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ABSTRACT: Three half-sandwich organometallics [(CpR)Dy(DBM)2(THF)]·solvent [Cp
R = Cp*

(1Dy, Cp* = C5Me5), Cp
4PrPh (2Dy, Cp4PrPh = C5Pr4Ph), Cp′ (3Dy, Cp′ = C5Me4TMS, solvent =

THF), DBM− = dibenzoylmethanoate anion, THF = tetrahydrofuran, TMS = trimethylsilyl] with a
Janus structural motif, where the ligands of DBM− and [CpR]− are widely used in DyIII/β-diketonate
and LnIII/cyclopentadienyl systems, were synthesized, structurally and magnetically characterized,
and theoretically investigated. Single-crystal structural analysis reveals that the three complexes
crystallize in the same space group P21/c. All the molecules display slow magnetic relaxation in the
absence of an applied magnetic field, and the magnetic hysteresis loops of 2Dy and 3Dy can be
observed under a magnetic field sweep rate of 10 Oe/s, indicating all three complexes are single-ion
magnets (SIMs). The modifications of the Cp-ring lead to the distinct increment of the energy
barrier from 46 K (1Dy) to 76 K (2Dy) to 320 K (3Dy). Ab initio calculations show that the ground Kramers doublet is strongly
axial with gz approaching the value of 20 expected for the pure MJ = ±15/2 state, and the magnetic anisotropy axes for three
complexes share a similar orientation which is perpendicular to the molecular pseudosymmetric axis. Electrostatic analyses
confirm the magnetic anisotropy orientations and reveal that proper charge distribution of the coordination sphere (including the
first and second) around DyIII ion enhances the magnetic anisotropy. Further investigation of the relaxation mechanisms suggests
the energy barrier should be carefully used to evaluate single-ion magnets if Raman process is dominant in the low temperature
range.

■ INTRODUCTION

Single-ion magnets (SIMs), which contain only one para-
magnetic ion in the molecule, show magnetic bistability below a
certain temperature, originating from the anisotropy of a single
metallic ion rather than magnetic coupling between para-
magnetic centers present in multinuclear single-molecule
magnets (SMMs).1 The absence of magnetic interaction
simplifies the understanding and control of the magnetic
anisotropy which is of crucial importance in designing
molecular magnetic materials. In the past decade, lanthanide
based SIMs have drawn wide attention because of their
promising magnetic anisotropy due to the largely residual
orbital angular momentum in a crystal field.2 In particular,
TbIII/ DyIII/ HoIII/ ErIII ions are commonly used in the
reported SIMs, of which DyIII-SIMs account for the largest
number.3

The ligand modification is an effective approach to tune the
relaxation energy barrier and blocking temperature, since the
slow magnetic relaxation of 4f based SIMs is extremely sensitive
to the low lying states of lanthanide ions.4 One example is the
DyIII/β-diketonate5 system in which various ligand modifica-
tions have been well-investigated, and some of them achieved
remarkable improvements in terms of magnetic properties. The
energy barrier was considerably enhanced by replacing the
ligand acac− (acac = acetylacetonate) with tta− (tta = 1-(2-
thiophenyl)-3-trifluoromethylacetylacetonate) in the complex

[Dy(acac)3(1,10-phen)].
5b,d Modifying the neutral ligand can

also lead to a similar enhancement; that is, the energy barrier
increased from 64 K ([Dy(acac)3(1, 10-phen)]) to 187 K
([Dy(acac)3(dppz)], dppz = dipyrido[3,2-a:2′ ,3′-c]-
phenazine).5f Recently, another organometallic SIM system,
LnIII/cyclomultiene6 (cyclomultiene = carbocyclic cyclopenta-
dienyl, cyclooctatetraenyl, arene, etc.) complexes, has attracted
considerable interest since the first organometallic SIM
[(COT)Er(Cp*)]6a (COT2− = cyclooctatetraenide dianion,
[Cp*]− = pentamethylcyclopentadienide anion) was charac-
terized by Gao et al. This type of organolanthanide complexes
exhibits great potential for discovering SIMs with superior
molecular magnetic properties. A large coercivity of 7 kOe was
obtained in [Er(COT)2]

