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The present work describes the dynamic magnetic properties of

the complex [(CpAr3)4DyIII2 Cl4K2]·3.5(C7H8) (1), synthesized by

employing a tri-aryl-substituted cyclopentadienyl ligand (CpAr3),

[4,4’-(4-phenylcyclopenta-1,3-diene-1,2-diyl)bis(methylbenzene)

= CpAr3H]. Each Dy(III)-metallocene weakly couples via K2Cl4, dis-

playing slow relaxation of magnetization below 14.5 K under zero

applied dc field via KD3 energy levels with an energy barrier of

136.9/133.7 cm−1 on the Dy sites. The single-ion axial anisotropy

energy barrier is reduced by geometrical distortion due to the

coordination of two chloride ions at each Dy centre.

The coordination chemistry of lanthanides has received much
attention due to its applications in catalysis, luminescence
and magnetism.1–5 A special attention has been devoted to
molecular magnetism. Single-molecule magnets (SMMs) have
the potential to miniaturize storage devices and cause a
second quantum revolution. For instance, observation of mag-
netic hysteresis in certain SMMs with sufficiently high coerciv-
ity has inspired analogies between molecular nanomagnets
and classical magnets, suggesting that these SMMs can be
incorporated into information storage devices. In this regard,
cyclopentadienyl-stabilized dysprosium complexes have shown
the most promising properties, exhibiting high temperatures
and energy barriers for slow relaxation of spin/magnetization.
Crystal field engineering, by choosing a suitable ligand system,
is one of the most important considerations while designing a
SMM. Therefore, a wide range of ligand systems have been uti-
lized since the observation of the SMM property in
[Mn12O12(OAc)16(H2O)4]·2AcOH·4H2O (Mn12–OAc) in 1991.6

Among all the ligands tried, cyclopentadienyl ligands have pro-

duced the best performing SMMs in terms of blocking temp-
erature and effective energy barriers for slow relaxation of mag-
netization since they can provide stronger crystal field splitting
with the axial approach for coordination.7 For example,
Layfield et al. reported a cyclopentadienyl ligand-stabilized
dysprosium metallocene cation that exhibits magnetic hyster-
esis up to 80 K, revealing an effective energy barrier of
1541 cm−1.7 Additionally, they have further given experimental
and theoretical proof that the cyclobutadienyl ligand in dys-
prosium metallocene could cause stronger crystal field split-
ting than the cyclopentadienyl ligand.7–9 A point to be noted is
that several classic examples of organometallic ferrocene type
sandwich complexes exist in the literature,10 including lantha-
nide metallocenes reported in 1956.11 They have found a wide
range of applications;12 however, they were not studied by
dynamic magnetic susceptibility measurements until the last
decade. Recently, cyclopentadienyl ligands have significantly
contributed to the remarkable progress of SMMs,7–9 especially
bulky alkyl-substituted cyclopentadienyl ligands.13 The reason
behind using bulky substituted cyclopentadienyl ligands is
their ability to stabilize Dy3+, which can significantly enhance
the axiality of their crystal field.14 For instance, in monometal-
lic Dy3+ sandwich complexes, more bulky Cp groups cause
larger Cp–Dy–Cp angles and short Cpcent–Dy distances leading
to increased effective energy barriers and blocking
temperatures.7–9 The magneto-structural correlations suggest
that a striking balance exists between Dy–Cp distances and
Cp–Dy–Cp bond angles and this is a vital consideration. While
trying to achieve the highest possible axial geometry with the
help of bulky substituted cyclopentadienyl ligands, it should
be kept in mind that the ligands should reach proximity to the
metal ion so that the large crystal field splitting of Kramers
doublets (KDs) can be achieved. Recently, lanthanide chem-
istry has also witnessed the development of bifunctional
materials such as magneto-luminescent materials15 that can
be employed in various applications, including data storage
devices,16 quantum computing,17 light-emitting diodes18 and
fluorescence labeling.19 Poly-aryl-substituted cyclopentadienyl
ligands have been used to synthesize luminescent lanthanoid
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compounds with excellent magnetic properties.20–23 Layfield,
Winpenny et al. have reported mono- and dichloride-bridged
zig-zag-chain (A), discrete dimeric-unit (B) and THF-co-
ordinated discrete dimeric-unit (C) Dy-metallocenes
(Scheme 1).21f Several Dy-metallocene-containing systems have
been extensively studied in the last decade.21–29d Other structu-
rally similar analogs of A–C are mono-cationic monomeric
units D and E, which have been recently reported by Demir
et al.29a Very recently, a (Cl–K–Cl)2 bridged tetrameric Dy(III)
complex (F) has been reported by Gao et al.29b It has been
observed that aryl-bonded (G) and aryl-bridged (H) Dy-metallo-
cenes display much better SIM/SMM properties.22b,29c A N2

