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ABSTRACT: The symmetry around a Dy ion is recognized to be a crucial parameter dictating magnetization relaxation
dynamics. We prepared two similar square-antiprismatic complexes, [Dy(LOMe)2(H2O)2](PF6) (1) and Dy(LOMe)2(NO3) (2),
where LOMe = [CpCo{P(O)(O(CH3))2}3], including either two neutral water molecules (1) or an anionic nitrate ligand (2). We
demonstrated that in this case relaxation dynamics is dramatically affected by the introduction of a charged ligand, stabilizing the
easy axis of magnetization along the nitrate direction. We also showed that the application of either a direct-current field or
chemical dilution effectively stops quantum tunneling in the ground state of 2, thereby increasing the relaxation time by over 3
orders of magnitude at 3.5 K.

■ INTRODUCTION
For more than 2 decades, single-molecule magnets (SMMs)
have been a hot topic in molecular magnetism because of their
rich physical behavior.1 A breakthrough in the field was the
discovery of slow relaxation of magnetization in a series of
mononuclear f-element complexes coordinated by phthalocya-
ninato ligands in 2003.2−5 This advance was consolidated a few
years later with the report of a second family of mononuclear
SMMs,6 also known as single-ion magnets (SIMs). This
dramatically increased the impact of this class of molecular
nanomagnets, and since then, hundreds of analogues have been
reported.7−12

From the point of view of molecular design, the power of
these entities arises from the difference with the previous
generation of SMMs, which was based on clusters of 3d
transition-metal ions and where the properties depend on both
the anisotropic properties of the individual metal ions and their
exchange interactions. The magnetic and quantum properties of
rare-earth SIMs can be modulated by playing with the ligand
field around a single lanthanide ion, which means control of the
properties is conceptually simpler in this second generation of
SMMs.13−21 Recent studies on SIMs with oblate 4f ions have

revealed that either weakening the electron density of the hard
planee.g., by the attachment of electron-withdrawing groups
or by the introduction of a weak-field ligandor strengthening
the electron density on the easy axis tends to increase the
magnetic anisotropy, favoring high effective energy bar-
riers.17,20,22−33

A general strategy to advance in the rational design of
materials with improved properties is systematic study, in which
a single parameter is changed. Applying this principle to the
molecular design of SIMs, we decided to examine how the
introduction of a charged ligand over one of the positions of
the coordination spheremaintaining a very similar coordina-
tion environmentcontrols the slow relaxation dynamics of
the SIMs. Herein, we designed two compounds, [Dy-
(LOMe)2(H2O)2](PF6) (1) and Dy(LOMe)2(NO3) (2), where
LOMe = [CpCo{P(O)(O(CH3))2}3] (Scheme 1). In both
examples, the Dy ions have near-identical square-antiprismatic
geometries, except that two neutral water molecules coordinate
to Dy in 1, while the negatively charged nitrate ligand
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coordinates to Dy in 2. To the best of our knowledge, this
straightforward strategy to characterize the magnetic effect of
the ligand charge on a simple monomeric system has not been
previously reported in the literature. Previous efforts in this
direction include the study of the effect of an analogous series
of β-diketone-based ligands,34,35 which have slightly different
charge densities but the same nominal charge, or the
substitution of four water molecules by two nitrate anions
and a methanol molecule, with a drastic change in the
coordination geometry.36

■ EXPERIMENTAL SECTION
Reagents. All chemicals and solvents in the synthesis were reagent-

grade and used as received. Na[CpCo{P(O)(OCH3))2}3] (NaLOMe)
was prepared according to literature procedures.37,38