−.6c,d [Cp*2Dy(BPh4)] displays the
energy barrier of 473 K which is the highest among all DyIII-
SIMs so far.6e However, unlike the DyIII/β-diketonate system
where the fine-tuning of the ligand environment has been
widely used and has proven to be a valuable method to enhance
the magnetic properties, systematic ligand modifications of
DyIII/cyclomultiene SIMs have rarely been studied probably
due to the challenges of synthesis and maintaining the
molecular geometry while tuning the ligand structure. Attracted
by the outstanding magnetic behavior of β-diketonate and
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cyclopentadienyl based DyIII-SIMs, we designed and synthe-
sized a half-sandwich DyIII complex with a Janus structural
motif by using dibenzoylmethanoate and pentamethylcyclo-
pentadienyl ligands which are popular in the two aforemen-
tioned systems, and further modified the substituent groups of
the cyclopentadienyl ligand to tune the magnetic anisotropy
and investigate the magneto-structural relationship.
Herein we report the syntheses of a group of half-sandwich

complexes, [(Cp*)Dy(DBM)2(THF)] (1Dy, Cp* = C5Me5),
[(Cp4PrPh)Dy(DBM)2(THF)] (2Dy, Cp4PrPh = C5Pr4Ph),
[(Cp′)Dy(DBM)2(THF)](THF) (3Dy, Cp′ = C5Me4TMS),
where DBM− is dibenzoylmethanoate anion and TMS is
trimethylsilyl. The magnetic studies reveal that all three
complexes behave as SIMs, and the subsequent analysis of
magnetic results shows that the presence of a Si atom on the
aromatic ring in 3Dy leads to an obvious improvement of the
magnetic relaxation barrier and blocking temperature in
comparison to 1Dy and 2Dy, revealing the powerful role of
chemical design played in magnetism. Ab initio calculations
were also performed, and the magnetic easy axes of these
molecules are perpendicular to the molecular pseudosymmetric
axis, which is in accordance with the electrostatic analyses.

■ EXPERIMENTAL SECTION
General Methods. All reactions were conducted under a slightly

positive pressure of dry nitrogen using standard Schlenk line
techniques or under a nitrogen atmosphere in a Vigor (SG 1200/
750TS-F) glovebox. The nitrogen in the glovebox was constantly
circulated through a copper/molecular sieves catalyst unit. The oxygen
and moisture concentrations in the glovebox atmosphere were
monitored by an O2/H2O Combi-Analyzer to ensure both were
always below 1 ppm. Unless otherwise noted, all starting materials
were commercially available and were used without further
purification. Solvents were purified by an Mbraun SPS-800 solvent
purification system and dried over fresh Na chips in the glovebox. n-
BuLi was obtained from J&K. Elemental Analysis was conducted on
Elementar Vario MICRO CUBE (Germany).
Preparation of [Cp*Dy(DBM)2(THF)] (1Dy). As described in

Scheme 1, 20 mL of THF solution of DyBz3 (Bz = CH2C6H4-o-NMe2)

(565.1 mg, 1.000 mmol), which was prepared according to the
literature procedure,7 was added in a 25 mL Schlenk tube in glovebox.
Then Cp*H (136.2 mg, 1.000 mmol) was added in this tube, and the
sealed Schlenk tube was taken outside the glovebox. The mixture was
stirred at 70 °C for 12 h. When the tube was cooled to room
temperature, it was taken inside the glovebox, and THF was moved
under reduced pressure. Hexane (3 mL) was added to extract HBz out.
Then, the hexane layer was moved out, and the residue solvent was
evaporated to give yellow powder. When dibenzoylmethane (DBM)
(390.2 mg, 1.740 mmol, dissolved in 5 mL THF) was added to THF
solution (15 mL) of this powder, the color of reaction mixture turned
to red immediately. Also, the mixture was stirred for another 2 h in
glovebox. After removal of THF under reduced pressure, the residue
was extracted by hexane (5 mL) to remove HBz. Then, the hexane
layer was decanted, and residual solid was dried up under vacuum to

give 1Dy as dark red powder (696.3 mg, 85% yield). A single crystal
suitable for X-ray diffraction and magnetic analysis could be grown
from THF/hexane (5 mL/5 mL) at −20 °C. Anal. Calcd for
C44H45O5Dy: C, 64.74; H, 5.56. Found: C, 64.52; H, 5.53.