3•−

bridged dinuclear Dy(III)-metallocene showed increased axial
magnetic anisotropy leading to its blocking temperature (Ueff =
108 cm−1; JDy–rad = −7.2 cm−1).29d Dinuclear Dy(III) complexes
having two μ-O bridges with asymmetric auxiliary ligands
showed improvement in their SMM behavior.29e The steps in
their hysteresis loops can be further controlled by introducing
chloride bridges.29f Herein, we report a detailed study of the
magnetic properties of a K2Cl4-bridged dimeric dysprosium
metallocene compound, [(CpAr3)4DyIII2 Cl4K2]·3.5(C7H8) (1), the
synthesis and luminescence properties of which have been
reported previously.24

Light yellow blocks of [(CpAr3)4DyIII2 Cl4K2]·3(C7H8) (1) were
isolated from a concentrated toluene solution when anhydrous
DyCl3, Cp

Ar3H and potassium were reacted in a 1 : 2 : 2 molar

ratio at 110 °C for two days (Scheme 2).24 The relevant Dy com-
plexes are shown in Scheme 1.

The complex [(CpAr3)4DyIII2 Cl4K2]·3.5(C7H8) (1) does not
possess a center of inversion within the molecular unit of 1,
although it crystallizes in the triclinic P1̄ space group.24 The
core of the complex, Dy2K2Cl4, exhibits a butterfly-like shape
wherein Cl− ions are present as bridging anions connecting
Dy3+ and K+ ions (Fig. 1). Two different (CpAr3)2Dy

III units are
separated by a K2Cl4 unit in the middle of the core. Two Dy3+

ions occupy the wing positions, while K+ ions are there for
charge balance preferring body positions. Each K+ ion is sand-
wiched between two η6-phenyl rings (Dip) in a bent fashion
with K–C distance of 3.0729(12)–3.502(3) Å. Each Dy3+ ion is

Scheme 1 Previously reported relevant Cp–Dy complexes.

Scheme 2 Synthesis of the complex [(CpAr3)4DyIII2 Cl4K2]·3.5(C7H8) (1).
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sandwiched between two η5-cyclopentadienyl rings with Dy–C
distances ranging from 2.644(3) to 2.768(3) Å, which are close to
the values (2.606(6)–2.647(7)/2.638(12)–2.706(12) Å; B/C) reported
for A–C, which contain one type of Dy centre.21f The sandwiched
Dy3+ ions form a dinuclear bent metallocene ultimately with the
coordination of two Cl− anions at each Dy3+ ion. The axial orien-
tations of the two Cp rings of each Dy ion of 1 are lost due to
further coordination by two chloride ions connected to the
nearest K+ ions forming μ and μ3 bridges. The Cp–Dy–Cp bond
angle (centroid of each Cp) of this dinuclear bent Dy-metallocene
(1) is in the range of 129.73–130.85(5)°. The selected bond length
and angle are given in Table S4.† The Cl–Dy–Cl angles of 1 are
87.19/91.63°, which are broader than those of A/B (89.82/83.38°),
while the corresponding value is much higher for F (109.03°) and
its related chain/other complexes (107.4/106.27°).29b The angle
between two planes containing the Cp rings is 53.70/52.48°,
slightly higher than that of B (50.02°).21f The intramolecular Dy–
Dy distance of 1 is 8.23 Å, which is more than twice that of B
(4.01 Å), but it is smaller than that of F and its other analogs
(8.92/10.27/9.0 Å).29b

Methods

See the ESI† for synthesis, CV and magnetic measurements.

