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dinuclear dysprosium complex
showing single-molecule magnetic behavior:
supramolecular approach to isolate magnetic
molecules†

Dong-Fang Wu,a Kiyonori Takahashi, *ab Masaru Fujibayashi, c Naoto Tsuchiya,c

Goulven Cosquer, c Rui-Kang Huang, ab Chen Xue, ab Sadafumi Nishihara cd

and Takayoshi Nakamura*ab

Using Na-encapsulated benzo[18]crown-6 (Na)(B18C6) as a counter cation, we successfully magnetically

isolated a fluoride-bridging Dy dinuclear complex {[(PW11O39)Dy(H2O)2]2F} (Dy2POM) with lacunary

Keggin ligands. (Na)(B18C6) formed two types of tetramers through C–H/O, p/p and C–H/p

interactions, and each tetramer aligned in one dimension along the c-axis to form two types of

channels. One channel was partially penetrated by a supramolecular cation from the �a-axis direction,

dividing the channel in the form of a “bamboo node”. Dy2POM was spatially divided by this “bamboo

node,” which magnetically isolated one portion from the other. The temperature dependence of the

magnetic susceptibility indicated a weak ferromagnetic interaction between the Dy ions bridged by

fluoride. Dy2POM exhibited the magnetic relaxation characteristics of a single-molecule magnet,

including the dependence of AC magnetic susceptibility on temperature and frequency. Magnetic

relaxation can be described by the combination of thermally active Orbach and temperature-

independent quantum tunneling processes. The application of a static magnetic field effectively

suppressed the relaxation due to quantum tunneling.
Introduction

Single-molecule magnets (SMMs) can be applied to ultra-high-
density data storage,1 quantum computing,2 and spintronics3

because of their nontrivial memory effect and quantum
phenomena.4–10 SMMs are molecules with energy barrier to spin
reversal which induce magnetization without external magnetic
eld. This magnetization relaxes slowly in time at low temper-
ature, resulting in a frequency dependence of the dynamic
susceptibility. They are “molecule-sized permanent magnets”
that exhibit magnetic hysteresis, although they have no
magnetic long-range order. In order to observe this behaviour,
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a well isolated Ising ground state must be favored.11 In other
word, the ground state should consist of pure mJ state with the
greatest value and a large energy barrier. The pure mJ state will
prevent the quantum tunneling of the magnetization whereas
the energy barrier will prevent the thermal relaxation.12 In the
case of lanthanides based SMM, the electronic conguration
can be controlled by an adjustment of the coordination envi-
ronment around the ions.13 A large magnetic anisotropy appears
as a result of the interaction between the orbital angular
momentum component and ligand eld potential. Therefore,
the use of lanthanides enables the creation of SMMs with single
ions (single-ion magnets (SIMs)).12,14–19

Because the magnetic properties of SMMs originate from
a single molecule, the molecules of SMMs must be magnetically
separated within the crystal.20–23 Several approaches have been
reported to achieve magnetic shielding between magnetic
molecules, utilizing bulky lacunary polyoxometalates (POMs) as
ligands.24–28 For example, E. Coronado et al. reported that
[LnW10O36]

9� (Ln ¼ Tb, Dy, Ho, and Er), in which lacunary
POMs sandwich lanthanide ions, exhibit magnetic relaxation
characteristic of SMMs.29 Larger lacunary POMs can be used to
construct lanthanide multinuclear complexes.26 In particular,
the diamagnetic ligands Keggin and Wells-Dawson type lacu-
nary heterotungstates can sandwich and magnetically isolate
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structure of {[(PW11O39)Dy(H2O)2]2F} in the crystal, with Dy-
bridged fluoride at the symmetric center; Dy, O, W, F, and P are shown
in green, white, blue, yellowish-green and orange, respectively. Dy, F,
and O atoms coordinated to Dy are depicted as balls, and the others
are shown as stick models. The minor disordered sites of O and W
atoms are omitted for clarity.
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multinuclear units, and a variety of lanthanoid multinuclear
complexes have been synthesized.25,26,28 For example, (TBA)8.5-
H1.5[(PW11O39)2Dy2X2(H2O)2]$6H2O (X ¼ OH; F; OAc), in which
the Dy dinuclear unit bridged by two F�, OH� or OAc�,
Dy2X2(H2O)2, is sandwiched by lacunary Keggin, is reported.30

Bridging ligands between lanthanides play an important role in
SMM behavior. In these crystals, the uoride- and hydroxyde-
bridged complexes exhibit SMM behavior with Ueff ¼ 98 and
74 cm�1, respectively, while the acetate-bridged complex does
not exhibit SMM behavior.

