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Chloride-bridged, defect-dicubane {Ln4} core
clusters: syntheses, crystal structures and
magnetic properties†

Daniel M. Pajerowski,*a Quan Li,b Jason Hyun,a,d Cindi L. Dennis,a Daniel Phelan,c

Pengfei Yan,b Peng Chenb and Guangming Li*b

Three chloride-bridged lanthanide compounds, [Ln4Cl6(CH3OH)12(OH)2]·4Cl·2CH3OH [Ln = Gd (1), Dy (2)

and Er (3)], have been unexpectedly isolated by the reactions of LnCl3·6H2O and N,N’-bis(salicylidene)-

1,2-(phenylene-diamine) (H2L). X-ray crystallographic analysis reveals a triclinic cell with a unique defect-

dicubane {Ln4} core and the structure across this series is nominally isomorphic. Measurements of direct

current magnetic susceptibility and isothermal magnetization give insight into the relevant cluster

Hamiltonians for 1, 2, and 3, and alternating current susceptibility shows slow relaxation in 2, but not in

1 or 3 down to 2 K and up to 1 kHz.

1. Introduction

Molecular magnets differ from more conventional elemental,
alloyed, and metal–oxide magnets in many ways. Rather than
being composed of one or two atom types, molecular magnets
have paramagnetic centers intercalated with organic constitu-
ents to yield complicated crystal lattices. The high degree of
tailorability through synthesis has yielded multitudinous mag-
netic materials, often exploited towards understanding funda-
mental physical science concepts and increasingly with the
hopes of technological application.1 One specific application
that has been heavily researched is single-molecule magnetism
(SMM), in which it is hoped that single molecules may display
magnetic hysteresis that would provide extremely high density
data storage.2 Correspondingly, these systems have the poten-
tial for molecular level spintronics3 and usage as qubits in
quantum computers.4

The state of the art rests on a storied history, but we high-
light a few relevant, bellwether discoveries. The seminal com-
pound of the field is Mn12Ac16 (ac = acetate), reported in 1991
to have an S = 10 molecular ground state,5 which shows a slow

relaxation of magnetization at low temperatures. Along these
lines, many different transition metal containing clusters were
reported to have similar effects in the following years.6

However, the energy barrier that locks the angular momentum
in a specific orientation is always well below the thermal
energy available at room temperature, and generally even cryo-
genic temperatures cannot lock the magnetization in a fixed
state that could be measured at a significantly later time to
encode information. Many approaches have been tried to
increase this energy barrier, and one notable scheme is the
incorporation of lanthanide elements into molecular magnets,
as displayed in a 2003 report detailing Dy3+ and Tb3+ double-
decker phthalocyanine molecules.7 Furthering motivation for
this line of work, in 2007 an experiment on Er3+:CaWO4

showed the strikingly long coherence time possible by a rare-
earth qubit.8 Over the last decade, the discipline of rare-earth
SMMs has continued to blossom, yielding an increasing
number of examples of systems showing slow relaxation of
magnetization at cryogenic temperatures.9

Among the lanthanide ions, dysprosium has been the most
proliferous progenitor of SMMs, presumably benefitting from
the large first-order orbital angular momentum component
that may be strongly coupled to orient the total angular
momentum with the lattice.10 Already, a number of Dy3+-con-
taining compounds exhibiting different topologies have been
described in the literature,11 and noteworthy structures
include monomeric magnetic centers,12 dimers,13 linear tri-
nuclear molecules,14 triangles,15 defect-dicubane,16 square-
pyramidal,17 and a wheel.18 This universality strongly suggests
that single-ionic effects are of a high importance. Another
interesting twist on Dy3+-based SMMs was recently reported in
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which slow-relaxation could be tuned with (de)hydration.19 An
alternative lanthanide that has shown slow relaxation in many
molecular compounds is the trivalent erbium ion.20 Also pos-
sessing large first-order orbital angular momentum and a
large total moment with more than a half-full shell of valence
electrons, there are many similarities between erbium and dys-
prosium electronic structures.

