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ABSTRACT: Two trinuclear isomeric compounds,
[{(CuII(salpn))(Me(CO)Me)}2DyIII(NO3)3] (1) and
[{CuII(salpn)}2Dy

III(H2O)(NO3)3]·MeOH (2), along with
one polymeric compound, {[{CuII(salpn)}2Dy

III(NO3)3bpy]·
MeOH·H2O}n (3), were synthesized using a metalloligand,
[CuII(salpn)], where H2salpn and bpy stand for N,N′-
bis(salicylidene)-1,3-propanediamine and 4,4′-bipyridine, re-
spectively. Compounds 1 and 2 were selectively prepared with
two solvents: the less polar acetone led to the exclusive
crystallization of 1 with a transoid trinuclear architecture, while
more polar solvent methanol provided sole construction of 2
with a cisoid trinuclear architecture. Compound 3 was prepared from 1 or 2 after bpy was introduced as a bridge. The Dy and Cu
ions are doubly bridged with oxygen atoms, and the core DyO2Cu skeletons are characterized by different “butterfly angles” of
140.9(1)°, 147.1(19)°, and 142.4(2)° for 1, 2, and 3, respectively. We have examined the molecular structures and magnetic
properties of 1−3 using high-frequency electron paramagnetic resonance (HF-EPR), magnetization, and magnetic susceptibility
techniques. These compounds showed slow magnetization reversal in the measurements of alternating current magnetic
susceptibility. We analyzed EPR frequency-field diagrams using an effective spin-Hamiltonian including only one doublet of Dy
sublevels and found that the exchange couplings are ferromagnetic in all compounds. The exchange coupling parameters JDy−Cu
of 1, 2, and 3 were determined as 2.25 ± 0.05, 1.82 ± 0.04, and 1.79 ± 0.04 K, respectively. These values are larger than those
found in previous research using EPR analysis on [CuII(LA)(C3H6O)Dy

III(NO3)3] (H2L
A = N,N′-bis(3-methoxysalicylidene)-1,3-

diamino-2,2-dimethylpropane) and [DyIIILB2(NO3)2{Cu
II(CH3OH)}2](NO3)(CH3OH) (H2L

B = 2,6-bis(acetylaceto)pyridine).
The present result shows an advantage of doubly oxygen-bridged motifs to built strong ferromagnetic interactions between
lanthanide and transition metal ions. We found that the exchange coupling strength is sensitive to the structural parameters such
as bond angles, bond lengths, and butterfly angles. Precise determination of the exchange parameters would contribute to
development of exchange-coupled 4f−3d heterometallic complexes.

■ INTRODUCTION

Heterometallic 4f−3d compounds have been studied inten-
sively for the development of single-molecule magnets
(SMMs),1−3 because lanthanide (Ln) ions have advantages of
strong magnetic anisotropy and large magnetic moment.4−6

The exchange coupling involved between 4f and 3d ions is one
of the most important parameters to develop high-performance
SMMs. The knowledge of the exchange coupling mechanism
would be also useful for the development of bulk permanent
magnets and refrigerants. In Gd−Cu systems, the ferromagnetic
couplings between Gd3+ (S = 7/2) and Cu2+ (S = 1/2) are
often observed;7−10 for example, the dinuclear doubly oxygen-
bridged Gd−Cu complexes have ferromagnetic couplings and
show the S = 4 ground state.11 In the case of Gd-based
complexes, the exchange coupling can be evaluated by
combining the temperature dependence of the magnetic
susceptibility and the magnetization curve at low temperature.
It is because Gd3+ is in the isotropic S-state, leading to simple

analysis even with a powder sample. Moreover the consid-
eration of the LS multiplet splitting is not necessary to analyze
the magnetic data at low temperatures because the splitting is
very large. Hence, the exchange couplings have been
quantitatively studied by conventional magnetometries,11−13

and their magneto−structure relation was well examined. It is
noticed that a planar structure favors ferromagnetic coupling in
the four-membered CuO2Gd moiety. Although Gd3+ and Cu2+

ions are coupled ferromagnetically, there is a weak point of Gd
complexes in developing new SMMs; Gd3+ ion has a spin-only
character and weak magnetic anisotropy. It is a disadvantage
compared with the heavy Ln ions having an unquenched orbital
moment and large magnetic anisotropy.
Despite the clear advantages of using heavy Ln ions, there

has been an essential difficulty in the determination of the
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exchange couplings. An analysis of temperature dependence of
the magnetic susceptibility is quite difficult because of the
complex energy scheme caused by the spin−orbit coupling and
crystal field splitting (CFS), and thus the exchange coupling
parameter can hardly be determined by the magnetic
susceptibility only.
We have developed a new microscopic method for the

precise evaluation of exchange coupling in SMMs including
heavy Ln ions14−16 and have established their usefulness in the
studies of various 4f−3d-based SMMs.2,17 The key point is to
use high-frequency electron paramagnetic resonance (HF-EPR)
to observe the resonances of 3d transition metal ions biased by
the exchange fields from Ln ions. The high magnetic field and
low-temperature magnetization measurement, which traces the
ground state of the system, is also combined with the EPR
analysis. One of the most unique features of this method is that
precise exchange couplings can be obtained even for powder
specimens. It is because the different components can be
distinguished by the g value, which is obtained by the slope of
each mode in multiple-frequency EPR measurements. To
generalize further this method, we would like to apply it to a
series of 4f−3d heterometallic compounds with a small
structural modification. The systematic work may afford a
magneto−structure relation, which is highly important in
research of 4f-based magnetic materials.
Taking the diphenoxo-bridged flexible dinuclear Cu−Tb

motif, for example, it is found that when the Tb3+ ion is in a less
symmetrical ligand field, it has easy-axis anisotropy and shows
SMM behavior, but in a more symmetrical environment, the
axial anisotropy is faded.18 However, such studies are extremely
rare in 4f−3d systems and to our knowledge only one such
example is known. The paucity of such examples is presumably
due to the lack of synthetic strategies using designed organic
ligands allowing significant flexibility in the 4f−3d coordination
clusters.19 Recently, Ghosh et al. have shown that hinge-like
coordination flexibility (cisoid and transoid; Scheme 1) can lead
to the isolation of isomeric linear or bent structures for
trinuclear [{MII(salpn)}2M′(X)2] (M and M′ are 3d metal
ions) using a metalloligand [MII(salpn)] derived from a Schiff
base H2salpn (N,N′-bis(salicylidene)-1,3-propanediamine).20
The different coordination environments of the central metal
ion and bridging angles in these isomers brought about
different magnetic behaviors such as “exchange coupling
switch”.21 Very recently, we have evaluated the structure and
the SMM property of a long-known but less-investigated family
of [{CuII(salpn)}2Ln

III(X)n] (Ln
3+ = Tb3+, a non-Kramers ion),

where the flexible nature of metallatecton led to an interesting
structural diversity.22