It is also possible to use counter cations to spatially isolate
the complex to ensure SMM behavior. We previously showed
that supramolecular structures comprising crown ethers and
inorganic or organic ammonium cations exhibit large ampli-
tude motions such as molecular rotation in crystals.31–37 The
cation is isolated from the counter anion to ensure space for
molecular motion in the crystal. For example, in the crystal of
(4,40-bipyridinium)(dibenzo[24]crown-8)[Ni(dmit)2]

�, where
dmit2� ¼ 1,3-dithio-2-thione-4,5-dithiolate, mono-protonated
4,40-bipyridinium is connected via hydrogen bonds to form
a pseudo polyrotaxane structure by penetrating dibenzo[24]
crown-8.38 One of the pyridine rings of 4,40-bipyridinium
exhibits rotational motion at about 293 K as a result of its
isolation from the other molecules. Supramolecular cationic
structures are also useful for isolating counter anions. In the
case of Cs2([18]crown-6)3[Ni(dmit)2]2

�, [18]crown-6 rotates in
the Cs2([18]crown-6)3 triple-decker structure.37 The counter
anion, [Ni(dmit)2]

�, forms a dimer, which is completely isolated
and surrounded by supramolecular cations.

In this study, we focused on a dinuclear Dy complex with
a lacunary Keggin ligand.39–41 To ensure the separation of the
complex, (Na)(B18C6) (B18C6 ¼ benzo[18]crown-6) supramo-
lecular cations were introduced into the crystal. Within the
crystal, (Na)(B18C6) formed two types of tetramers via C–H/O,
p/p and C–H/p interactions, each of which was arranged in
one dimension to form a bamboo-like channel structure. The
uoride-bridged Dy dinuclear complex coordinated with two
lacunary Keggin ligands and four H2O molecules. {[(PW11O39)
Dy(H2O)2]2F} (Dy2POM) was divided by a “bamboo node” and
completely isolated from the neighboring complexes. The
crystals exhibited the magnetic relaxation characteristics of an
SMM at low temperatures.

Results and discussion
Crystal structure

The crystal system and space group of [(Na)(B18C6)(H2-
O)0.5]2[(Na)(B18C6)(H2O)1.5]2[(Na)(B18C6)(H2O)]2[(Na)(B18C6)-
(H2O)1.75]2[((PW11O39)Dy(H2O)2)2F][(Na)(B18C6)]2(F)$12H2O (1)
are triclinic, P�1. Half of the Dy2POM structure, four (Na)(B18C6)
units coordinated by water molecules, [(Na)(B18C6)(H2O)1.75],
[(Na)(B18C6)(H2O)1.5], [(Na)2(B18C6)2-
(H2O)] and [(Na)2(B18C6)2(H2O)0.5], denoted as A–D, respec-
tively, are crystallographically independent.