Preparation of [Cp4PrPhDy(DBM)2(THF)] (2Dy). Cp4PrPhH was
prepared by AlCl3 mediated reaction of tetrapropylzirconacyclopenta-
diene with benzaldehyde.8 As described in Scheme 2, after Cp4PrPhLi

(316.4 mg, 1.000 mmol), which was generated from Cp4PrPhH and n-
BuLi, was treated with a suspension of DyCl3 (268.9 mg, 1.000 mmol)
in THF at room temperature for 12 h, LiBz (282.2 mg, 2.000 mmol,
dissolved in 5.0 mL THF) was added to the reaction mixture and
stirred for another 12 h at room temperature. Then, THF was
removed under reduced pressure, and the residue was extracted by
toluene. After LiCl was filtered, the toluene from the filtrate was
removed under reduced pressure, and 15 mL of THF was added to
give a yellow solution. When DBM (179.4 mg, 0.80 mmol) was added
to this solution, the color of the reaction mixture turned to red
immediately. Also, the mixture was stirred for another 2 h. After
removal of THF under reduced pressure, the residue was extracted by
hexane (5 mL) to remove HBz. Then, the hexane layer was decanted,
and residual solid was dried under vacuum to give 2Dy as red powder
(370.3 mg, 37% yield).7c Single crystals suitable for X-ray diffraction
and magnetic analysis could be grown from THF/hexane (5 mL/5
mL) at −20 °C. Anal. Calcd for C57H63O5Dy: C, 69.11; H, 6.41.
Found: C, 68.64; H, 6.68.

Preparation of [Cp′Dy(DBM)2(THF)]·THF (3Dy). As described in
Scheme 3, 20 mL of THF solution of DyBz3 (Bz = CH2C6H4-o-NMe2)

(565.1 mg, 1.000 mmol), which was prepared according to the
literature procedure,7 was added to a 25 mL Schlenk tube in glovebox.
Then Cp′H (194.4 mg, 1.000 mmol) was added in this tube, and the
sealed Schlenk tube was taken outside the glovebox. The mixture was
stirred at 70 °C for 12 h. When the tube was cooled to room
temperature, it was taken inside the glovebox, and THF was moved
under reduced pressure. Hexane (3 mL) was added to extract HBz out.
Then, the hexane layer was moved out, and the residue solvent was
evaporated to give yellow powder. When DBM solution (296.1 mg,
1.32 mmol, dissolved in 5 mL THF) was added to THF solution (15
mL) of this powder, the color of the reaction mixture turned to red
immediately. Also, the mixture was stirred for another 2 h in the
glovebox. After removal of THF under reduced pressure, the residue
was extracted by hexane (5 mL) to remove HBz. Then, the hexane
layer was decanted, and residual solid was dried up under vacuum to
give 3Dy as red powder (530.9 mg, yield: 61%). Single crystals suitable
for X-ray diffraction and magnetic analysis could be grown from THF/
hexane (5 mL/5 mL) at −20 °C. Anal. Calcd for C50H59O6SiDy: C,
63.44; H, 6.28. Found: C, 63.13; H, 6.06.

Crystal Structure Determination. The single crystals of 1Dy,
2Dy, and 3Dy suitable for X-ray analysis were grown as shown in the
Experimental Section. These crystals were manipulated under a