In view of the recent reports on the structures and impor-
tant magnetism of multi-nuclear lanthanide complexes21 and
our long-standing study on the synthesis and properties
of multi-nuclear lanthanide complexes,22 we attempted to
synthesize a series of N,N′-bis(salicylidene)-1,2-(phenylene-
diamine) polynuclear lanthanide complexes to look for slow
magnetic relaxation. However, three new chloride-bridged
lanthanide compounds with unique defect-dicubane {Ln4}
[Ln = Gd (1), Dy (2) and Er (3)], core were accidentally isolated
instead. We report here the synthesis, structure, direct current
(DC), and alternating current (AC) magnetization studies of
1–3. The DC magnetization can be well understood as interact-
ing anisotropic ions, and we observe slow magnetic relaxation
in 2 from the AC susceptibility without any bias field.

2. Experimental23

2.1. Reagents and general techniques

All chemicals except LnCl3·6H2O were obtained from commer-
cial sources and used without further purification. LnCl3·6H2O
(Ln = Gd, Dy and Er) was prepared by the reactions of a lantha-
nide oxide and hydrochloric acid. Elemental analyses were
performed on a Perkin-Elmer 2400 analyzer. The DC magneti-
zations of compounds 1–3 were measured with a Quantum
Design MPMS superconducting quantum interference device
(SQUID) magnetometer and the AC data were measured with a
Quantum Design MPMS-XL SQUID magnetometer; magnetiza-
tion was measured over the range 2 K to 300 K in constant
0.1 T applied field, isothermal magnetization was measured at
2 K from −7 T to 7 T, and AC susceptibility was measured at
31.6 Hz, 200 Hz, and 997 Hz in an oscillating field of 0.4 mT
and zero bias field. Powder samples were mounted in gelatin
capsules for SQUID studies. Diamagnetic corrections to DC
magnetization were made using Pascal’s constants for the
constituent molecules, and the sample mounts are at or below
the noise of the measurement.

2.2. Synthesis

Compounds 1–3 were prepared by the reactions of a solution
of LnCl3·6H2O (0.1 mmol) in MeOH (5 mL) with a solution of
H2L (0.0632 g, 0.2 mmol) in CH2Cl2 (25 mL). The mixed solu-
tion was stirred for 4 hours under ambient temperature and
subsequently filtered to remove the suspended particles. Block
crystals were obtained by slow diffusion of diethylether into
the filtrate after approximately one week. Elemental analysis
(%) Calc. For 1, C14H58Cl10Gd4O16 (1466.10): C, 11.47; H, 3.99.
Found: C, 11.45; H, 4.03. Elemental analysis (%) Calc. For 2,
C14H58Cl10Dy4O16 (1487.10): C, 11.31; H, 3.93. Found: C, 11.28;

H, 3.94. Elemental analysis (%) Calc. For 3, C14H58Cl10Er4O16

(1506.14): C, 11.16; H, 3.88. Found: C, 11.14; H, 3.92.

2.3. X-ray crystallographic determination

Suitable single crystals of 1, 2 and 3 were selected for room
temperature (20 °C ± 2 °C) X-ray diffraction analysis with a
Siemens SMART CCD diffractometer using graphite-mono-
chromated Mo-Kα radiation (λ = 0.71073 Å). These data were
processed with the SAINT processing program.24 Crystal struc-
tures were solved by direct methods and refined on F2 by full-
matrix least-squares using the SHELXTL-97 program.25 Due to
the high symmetry, the Cl5 and Cl6 ion positions are dis-
ordered and distributed between two crystallographic sites in
complexes 1, 2, and 3. All non-hydrogen atoms are anisotropi-
cally refined.

3. Results and discussion
3.1. Structural description

X-ray crystallographic analysis reveals that compounds 1–3 are
isomorphic, and we discuss the structures in the context of 1.
Beginning with the magnetic cations, four Gd3+ ions are
bridged by six Cl− ions to compose a defect-dicubane
{Gd4Cl6}