The motivation of the present work is to investigate the
SMM behavior and 4f−3d exchange coupling in derivatives

involving Ln3+ = Dy3+ (a Kramers ion) in different coordination
environments but with the same ligand systems. We
synthesized two solvates according to our synthetic strategy
for isolation of linear and bent isomers of trinuclear 3d-metal
ion complexes.20 Herein, two trinuclear isomeric compounds,
[{(CuII(salpn))(Me(CO)Me)}2DyIII(NO3)3] (1) and
[{CuII(salpn)}2Dy

III(H2O)(NO3)3]·MeOH (2), along with
one polymeric compound, {[{CuII(salpn)}2Dy

III(NO3)3bpy]·
MeOH·H2O}n (3), have been synthesized, where bpy stands
for 4,4′-bipyridine (Scheme 1). Compounds 1 and 2 were
selectively prepared by varying the solvent for synthesis.
Compound 3 was derived from 1 or 2 on introducing bpy as
a bridge between the trinuclear units. They possess a DyO2Cu
structure in common. The ferromagnetic coupling by direct
current (dc) magnetic measurements and slow magnetization
reorientation by alternating current (ac) magnetic susceptibility
measurements for all complexes are also reported here.
The next motivation is to study the exchange coupling of a

few new Dy−Cu compounds and compare the results on
relevant compounds. The examination of relation between the
exchange couplings and various structural parameters would be
helpful for rational molecular design and synthesis of high-
performance SMMs and related magnetic materials. To the best
of our knowledge such systematic study of exchange coupling
has not been made so far.

■ EXPERIMENTAL SECTION
Instruments. Elemental analyses (C, H, and N) were performed

on a PerkinElmer 2400 series II CHN analyzer. IR spectra in KBr
pellets (4000−500 cm−1) were recorded on a PerkinElmer RXI FT-IR
spectrophotometer. Powder X-ray diffraction patterns were recorded
on a Bruker D-8 advance diffractometer operated at 40 kV and 40 mA
and calibrated with a silicon standard, using monochromated Cu Kα
(λ = 1.5406 Å) radiation.

Synthesis of Complex [{(CuII(salpn))(Me(CO)Me)}2Dy
III(NO3)3]

(1). To a solution of [Cu(salpn)]23 (343.5 mg, 1.0 mmol) in 20 mL of
acetone was added an acetone solution (5 mL) of Dy(NO3)3·6H2O
(228.3 mg, 0.5 mmol). The resultant mixture was gently refluxed for
30 min. A dark green microcrystalline solid precipitate was separated
on a filter and washed with cold acetone. A portion of the product was
dissolved in acetone (5 mL) and slowly evaporated in a very long test
tube at room temperature. After 2 days, well-shaped dark green crystals
were precipitated. They were collected, washed, and dried under
ambient atmosphere. The yield was 77%. Anal. Calcd for
C40H44N7O15Cu2Dy (1152.42): C 41.69, H 3.85, N 8.51. Found: C
41.58, H 3.95, N 8.56%. IR: ν(CO) = 1701 cm−1, ν(CN) = 1621
cm−1, ν(NO3

−) = 1553, 1279, and 1035 cm−1.
Synthesis of Complex [{Cu(salpn)}2Dy(H2O)(NO3)3]·MeOH

(2). To a solution of metalloligand [Cu(salpn)]23 (343.5 mg, 1.0
mmol) in methanol (15 mL) was added a methanol (5 mL) solution
of Dy(NO3)3·6H2O (228.3 mg, 0.5 mmol). After being stirred at room
temperature for 30 min, the mixture was filtered and kept for slow

Scheme 1. Structural Formulae of 1−3
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evaporation at room temperature. After 3 days, well-shaped dark green
crystals were precipitated. They were collected, washed with a small
amount of methanol, and dried under ambient atmosphere. The yield
was 63%. Anal. Calcd for C35H38N7O15Cu2Dy (1086.32): C 38.70, H
3.53, N 9.03. Found: C 38.45, H 3.56, N 8.84%. IR: ν(CN) = 1625
cm−1, ν(NO3

−) = 1555, 1284, and 1031 cm−1.
Synthesis of [{Cu(salpn)}2Dy(NO3)3bpy]·MeOH·H2O}n (3).

Compound 3 was prepared according to a method similar to that of
the Tb analogue.22 A solution of 4,4′-bipyridine (bpy, 50.0 mg, 0.32
mmol) in MeOH (1 mL) was added to a clear solution of 1 (368.8 mg,
0.32 mmol) or 2 (353.4 mg, 0.32 mmol) in MeOH (5 mL). After 3
days, light green block-shaped crystals were deposited. They were
collected on a filter, washed with a small amount of methanol, and
dried under ambient atmosphere. The yield was 64%. Anal. Calcd for
C45H46N9O15Cu2Dy (1242.49): C 43.50, H 3.73, N 10.15%. Found: C
43.38, H 3.85, N 9.94%. IR: ν(CN) = 1620 cm−1, ν(NO3

−) = 1560,
1281, and 1034 cm−1.
Crystal Structure Analysis. Single crystals of 1−3 were mounted

on a Bruker-AXS SMART APEX II diffractometer equipped with a
graphite monochromator and Mo Kα radiation (λ = 0.71073 Å). The
crystal was positioned at 60 mm distance from the CCD. Total 360
frames with an exposure time of 5 s were evaluated. The structure was
solved using the Patterson method by using the SHELXS 97
program.24,25 Non-hydrogen (H) atoms were refined with independ-
ent anisotropic displacement parameters. H atoms were placed at

calculated positions, and their displacement parameters were fixed to
be 1.2 times larger than those of the attached non-H atom, except for
the interstitial water H atoms, which could not be located in the
Fourier map. For 1 and 3, there are large accessible voids, but there is
no discernible electron density. Absorption corrections were carried
out using the SADABS program.26 All calculations were performed
using SHELXS 97,24 SHELXL 97,25 PLATON 99,27 ORTEP-32,28 and
WinGX system ver-1.64.29 CCDC 1059357, 1059358, and 1050447
were assigned for 1, 2, and 3 respectively. Selected bond distances and
bond angles for 1−3 are given in Table 1 and Tables S1−S3
(Electronic Supporting Information).

dc and ac Magnetic Measurements. The dc magnetic
susceptibilities and magnetizations of polycrystalline specimens of
1−3 were measured on an MPMS-XL7 SQUID magnetometer
(Quantum Design) in a temperature range of 1.8−300 K. The
magnetization was measured in a field range of 0−7 T. Diamagnetic
contribution from the sample holder was corrected with blank data
measured separately. Diamagnetism of the sample itself was estimated
from Pascal’s constants.30 Ac magnetic susceptibilities of 1−3 were
measured on a PPMS model 6000 ac/dc magnetometer (Quantum
Design) down to 1.9 K at zero dc field.