Scheme 1. Schematic Representation of the Synthesis of 1Dy

Scheme 2. Schematic Representation of the Synthesis of 2Dy

Scheme 3. Schematic Representation of the Synthesis of 3Dy
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nitrogen atmosphere and were sealed in a thin-walled glass capillary.
Data collections for 1Dy and 3Dy were performed at 173 K on an
Aglient technologies Super Nova Atlas Dual System, with a (Mo Kα =
0.710 73 Å) microfocus source and focusing multilayer mirror optics.
Measurement of 2Dy was performed at 173 K on a RIGAKU CCD
SATURN 724 diffractometer, using graphite-monochromated Mo Kα
radiation (λ = 0.710 73 Å). The determination of crystal class and unit
cell parameters was carried out by the CrysAlisPro9 program for 1Dy
and 3Dy or Crystal Clear (RigakuInc., 2007) for 2Dy. The raw frame
data were processed using the CrysAlisPro9 program for 1Dy and 3Dy
or Crystal Clear (RigakuInc., 2007) for 2Dy to yield the reflection data
file. Using Olex2,10 the structures of 1Dy were solved with the
Superflip11 structure solution program using Charge Flipping and
refined with the ShelXL12 refinement package using least squares
minimization; the structures of 2Dy and 3Dy were solved by use of the
SHELXTL program.13 Refinement was performed on F2 anisotropi-
cally for all the non-hydrogen atoms by the full-matrix least-squares
method. The hydrogen atoms were placed at the calculated positions
and were included in the structure calculation without further
refinement of the parameters. Disordered solvent in 2Dy was
squeezed by using Platon.14 Crystallographic data (excluding structure
factors) have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication nos. 1021907−1021909.
Copies of these data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Crystal data, data collection, and processing
parameters for the complexes 1Dy, 2Dy, and 3Dy are summarized
in Table 1.

Magnetic Properties Measurements. The sample was fixed on
the middle plate of the symmetrical and joint NMR tube with eicosane
and parafilm to avoid movement during the measurements. The NMR
tube was sealed in vacuum to protect samples from air. Direct current
magnetism and ac properties of polycrystalline powder samples were
performed on a Quantum Design MPMS XL-5 SQUID magneto-
meter. Magnetic data were corrected with eicosane, parafilm, NMR
tube, and Pascal constants.

Ab Initio Calculations. Complete-active-space self-consistent field
(CASSCF) calculations on individual lanthanide fragments have been
carried out with MOLCAS 7.8 program package.15 In all calculations,
we used the complete structures of three Dy complexes shown in
Figure 1 and Supporting Information Figure S1. The basis sets for all
atoms are atomic natural orbitals from the MOLCAS ANO-RCC
library: ANO-RCC-VTZP for Dy(III) ion; VTZ for close O and C;
VDZ for distant atoms. The calculations employed the second order
Douglas−Kroll−Hess Hamiltonian, where scalar relativistic contrac-
tions were taken into account in the basis set and the spin−orbit
coupling was handled separately in the restricted active space state
interaction (RASSI-SO) procedure. For each complex, the active
electrons in 7 active spaces include all nine f electrons (CAS(9 in 7))
in the CASSCF calculation. To exclude all doubts, we calculated all the
roots in the active space. We have mixed the maximum number of
spin-free states which was possible with our hardware (all from 21
sextets; 128 from 224 quadruplets; 130 from 490 doublets).

■ RESULTS AND DISCUSSION
Crystallography. Single-crystal X-ray diffraction investiga-

tion shows that 1Dy, 2Dy, and 3Dy crystallize in the
monoclinic space group P21/c. Selected crystallographic data
are shown in Table 1. The three complexes differ in the
substituents on the aromatic ring. The ring ligand of 1Dy is
1,2,3,4,5-pentamethylcyclopentadienide anion ([Cp*]−), while
the methyl groups are substituted by four propyl groups and
one phenyl group for 2Dy, named [Cp4PrPh]−; only one methyl
group of [Cp*]− is substituted by a trimethylsilyl group for
3Dy, and it is labeled as [Cp′]−. Nevertheless, these
substituents do not change the coordination mode of this
series. The DyIII ion is capped by the aromatic ring from one
side and chelated by two DBM− ligands from the other side.
One neutral THF molecule coordinates to the central ion
between the DBM− ligands. The structure of 1Dy is shown in
Figure 1 (see structures of 2Dy and 3Dy in Supporting
Information Figure S1). This sort of ligand combination
provides a 2-fold symmetry environment. Also, the molecular
pseudosymmetric axis is along the DyIII−centroid (Cp-ring)
direction. A detailed comparison of three structures reveals that
the angles between two DBM− ligands (α and β labeled in
Figure 1) are 80.7°/114.7° for 1Dy, 90.1°/102.6° for 2Dy, and
89.1°/102.4° for 3Dy, indicating the lower symmetry of 1Dy.