[Dy(LOMe)2(H2O)2](PF6) (1). A mixture of NaLOMe (48.9 mg, 0.10
mmol) and NH4PF6 (16.3 mg, 0.10 mmol) was dissolved in water (15
mL) and stirred for 10 min. A yellow precipitate was generated as soon
as an aqueous solution (2 mL) of Dy(NO3)3·5H2O (17.4 mg, 0.05
mmol) was added to the ligand solution. The mixture was stirred at
room temperature for 12 h. The precipitate was filtered and washed
with water. Yellow crystals formed after vapor diffusion of diethyl ether
into a methanol solution of the crude product and were filtered off and
dried in air. Yield: 68.4%. Anal. Calcd for C22H50DyCo2O20F6P7: C,
21.21; H, 4.05. Found: C, 21.14; H, 4.11.
[Y(LOMe)2(H2O)2](PF6) (1-Y). The Y analogue was obtained by the

same procedure as that for compound 1, except that Y(NO3)3·6H2O
was used instead of DyIII. Yield: 70.1%. Anal. Calcd for
C22H50YCo2O20F6P7: C, 22.54; H, 4.30. Found: C, 22.79; H, 4.31.
[Y0.98Dy0.02(LOMe)2(H2O)2](PF6) (diluted-1). An aqueous solution (2

mL) of Dy(NO3)3·5H2O (0.001 mmol) and Y(NO3)3·6H2O (0.099
mmol) was added to a solution of NaLOMe (0.20 mmol) and NH4PF6
(0.20 mmol) in water (15 mL) with stirring. A yellow precipitate was
generated and the mixture stirred at room temperature for 12 h. The
precipitate was filtered, washed with water, and dried in air. Anal.
Calcd for C22H50Y0.98Dy0.02Co2O20F6P7: C, 22.51; H, 4.29. Found: C,
22.87; H, 4.29.
Dy(LOMe)2(NO3) (2). A mixture of NaLOMe (48.9 mg, 0.10 mmol)

and Dy(NO3)3·5H2O (17.4 mg, 0.05 mmol) was dissolved in

methanol (1.2 mL). The yellow solution was stirred at room
temperature for 4 h and then filtered. Vapor diffusion of diethyl
ether into a filtrate afforded yellow crystals. The product was washed
with a small amount of cold methanol and water. Yield: 58.4%. Anal.
Calcd for C22H46Co2DyO21P6N: C, 23.45; H, 4.11; N, 1.24. Found: C,
23.17; H 4.13; N, 1.19.

Y(LOMe)2(NO3) (2-Y). The Y analogue was obtained by the same
procedure as that for compound 2, except that Y(NO3)3·6H2O was
used instead of DyI I I . Yield: 49.3%. Anal . Calcd for
C22H46Co2YO21P6N: C, 25.09; H, 4.40; N, 1.33. Found: C, 24.81;
H, 4.33; N, 1.21.

Y0.96Dy0.04(LOMe)2(NO3) (diluted-2). A solution of Dy(NO3)3·5H2O
(0.002 mmol) and Y(NO3)3·6H2O (0.098 mmol) in methanol (0.5
mL) was added to a solution of NaLOMe (0.20 mmol) in methanol (0.7
mL) with stirring. The yellow solution was stirred for 4 h and then
diffused with diethyl ether. The yellow powders that formed were
filtered off and washed with cold methanol and water. Anal. Calcd for
C22H46Co2Y0.96Dy0.04O21P6N: C, 25.03; H, 4.39; N, 1.33. Found: C,
24.89; H, 4.30; N, 0.96.

Physical Measurements. Elemental analyses for C, H, and N
were performed at the Elemental Analysis Service Center of Sogang
University. IR spectra were obtained from powder samples with a
Nicolet iS 10 spectrometer. Powder X-ray diffraction (PXRD) data
were recorded using Cu Kα (λ = 1.5406 Å) on a Rigaku Ultima III
diffractometer with a scan speed of 2° min−1 and a step size of 0.02°.
Magnetic susceptibilities for complexes 1 and 2 were measured using a
Quantum Design SQUID susceptometer (direct current, dc) and a
PPMS magnetometer (alternating current, ac). Diamagnetic correc-
tions of all samples were estimated from Pascal’s Tables.