6+ core, which is charge-balanced by two hydroxyl rad-
icals and four additional uncoordinated Cl− ions, as shown in
Fig. 1. Methanol groups are also observed, both within the
rare-earth cluster and dissociated among the host structure
between rare-earth clusters. Within the {Gd4Cl6} core, any two
Gd3+ ions ostensibly have two Cl− ions between them. There
are two crystallographically distinct Gd3+ ions that are both
seven-coordinated in a distorted pentagonal bipyramid geo-
metry. The Gd(1)3+ ion is seven-coordinated to three oxygen
atoms from three methanol molecules and four Cl− ions,
while the Gd(2)3+ ion is seven-coordinated to one OH− group,
three oxygen atoms from methanols, and three Cl− ions
(Fig. 1). The Gd(1)3+ and Gd(2)3+ ions are bridged by two Cl−

ions. The Gd(1)–Gd(1A) distance is 3.6137(10) Å, while the
Gd(1)–Gd(2) and Gd(1)–Gd(2A) distances are 3.9919(11) Å and
3.9991(11) Å, respectively. The Gd(2)–Gd(2A) distance is
appreciably longer than other intra-cluster Gd separations at

Fig. 1 The cationic core of compound 1. (left) From crystallography
data, displacement ellipsoids are drawn at the 50% probability level
(hydrogen atoms are omitted for clarity). (right) To emphasize the
coordination sphere, the polyhedral coordination geometry of Gd3+ ions
in the asymmetric unit of compound 1 is shown.
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7.052(3) Å. For comparison, the inter-cluster Gd separations
are 7.294(3) Å, 7.825(3) Å, and 7.223(3) Å, along the a, b, and c
axes, respectively. The Gd–O and Gd–Cl distances ranging
from 2.358(5) Å to 2.442(4) Å and 2.335(3) Å to 2.8313(16) Å,
respectively, are in agreement with reported values.26 In the
packing structure, Fig. 2, there are two types of H-bonding that
have been observed among Cl− ions and the oxygen atoms,
from the methanol molecules, in the range of 3.031(6) Å to
3.101(5) Å and among methanol molecules and OH− groups in
the range of 2.712(7) Å to 2.745(7) Å. Noticeably, the synthesiz-
ing ligand is not coordinated to the lanthanide ions in com-
plexes 1–3. However, if synthesis is performed without the
ligand, this defect-dicubane core structure is not formed.
What we propose is that the defect-dicubane core structure
with ligand is formed as an intermediate at the beginning of
the reaction. Nevertheless, the ligand dissociation occurs due
to the tension of the rigid structure and the weak coordination
ability of the tetra-dentate salen-type ligand (N,N′-bis(salicyl-
idene)-1,2-(phenylene-diamine)) although the dicubane core
structure remains. In contrast to the semi-rigid hexa-dentate
salen-type ligand, several lanthanide dicubane-like clusters
with coordinated ligands have been reported, e.g.
[Ln4(L)2(HL)2(μ3-OH)2Cl2]·2Cl (Ln = Nd, Yb, Er and Gd; H2L:
N,N′-bis(salicylidene)cyclohexane-1,2-diamine).22c Thus, the
ligand plays essential role on the formation of the dicubane
like cluster.

3.2. Magnetic properties

For these clusters, the most interesting aspect of the magnet-
ism is the potential for SMM behavior, whereby a thermal
barrier (Ueff ) exists between reversals of the ground state mag-
netization orientation of a cluster. Towards discernment of the
potential for a finite Ueff, we begin with analysis of the DC
magnetic properties. As the magnetic electrons in these
systems are highly localized, the relevant energies for a single
ion are intra-atomic Coulomb interactions (HC), spin–orbit
coupling (HS–O), crystalline field (HCF), and magnetic fields
(Hmag, both internal and external). Therefore, in the rare-earth
regime of HC ≈ HS–O ≫ HCF ≈ Hmag our analysis begins with
the well-known free-ion wavefunctions of HC + HS–O,

27 and the
higher-order interactions are diagonalized from the total-

angularmomentumbasis.We consider electrostatic and electro-
magnetic contributions due to the lattice as a starting point
and, from there, argue for the presence of additional inter-
actions. Explicitly, the crystal field Hamiltonian is written
using Stevens operators in the method of operator
equivalents,28