Table 1. Crystallographic Data and Structure Refinements
for 1Dy, 2Dy, and 3Dy

1Dy 2Dy 3Dy

formula C44H45O5Dy C57H63O5Dy C50H59O6SiDy
fw 816.30 990.57 946.56
cryst syst monoclinic monoclinic monoclinic
space group P21/c P21/c P21/c
a, Å 14.1877(4) 13.822(3) 19.5489(7)
b, Å 12.2396(4) 16.192(3) 14.1446(3)
c, Å 24.4095(8) 23.408(5) 18.4719(7)
β, deg 119.265(2) 105.43(3) 116.390(5)
V, Å3 3697.8(2) 5050.0(18) 4575.4(3)
Z 4 4 4
T, K 173(2) 173(2) 173(2)
F(000) 1660 2044 1948
μ, mm−1 2.066 1.525 1.706
λ, Å 0.710 73 0.710 73 0.710 73
R1 [I ≥ 2σ(I)] 0.0328 0.0587 0.0323
wR2 (all data) 0.0725 0.1171 0.0753
S 1.010 1.179 1.037

Figure 1. Crystal structures of 1Dy viewed parallel (left) and perpendicular (right) to the pseudomolecular axis. The red and blue arrows represent
the calculated easy axis by ab initio and electrostatic methods, respectively (see the text). α and β indicate the angles between two DBM− ligands.
Color code: dysprosium (teal), oxygen (red), carbon (gray). Hydrogen atoms are omitted for clarity.
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The shortest distance between two DyIII ions in the lattice is
8.7498(4) Å for 1Dy, 10.5024(16) Å for 2Dy, and 9.4126(7) Å
for 3Dy, respectively. The detailed structure data for 1Dy, 2Dy,
and 3Dy are listed in Supporting Information Table S1.
Static Magnetic Properties. The temperature dependence

of magnetic susceptibility measurements for 1Dy, 2Dy, and
3Dy were performed under a 1 kOe direct current (dc)
magnetic field in the temperature range from 2 to 300 K
(Figure 2). The χmT values at 300 K are 14.08 and 14.15 emu K

mol−1 for 1Dy and 2Dy, respectively, close to the value of the
free DyIII ion (14.17 emu K mol−1, 6H15/2). The χmT value of
13.15 emu K mol−1 for 3Dy at 300 K is slightly smaller than the
theoretical value, which might be ascribed to the fact that the
states split by the crystal field within the ground Russell−
Saunders multiplet are not equally populated even at room
temperature since χmT keeps increasing upon warming near
room temperature. Upon cooling, χmT decreases gradually until
ca. 5 K and then drops rapidly to the base temperature. This
should be mainly related to the depopulation of the electronic
fine structures caused by crystal field effect and possible

intermolecular interactions, and the sudden drop of χmT at low
temperature suggests possible magnetic blocking.6c,16 The M
versus H plots at 2 K indicate that the three DyIII complexes
have the same tendency and reach the values of 5.44, 5.39, 4.49
Nβ with the static field up to 50 kOe for 1Dy, 2Dy, and 3Dy,
respectively (Supporting Information Figures S2−S4). The
large deviation from the theoretical saturation value of 10 Nβ is
attributed to the magnetic anisotropy and ligand effects at the
DyIII ion that eliminate the 16-fold degeneracy of the 6H15/2
ground state.17 The plots of M versus HT−1 at various
temperatures cannot be superimposed (Supporting Information
Figures S5−S7), which indicates the single-ion anisotropy as
well.18