Crystallographic Structure Determination. X-ray data for 1, 1-
Y, 2, 2-Y, diluted-1, and diluted-2 were collected on a Bruker SMART
APEXII diffractometer equipped with graphite-monochromated Mo
Kα radiation (λ = 0.71073 Å). Preliminary orientation matrix and cell
parameters were determined from three sets of ϕ scans at different
starting angles. Data frames were obtained at scan intervals of 0.5° with
an exposure time of 10 s frame−1. The reflection data were corrected
for Lorentz and polarization factors. Absorption corrections were
carried out using SADABS. The structures were solved by direct
methods and refined by full-matrix least-squares analysis using
anisotropic thermal parameters for non-H atoms with the SHELXTL

Scheme 1. Synthetic Procedure for 1 and 2
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program. Crystal data for 1, 1-Y, 2, 2-Y, diluted-1, and diluted-2 are
summarized in Table S1.

■ RESULTS AND DISCUSSION
Description of the Structures. To obtain the targeted

molecule, we reacted the tripodal ligand {CpCo[P(O)-
(OMe)2]3}

− [LOMe
−] with Dy(NO3)3 in the presence of

PF6
−, which served as the charge-balancing anion, to produce 1.

An identical procedure without using PF6
− yielded compound

2. 1 crystallizes in the orthorhombic P21212 space group, while
2 belongs to the monoclinic system with the P21/c space group.
Each Dy center is octacoordinated by six O atoms from two
LOMe

− ligands and two O atoms from either two water
molecules (1) or one nitrate anion (2), as shown in Figure 1.

From the crystal structures, small but appreciable differences in
the Dy−O bond lengths are observed from binding of the
neutral ligands to Dy in 1 and that of the charged ligand to Dy
in 2: The Dy−O bond length ranges from 2.283(1) to 2.488(1)
Å in 1 and from 2.289(1) to 2.508(1) Å in 2 (Table S2). To
evaluate the exact geometry around the Dy ion, we carried out
continuous-shape measure analysis.39 SX, which measures the
normalized deviation from different ideal symmetries, showed
that the geometries of both complexes lead to the local
symmetry of DyIII being close to square antiprism (SAPR), i.e.,
D4d (Table S3). The deviation is smaller in the case of 1:
SSAPR(1) = 0.829; SSAPR(2) = 1.281 (see Figures 1c,d). Such a
more pronounced geometrical distortion in 2 arises from the
chelation of NO3

−, which results in a structural strain compared
with two independent water molecules coordinating to Dy in 1.
The charge of [Dy(LOMe)2(H2O)2]

+ is balanced in 1 by
insertion of the PF6

− counteranion in the crystal structure,
whereas complex 2 is charge-neutral by itself. The existence of
anions in 1 increases the Dy−Dy separation, with the shortest
intermolecular Dy−Dy distances being 9.318(5) and 8.485(5)
Å in 1 and 2, respectively.
Magnetic Properties. The dc magnetic susceptibilities

(χmT) of 1 and 2 were measured in the temperature range of

2−300 K at 1000 G (Figure 2). The χmT values of 1 and 2 at
room temperature are close to the theoretical value of 14.17

cm3 K mol−1 predicted for one DyIII ion (6H15/2, S =
5/2, L = 5,

and g = 4/3). Upon cooling, the χmT curve first decreases
gradually and then decreases more rapidly below 50 K, which is
attributed to thermal depopulation of the Stark sublevels. As
shown in the M versus H/T plot (Figures S2 and S3), below 6
K magnetization linearly increases at low fields for both
compounds. Compound 1 does not reach saturation even at 2
K and 7 T and presents M versus H/T curves at different
temperatures, which are displaced from each other, pointing
toward the population of energy levels at these temperatures. In
contrast, magnetization of compound 2 reaches a saturation
value of approximately 5.5 Nβ at around 5000 G/K and
presents M versus H/T curves at different temperatures, which
are superimposed with each other, as could be expected for an
isolated Ising spin.
The dynamic magnetic properties were examined by ac

magnetic susceptibility measurements using an ac field of 4 G at
several oscillating frequencies. The temperature-dependent ac
data of 1 were obtained at zero field under an external field Hdc
= 1000 G, and no peaks were found (Figure S4). When the
dependence of the out-of-phase ac susceptibility of 1 was
studied at increasing fields from 0 to 1200 G, the same behavior
was observed (Figure S5). On the other hand, the dynamic
magnetic properties of 2 displayed in Figure 3a,b show that,
below 8.0 K, the χm″ peaks vary with respect to the oscillating
frequency, indicating slow magnetic relaxation. The slow spin
dynamics in 2 is also corroborated by the frequency-dependent

Figure 1. Molecular structures of (a) the cationic part of 1 and (b) 2.
D4d coordination environment around Dy of (c) 1 and (d) 2.