HCF ¼
X6
n¼0

Xn
m¼0

Bm
n Ô

m
n ; ð1Þ

Bm
n ¼ An;mkrlnθnΛn; ð2Þ

where the parameters An,m depend upon the specifics of the
crystal, rn are the expectation values of the free-ion radial wave-
functions, θn are the parameters of Elliot and Stevens intrinsic
to the method of operator equivalents, Λn are empirical para-
meters that may account for effects like screening and cova-
lence, and the operators Ôm

n are linear combinations of
angular momentum operators up to the order ‘m.’ To obtain
electrostatic potentials, we performed a linear combination of
atomic orbitals density functional theory calculation29 for each
of the individual organic constituent molecules, namely, the
methanol group and the hydroxyl radical. Effective point-
charges were extracted from the calculated Mulliken popu-
lations, and the effective methanol point-charges were scaled
down to match the dipole moment of the complete density
functional theory charge density map. Chlorine and lantha-
nide ions were taken to have their formal charges of −1 and
+3, respectively. For a given magnetic center, potentials were
then calculated for distances up to nominally 26 Å where An,m
values show convergence within less than 1% deviation. The
magnetostatic Hamiltonian contains dipolar coupling,
Zeeman energy, and a superexchange interaction such that

Hmag ¼ �
X
j;k

μ0
4πrjk3

3 gJ;jμB Ĵj � ejk
� �

gJ;kμB Ĵk � ejk
� �

. . .

. . .� gJ;jgJ;kμB2 Ĵj � Ĵk

 !
;

�
X
i

gJ;iμBμ0 Ĵi �H þ HSX

ð3Þ

where μ0 is the vacuum permeability (4π × 10−7 V s (A m)−1), rjk
is the distance between two magnetic ions, gJ is the Landé
factor for total angular momentum, μB is a Bohr magneton
(9.27400968 × 10−24 J T−1), Ĵ is an angular momentum oper-
ator, e is the unit vector connecting two magnetic ions, H is
the applied magnetic field, the summations are taken over all
magnetic atoms within a cluster, and HSX takes into account
spin–spin correlations, though we still work with total angular
momentum operators, such that

HSX ¼ J1;1A Ĵ1 � Ĵ1A þ J1;2 Ĵ1 � Ĵ2 þ J2;1A Ĵ2 � Ĵ1A þ J1A;2A Ĵ1A � Ĵ2A
þ J2A;1Ĵ2A � Ĵ1;

ð4Þ
where J is an effective, isotropic superexchange energy and
subscripts keep track of interaction pairs on different crystallo-
graphic sites. Magnetization is calculated in the usual way
with statistical mechanics, and powder averaging is done by

Fig. 2 The packing structural unit of compound 1. (left) The crystallo-
graphic a axis is shown. (right) The crystallographic b axis is shown.
Lanthanides are yellow, oxygens are red, chlorines are green, carbons
are black, and hydrogens are white. Dotted lines denote intermolecular
H-bonding among Cl− ions and the oxygen atoms.
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calculating 100 different orientations of the magnetic field
with respect to the crystal. Field orientations were chosen with
a spiral approximation to sphere coverage.30 Although our crys-
tals are monoclinic, it is useful to have an orthogonal coordi-
nate system for calculations, and one such possible basis that
we employ is ykb, zk(a × b), and xk(y × z). Experimentally, the
magnetic signals are expressed per mole of powder using the
chemical formulas listed in Table 1.

For 1, the free-ion ground term of Gd3+ is 4f7 (8S7/2, J = 7/2,
S = 7/2, L = 0, gJ = 2), with the next excited state some
30 000 cm−1 (4 eV) higher in energy.31 A crystalline electric
field does not split this state, but magnetic susceptibility,
Fig. 3, and high-field magnetization, Fig. 4, show a slight
departure from the free-ion term for four gadolinium ions
(μeff

2[Gdfree
3+] = 4gJ

2μB
2J ( J + 1) = 252.00μB

2, Msat[Gdfree
3+] =

4gJμBJ = 28.00μB), mainly at low temperatures. Therefore, a
small unaccounted for interaction such as inter-ionic anti-
ferromagnetic superexchange or a crystalline-field-like single-
ion energy (due to lattice perturbations distorting the spin–
orbit wavefunction) may be present. While powder-averaged
measurements cannot unambiguously assign such an energy,
they can estimate upper-limits to its contribution. A fit includ-
ing HSX, Fig. 3 and 4, shows how J1,2 = J2,1A = J1A,2A = J2A,1 =
0.06 cm−1 (0.007 meV) (or adding B02 the same order of magni-
tude) improves the agreement with experiment, although near
perfect agreement is possible but highly equivocal when
phenomenologically co-fitting HSX and the Bmn ’s of HCF to
powder data (Table 2).