Ab initio calculations

To acquire additional insight into the electronic structure and
magnetic properties of complex 1, we have employed standard
ab initio calculations based on multiconfigurational methods,
which were done with OpenMolcas software.30,31 We have used
the entire molecular structure for the calculations, as obtained
from X-ray analysis. All atoms were described with the

ANO-RCC basis sets, which include relativistic corrections for
core orbitals. Dy and all closely spaced atoms were described
with large VTZP basis sets, while distant atoms were described
with medium VDZP basis.32 All molecular orbitals and low-lying
excitation were evaluated with Complete Active Space Self
Consistent Field (CASSCF) calculations.33 The active space of the
CASSCF method included the 4f9 configuration (CAS(9,7)). All
states of the possible spin states (S = 5/2, 3/2, 1/2) were optimized
in three different state-averaged CASSCF calculations. The spin–
orbit coupling using the atomic mean field integral (AMFI)
approximation in the Restricted Active Space State Interaction
(RASSI) method further mixed a subset of the optimized states.34

The resulting spin–orbit eigen states were further used to
describe the magnetic properties using the SINGLE_ANISO
code.35–39 This method has been employed many times before,
and the results seem reliable since many recent advances in this
domain helped in obtaining better single-molecule
magnets.7–14,20–24,28,29 Table 1 shows the obtained fitting para-
meters of the relaxation vs. temperature plots according to two
alternative models (eqn (1) and (2)). Table 2 shows the low-lying
local energy spectra obtained on individual Dy sites alongside
the main values of the g-tensor on the ground Kramers doublets.
Fig. 1 shows the orientation of the main anisotropy axes in the
ground state on individual Dy sites and the direction of the local
magnetic moments in the ground exchange state.

Fig. 1 Molecular structure of complex 1. The hydrogen atoms are
omitted for clarity. Selected bond lengths (Å) and bond angles (°) are as
follows: Dy2–Cl1 2.6185(8), Dy2–Cl2 2.5874(8), Dy1–Cl3 2.5993(8),
Dy1–Cl4 2.5903(8); Dy2–Cl1–K2 129.24 (3), Dy2–Cl1–K1 97.95 (3). The
cyan arrows represent the axis of magnetic anisotropy. Orientation of
local magnetic axes (gZ) in the ground Kramers doublets of the individ-
ual Dy sites of 1 together with the orientation of the local magnetic
moments in the ground exchange state.

Table 1 Obtained fitting parameters of the relaxation vs. temperature
plots according to two alternative models

Model (1) (QTM + Raman)
τQTM (s) 10−3.8(2)

C (s−1 K−n) 10−4(6)

n 7(5)
Model (2) (QTM + Orbach)
τQTM (s) 10−3.8(2)

τ0 (s) 10−7(2)

Ueff (K) 100 (70)

Table 2 Low-lying CASSCF/RASSI spin–orbit energy spectra of individ-
ual sites in compound 1

KD

Dy1 Dy2

Energy (cm−1) g-Tensor Energy (cm−1) g-Tensor

1 0.0 0.0156 0.0 0.0036
0.0254 0.0045

18.8117 18.8067
2 72.0 0.1197 78.1 0.0445

0.1387 0.0671
16.7179 16.5731

3 136.9 0.3578 133.7 0.0352
1.0841 0.1843

17.3824 19.1310
4 174.3 2.5382 204.4 2.4786

4.1966 4.5318
11.5138 12.2879

5 193.2 219.2
6 225.8 252.1
7 262.1 299.8
8 365.2 441.5
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Magnetic properties

The theoretical χMT value of 1 for two free DyIII ions of 28.34 cm3

K mol−1 matches the experimentally determined value for
complex 1 at 300 K of 28.14 cm3 K mol−1 (Fig. 2).21f,25,29a

The weak antiferromagnetic exchange has reduced influ-
ence on the magnetic behavior. The field-dependent magneti-
zation at low temperatures rapidly increases in a DC field of up
to 10 kOe and, after that, rises steadily in fields up to 70 kOe
and achieves its maximum values of 11.18 μB at 2 K, 11.11 μB
at 3 K and 11.12 μB at 4 K (Fig. 2). The magnetization at 70 kOe
is not saturated and can be attributed to this system’s low-
lying excited states and/or anisotropy.21f,26,29 As inferred from
the fit to the dc magnetic data, the local magnetic anisotropies
cause slow magnetic relaxation, further characterized by ac
susceptibility measurements. The slow relaxation of magneti-
zation is evident from the peaks in the out-of-phase suscepti-
bility versus frequency plots (χ″M vs. f ) (Fig. 3). AC suscepti-
bility vs. frequency at different applied DC fields of H = 0 to
2500 Oe has been measured (Fig. S1†). The magnitude of AC

susceptibility decreases with increasing DC field. Fig. S2† pre-
sents ac susceptibility vs. frequency scans and Cole–Cole plots
for the selected temperature range of 2 K to 16.5 K (H = 0) to
extract the relaxation time parameters for complex 1. These
curves were fitted by a generalized Debye model with para-
meter α that describes the distribution of relaxation times
within the generalized Debye mode, isothermal susceptibility
χs (at the low-frequency limit where ω ≪ τ−1), χt (at the high-
frequency limit where ω ≫ τ−1) and the extracted relaxation
times τ are listed in Table S1–2.† The extracted inverse relax-
ation times τ−1 vs. temperature (shown in Fig. 4) could be
fitted with equal quality by two alternative models.