One water molecule with an occupancies of 0.5 in A, two
water molecules with occupancies of 0.5 and 1 in B, one water
molecule with an occupancy of 1 in C, and two water molecules
© 2022 The Author(s). Published by the Royal Society of Chemistry
with occupancies of 0.75 and 1.0 in D, respectively, were coor-
dinated to Na+ (Fig. S1†). In addition, six water molecules were
isolated within the crystal as crystallographically independent
guest molecules. Electron densities that could not be assigned
to individual atoms were subtracted using the SQUEEZE func-
tion of the PLATON program.42 The composition of the crystals
was also determined from X-ray photoelectron spectroscopy
(XPS). XPS measurements conrmed the presence of C, H, O,
Dy, W, Na, and F atoms, but no B or N atoms were observed
(Fig. S5†). The composition ratio of Na, P, and F was estimated
to be 5 : 1 : 1 from SEM-EDX measurements (Fig. S6 and Table
S2†), corresponding to the estimation about the number of
(Na)(B18C6) and uoride ion. Based on the elemental analyses
and charge balance of the crystal, the two (Na)(B18C6) units and
one uoride ion should exist in the crystal in addition to the
assigned molecules. The thermogravimetric analysis suggests
that total number of the H2O is approximately 28 (see Fig. S7†).
The number of water molecules in the crystal 1 assigned by X-
ray analysis is 25.5 per formula. There are about three H2O
molecules in the crystal that were not assigned by structural
analysis. The electron density not assigned to individual atoms
(224 e�/mol) would consist of one (Na)(B18C6) unit (178 e�/
mol), one uoride ion (10 e�/mol), and about three H2O mole-
cules (10 e�/mol each). Since crystal 1 would not form without
(m-uoroanilinium+)(BF4

�), the source of the F atom, we
conclude that the uoride-bridged Dy dinuclear complex is
present in the crystal.43

Fig. 1 shows the structure of Dy2POM. Lacunary POM ligand
is disordered over two sites with the occupancy ratio of
0.556(8) : 0.444(8) (Fig. S2†). In Dy2POM, four O atoms of the
lacunary Keggin ligand, two O atoms of H2O, and one F� ion are
coordinated to the Dy atom. The two Dy atoms are bridged by
uoride located at the symmetric center to form a dinuclear
complex.

In a complex of dinuclear Dy bridged by a single uoride ion,
Dy–F bond lengths of 2.137–2.315 Å and Dy–F–Dy angles of
169.8–180� have been reported.44,45 The Dy–F bond lengths
(2.184 Å) and Dy–F–Dy angles (180�) found in Dy2POM are
reasonable values. (Na)(B18C6) and H2O molecules coordinated
to Na form 1D supramolecular arrays. Fig. 2 shows the structure
RSC Adv., 2022, 12, 21280–21286 | 21281
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Fig. 2 One-dimensional (1D) array of supramolecular cations along
the c-axis. The (Na)(B18C6) units of A, B, C, and D are shown in green,
blue, magenta, and orange, respectively. The 1D chains of (a) A and B
(AB-chain) and (b) C and D (CD-chain).
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of the one-dimensional (1D) arrays of supramolecular cations.
There are two types of (Na)(B18C6) supramolecular arrays: one
comprising A and B, and the other comprising C and D (AB- and
CD-chains, respectively). Each is arranged in one dimension
along the c-axis. In the AB-chain, two A units formed a dimer by
the C–H/O interaction, which formed a B-A–A-B-type tetramer
with neighboring B via p/p interactions between the
Fig. 3 Crystal structure of 1. The colors of supramolecular cations A, B, C
the space filling model. H2Omolecules other than H2O coordinated to Na
channels,Ch1 and Ch2, formed along the c-axis direction are indicated by
B penetratingCh2, acting similar to a “bamboo node”. Black and red arrow
Å) of the nearest hydrogen atoms. (c) b-Axis projection showing compartm
c-axis divided by bamboo nodes. The distance between adjacent Dy2PO
atoms.

21282 | RSC Adv., 2022, 12, 21280–21286
phenylene groups. In the CD-chain, the two D units formed
a dimer via p/p interactions. The –CH2–CH2- group of the D
unit and the p plane of the phenylene ring of the C unit were in
contact below the van der Waals radius, indicating that C–H/p