Dynamic Magnetic Properties. Alternating current (ac)
magnetic susceptibilities were studied at a 3 Oe oscillating ac
field below 30 K in the frequency range 1−1000 Hz. Both the
in-phase (χ′) and out-of-phase (χ″) components of dynamic
magnetic susceptibility of all the three complexes show strong
frequency (ν) and temperature (T) dependence below 30 K in
the absence of a static field, indicating the presence of slow
magnetic relaxation associated with SIM behavior. For 1Dy, χ″
shows frequency-dependence with only two observed peaks
above 10 K (Supporting Information Figure S8). More peaks of
χ″(T) can be observed for 2Dy (Supporting Information Figure
S9). Interestingly, for 3Dy peaks are shown in all the measured
frequencies (Supporting Information Figure S10), suggesting
that a higher energy barrier could be expected. Accordingly, the
χ″ versus ν plots for these three complexes were characterized
and shown in Figure 3. χ″ becomes frequency-independent
below 6 and 8 K for 1Dy and 2Dy, respectively, which can be
defined as a crossing temperature (Tcross) from the thermally
activated dominated relaxation to the quantum tunneling
dominated mechanism upon cooling. Unlike the other two
complexes, 3Dy always exhibits frequency-dependence in the
temperature range 9−22 K, indicating the largely suppressed
tunneling process.

Figure 2. Temperature dependence of χmT and χm
−1 under a 1 kOe

static field at the temperature range 2−300 K for 1Dy, 2Dy, and 3Dy.

Figure 3. (Top) Plot of out-of-phase magnetic susceptibility (χ″) vs frequency (ν) at various temperatures in the absence of a static field for 1Dy,
2Dy, and 3Dy. (Bottom) Plot of relaxation time (ln τ) vs T−1 for 1Dy, 2Dy, and 3Dy under zero dc field and a 2 kOe applied dc field.
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A 2 kOe static field was applied to investigate the suppression
of the quantum tunneling of the magnetization (QTM) in three
complexes, showing that the tails of 2Dy and 3Dy at low
temperature disappear, while a small one of 1Dy still remains
(Supporting Information Figures S11−S13). The relaxation
time (τ) of the three complexes as a function of the inverse
temperature (T−1) at 2 kOe is plotted in Figure 3. The
tendency of ln τ versus T−1 of 3Dy behaves quite differently
from those of 1Dy and 2Dy. The applied static field does not
change the relaxation behavior a lot for 3Dy, consistent with
the aforementioned largely suppressed tunneling effect.
Arrhenius analyses of the dynamic susceptibilities in the

absence of a static field show that the thermally activated
energy barrier is 46 K for 1Dy with τ0 = 7.8 × 10−6 s, 76 K for
2Dy with τ0 = 2.6 × 10−6 s, and 242 K for 3Dy with τ0 = 2.2 ×
10−9 s (Supporting Information Figure S14). However, a simple
Arrhenius analysis is not suitable for 3Dy as the ln τ versus T−1

plots are nonlinear under either zero field or a 2 kOe dc field
(Supporting Information Figures S13 and S15). The analysis of
Cole−Cole plots reveals that the distribution factor α in the
generalized Debye model19 is always smaller than 0.11,
indicating a single relaxation process (Supporting Information
Figure S16). A combination of the relaxation mechanisms has
to be taken into account so as to understand the ln τ vs T−1

behavior. The direct process can be excluded since the
relaxation behavior is insensitive to the applied field. The
energy barrier for 3Dy in the absence of a dc field is fitted to be
320 K with τ0 = 6.3 × 10−11 s by eq 1,20 with the consideration
of Raman (n = 6.2, B = 4.8 × 10−6) and Orbach processes
(Figure 3). The two processes contribute equally to the overall
relaxation rate around 18 K, and the Orbach process dominates
in the high temperature range (T > 18 K) whereas the Raman
process prevails in the low temperature range (T < 18 K)
(Supporting Information Figure S17). It is noteworthy that
blocking temperature is usually located in the low temperature
range. For 3Dy, the relaxation process occurs via Raman
mechanism at the low temperature and Orbach mechanism at
the high temperature, while the energy barrier is fitted from the
Orbach process. Therefore, enhancing the barrier will not be
sufficient to achieve high blocking temperature considering the
fact that the relaxation process in different temperature ranges
could be dominated by different mechanisms. From this
perspective, the energy barrier may not be enough for the
evaluation of SIMs.