Model (1) consists of a quantum tunneling term (QTM) and
a Raman term:

τ�1 ¼ τQTM
�1 þ CT n; ð1Þ

with Raman constant C, temperature T and Raman tempera-
ture exponent n. Model (2) consists of a QTM term and an
Orbach term:

τ�1 ¼ τQTM
�1 þ τ0

�1e�Ueff=T ; ð2Þ

with base frequency τ0
−1 and Orbach energy barrier Ueff.

Both models describe the almost constant inverse relax-
ation times up to approximately 10 K via a QTM process. The
steeply increasing inverse relaxation times above 10 K can be
explained by a Raman or, alternatively, also by an Orbach
process. Table 1 lists the obtained spin–lattice relaxation para-
meters for models (1) and (2). The authors of this work want
to emphasize that the average refined Raman temperature
exponent n = 7 of model (1) is in the typical range expected for
‘real’ Raman relaxation processes from about 7 to 9 in contrast
to many n values published for similar compounds (see
Table S1†) that are much smaller. It should also be mentioned

Fig. 2 Plots of χMT vs. T (top) under an applied DC field of 1 kOe from
2–220 K and field-dependent magnetization (bottom) for complex 1 at
2, 3, 4, 6, 10, 15 and 20 K under a DC field of up to 70 kOe. Comparison
between measured and calculated molar magnetic susceptibility and
magnetization at low temperature for 1 uses the magnetic interaction
parameter derived from BS-DFT calculations. Magnetic dipole–dipole
interaction was also considered. Circles and lines represent the experi-
mental data points and fittings, respectively.

Fig. 3 Out-of-phase χ’’ vs. ac excitation frequency for 1 under zero
applied dc field from 2 to 16.5 K. Circles represent experimental data
points. Solid lines represent fits to the data, as described in the main text.
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here that the relatively large standard deviations obtained for
the parameters listed are the result of the uncertainty esti-
mates in magnetic relaxation times extracted from AC experi-
ments and a consequent consideration of these by proper data
evaluation.27a

For each temperature, the curve was fitted according to the
generalized Debye model with α values (distribution of relax-
ation times) ranging from about 0.09 to 0.38, showing the
broader distribution of the relaxation times and corresponding
adiabatic and isothermal susceptibilities (Table S2†).

The energy barriers and relaxation times of complexes A–H
have been estimated from AC susceptibility measurements
(Table S1†).21,22,29 However, the authors did not take into
account the uncertainty of the relaxation times. It has been
suggested by other authors that the uncertainty in AC
magnetometry must be considered for valid comparisons with
known SMMs.27 Complexes B–H show relaxation in zero-field
with QTM at low temperatures and, when a field is applied, QTM
is efficiently suppressed.21f,22b,29a–c With a zero DC field, the mag-
netization of chain-like complex A relaxes more slowly than the
magnetization in its comparable dimers due to the inefficiency
of the QTM process. The uncertainty in the relaxation times of A
can be tiny since the distribution of relaxation times in A is rela-
tively narrow (0.03–0.08). The energy barriers of the SMMs A, B
and C are 97.6, 37.9 and 48.7 K, respectively, which are relatively
less than those of 1 and all other related complexes D, E, F, G
and H.21f,22b,29a–c The inorganic core of complex F slightly
resembles that of 1 having two Cl–K–Cl bridges, the difference
being the type of ligand. The ab initio calculation of F shows that
the magnetic moment relaxes through the |+7/2〉 to |−7/2〉
Kramers doublet with the energy barriers of 832–943 cm−1 for all
four Dy3+ individual ions. This is also evident from the experi-
mental energy barrier (1285 K ∼ 893 cm−1) extracted from the ac
susceptibility measurements, while for complex 1, ab initio calcu-

lations show that the magnetic moment relaxes through the
|+11/2〉 to |−11/2〉 Kramers doublet in 1 with the energy barrier
of 133/137 cm−1 for a single Dy3+ ion. At the same time, fitting
the relaxation times within the error bars gives an energy barrier
of Ueff = 100(70) K (Table 1). The larger standard deviation
accounted for the significantly broader distribution of the relax-
ation times with α in the range of 0.09 to 0.38.27 Complexes D to
H display very slow relaxation having a high magnetization rever-
sal barrier, as shown in Table S1.† The relaxation process para-
meters for the Raman process of complex 1 are in the range of
the reported parameters for the other Cp–Dy SMMs shown in
Table S1.†