interaction occurred between the C and D units. Consequently,
a C-D–D-C tetramer was formed in the CD-chain. There was no
strong interaction between the adjacent tetramers in either
chain. Two types of channels parallel to the c-axis were formed
(denoted as Ch1 and Ch2, as shown in Fig. 3a). Channel Ch1 had
minimum and maximum diameters of 6.2 and 10.5 Å, respec-
tively, and was lled with two (Na)(B18C6) units and 12H2O
molecules, according to molecular formula (Fig. S3†). In
contrast, Ch2 was partially penetrated by supramolecular cation
B from the �a-axes (Fig. 3b). As shown in Fig. 3b, the two
supramolecular cations, B, penetrating Ch2 are the closest
together at the H atom, with an H–H interatomic distance of
3.616 Å. Ch2 had a space with a minimum width of only 1.2 Å.
No atoms could be assigned to the space between the two
supramolecular cations of C. The Ch2 channel was divided into
compartments separated by “bamboo nodes” as a result of the
penetration of supramolecular cation C. Dy2POM and two H2O
were embedded in each of the compartments separated by the
bamboo nodes (Fig. 3d). The distance between the adjacent
, and D are the same as in Fig. 2. Supramolecular cations are shown in
and Dy are omitted. (a) c-Axis projection, showing the two types of 1D
dotted line squares and circles, respectively. (b) Supramolecular cation
s indicate the center-to-center (3.616 Å) and end-to-end distances (1.2
ents separated by bamboo nodes. (d) Alignment of Dy2POM along the

M units is 4.641 Å, as measured between the centers of the nearest O

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Dy2POM units in the channel was 4.641 Å, as measured between
the centers of the nearest O atoms (Fig. 3d). Considering the van
der Waals radius of the O atom (1.52 Å), there was a space of
1.60 Å between the Dy2POM ends along the c-axis (Fig. 3c). In
addition, Dy2POM was separated by (Na)(B18C6) in the a- and b-
axes directions. The central F distances between adjacent
Dy2POM units were 17.566 and 17.872 Å along the a- and b-axes,
respectively (Fig. S4†), while intramolecular Dy distance was
4.368 Å. The Dy2POM units were spatially and therefore
magnetically isolated from each other in the compartments
between the bamboo nodes.

Magnetic properties

The temperature dependence of the molar magnetic suscepti-
bility (cm) of crystal 1 is shown in Fig. S9.† The crystal exhibited
ferromagnetic interactions, with cmT values considerably
increasing with decreasing temperature below 30 K. These
results indicated the existence of ferromagnetic interactions
between Dy cations bridged by uoride.30,45,46 To investigate the
magnetic dynamics of individual Dy2POM units, the tempera-
ture and frequency dependences of the AC susceptibilities were
measured. Fig. 4 shows the temperature and frequency depen-
dences of the real (c0) and imaginary (c00) parts of the magnetic
susceptibilities under zero and 400 Oe direct magnetic elds.
Even under the zero eld, a remarkable frequency dependence
Fig. 4 Temperature and frequency dependence of in-phase (c0) and o
magnetic field for the polycrystalline sample of 1. The lines are a visual g

© 2022 The Author(s). Published by the Royal Society of Chemistry
was observed, indicating that the Dy2POM unit exhibited the
slow relaxation of magnetization typical of SMMs. c0 gradually
decreased with increasing frequency from 1 Hz at all tempera-
tures. c00 showed a maximum, and the peak shied to higher
frequencies at higher temperatures. Direct magnetic elds
suppress the quantum tunneling of magnetization (QTM)
process. The frequency dependence of AC magnetization at
a direct magnetic eld of 400 Oe is shown in Fig. 4b. Compared
with the zero eld, the c0 00 peak shied to a lower frequency. The
QTM was efficiently suppressed in the presence of a direct
magnetic eld.47

Magnetic relaxation time (s) was calculated using the single-
relaxation Debye model (Fig. S10 and Tables S3 and S4†). The
temperature dependence of ln(s) is shown in Fig. 5. The
temperature dependence of s was analyzed using the following
equations:

s�1 ¼ sQTM
�1 þ s0

�1 exp

�
� Ueff

kBT

�
; (1)

s�1 ¼ AH4T þ s0
�1 exp

�
� Ueff

kBT

�
: (2)

sQTM represents the temperature-independent QTM. The
rst term of eqn (2) represents the direct relaxation process,
ut-of-phase (c00) products under (a) zero field and (b) 400 Oe direct
uide.