High-Frequency Electron Paramagnetic Resonance. HF-EPR
spectra for polycrystalline samples of 1−3 were measured between 95
and 450 GHz at temperatures from 1.7 to 40 K by using the TESRA-P
EPR spectrometer installed at Institute for Materials Research, Tohoku

Table 1. Crystal Data and Structure Refinement Results for 1−3

compound 1 (transoid) 2 (cisoid) 3 (polymeric)
formula C40H44N7O15Cu2Dy C35H38N7O15Cu2Dy C45H46N9O15Cu2Dy
formula weight 1152.42 1086.32 1242.49
crystal system tetragonal triclinic monoclinic
space group I41/a P1 ̅ C2/c
a, Å 17.583(5) 10.467(3) 15.334(6)
b, Å 17.583(5) 14.653(4) 25.950(10)
c, Å 29.716(5) 15.096(4) 15.975(9)
α, deg 90 104.450(3) 90
β, deg 90 100.006(3) 113.080(4)
γ, deg 90 99.252(3) 90
V, Å3 9187(4) 2156.8(11) 5848(4)
Z 8 2 4
Dcal, g cm−3 1.666 1.672 1.409
μ, mm−1 2.601 2.764 2.050
Rint 0.0338 0.0487 0.0586
no. of unique data 4722 7419 5094
data with I > 2σ(I) 4057 5154 3606
R1 on I > 2σ(I)a 0.0347 0.0650 0.0758
wR2 (all data)

b 0.0890 0.2245 0.2336
GOF on F2 1.058 1.051 1.064

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = [∑w(Fo

2 − Fc
2)2/∑w(Fo

2)2]1/2.

Scheme 2. Synthesis of Complexes 1−3
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University.31 The sample was packed in a case made of polyethylene.
Gunn oscillators and backward traveling wave oscillators were used as
radiation sources, and InSb was used as detector.31

■ RESULTS
Synthesis and Characterization. We have established

that various factors (solvents, temperature etc.) can change the
orientation of the metalloligands around the central metal ion
to result in transoid or cisoid isomers or solvates.20,21 In the
present study, we have utilized our expertise in solvent-driven
change of orientation of metalloligands around Dy3+. A
relatively nonpolar aprotic solvent like acetone helps to
assemble transoid solvate 1, whereas polar protic methanol
assists the formation of cisoid solvate 2 as shown in Scheme 2.
Other solvents, for example, ethanol and acetonitrile, also
favored the formation of the cisoid complex. The phase purity of
both 1 and 2 has been confirmed from identity of the powder
X-ray diffraction (PXRD) patterns (Figure 1), indicating that

each isomeric structure was formed exclusively. In addition to
elemental and PXRD analyses, the complexes were further
characterized by IR spectra. The precursor metalloligand
[Cu(salpn)] does not have any counteranions, whereas the
products contain nitrato coligands. The characteristic bands for
bidentate chelation of nitrato anions in each compound were
observed.32 A strong and sharp band of the azomethine ν(C
N) group of the Schiff base appears at 1620−1625 cm−1 for 1
and 2. A strong sharp peak at 1701 cm−1 for only 1 was
observed due to the ν(CO) group of the coordinated
acetone molecules.
Complex 3 can be prepared by reacting either 1 or 2 with

4,4′-bipyridine in a methanol solution. Besides elemental
analyses, the complex was characterized by IR spectra. The
nitrato anion showed its characteristic bands for bidentate
chelation.23b A strong and sharp band due to the azomethine
ν(CN) group remained at 1620 cm−1.
Crystal Structures. Complexes 1−3 have the same

[{Cu(salpn)}2Dy] core skeleton, like a molecular hinge with
cisoid−transoid-type folding.20,21 The molecular structure of 1
together with atomic numbering is shown in Figure 2a. The
space group of the crystal of 1 is tetragonal I41/a with Z = 8. In
the trinuclear molecule, two metalloligands [Cu(salpn)] serve
as a chelate ligand to the central Dy3+ ion via bidentate μ2-
phenoxido oxygen atoms in approximately coplanar orientation,
making the {Cu(salpn)}2Dy coordination cluster transoid. In
addition, three chelating nitrato (κ2O,O′) coligands are bonded

to the Dy center, building up deca-coordination. Two of three
nitrates also bridge (1κO:2κ2O,O′) the Cu atoms with the Dy
centers. The molecule is symmetrically halved by a C2 axis
passing parallel to the crystallographic c-axis through the O4−
N3−Dy1 atoms. Accordingly the nearest Dy···Cu geometry is
unique, which will be important information for modeling of
exchange coupling.
The vertex of the coordination polyhedron of the central

Dy3+ ion in 1 is symmetrically constructed by 10 oxygen atoms
from five bidentate ligands with average Dy−O bond distances
of 2.51(1) Å that can be regarded as a distorted
tetradecahedron.34 Selected bond distances and angles are
summarized in Table 2. Four oxygen atoms of the two
metalloligands, that is, O1 and O2 (and O1# and O2#), are at
the distances of 2.368(3) and 2.372(2) Å, respectively, where
the symmetry operation code of # is 1 − x, 1/2 − y, z. Another
four, that is, O5 and O7 (and O5# and O7#), belonging to two
nitrato coligands are at distances of 2.756(6) and 2.543(7) Å,
respectively. The rest of them, that is, O3 (and O3#) belong to
the symmetrically bidentate nitrate coordinated to Dy at a
distance of 2.500(3) Å. Six oxygen atoms O2, O5, O7, O2#,
O5#, and O7# nearly form an equatorial plane, whereas O1, O1#

and O3, O3# are located at the opposite side of this plane in
such a manner that the O1−Dy1−O1# plane bisects the angle
O3−Dy1−O3#. The root-mean-square (rms) deviation of the
six equatorial atoms from the mean plane passing through them
is 0.281(10) Å with the Dy atom displaced by 0.026(1) Å.
Each of the two symmetrically related terminal copper atoms

of the trinuclear [{Cu(salpn)}2Dy] core in 1 is bonded to N2O2
donor atoms (O1, O2, N1, and N2 for Cu1) of the tetradentate
ligand salpn2−, making up the equatorial plane with Cu−O and
Cu−N distances of 1.944(3)−1.952(3) and 1.958(3)−1.978(4)
Å, respectively. Two axial positions of the distorted octahedral
Cu1 atoms are occupied by oxygen atoms O5 and O8 of a
bridging nitrato coligand and acetone solvate at the distances of
2.616(6) and 2.573(4) Å, respectively. The bridging atoms are
O1, O2, and O5 and the O1 and O2 bridges are important for
the exchange coupling because they are located at the
equatorial sites of Cu1.
The space group of 2 is P1̅ with Z = 2. The whole molecule is

crystallographically independent. Two bidentate metalloligands
are bonded to the central Dy atom in an asymmetric angular
orientation via two μ2-phenoxido oxygen atoms (Figure 2b)
that can be regarded as cisoid coordination. Two chelating
nitrato (κ2O,O′) and one coordinated water molecule build up
the nona-coordination, approximately forming a tricapped
trigonal prism.22 The third nitrato ligand is coordinated axially
to the Cu atom of one of the coordinated metalloligands.
The vertexes of the coordination polyhedron of the central