τ τ= + −ΔBT E T1/ 1/ exp( / )n
0 (1)

As it is important behavior for SIMs, magnetic hysteresis was
measured for the three complexes. The results show that the
hysteresis becomes more obvious in the sequence 1Dy, 2Dy,

and 3Dy. At an average 10 Oe/s sweep rate of the magnetic
field, 1Dy is not able to show any hysteresis openings at 1.8 K,
and 2Dy behaves with a small butterfly shaped opening only at
1.8 K, while 3Dy shows the largest hysteresis among this series,
which can be observed up to 4 K (Figure 4).
It is noteworthy that in the magnetic quantum tunnelling

regime, the magnetization reversal time of 2Dy (τ = 4.47 ms) is
longer than that of 1Dy (τ = 1.36 ms). This confirms the more
obvious hysteresis in 2Dy than 1Dy due to the slower
relaxation behavior. These results clearly reveal the extreme
sensitivity of magnetic behavior on the subtle ligand
modifications.

Theoretical Analysis. To further evaluate the magnetic
properties of this series of molecules, we performed post-
Hartree−Fock ab initio calculations based on the relativistic
quantum chemistry method CASSCF/RASSI/SINGLE_ANI-
SO.21 This approach, implemented in MOLCAS code,15 has
already been found to be an accurate tool to predict the
anisotropy of lanthanide based molecular complexes.5j,22

As tabulated in Table 2, the largest component of effective g
tensors in the diagonalized form of the ground Kramers

doublets approaches the value of 20 for all three complexes.
This provides fundamental evidence of the SIM behavior. In
addition, the calculated χmT versus T and M versus H plots
match the experimental curves (Supporting Information
Figures S18−20 and S2−4).
The easy axis orientation of 1Dy calculated by the ab initio

method is shown as the schematic models in Figure 1 and 5
(see Supporting Information Figures S21 and S22 for 2Dy and
3Dy). The easy axes of these three molecules are perpendicular
to the pseudoaxial direction of the molecule, which is similar to
the result of the DyIII/DOTA system where the simple
magneto-structural relation fails to predict the magnetic easy
axis.22b,c More specifically, the easy axes lie in the direction of
two DBM− ligands similar to paddle-wheel-shaped DyIII/β-
diketonate system.23 To understand the orientation of the easy
axis, several approaches have been developed from the
standpoint of electrostatic analyses, such as SIMPRE24 and
MAGELLAN.23 On the basis of the minimal valence bond
model applied in MAGELLAN,23 apparently the negative

Figure 4. Magnetic hysteresis of 1Dy, 2Dy, and 3Dy. The inset shows the hysteresis at 4 K for 3Dy.

Table 2. Calculated g Values of the Ground Kramers
Doublets for 1Dy, 2Dy, and 3Dy

param 1Dy 2Dy 3Dy

gx 0.0616 0.0023 0.0019
gy 0.1028 0.0025 0.0025
gz 19.7267 19.8083 19.8057
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charges on the O atoms from DBM− are much larger than
those on the C atoms from the aromatic ring and the O atom
from the neutral THF molecule, where it is more capable of
stabilizing the ground doublet compared to the molecular
pseudoaxial direction. Since the gz values of the calculated
ground doublets in the series are very close to 20 as expected
for the pure |±15/2⟩ state, it is reasonable to approximate the
ground state electron cloud as the situation of |±15/2⟩, which
can be considered as a linear combination of spherical
harmonics up to the sixth order.25 The electron cloud of |
±15/2⟩ Kramers doublet shows an axial-pressed cake (oblate)
shape, and the quantized axis orientation prefers the negative
charge dense direction so as to stabilize the overall potential
energy which could be calculated on the basis of the
electrostatic method.23 Figure 5 shows the potential surface
of various orientation of the quantized axis of the |±15/2⟩
Kramers doublet in the Cartesian space, where red represents
the highest potential while purple refers to the lowest one when
the quantized axis is oriented in the corresponding direction. It
is clear that the molecular pseudoaxial direction is not the
preferable direction for easy axis since the potential is rather
high. The minimum energy is found in the direction of the two
DBM− ligands, which is perpendicular to the molecular axis,
consistent with the ab initio calculation results. This observation
also explains the similar easy axis orientation in this series of
molecules, since the major stabilization charges origin from the
two β-diketonate anions, rather than the negative charges on
the aromatic ring. Therefore, a slight tuning of the cyclo-
pentadiene barely affected the molecular easy axis orientation
despite the fact that it significantly enhanced the relaxation
barrier.
The ligand modification effects on the magnetic properties