For 2, the single-ion behavior is immediately more compli-
cated, as a crystalline electric field does preferentially align the
oblate spheroid, ground-state Dy3+ charge density. A free Dy3+

ion is 4f9 (6H15/2, J = 15/2, S = 5/2, L = 5, gJ = 4/3), with a spin–

orbit coupling parameter of 1820 cm−1 (226 meV),31 but this
6H15/2 term is split into 8 doublets by the low symmetry HCF of
2, Table 3. The resulting ground-state anisotropy axes of HCF

are visualized in Fig. 5. Indeed, the ground state anisotropy
axes as determined by the electrostatic crystalline field have
been shown to be quite accurate for dysprosium cluster com-
plexes.32 Upon comparison with the experimental data, a
curious feature not captured by non-interacting anisotropic
ions is the broad hump in the temperature dependence of the

Table 1 Crystal data and structure refinement for compounds 1–3

1 2 3

CCDC no. 851931 851932 851933
Empirical formula C14H58Cl10Gd4O16 C14H58Cl10Dy4O16 C14H58Cl10Er4O16
Formula weight 1466.10 1487.10 1506.14
Crystal system Triclinic Triclinic Triclinic
Space group P1̄ P1̄ P1̄
a (Å) 10.357(2) 10.328(2) 10.283(2)
b (Å) 10.675(2) 10.653(2) 10.613(2)
c (Å) 11.716(2) 11.639(2) 11.585(2)
α (°) 87.65(3) 87.55(3) 87.48(3)
β (°) 86.18(3) 86.14(3) 86.09(3)
γ (°) 62.59(3) 62.66(3) 62.75(3)
V (Å3) 1147.3(4) 1134.8(4) 1121.3(4)
Z 1 1 1
Dcalc’d (mg cm−3) 2.122 2.176 2.231
F (000) 696 704 712
M (Mo Kα) (mm−1) 6.336 7.147 8.053
θ Range (°) 3.49–27.48 3.51–27.48 3.53–27.48
Reflection collected 11 327 11 167 11 095
Unique reflections 5193 5148 5086
Rint 0.0622 0.0431 0.0342
R1, wR2 (I > 2σ(I)) 0.0333, 0.0813 0.0422, 0.1084 0.0303, 0.0727
R1, wR2 (all data) 0.0394, 0.0842 0.0467, 0.1112 0.0348, 0.0751
GOF on F2 1.048 1.066 1.065
Δρ (e Å−3) 1.143, −0.922 3.994, −1.602 2.517, −1.024

Fig. 3 Temperature dependence of the χT product. The symbols are
experimental data and solid lines are fits of superexchange intra-cluster
interactions as described in the text. The red dashed line shows how
additional fitting screening parameters of the crystal field can improve
the quality of fit for 2.
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effective moment, Fig. 3, that coincides with an overall
increase in susceptibility at high temperatures compared to
the value for four free Dy3+ ions (μeff

2[Dyfree
3+] = 4gJ

2μB
2J ( J + 1)

= 453.33μB
2), suggesting the presence of ferromagnetic inter-

actions in the system. Indeed, such an increase followed by a
decrease in the effective moment while cooling is consistent
with ferromagnetically coupled anisotropic ions. Furthermore,
this feature in susceptibility is also seen in other defect di-
cubane clusters.16f It is worth noting that the confluence of
dipolar coupling with high-anisotropy does already give a
ferromagnetic-like correlation for this cluster, but the aspect is
far too small to create a maximum like that observed in the
data. The saturation magnetization is drastically reduced from
that for four free ions (Msat[Dyfree

3+] = 4gJμBJ = 40.00μB), Fig. 4,
which is due to the presence of a large anisotropy, although
the experimental observation is still larger than a simple
powder averaged J = 15/2 doublet in the large uniaxial an-
isotropy limit (〈cos2 θ〉40.00μB = 20.00μB). A fair reproduction
of the experimental results is possible by including intra-
cluster interactions such that J1,2 = J2,1A = J1A,2A = J2A,1 =
−0.8 cm−1 (−0.1 meV) and J1,1A = 0.4 cm−1 (0.04 meV), Fig. 3
and 4. This fit to the temperature dependent effective moment
shows the qualitative increase in susceptibility at high temp-
eratures, along with a finite positive slope on cooling that
eventually goes through a maximum and decreases.