Dy3+ ion in 2 are constructed by nine oxygen atoms with
average Dy−O bond distances of 2.43(2) Å. The four of the
nine oxygen atoms, namely, O1, O2, O3, and O4, that belong
to the two metalloligands are at distances 2.337(7)−2.496(7)
Å. Another four oxygen atoms belonging to two nitrato
coligands, that is, O8, O10, O11, and O13, are at distances
between 2.438(8) and 2.550(9) Å.
There are two independent copper ions and accordingly two

independent nearest Dy···Cu geometries. Each of the two
terminal copper atoms of the trinuclear [{Cu(salpn)}2Dy] core
in 2 is bonded to four donor atoms of the N2O2 Schiff base
salpn2−, making up a planar arrangement. The Cu−O and Cu−
N distances are in the ranges of 1.915(7)−1.977(7) Å and
1.937(12)−1.985(9) Å, respectively. One of the axial

Figure 1. PXRD patterns of (top) 1 and (bottom) 2.
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coordination sites of Cu1 is occupied by an oxygen atom O5 of
a nitrato coligand at a distance of 2.446(10) Å, indicating a
square pyramidal geometry. Although Cu1 and Dy1 are triply
bridged, the bond mediated by O3 does not contribute to Dy−
Cu magnetic coupling because of the long bond length
(2.802(8) Å). On the other hand, Cu2 has no axial ligand.
The intracluster Cu···Cu distances and Cu−Dy−Cu angles

are 6.123(2) Å and 136.04(1)° and 3.725(2) Å and 67.94(4)°
for 1 and 2, respectively, indicating a closer orientation of the
metalloligands in the latter. However, in the former, a large
deviation of Cu−Dy−Cu angles from 180° indicates that the
metal centers are not in a linear arrangement as found in
heterometallic 3d−3d′−3d complexes.20 One of the reasons
could be an intramolecular π−π-stacking interaction via one
pair of phenyl rings of the two metalloligands at the Cg···Cg

distance of 3.777(4) Å with the dihedral angle of ca. 26.94° (Cg

= centroid of the phenyl ring), which locks the molecular
conformation to a nearly linear shape for this complex. The
acetone molecules coordinated at copper atoms of 1 are
inclined toward one of the phenyl rings of the Schiff base
because of the intramolecular C−H(methyl)···π interaction.
The distance between H(18A) and the centroid of the ring is
2.76 Å with the C−H···Cg angle of 136°.

Figure 2. X-ray crystal structures (left) and skeletal views of the Dy surroundings and Cu atoms (right) for (a) 1, (b) 2, and (c) 3. Thermal ellipsoids
are drawn at the 30% probability level. Hydrogen atoms and solvent molecules are omitted for clarity. Atomic labeling of selected atoms is also
shown. Symmetry operation codes of # in 1 and ∗ in 3 are (1 − x, 1/2 − y, z) and (1 − x, y, 1/2 − z), respectively.

Table 2. Selected Atomic Distances (Å), Bond Angles (deg),
and Butterfly Angles (ϕ, deg)

1 2 3

Dy1···Cu1 3.301(1) 3.311(2) 3.358(1)
Dy1···Cu2 3.356(2)
Dy1−O1 2.368(3) 2.337(7) 2.376(6)
Dy1−O2 2.372(2) 2.385(7) 2.387(7)
Cu1−O1 1.944(3) 1.977(7) 1.976(6)
Cu1−O2 1.952(2) 1.959(7) 1.975(8)
Cu1−O3 2.802(8)
Cu1−O5 2.616(6) 2.446(10)
Dy1−O3 2.500(3) 2.496(7) 2.530(12)
Dy1−O7/O4a 2.543(7) 2.362(8) 2.606(14)
Cu2−O3 1.944(8)
Cu2−O4 1.915(7)
Cu1−O1−Dy1 99.5(1) 99.9(3) 100.6(2)
Cu1−O2−Dy1 99.1(1) 98.9(3) 100.3(3)
Cu2−O3−Dy1 97.4(3)
Cu2−O4−Dy1 102.9(3)
ϕ (Dy1−O1···O2−Cu1) 140.9(1) 148.9(3) 142.4(2)
ϕ (Dy1−O3···O4−Cu2) 145.2(3)

aO7 for 1 and O4 for 2 and 3.
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There are very few reports of trinuclear complexes with
various Ln ions and counteranions having either cisoid or
transoid conformation.35 Complexes 1 and 2 are the first
example of cisoid−transoid [{Cu(salpn)}2Dy] structural units
constituting of the same Cu(salpn) and Ln. A polar protic
solvent, methanol, facilitates the formation of 2 with a bent
[{Cu(salpn)}2Dy] unit (cisoid), whereas a relatively less polar
aprotic solvent like acetone assists the linear arrangement of
metalloligand in 1 (transoid). Such solvent induced cisoid−
transoid changes in heterometallic 4f−3d coordination com-
plexes are extremely rare and previously obtained by ligand-
backbone modifications.36 Among them, bicompartmental
N2O4 donor ligands warrant a particular mention because
they proved to be robust to attain desired oligonuclear
complexes and coordination polymers.37 However, in such
cases, the central Ln locates in the 2 × O2O2′ compartment
(O1/O2 and O1#/O2# in 1 or O1/O2 and O3/O4 in 2), which
makes the complex rather rigid, and mostly they are found in a
transoid configurations. In some other analogous 4f−3d
complexes, the relative orientation of the 3d ions with respect
to the Ln ions also seems to be fixed.38

Compound 3 crystallizes in a monoclinic C2/c space group
with Z = 4 (Figure 2c). The molecules of 3 form an infinite
chain along the crystallographic a axis with [{Cu(salpn)}2Dy-
(NO3)3bpy] as a repeating unit. The asymmetric unit involves
half of the repeating unit owing to the 2-fold symmetry;
namely, the nearest Cu···Dy geometry is unique.
The repeating unit of 3 consists of a trinuclear core

{Cu(salpn)}2Dy(NO3)3 and a bpy bridge. The Dy3+ ion is
ten-coordinate with four oxygen atoms from two [Cu(salpn)]
and six oxygen atoms from three bidentate nitrate ions. The
copper ion has a N2O2 donor set (O1, O2, N1, and N2) of the
tetradentate ligand salpn on the basal plane. Although there is a
bpy molecule between the nearest neighboring Cu···Cu ions,

the nitrogen atoms in bpy are located at an axial position of the
copper ion. Hence, Cu···Cu exchange coupling will be
negligible.39 In short, 3 has a polymeric crystal structure, but
the magnetic structure is practically monomeric as a {Cu-
(salpn)}2Dy(NO3)3 unit.
In the repeating unit of 3, the vertex of the coordination

polyhedron of the central Dy3+ ion is similar to that of 1. A C2

axis runs through the Dy3+ ion, and an average Dy−O bond
distance is 2.48(3) Å. Six oxygen atoms, that is, O2, O3, O4,
O2*, O3*, and O4*, form nearly an equatorial plane, whereas
the O1, O1*, O6, and O6* atom set organized at the opposite
side of this plane in such a manner that the O1−Dy1−O1*
plane bisects the O6−Dy1−O6* angle. The rms deviation of
the six equatorially coordinated atoms from the mean plane
passing through them is 0.272(26) Å with the Dy atom
displaced toward O1 and O1* by 0.100(1) Å.
The Cu1···O3 distance of 2.815(14) Å to the other axial

position is too long to be considered as a bond. Therefore, the
geometry of Cu1 can be considered as a square pyramid. The
rms deviation of the four basally coordinated atoms from the
mean plane passing through them is 0.022(17) Å with the
metal atoms 0.201(1) Å for Cu1 from this plane toward the
axially coordinated N3 atom of the bpy molecule. The Addison
parameter of Cu1 is 0.04, indicating negligible distortion
toward a trigonal bipyramid.33