are analyzed by the assistance of Mulliken population.
Compared to 1Dy, the phenyl substituent of 2Dy makes the
negative charges on Cp-ring delocalize onto phenyl group,
resulting in a smaller charge on the Cp-ring (−0.53 for 2Dy,
−0.61 for 1Dy). Furthermore, Dy−C(Cp) in 2Dy has a longer
bond distance (2.686 Å) than that of 1Dy (2.649 Å) due to the
steric effect of the Cp ring. These two factors decrease the
repulsive potential around the equator plane of the quantized
axis; thus, a larger gz value and a smaller gx,y value should be

present in 2Dy. Compared to 1Dy and 2Dy, 3Dy is a more
complicated case. As listed in Supporting Information Table S2,
the charge of the Cp-ring is larger than those of both 1Dy and
2Dy. Nevertheless, the positive charge on the silicon atom
(+1.92) severely affects the 4f electron clouds. As a positive
charge bonding to the Cp-ring, it is able to stabilize the
quantized axis in the present orientation, so as to achieve a
larger effective gz value and a corresponding smaller gx,y value.
The presence of the positively charged silicon atom along the
equator plane of the quantized axis is the essence of improving
the magnetic properties in 3Dy. This observation can also be
verified by the ab initio calculation results (Table 2). The two
transverse components of the g tensor of 1Dy are considerably
higher than those of 2Dy and 3Dy, indicating the state mixing
of 1Dy is much more intensive than the other two molecules.26

This may play a role in affecting QTM,27 which is consistent
with their magnetic behavior.
The results of ab initio calculations, coupled with the

electrostatic analyses, reveal that decreasing the negative charge
of the ligands on the magnetic hard plane of the DyIII ion and
increasing the bond lengths of DyIII ion and those ligands are
two effective approaches to enhance magnetic anisotropy. Our
systematic experimental work provides evidence for the view
that concentrating the major negative charges in one certain
direction as much as possible leads to magnetic anisotro-
py.23,26,28 Therefore, it is reasonable to believe that the
magnetic behavior of DyIII based mononuclear complexes
with a preferable negative charge direction of the coordination
sphere would be encouraging to explore.

■ CONCLUSIONS

In summary, we synthesized a series of half-sandwich
organometallic DyIII-SIMs with a Janus structural motif by
using dibenzoylmethanoate and cyclopentadienyl derivatives.
Interestingly, the tuning of the cyclopentadienyl ligand
significantly enhances the magnetic properties, leading to a 6-
fold enhancement of the energy barrier (320 K with a blocking
temperature of 4 K), while the easy axis orientation is
insensitive to the modification of the cyclopentadienyl ligand,
as proved by ab initio calculations and electrostatic analyses.
Further comparison of the electronic structures explains that
the different electrostatics around the DyIII ion gives rise to the
huge difference in energy barrier and blocking temperature
among the three complexes. Our systematic investigation
illustrates the power of chemical tuning in controlling the
electronic structure and magnetic property.
Additionally, in the case that the Raman process dominates

in the low temperature range as discussed in 3Dy, a high energy
barrier may not necessarily translate into a high blocking
temperature, which makes the energy barrier an inaccurate
parameter to evaluate SIMs.
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Listings of crystal structures of 2Dy and 3Dy, magnetic figures,
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Figure 5. Schematic description of the potential energy of the system
via orienting the quantized axis of |±15/2⟩ doublet in the Cartesian
space, where red and purple represent the highest and lowest energy,
respectively. The red arrow shows the gz tensor component
eigenvector direction, and the blue arrow is the minimum potential
energy direction.23 The angle between the two directions is
determined to be 1.7°. All the analyses are based on the molecular
structure of 1Dy. See schemes for 2Dy and 3Dy in Supporting
Information Figures S21 and S22.
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