table S13, the ground
Kramers doublets (KDs) of a single Dy(III) site possess a
large gz value, tending to 20.0. The axial CF parameter B20 is
negative and larger than any other parameter (Table S14),
demonstrating the strong axiality in Dy2. As expected, the
orientation of the ground-state anisotropy axis is directed by
the axial phenolate ligand (Figure 1C and Figure S20). For the
first excited KDs, the gz value is also large, approaching 17.0;
meanwhile, the transverse components, gx and gy, are relatively
small, ca. 0.01, which suggests that KD2 is also highly axial.
However, for KD3, gx and gy significantly increase, leading to
less pronounced axiality. Table S15 shows that KD1 and KD2
were assigned to a nearly pure projection of MJ, ±15/2, and
±13/2, respectively, while KD3 was composed of mixed wave
functions defined by ±11/2 and ±9/2. Therefore, the barrier is
most likely crossed at KD3 through an Orbach process, giving
a calculated Ueff of 676 cm−1 with VDZP basis sets, which is in
excellent agreement with the experimental value. The intra-
molecular magnetic exchange was evaluated by a broken-
symmetry DFT method offering very similar values of about
−1.3 to −1.7 cm−1 (Table S16), for several exchange
functionals. The pure exchange coupling within Dy2 was also
evaluated by fitting the measured magnetic susceptibility using
POLY_ANISO,35 giving the parameter of −0.89 cm−1 (Figures
S21) for the Ising Hamiltonian presented above. The magnetic
dipole−dipole interaction was evaluated using the on-site ab
initio data, evaluated to −1.559 cm−1. As such, the parameter
of total magnetic interaction, −2.45 cm−1, is very close to that
determined by μ-SQUID, suggesting that a dominant dipolar
coupling induces exchange biasing. From the spectrum of the
low-lying exchange multiplets (Table S17), the energy gap
between the lowest two exchanged KDs was determined to be
1.225 cm−1, which is sufficient to suppress the QTM process.36

To summarize, we designed and prepared an air-stable
monodecker didysprosium macrocycle that is a strong SMM at
zero field with Ueff of 670 cm−1, TB of 14.9 K, and that features
τQTM up to 24281 s, which is a record value for all known
nonradical-bridged lanthanide SMMs. Introducing 4-
(methylthio)phenolate generates strong magnetic anisotropy
and may also allow monolayer deposition on the gold surface
by a strong Au−S bond in the future. The equatorial pyrazole-
involved Schiff-base macrocycle ensures near-perfect CF
symmetry and efficient exchange biasing, primarily induced
by direct dipolar coupling. We need to highlight that the
combination of strong single-ion magnetic anisotropy and
near-perfect local CF symmetry provides the opportunity to
observe the vital role of such weak AFM coupling in the
magnetization dynamics.
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