To feature the skeleton of LnO2Cu four-membered rings, a
“butterfly” angle, ϕ, is proposed as an important parame-
ter.11−13 The “butterfly” angle is between the two planes (CuO2

and LnO2) involving the bridging oxygen atoms and each metal
ion. In the Gd−Cu dinuclear systems examined in the ref 11,
when the GdO2Cu ring is more planar, ferromagnetic coupling
is stronger. Table 2 shows important geometrical parameters
including butterfly angles. In the present {Cu(salpn)}2Dy
compounds, the nearest neighboring Dy3+ and Cu2+ ions are

Figure 3. χmT vs T plots measured at 500 Oe for (a) 1, (b) 2, and (c) 3. The insets show the magnetization curves measured at 1.8 K under nonfixed
powder conditions.
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always exchange-coupled through the double oxygen bridge
with a “butterfly” skeleton. There are one, two, and one
crystallographically independent Dy···Cu geometries in the unit
cells of 1, 2, and 3, respectively. Accordingly the exchange
coupling parameters JDy−Cu are unique for 1 and 3, while 2 has
two independent JDy−Cu parameters.
Magnetic Properties. Polycrystalline specimens of 1−3

were subjected to magnetic susceptometry (Figure 3). The
randomly oriented samples were fixed with a small amount of
mineral oil. Here, the χmT vs T plots are drawn in a
temperature range of 1.8−300 K, and the static field of 500
Oe was applied. The observed χmT values at 300 K were 14.8,
14.8, and 15.4 cm3 K mol−1 for 1, 2, and 3, respectively, which
are close to the expected value 14.9 cm3 K mol−1 from the sum
of two paramagnetic Cu2+ ions (S = 1/2, g = 2) and one free
Dy3+ ion (J = 15/2, gJ = 4/3) for every {Cu(salpn)}2Dy unit.
On cooling, the χmT values increased for all cases, which
indicates possible ferromagnetic coupling, and as the crystallo-
graphic analysis indicates, they are ascribable to the interactions
between the nearest Dy3+ and Cu2+ ions. Intermolecular
exchange couplings are negligible because the nonmonotonic
behavior of susceptibility at the lowest temperature regions is
possibly caused by such negligible couplings.
The powder data of the magnetization curves of 1−3 were

obtained at 1.8 K after the specimens were fixed with a small
amount of mineral oil (Figure S1, Electronic Supporting
Information). Slow saturation behavior was found, indicating
the relatively strong magnetic anisotropy. To obtain informa-
tion on the ground Jz value, we measured the magnetizations of
powdery specimens without mineral oil and allowed them to
align in the applied field direction. Field alignment effect was
confirmed by the increase of the magnetization in the
successive measurement cycles. As shown in the inset of
Figure 3a, the magnetization of 1 is 7.6 μB at 7 T, and it is still
gradually increasing. It indicates that the magnetic field
alignment is not perfect. The finite slope of the magnetization
curve in a higher magnetic field region is consistent with the
partial orientation. Owing to the molecular arrangement in the
tetragonal I41/a space group, there are four different easy axis
orientations in a unit cell. Because of the strong anisotropy of
Dy3+, the moments are canted from the external uniform
magnetic field direction. This canting causes the large reduction
of the saturation moments and almost linear increase in the
high magnetic field side for 1. Such behavior could not be
observed for 2 or 3, being incompatible with the unique
magnetic easy axis in a unit cell owing to the crystallographic
centrosymmetry.
The magnetization of 2 displayed more rapid saturation and

reached the value of 11.0 μB at 7 T (the inset of Figure 3b).
The saturation magnetization for ferrimagnetic configuration is
8 μB, and the ferromagnetic configuration is 12 μB when the g
value of Cu2+ is 2 and Jz = ±15/2 for Dy3+ ion. Although the
observed value was slightly smaller than 12 μB for the
incomplete field alignment, the larger saturation value clearly
indicates the presence of ferromagnetic coupling between Cu2+

and Dy3+ and the domination of the ground Jz = ±15/2 state
for the Dy3+ ion in 2.
We can also find a sharp rise of magnetization and the

saturation moment of 11.0 μB per the formula unit for 3 (the
inset of Figure 3c). The saturation moment is close to the
theoretical 12 μB. Similarly to the case of 2, the susceptibility
and magnetization indicates that Dy3+ and Cu2+ couple

ferromagnetically and that Jz = 15/2 is dominant in the ground
state of Dy3+.
However, we have to note that the perfectness of the

magnetic field alignment is determined by the relation between
the domain and powder sizes of the sample. A reduction is
expected when the powder size is larger than the single domain
size to give polycrystalline. Thus, the bulk measurement alone
cannot provide a conclusion about the magnetic coupling and
the ground state, and EPR measurement is essential for the
quantitative analysis (see below).
The results on dc magnetic measurements are summarized in

Table 3. The exchange couplings of the present Dy−Cu

derivatives probably are all ferromagnetic. Many butterfly
GdO2Cu compounds showed ferromagnetic coupling.11−13

According to an empirical rule,8,15−17,22,40 the sign of the
exchange coupling among Gd and heavy Ln ions are common
in many cases. The present results are reasonably acceptable.