RSC Adv., 2022, 12, 21280–21286 | 21283
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Fig. 5 Magnetic relaxation rate for crystal 1 by AC magnetometry
under 0 and 400 Oe direct magnetic fields (note: log–log scale).
Black-open and -closed circles correspond to the s under 0 and 400
Oe direct magnetic fields, respectively. Blue and purple lines were fit
with eqn (1) using Ueff ¼ 14.8 K, s0 ¼ 2.38 � 10�5 s, and sQTM ¼ 2.74 �
10�3 s, and with eqn (2) using Ueff ¼ 28.6 K, s0 ¼ 3.04� 10�5 s, and A¼
1.37� 10�10 Oe�4 K�1 s�1, respectively. Magenta-, green- and orange-
colored lines are the Orbach, QTM, and direct components,
respectively.
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where A is the tting parameter, andH is themagnetic eld. The
second term represents the Orbach process of thermally acti-
vated relaxation. Ueff is the effective energy barrier for magne-
tization reversal, and kB is Boltzmann's constant.48 Without
a direct magnetic eld, a full model including various combi-
nation of QTM, Raman and Orbach relaxation process have
been investigated to t the experimental data, and the best
result was obtained for the QTM + Orbach model (eqn (1)) with
Ueff/kB ¼ 14.8 K, s0 ¼ 2.38 � 10�5 s, and sQTM ¼ 2.74 � 10�3 s.
The obtained s0 and Ueff/kB values were comparable to those of
other reported Dy dinuclear SMMs.49,50 The temperature
dependence of s was reproduced using eqn (2) with Ueff/kB ¼
28.6 K, s0 ¼ 3.04 � 10�5 s, and A ¼ 1.37 � 10�10 Oe�4 K�1 s�1.
Because the temperature dependence of s could be tted with
a direct term, QTM was effectively suppressed under a direct
magnetic eld of 400 Oe.

Experimental
Synthesis

General. All chemicals were of reagent grade and used as
received. sodium tungstate(VI) dihydrate was procured from
Wako Pure Chemical Industries (Osaka, Japan). DyCl3$6H2O
was procured from the Merck Company. B18C6 and tetra-
uoroboric acid were procured from Fujilm Wako Chemicals
(Osaka, Japan). m-Fluoroaniline was procured from TCI Fine
Chemicals. The precursor lacunary Keggin, Na8H[PW9O34], and
sodium decatungstate (Na4W10O32) were obtained according to
the procedures reported in literature.51 (m-
21284 | RSC Adv., 2022, 12, 21280–21286
uoroanilinium+)(BF4
�) was synthesized according to the

procedures reported in literature.31 The infrared spectrum of
crystal 1 was measured using a Nicolet iS10 FTIR spectrum
instrument equipped with an attenuated total reection unit.

[(Na)(B18C6)(H2O)0.5]2[(Na)(B18C6)(H2O)1.5]2[(Na)(B18C6)
(H2O)]2[(Na)(B18C6)(H2O)1.75]2[((PW11O39)Dy(H2O)2)2F]
[(Na)(B18C6)]2(F)$12H2O (1). Solid DyCl3$6H2O was dissolved in
10 mL of H2O during stirring, and a solution of Na2CO3 (1.00 M)
was then slowly added, resulting in a pH level of 6.1. Aer the
solution temperature reached 80 �C, Na8H[PW9O34] (1.0 g, 0.42
mmol) was added, and the mixture was stirred at 80 �C for 1 h.
The solution was then cooled to room temperature and centri-
fuged to remove insoluble material. The aqueous solution
containing B18C6 (400 mg, 1.28 mmol) and (m-
uoroanilinium)(BF4) (120 mg, 0.6 mmol) was added to the
clear solution and stirred for 4 h at room temperature. Aer
ltration, the ltrate was maintained for 1 day, resulting in
colorless block crystals. Yield: 46% (based on Dy). Anal. calcd
for C160H296.5Dy2Na10O166.25F2P2W22 (%): C 21.02, H 2.73; found
(%): C 21.01, H 3.06, where calculations were based on
a composition assuming that the water molecules of the guest
and the water coordinated to Na were desorbed during the
experimental manipulation. Selected IR data (ATR, cm�1):
3643(m), 3458(w), 3129(w), 2921(w), 2873(m), 2712(w), 2280(w),
2111(w), 1630(w), 1594(m), 1503(s), 1450(s), 1351(m), 1289(w),
1250(s), 1214(s), 1118(s), 1086(m), 1038(s), 943(s), 881(s), 806(s),
744(w), 690(w), 592(w).