Figure 2. Fitting of the experimental χT products of 1 (a) and 2 (b)
from 2 to 300 K using the REC model in the SIMPRE package (solid
line).
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ac data collected at T = 2−8 K (Figure S6). The ln(τ) versus 1/
T plot for 2 presents some curvature (Figure 4), indicating that

the dynamics cannot be properly modeled assuming a simple
Orbach mechanism. The data could be fitted considering
temperature-independent quantum tunneling (τQTM) and
thermally activated Orbach [∝exp(−Ueff/kT)] and Raman
processes (∝Tn), using the following equation:23,40,41

τ τ τ= + + −− − −CT U kTexp( / )n1
QTM

1
0

1
eff (1)

where τ is the inverse of the ac frequency, T is the temperature
of the maximum in the ac signal, Ueff is the effective energy
barrier, k is Boltzmann’s constant, and τQTM, C, and τ0 are the
fitting parameters of the different relaxation mechanisms. The
fit in the temperature range T = 2−7 K resulted in τQTM = 3.44
× 10−5 s, n = 5, C = 0.04547 s−1 K−5, τ0 = 2.92 × 10−10 s, and an
effective energy barrier of Ueff = 51.2 cm−1 (Figure 4). These
results corroborate that, in addition to quantum tunneling and
Orbach pathways, Raman relaxation is operative in 2. The

Cole−Cole plots at a temperature range of 2−8 K give α
parameters of less than 0.28 (Figure S7), possibly because of
two very close relaxation processes, as can be seen in Figure S7
with a nonsymmetric semicircle. To reduce the quantum
tunneling effect, we inspected the field-dependent relaxation
time at T = 5 K and determined the optimal field to be 1.0 kG
(Figures S8 and S9): under this external field, 2 presents
prominent slow relaxation (Figures 3c,d and S10). Both χm′
and χm″ susceptibilities exhibit significant frequency-dependent
peaks between 4 and 7 K (Figure S11). The Arrhenius plot
unveils complete suppression of the quantum tunneling under
1.0 kG in 2. This fit was carried out taking into account the
Raman term (C) in eq 1, resulting in n = 5, C = 0.01071 s−1

K−5, τ0 = 3.14 × 10−10 s, and Ueff = 53.0 cm−1. Thus, the
behavior at low temperature, which deviates from linearity, is
attributed to Raman relaxation. The Cole−Cole plot results in
α < 0.1, a smaller value compared with 2 without the applied
external field (Figure S12), indicating a lesser importance of
secondary relaxation processes.
It is striking that, although the central geometry around Dy

in 2 is more distorted than that in 1, SMM characteristics are
only evident in 2. This is in contrast to simple symmetry
considerations: intuitively, a coordination environment that is
close to square-antiprismatic (i.e., near perfect D4d) results in
pure MJ quantization, which means no avoided crossings, and if
one assumes a Landau−Zener mechanism, this means the
tunneling probability would fall to zero. The present
experimental observation shows that the mere substitution of
one ligand for another with a different effective charge
dramatically affects the magnetic dynamics. This notable
feature can be mainly ascribed to the dominant charge effect
of ligand coordination on the relaxation dynamics over
symmetry considerations, switching the SMM behavior on or
off. In fact, in heteroleptic complexes, such as the present case,
the different charges carried by the different ligands need to be
taken into account and complicate purely symmetry-based
arguments because the real symmetry is much lower than the
apparent one.
To complete our understanding of these systems, it is

essential to study the effect of the magnetic dipolar interaction
on quantum tunneling.42 For this purpose, we treated Y3+