Relaxation of Magnetization. The ac magnetic suscepti-
bilities of powder specimens of 1−3 were measured at
frequencies ν = 10−10000 Hz in T = 1.9−20 K (Figure 4).
Below ca. 10 K, χ′ decrease and concomitant χ″ increase were
observed, especially for 2 and 3, and their positions were shifted
to a higher temperature on increasing frequency. The frequency
dependence of the χ″ peak temperature can be analyzed by the
Arrhenius law;41 namely, the plots of the natural logarithm of
the relaxation time, τ, evaluated by 1/(2πν) vs the inverse of
the χ″ peak temperature, T eq 1. However, owing to the
absence of χ″ peaks in the data of 1 (Figure 4a), a modified
Arrhenius equation, eq 2, was applied to the analysis.42

πν τ= − − U k Tln(2 ) ln( ) /( )0 eff B (1)

χ χ πντ″ ′ = + U k Tln( / ) ln(2 ) /( )0 eff B (2)

The modified Arrhenius plot for 1 and Arrhenius plots for 2
and 3 are shown in the insets of Figure 4. The effective energy
barriers, Ueff, of the magnetization reversal and pre-exponential
factors, τ0, were calculated to be Ueff/kB = 2.4 ± 0.6, 13.0 ± 0.2,
and 11 ± 1 K and τ0 = (3.6 ± 0.1) × 10−7, (6.9 ± 0.5) × 10−7,
and (1.1 ± 0.7) × 10−7 s for 1, 2, and 3, respectively.
The Cole−Cole analysis43 was performed for 2 and 3 using

the above ac susceptibilities. We applied the equation χ(ω) = χS
+ (χT − χS)/(1 + (iωτ)1−α) where χT and χS are the isothermal
and adiabatic magnetic susceptibilities, respectively.5c A semi-
circle with a small value of α usually indicates one relaxation
process operative. Actually, these plots displayed a partial
semicircle (Figure S2, ESI), and the optimized α values were
0.32 ± 0.03 at 1.9 K for 2 and 0.16 ± 0.01 at 1.9 K for 3. The
results on ac magnetic susceptibilities are summarized in Table

Table 3. Magnetic Properties of 1−3

1 2 3

χmT, cm
3 K mol−1 at 300 K 14.8 14.8 15.4

theoretical χmT,
a cm3 K mol−1 14.9 14.9 14.9

χmT, cm
3 K mol−1 at 3 K 15.8 17.5 17.4

applied magnetic field, Oe 500 500 500
M, μB at 7 T, 1.8 K 7.6 11.0 11.0
theoretical saturation M,b μB 12 12 12

aSum of free ion values; one J = 15/2 (Dy3+) and two S = 1/2 (Cu2+)
ions. bSum of the values from one JZ = 15/2 (Dy3+) and two S = 1/2
(Cu2+) ions.
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Figure 4. The ac magnetic susceptibilities (in-phase, χ′ (top), and out-of-phase, χ″ (bottom)) measured for (a) 1, (b) 2, and (c) 3 without any dc
bias field. Lines are shown as a guide to the eyes. The insets show the (modified) Arrhenius plots together with optimized lines.

Table 4. Effective Energy Barrier, Ueff, Pre-exponential Factor, τ0, and α in the Cole−Cole Analysis from the ac Magnetic
Susceptibility Measurements

1 2 3

Ueff kB
−1, K 2.4 ± 0.6 13.0 ± 0.2 11 ± 1

τ0, s (3.6 ± 0.1) × 10−7 (6.9 ± 0.5) × 10−7 (1.1 ± 0.7) × 10−7

α at 1.9 K −a 0.32 ± 0.03 0.16 ± 0.01
aNot determined because of the narrow range of the susceptibility data.

Figure 5. Combined plots of the spectra and the frequency-field relation for (a) 1, (b) 2, and (c) 3. The temperatures are indicated inside the panels.
Each spectrum is given an offset corresponding to the frequency. Solid lines are the linear fits of the frequency−field diagrams. Small signals found in
1, presumably due to impurities, are indicated by the dotted lines.
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4. The presence of the finite barriers supports that the present
compounds behave as SMMs.
HF-EPR Study. HF-EPR spectra of a powder specimen were

collected in a wide frequency range between 95 and 450 GHz at
4.2 K for 1 and 3 and at 1.7 K for 2 (Figure 5). In the plot, each
spectrum is given as the offset corresponding to the frequency,
and the resonance fields are also plotted in the same figure.
Hence, the figure is the combined plot of the frequency
dependence of spectra and the frequency−field relation.
Compound 1 shows two strong absorptions (1-A and 1-B)

and a few weak ones (1-C and 1-D), and 2 shows three strong
absorptions (2-A, 2-B, and 2-C) with additional doublet
structures at each signal, while 3 shows practically only one
strong absorption (3-A). The slopes of the EPR modes defined
as effective g values are listed in Table 5. All of them fell in the
range from 2.0 ± 0.1 to 2.27 ± 0.04. The intensity for all of the
EPR absorptions monotonically decreased with increasing
temperature (Figure S3, ESI). This finding indicates that the
absorption is assigned to the transition from the ground state or
low-lying states.
An effective g value in the Jz = ±15/2 doublets of Dy3+ would

be 20, which is much different from the observed g values.
Hence, the signals can be assigned to a Cu2+-related transition
biased with the exchange field between Cu2+ and Dy3+. Strictly
speaking, the reversal of the Cu2+ spin is a forbidden EPR
transition because it is associated with the change of the total
angular momentum of the exchange coupled effective moment.
However, transition becomes observable when the molecular
symmetry is low and the different states are mixed. Such
conditions may be applicable for the present systems.
Let us explain the procedure of evaluating exchange

couplings by using an energy level diagram for the simplest
case of 3. We follow the procedure that has been applied to
various systems.15−17 The outline is as follows: (1) Ln ions are
treated as Ising spins. In other words, only the lowest Jz doublet
of Dy3+ is included. This treatment can be justified when the
splitting between the ground and the excited states is larger
than the EPR frequencies and the measurement was performed
at low temperatures. (2) The energy level diagram was drawn
by assuming the sign of 4f−3d exchange coupling and the
possible EPR transitions by the reversal of 3d spins are
assigned. (3) The magnitude of the exchange coupling is
evaluated by adjusting the splittings of the calculated energy
levels with those of the experimental data. (4) In case of
antiferromagnetic exchange coupling, the level crossing in the
energy level diagram is assigned to the magnetization steps. The
last procedure is not used in the present case since there is no
level crossing for ferromagnetically coupled molecules.
We utilized the following spin-Hamiltonian:

μ

= − · − ·

+ + +

− −H J J S J J S

H g J g S g S( )

z z

z z

Dy Cu1 Dy Cu1 Dy Cu2 Dy Cu2

B Dy Dy Cu1 Cu1 Cu2 Cu2 (3)

Here, the first and second terms represent the exchange energy
between the Dy3+ and two Cu2+ spins. The exchange coupling

between two terminal Cu1···Cu2 is disregarded because of the
long Cu···Cu distance. Owing to the molecular symmetry, the
condition of JDy−Cu1 = JDy−Cu2 is applied for 1 and 3. The third
term expresses the Zeeman energies of magnetic ions.
First we analyze the simplest energy level diagram of 3,

depicted in Figure 6. As mentioned previously, the observed

EPR signal is the transition from the ground state. Hence, the
signal should be assigned to the transition between the red and
green levels. Note that the green level is doubly degenerated for
the presence of two identical exchange couplings. The
difference between the red and green levels is expected to
increase linearly with the magnetic field, and the exchange
coupling energy can be evaluated from the gap at zero magnetic
field. These expected characteristic features are consistent with
the experimentally obtained linear frequency−field diagram in
Figure 5c. From the extrapolation of the EPR mode, the energy
gap (ΔE) at zero field is evaluated to be 279 ± 1 GHz. The
JDy−Cu was derived according to the relation ΔE = −2JDy−Cu(JDyz ·
SCu1), from the first term of eq 3. The Dy−Cu exchange
coupling, JDy−Cu, was determined to be J/kB = +1.79 ± 0.04 K.
Here, we use the parameters SCu1 = SCu2 = 1/2, gCu1 = gCu2 =
2.11 ± 0.04, JDy