Ab initio results

Data listed in Table 2 show that the magnitude of the ground
state gZ value (≈ 18.8 in Model 1 vs. 19.8 in Model 2)13,21,22 is
somewhat lower than that in many other performant Dy-based
single-molecule magnets.29 At the same time, the low-lying
excited Kramers doublets are not that high in energy. The
same trend is noticed from the total splitting of the ground J =
15/2 of DyIII, which is significantly smaller than that of other
top single-molecule magnets. This is a clear sign that the axial-
ity of the crystal field is not that large. The main reason for the
decreased crystal field splitting of the [Dy(Cp)2] unit is the
destructive role played by the two Cl ligand ions, which act
towards increasing the equatorial component of the crystal
field, thus making the effect of the axial component less pro-
nounced. The destructive role of the Cl ions also increases the
steric pressure on the Cp ligands, making the angle between
the centroids of the Cp ligands and Dy site smaller compared
to that with [Dy(Cp)2] alone. These structural changes lead to
significant changes in the electronic structure of the two Dy
sites in 1, as shown in Table 2 and Fig. 5, revealing the local
(on-site) blocking barriers of individual Dy.

It is noticed that in both cases, the magnetization reversal
barriers close at KD3. The tunneling at KD1 and KD2 is sup-
pressed, given their near collinearity with each other (for both
Dy sites), while the main gZ axis of KD3 is nearly perpendicular
to them (Fig. 5). This fact brings about a large matrix element
of the transition magnetic moment between KD2 and KD3,
leading to significant tunneling probability.

The magnetic exchange between the two Dy sites was evalu-
ated using two approaches. The first approach consisted of
applying the Lines model,40 as implemented in POLY_ANISO,
and fitting it to the available experimental data. The second
method used ORCA software41 to estimate the magnetic
exchange from broken-symmetry DFT calculations. Both
approaches give very small values of the magnetic exchange while
giving a reasonable description of the measured magnetism. The
comparison between measured and calculated magnetic suscep-
tibility and magnetization of 1 are shown in Fig. 2. Given the rela-
tively weak magnetic exchange, the exchange splitting is only
−0.15 cm−1, which means that the two exchange doublets arising
from the coupling between two local Kramers doublets are ther-
mally almost equally populated even at the lowest temperature
used for current magnetic measurements.

Fig. 4 Inverse relaxation rates vs. temperature extracted from ac sus-
ceptibility measurements for complex 1. A fit to the experimental data is
done using a ‘QTM + Raman’ model (eqn (1)) or, with equal quality, using
a ‘QTM + Orbach’ model (eqn (2)).
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Redox properties

The CV measurements (Fig. 6) show that [(CpAr3)4DyIII2 Cl4K2]
(1) can undergo one-electron quasi-reversible reduction below
−2.31 V in THF, suggesting the formation of
[(CpAr3)4Dy

IIDyIIICl4K2]
− (1−).

The second reduction process below −2.50 V is not revers-
ible. (C5

iPr5)2Dy(II) was previously isolated by Long et al. via
the reduction of its Dy(III) analogue.28c

Conclusions

We have investigated the dynamic magnetic properties of two
weakly coupled (−0.15 cm−1) Dy-metallocenes via a K2Cl4
bridge having a Dy–Dy separation of 8.23 Å. The coordination
geometries of two Dy(III) centers are slightly different. This
complex displays slow relaxation of magnetization below 17 K
via KD3 energy levels (136.9/133.7 cm−1) with the suppression
of quantum tunneling of magnetizations of KD1 and KD2
energy levels due to the collinearity of each other, which has
been concluded from CASSCF multi-reference calculations. A
large matrix element of the transition magnetic moment
between KD2 and KD3 might have assisted zero-field quantum
tunneling. The Cole–Cole fit of the AC susceptibility plots
shows a wider relaxation regime, which is also inferred by
parameters with sizeable standard deviations from the fitting
of the temperature-dependent relaxation time by Orbach and
Raman processes. The significant structural distortion at Dy
sites by two coordinating chloride ions led to a lowering of the
axial anisotropic energy barrier of magnetization reorientation.
The larger functional groups at the Cp-ring may have pre-
vented the QTM process via intermolecular interactions.
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