instead of Dy3+ with NaLOMe under the same experimental
conditions: Y-containing products 1-Y and 2-Y were success-
fully isolated (Figures S13 and S14). The Dy-containing
samples were magnetically diluted following the reaction
procedure and partial replacement of Dy in 1 (or 2) with
diamagnetic Y3+ ions. As shown by the PXRD data in Figures
S15 and S16, the profiles of the diluted samples are consistent
with the simulated pattern, suggesting that they are
isostructural. Elemental and inductively coupled plasma
analyses demonstrate that the average ratio of Dy/Y in
diluted-1 and diluted-2 corresponds to 0.98:0.02 and
0.96:0.04, respectively. The crystal structures of the diluted
samples were determined; the Y−O and (Y, Dy)−O bond
lengths range from 2.268(10) to 2.477(12) Å in 1-Y, from
2.263(1) to 2.493(1) Å in 2-Y, from 2.265(2) to 2.459(3) Å in
diluted-1, and from 2.271(1) to 2.496(1) Å in diluted-2
(Figures S17 and S18). Compared with 1 and 2, the square-
antiprismatic geometry around the central metal ion in each
diluted compound is more distorted; this might be due to
either the inhomogeneity of the metal composition or the
slightly different radius of the Y3+ cation (Table S3).

Figure 3. Temperature dependence of in-phase (χm′) and out-of-phase
(χm″) ac susceptibilities at Hdc = 0 (a and b) and 1.0 kG (c and d) for
2 and at Hdc = 0 (e and f) and 1.0 kG (g and h) for diluted-2.

Figure 4. Arrhenius plots of relaxation time data for 2 and diluted-2.
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It is a fact that, in the diluted samples of both 1 and 2, a
diamagnetic Y matrix is doped with 2% and 4% of Dy,
respectively, achieving a sufficient separation between neighbor-
ing Dy atoms so that the dipolar interaction between them can
be neglected. In 1, this has no effect: the peak in χm″ was not
observed in diluted-1 even under an external magnetic field
(Figure S3e−h). In contrast, for diluted-2 (Figures 3e,f and S19
and S20), the maximum in χm″ varies with the frequency, which
is characteristic of slow magnetic relaxation in SMMs. As shown
in Figure S21, the narrow distribution (α < 0.11) of single
relaxation processes is observed from the Cole−Cole plots, and
the Arrhenius plot reveals n = 5, C = 0.01647 s−1 K−5, τ0 = 2.35
× 10−10 s, and Ueff = 51.5 cm−1 (Figure 4). The application of a
magnetic field of 1.0 kG affords n = 5, C = 0.01098 s−1 K−5, τ0 =
2.81 × 10−10 s, and Ueff = 51.5 cm−1, which are very close to the
values without a field.
These results verify that either the application of a dc field or

the suppresion of Dy−Dy dipolar interactions upon magnetic
dilution can effectively stop quantum tunneling in the ground
state, thereby increasing the relaxation time notably by over 3
orders of magnitude at a given temperature (3.5 K).
Remarkably, these two radically different methods to solve
the same problem result in virtually the same final properties, as
can be observed by the almost-overlapping data in Figure 4.
Theoretical Calculations. To explain the differences in the

magnetic behavior of both derivatives, we have used the radial
effective charge (REC) model,43 introducing the crystal
structures of 1 and 2 as input in the SIMPRE computational
package.44,45 For this purpose, we require two parameters (Dr
and Zi) for each kind of ligand (LOMe, H2O, and NO3

−). Such
parameters are obtained from a fit of the magnetic properties of
each complex (for further information, see the Supporting
Information, pp S23−S27). In the case of the O atoms from the
water molecules and the NO3

− anion, the REC parameters
utilized from a recent study,46 in which a series of
polyoxometalate-based lanthanide complexes were modeled,
are introduced as starting values. When this procedure is
employed, an excellent fit of the χmT powder data is obtained
with the following parameters for each coordinated O atom in
the LOMe ligand (Dr = 0.42 Å and Zi = 0.84), O atoms of the
water molecules (Dr = 0.78 Å and Zi = 0.46), and each of the
two O atoms involved in the coordination by the NO3