z = 15/2, and gDy = 4/3. The parameters
obtained from the HF-EPR experiments are listed in Table 5.
The level-crossing field was 9.5 ± 0.2 T (Figure 6), which
implies the crossing of two states with respect to the Cu spin-
flip and shows degeneracy due to the symmetry. In Figure 5c,
the level-crossing field corresponds to the field-axis intercept
with the extrapolation of line 3-A. Such a negative crossing field
is not detected in magnetization curves when the exchange
coupling is ferromagnetic.
Next we analyze the result of 1. In Figure 5a, two weak

absorptions (1-C and 1-D) with g = (2.0 ± 0.2−(1.97 ± 0.02)
were found besides the strong peaks. Since the extrapolation of
these modes goes to the origin of the frequency−field diagram,
we consider these as Cu2+-involved impurity and remove them
from further analysis. This content is practically negligible, as
guaranteed by the PXRD data (Figure 1 (top)).
The behavior of each of two major absorptions 1-A and 1-B

of 1 is quite similar to the signal 3-A for 3. There are two
possible interpretations for the observation of two EPR modes.

Table 5. HF-EPR Results of 1, 2, and 3

1 2 3

peak number 1-A 1-B 2-A 2-B 2-C 3-A
g 2.0 ± 0.1 2.00 ± 0.08 2.27 ± 0.04 2.26 ± 0.04 2.26 ± 0.02 2.11 ± 0.04
Jz ±15/2 ±11/2 ±15/2 ±11/2 ±9/2 ±15/2
J/kB 2.25 ± 0.05 1.82 ± 0.04 1.79 ± 0.04

Figure 6. Energy levels of 3 in the ground state Jz = 15/2 manifold.
The arrangement of Dy (long arrow) and Cu (short arrows) magnetic
moments are schematically shown.
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The first one is the coexistence of two nonequivalent Dy−Cu
exchange couplings, or in other words the case of JDy−Cu1 ≠
JDy−Cu2. However, this is unlikely for 1, because the crystallo-
graphic analysis clarified that the two Dy−Cu bonds are
identical.
An alternative interpretation is that the two signals originate

from the admixture of two kinds of Jz doublets of Dy3+ ion in
the ground-state wave function. According to eq 3, the ratio of
the zero-field energy values of two modes should scale with Jz.
The ratio of zero-field energy, 261 ± 6 GHz/347 ± 2 GHz =
0.75, is close to the ratio of Jz values, (11/2)/(15/2) = 0.73.
The matching of the theoretical and experimental ratios
indicates that the second interpretation is more plausible. In
4f-electron systems, the mixing of the Jz states happens in low-
symmetry molecules through spin−orbit coupling and CFS.
There are some known Dy3+ compounds with a ground Jz =
±11/2 state,44 in which a 2-fold symmetry was characterized
like 1.45 It also supports that the two EPR modes found in 1

originated from the mixture of two Jz states. The exchange
coupling is thus determined to be JDy−Cu/kB = 2.25 ± 0.05 K.
The determined Zeeman diagrams for JDy

z = ±15/2 and ±11/2
are shown in Figure 7.
Finally, we move to analyze the data of 2 (Figure 5b). There

are two Cu2+ sites in the crystal of 2, and thus JDy−Cu1 ≠ JDy−Cu2
could give two modes. However, the number of absorptions is
more than expected. The phase purity is assured by the PXRD
data (Figure 1 (bottom)). In this case, we have to consider the
admixture of the multiple Jz states in the ground state. The
zero-field energies of the three groups are 285 ± 6, 225 ± 3,
and 174 ± 2 GHz and the ratio is 1/0.79/0.61, being close to
the ratio 1/0.73/0.60 from Jz = ±15/2, ±11/2, and ±9/2.
Hence, the splitting into three major groups is due to the
mixing of three Jz doublets in the ground state, and the small
splitting within each group is caused by the nonequivalent Dy−
Cu exchange interactions. The almost equal intensity between
the two peaks of the each group is consistent with the small

Figure 7. Energy levels of 1 with Jz = 15/2 (a) and Jz = 11/2 (b) for Dy3+. The arrangement of Dy (long arrow) and Cu (short arrows) magnetic
moments are schematically shown.

Figure 8. Energy levels of 2 with Jz = ± 15/2 (a), Jz = ± 11/2 (b), and Jz = ± 9/2 (c) for Dy3+. The arrangement of Dy (long arrow) and Cu (short
arrows) magnetic moments are schematically shown.

Table 6. Exchange Parameter, JDy−Cu, for the DyO2Cu Compounds Determined from the HF-EPR Study and Important
Geometrical Parameters

1 2 3 Ae Bf

JDy−CukB
−1, K 2.25 ± 0.05 1.82 ± 0.04 1.79 ± 0.04 1.63 ± 0.01 0.90 ± 0.01

coordination number 10 9 10 10 8
Dy−O,a Å 2.370 ± 0.002 2.40 ± 0.06 2.382 ± 0.006 2.367 ± 0.005 2.52 ± 0.03
Cu−O,a Å 1.948 ± 0.004 1.95 ± 0.02 1.9755 ± 0.0005 1.957 ± 0.001 1.932 ± 0.003
θ,b deg 99.3 ± 0.2 99.8 ± 2.0 100.5 ± 0.2 108.2 ± 0.2 109.5 ± 0.8
ϕ,c deg 140.9 ± 0.1 147.1 ± 1.9 142.4 ± 0.2 162.7 ± 0.1 179.1 ± 0.8
d,d Å 3.301 ± 0.001 3.33 ± 0.02 3.358 ± 0.001 3.510 ± 0.003 3.65 ± 0.01

aThe average bond length in the DyO2Cu unit(s).
bThe average Dy−O−Cu bond angle. cThe Dy−O···O−Cu butterfly angle. For 2 and B, averaged

values are applied. dThe Dy···Cu distance. For 2 and B, averaged values are applied. eFrom ref 16. fFrom ref 15.
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variation of the exchange couplings at two independent sites in
a unit cell. The g values of the signals were 2.1 ± 0.1 and 2.24 ±
0.04. We have evaluated the two exchange coupling parameters
JDy−Cu1/kB = 1.87 ± 0.02 K and JDy−Cu2/kB = 1.79 ± 0.01 K,
which are different from each other by 4%. The zero-field
energy of 285 ± 6 GHz is an average value from the two
distinct energies. The exchange coupling parameter was
determined to JDy−Cu/kB = 1.82 ± 0.04 K for 2 (Table 5).
The determined Zeeman diagrams for JzDy = ±15/2, ±11/2,
and ±9/2 are shown in Figure 8.
The HF-EPR analysis elucidated not only the Dy−Cu

exchange coupling, but also the mixing of the Dy3+ ground-state
wave functions. Even a tiny variation of exchange couplings for
the nonequivalent bonds can be resolved clearly. Such
quantitative and precise determination of the exchange
coupling highlights the powerfulness of the HF-EPR.