For 3, Er3+ has a ground-state charge density that is more
like a prolate spheroid, which also has preferential alignment
in a crystal field. The Er3+ ion is 4f11 (4I15/2, J = 15/2, S = 3/2,
L = 6, gJ = 6/5), with the next excited state 6 500 cm−1

(810 meV) higher in energy and a spin orbit coupling para-
meter of 2 360 cm−1 (293 meV), but this 4I15/2 term is split
into 8 doublets by the local electric field of 3, Table 3. The
resulting ground-state anisotropy axes of HCF are visualized in
Fig. 5. Not surprisingly, 3 also shows a large departure in the
magnetic properties expected for four non-interacting erbium
ions in the magnetic cluster (μeff

2[Erfree
3+] = 4gJ

2μB
2J ( J + 1) =

367.20μB
2, Msat[Erfree

3+] = 4gJμB J = 36.00μB), having an
increased high temperature susceptibility with a strong
temperature dependence, Fig. 3, as well as a greatly dimin-
ished saturation magnetization compared to free Er3+, Fig. 4.
Reminiscent of 2, the saturation magnetization is still larger
than simple powder averaged J = 15/2 doublets in the large uni-

Fig. 4 Field dependence of the magnetization. The symbols are experi-
mental data and solid lines are fits of superexchange intra-cluster inter-
actions as described in the text. The point-charge derived single-ion
parameters for the clusters systematically underrepresent the experi-
mental values of high-field magnetization, and possible reasons for this
incongruity are described in the text. As one possible candidate for
improving agreement between model and experiment, the red dashed
line shows how additionally fitting screening parameters of the crystal
field can improve the quality of fit for 2.

Table 2 Selected bond lengths (Å) and angles (°) for compounds 1–3

1 2 3

Ln(1)–O(6) 2.376(5) 2.344(5) 2.319(5)
Ln(1)–O(5) 2.381(5) 2.363(6) 2.328(5)
Ln(1)–Cl(5) 2.407(4) 2.388(5) 2.377(4)
Ln(1)–O(4) 2.442(4) 2.419(5) 2.398(5)
Ln(1)–Cl(3) 2.8305(17) 2.812(2) 2.7932(18)
Ln(1)–Cl(4) 2.8313(16) 2.805(19) 2.7857(17)
Ln(1)–Ln(2) 3.6137(10) 3.9551(11) 3.9198(11)
Ln(2)–O(1) 2.358(6) 2.335(6) 2.310(5)
Ln(2)–O(7) 2.358(5) 2.329(6) 2.300(5)
Ln(2)–O(3) 2.408(4) 2.381(6) 2.357(5)
Ln(2)–O(2) 2.437(5) 2.420(6) 2.388(5)
Ln(2)–Cl(4) 2.7760(16) 2.7654(19) 2.7390(17)
Cl(3)–Ln(1)–Cl(5) 71.87(10) 71.83(12) 71.85(11)
Cl(5)–Ln(1)–Cl(5A) 81.727(15) 81.210(15) 81.723(15)
Cl(5A)–Ln(1)–Cl(4) 70.758(10) 71.069(13) 71.205(12)
Cl(4)–Ln(2)–Cl(5A) 72.533(9) 72.747(12) 72.641(12)
Cl(5A)–Ln(2)–Cl(3A) 72.118(15) 72.366(12) 72.680(11)
Ln(2)–Cl(4)–Ln(1) 90.78(4) 90.47(5) 90.39(5)
Ln(2)–Cl(5)–Ln(1) 114.75(18) 115.16(18) 114.36(16)
Ln(2)–Cl(5)–Ln(1A) 115.307(16) 116.238(20) 115.052(18)
Ln(2)–Cl(5)–Ln(1) 115.687(18) 115.546(19) 114.889(19)
Ln(2)–Cl(3A)–Ln(1A) 90.901(6) 90.439(7) 90.314(6)

Table 3 Energy eigenvalues of the electrostatic HCF in meV for the
different crystallographic sites of 2 and 3

Dy(1,1A) Dy(2,2A) Er(1,1A) Er(2,2A)