− anion
(Dr = 0.813 Å and Zi = 0.31) (Figure 2). Here one needs to
recall that these are effective charges and distances used by
SIMPRE to predict the spin-energy levels and wave functions
and are not an attempt to simulate an actual charge distribution.
According to our calculations, the difference between the

energy levels of both compounds is remarkable (Figure S22),
and this explains why slow relaxation of magnetization is
obtained only in 2. In 1 (gz = 14.3), we have found a ground
state with a wave function described by 69% of ±13/2 and 17%
of ±7/2, with the first excited state located at 1 cm−1 with a
wave function described by 35% of ±15/2, 27% of ±11/2, 10% of
±9/2, and 10% of ∓7/2. This energy difference is below the
precision of SIMPRE, or indeed of any existing theoretical
method used to determine the spin-energy levels in lanthanide
complexes. Additionally, one should expect slight distortions in
the coordination environment due to (1) the flexibility of the
water molecules and (2) thermal effects: ac measurements are
performed at low temperature (between 2 and 10 K), whereas
the structures used as input are measured at room temperature
(296 K). Note that thermal variations on the order of 5 cm−1

between the ground and first excited states have been reported

using both ab initio and effective electrostatic methods.47 This,
together with the absence of SMM behavior in 1, allows us to
say that a thermal mechanism via a very low-lying level can still
be active at 2 K, but we are unable to unequivocally determine
the nature of the ground state in 1. In contrast, in 2, the
ground-state function is calculated to be 90% of ±15/2 (gz =
18.8) and the first excited state is located at approximately 42
cm−1, which is similar to the energy barrier experimentally
determined in diluted-2. This is evidence that the ground state
of 2 has an almost Ising character and is well isolated from
excited states, allowing the observed slow relaxation of
magnetization.
Regarding the calculation of the magnetic anisotropy via

effective electrostatic models, one needs to note that this
approach has only been used in the past in cases with
particularly simple environments.48 This is mainly due to the
fact that the REC model only considers the first coordination
sphere and was originally designed to calculate the spin-energy
levels and wave functions. In this case, the ligands include a
high number of charges beyond the coordination sphere,
something that can induce drastic changes in the magnetic
anisotropy.12 In this context, an interesting approach that takes
into account the entire molecule using an electrostatic
minimization strategy from formal charges is the MAGELLAN
software package.17,23 The application of the program to 2
results in a preferred magnetic anisotropy axis that is not
parallel to the near-C4 axis, in sharp contrast with the behavior
observed in square-antiprismatic SIMs (Figure 5). Indeed, the

enhancement in the charge density by the nitrate ligand in 2,
compared with that of the neutral water ligands in 1, forces the
magnetic easy axis to be oriented along the nitrate direction,
eventually stabilizing the oblate electron density of the Dy ion.
Although it is possible that minor ligand-field differences of the
ligands or slight differences in the coordination geometry can
have an effect on the magnetic anisotropy, this finding
demonstrates that an efficient approach to generating strong
magnetic anisotropy is a direct introduction of a charged ligand
to a system of interest.

Figure 5. Orientation of the anisotropy axis of 2 according to the
MAGELLAN software package.
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■ CONCLUSIONS
We have prepared and characterized two dysprosium(III)
complexes coordinated by neutral water molecules (1) or a
nitrate anion (2). Notably, in this system, the relaxation
dynamics are dominated not by the central symmetry around
Dy but by the charge density in the nitrate/water coordinating
position. As is general in science, systematic studies in which a
single parameter is changed are the way to advance in the
rational design of materials with improved properties. In the
present example, we have shown the key role played by the
presence of a charged ligand in a square-antiprismatic
dysprosium complex to tune its magnetic and quantum
properties. Furthermore, we have shown that two independent
strategies, namely, the application of an optimal external field or
a magnetic dilution, lead to the suppression of quantum
tunneling and thus slow magnetic relaxation by 3 orders of
magnitude.
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