■ DISCUSSION

Now let us discuss the magneto−structure relation for the
series of Dy−Cu compounds. To expand the parameter survey
range, the data of two known compounds, A ([CuII(LA)-
(C3H6O)Dy

III(NO3)3]; H2L
A = N,N′-bis(3-methoxysalicyli-

dene)-1 ,3-d iamino-2 ,2-d imethy lpropane)16 and B
([DyIIILB2(NO3)2{Cu

II(CH3OH)}2](NO3)(CH3OH); H2L
B =

2,6-bis(acetylaceto)pyridine),15 with analogous DyO2Cu struc-
tures are included in the discussion. Table 6 summarizes the
exchange coupling constants, JDy−Cu, together with the
geometrical parameters. In the following analysis, we used the
averaged value of two exchange couplings in 2 and B, because
of the uncertainty of the assignment of two exchange couplings
to two Cu sites. It is found that the exchange coupling of 1 is
the largest and twice as large as that of B, while the values of 2
and 3 are only slightly larger than that of A.
At the first stage, we investigated the relationship between

the coordination number (CN) of the Dy3+ ion and the Dy−O
bond length. Figure S4a (ESI) shows the normalized Dy−O
bond length against the CN. The Dy−O bond length of the
CN = 8 subset is longer than those of the CN = 10 subset by
ca. 6%. It is quite unusual, because in general an increase of CN
enlarges the ionic radius.46 A possible reason for the present
anomaly may reside in the rigid coordination structure of B,
where the Dy3+ ion is surrounded by a compartment
metalloligand or metallacrown47 [LB

2Cu
II
2]. The resultant

structure is highly planar and loses configurational freedom.
The Dy−O distance is thus regulated by the [LB2Cu

II
2]

structure itself regardless of CN. Discussion using CN requires
special attention.
Next, we plotted the exchange coupling against the bond

lengths of Dy−O and Cu−O averaged in the DyO2Cu core
structure, as shown in Figure S4b (ESI). Compound 1 has O5
at an axial position of Cu1, and 2 also has O3 at an axial site of
Cu1 (see above). The contribution of the Dy1−O(axial)−Cu1
pathways is negligible. The exchange coupling is insensitive to
the Cu−O bond lengths but seems to depend slightly on the
Dy−O bond lengths. Compound B with the longest Dy−O
distance gives the weakest exchange coupling. Another relation
between the exchange coupling and the Dy···Cu interatomic
distance (Figure S5, ESI) also exhibits that shorter distance
favors stronger exchange coupling.
The plot of exchange coupling against the Dy−O−Cu bond

angle is shown in Figure 9a. The angle is the average of the
double oxygen paths. We found that the bond angles are split
into two regimes around 100° and 109°. The average of
exchange couplings of the three samples in the former regime is
larger than the average in the latter regime. As a general trend
of the Gd−Cu case, the exchange coupling decreases with
increasing Gd−O−Cu bond angles, while exchange coupling
does not much depend on the Cu−O bond length.13,48 In the
framework of the superexchange mechanism, the exchange
coupling between Dy and Cu depends on the orbital overlap
and the orthogonality in the Dy−O−Cu bond. The Dy−O−Cu
angle may have a clue to the exchange coupling mechanism. At
the present stage, however, cautious analysis is needed for
further discussion because of the narrow range of the bond
angles.
Finally, we discuss the effect of the geometrical parameter

governing the skeleton of the molecule. In Figure S5 (ESI), we
have plotted the exchange parameter against the Dy···Cu
distance. Since the Dy···Cu distance becomes shorter when the
Dy−O−Cu bond angle is smaller, the plot is related to Figure
9a. Furthermore, the plot of the exchange parameter vs the
Dy−O bond length shown in Figure S4b (ESI) is also related to
Figure 9a. As already mentioned, the bridge using the Cu axial
site is useless for the exchange coupling. However, such an axial
bridge may play an important role for the molecular skeleton;
for example, it would force the Cu−O−Dy angles narrower and
the Cu−O···O−Dy dihedral angle smaller, as found in 1 and 2.
As cited above, it is well-known that JGd−Cu value shows a

relation with the butterfly angle ϕ.11−13 The largest J/kB = 18.1
K was characterized for ϕ = 178.39° and a smaller J/kB = 0.6 K
was obtained for ϕ = 147.01°. A general trend in the relation

Figure 9. Plots of the Dy−Cu exchange parameters in five DyO2Cu compounds (a) as a function of θ(Dy−O−Cu) and (b) as a function of ϕ(Dy−
O···O−Cu).
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between JDy−Cu and ϕ is also recognized, but the profile is quite
different (Figure 9b). This trend may be understood in two
ways. First, the change of ϕ causes the change of the Dy−O−
Cu bond angle. Another possibility is that the overlap or
orthogonality of the Dy−O−Cu bond varies with ϕ. These two
can be understood by considering the change of bonding with
spatial extension and direction of lanthanide wave functions.
Although the exchange coupling must be related to the local

structure of each bond; namely, the bond lengths and the bond
angles, the butterfly angle may be useful to discuss the whole
DyO2Cu skeleton of the molecule holding the larger exchange
couplings. Further investigation combined with quantum
chemistry calculation may unveil the underlying rule of
magneto−structure relation and the mechanism of the strong
4f−3d exchange coupling.

■ CONCLUSION

We have synthesized three new Dy−Cu SMMs with large
ferromagnetic exchange coupling after paying attention to the
structural diversity of hinge-like coordination flexibility. We
clarified the following: (1) New molecular structures can be
obtained by the control of solvents. (2) The strong exchange
couplings are caused by the double bridge structure. (3) HF-
EPR is a unique method to determine the exchange coupling
and the state of the rare earth ions, affording the JDy−Cu values
in the (1.79 ± 0.04)−(2.25 ± 0.05) K for 1−3. (4) By
examination of the structural parameters in three present and
two additional known compounds, the relations between the
exchange couplings and bond angles and butterfly angles is
found. The butterfly angle representing the DyO2Cu skeleton is
a simple but a useful parameter to predict the strength of
exchange couplings.
The present work gives the first detailed investigation of

magneto−structure relation based on the precise determination
of exchange coupling in Dy−Cu compounds. Such relationship
allows us to draw molecular design and improve the magnetic
exchange coupling in various molecule-based magnets,
including cubane and semicubane structures often found in
SMMs. Moreover, doubly oxygen-bridged motifs are commonly
found in metal oxides, so that the present compounds might be
regarded as minimum exchange-coupled models or prototypes
for polymeric oxide-based magnets. Although the explanation
has to wait for theoretical treatment, empirical magneto−
structural relation will be applied to design 4f−3d-based
magnetic materials. The established methodology will make
great progress in the study of the exchange coupling
mechanism in heterometallic complexes.
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