0 0 0 0
27 19 8 8
50 35 15 13
68 49 21 17
81 59 27 21
96 69 33 26
115 84 41 31
138 102 50 38

Fig. 5 A view nearly parallel to the {Ln4} plane (top) and perpendicular
to the {Ln4} plane (bottom) illustrate the ground-state anisotropy axes
determined by the local electric field for 2 (thin black line) and 3 (thick
blue line). The coordination spheres of the magnetic ions are shown,
with spherical volumes scaled to the ionic charge. Lanthanides are
yellow, oxygens are red, and chlorines are green.
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axial anisotropy limit (〈cos2 θ〉36.00μB = 18.00μB). Fitting only
isotropic superexchange parameters, J1,2 = J2,1A = J1A,2A = J2A,1 =
−0.5 cm−1 (−0.06 meV), can capture many features of the data.

To check for slow relaxation, frequency dependent AC sus-
ceptibility measurements were performed on samples 1, 2, and
3 without any bias field to avoid confusion with simple para-
magnetic precession. Of the three, only the dysprosium
sample (2) showed an effect under our experimental con-
ditions, Fig. 6. While clear phase shifting occurs, we do not
observe a peak and therefore do not try to extract an activation
energy. In the context of our series, it is logical that 2 is the
only sample to show frequency dependence, as it has the
largest anisotropy barrier coming from the crystal field.

We now suggest possibilities for the discrepancies between
model calculations and the experimental data. The largest
quantitative incongruity is in the isothermal magnetizations of
2 and 3, although improvement in the fit of the susceptibility
of 2 would also be desirable. We discuss potential corrections
in the context of 2. To begin, in some sense it is serendipitous
that a simple point-charge calculation does such a good job at
estimating HCF. By introducing more parameters into the fit,
namely Λ2 = 0.2, Λ4 = 0.8, and Λ6 = 8 in eqn (2), the residuals
may be greatly reduced for both susceptibility and isothermal
magnetization, Fig. 3 and 4. The ability to preferentially screen
out lower order terms in HCF is not unprecedented and is
ascribed to deformation of the outer 5s and 5p electrons in a
response to the crystalline field.33 A specific study on modifi-
cations to point charge models related to lanthanide SMMs
also showed that screened charges better reproduced their
experimental data.34 However, the way the saturation moment
is increased is by de-stabilizing the doublet with the most J =
15/2 character on the 2 and 2A dysprosium site, and a level
crossing can be seen around 1 T as inflection in the magneti-
zation, which is hard to physically motivate. Similar model
curve-shapes can be generated by allowing for a more compli-
cated spin correlation than in eqn (4), and an anisotropic
superexchange can simultaneously fit the temperature depen-
dent moment and increase the powder saturation magnetiza-

tion. Incidentally, a recent report invoked anisotropic
exchange to explain behavior in a 3d–5d transition metal
SMM.35 Without additional evidence, such as an angular
dependent single crystal spectroscopy, the origin of the inter-
action that increases the magnetizability at high fields for the
components transverse to the easy axis remains nebulous.
Circumstantially, the presence of slow relaxation due to
stabilization of a large moment Kramer’s doublet ground state
concomitant with anomalously high saturation moments
suggests a missing cluster interaction energy rather than a
single-ion destabilization of the ground-state.11–18 To tackle
this problem from a computational standpoint, it would also
be interesting to see if a high magnetic field, density func-
tional theory calculation of a dysprosium cluster could give
rise to such effects.

4. Conclusions

Three new compounds, [Gd4Cl6(CH3OH)12(OH)2]·4Cl·2CH3OH
[Ln = Gd (1), Dy (2) and Er (3)], were accidentally isolated by
the interruption of the salen type ligand of N,N′-bis(salicyl-
idene)-1,2-(phenylene-diamine). This interruption seems to
dominate the formation of the compounds featuring the chlor-
ide-bridged defect-dicubane {Ln4} core. Magnetic properties
are mainly due to single-ion effects, but interactions within
clusters must be included to reproduce the experimental data,
showing dominant antiferromagnetic correlations in 1, and
ferromagnetic correlations in 2 and 3. Finally, for the Dy3+

sample, we observe slow magnetic relaxation that is suggestive
of single-molecule magnet properties in this material.
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