Characterization. Surface compositions of the crystal 1 were
analysed using a JEOL JPS-9200 X-ray photoelectron spectrom-
eter (XPS). Energy-dispersive X-ray spectroscopy (EDX) under
scanning electron microscope (SEM), which was obtained by
Hitachi SU8230 (Hitach High-tech), was performed and ana-
lysed by a Bruker Quantax EDS and ESPRIT soware. Ther-
mogravimetric differential thermal analyses (TG-DTA) were
performed on Rigaku Thermo Plus TG-DTA 8120 thermal
analysis station employing an Al2O3 reference sample, at the
temperature range from room temperature to 800 �C at a heat-
ing rate of 5 K min�1 under a ow of N2 gas (ow rate 50
mL min�1).

Crystal structure analysis. The single-crystal X-ray diffraction
measurements of all compounds were performed using
a RIGAKU MicroMax-007HF diffractometer equipped with Cu
Ka (l ¼ 1.54184 Å) X-ray radiation source and a Pilatus 200 K
detector. A single crystal was mounted on CryoLoop (Hamp-
ton Research) with Paratone® 8277 (Hampton Research). Data
collection, cell renement, and data reduction were performed
using CrysalisPRO (Rigaku Oxford Diffraction, 2017). The
structures were determined using direct methods with
SHELXT52 and rened using full-matrix least-squares tech-
niques on F2 with SHELX53 compiled in the OLEX2 package.54

Crystal anisotropic thermal parameters were assigned to all
non-hydrogen atoms. The CCDC deposition number was
2174802.†

Magnetic measurement. Magnetic susceptibility was
measured using Quantum Design MPMS3 at the Faculty of
Science, Hokkaido University, under 1000 Oe in a temperature
range of 300–2 K. AC magnetic susceptibility measurements
© 2022 The Author(s). Published by the Royal Society of Chemistry
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were conducted on an MPMS-5S SQUID magnetometer by the
Science Faculty of Hiroshima University. Measurements were
performed using a sample holder (plastic wrap). AC measure-
ments were conducted during heating from 1.8 to 10 K, and the
frequencies of AC magnetic susceptibility are shown in Fig. 4.
The eld (400 Oe) that best suppressed the QTM process during
AC magnetic susceptibility measurement was determined via
frequency-dependent AC magnetic susceptibility measurement
at 1.8 K under several direct magnetic elds from 0 to 3000 Oe in
the frequency range of 1–1000 Hz, as shown in Fig. S11.†

Conclusions

Using (Na)(B18C6) as a counter cation, we succeeded in
isolating a uoride-bridged dinuclear Dy complex with lacunary
Keggin ligands (Dy2POM) in the crystal. (Na)(B18C6) was one-
dimensionally arranged in the crystal, forming a bamboo-like
channel structure. Dy2POM units were embedded between
“bamboo nodes” and completely isolated from neighboring
complexes. Thus, it was possible to evaluate the magnetic
properties of Dy2POM as a single molecule. Weak ferromagnetic
interactions between Dy cations bridged by uoride were
observed. Magnetic relaxation proceeded via the Orbach
process, and the absolute values of the effective energy barrier
and relaxation time indicated that the SMM properties were
essentially attributable to single ions.

There are two possible reasons for the observed SMM
behaviour: the effect of the diamagnetic lacunary POM ligands
and the effect of spatial isolation by supramolecular cations.
The supramolecular approach is effective in achieving isolated
SMM structures in crystals for complexes where spatial isolation
is essential for SMM behaviour.22 In future, we plan to test its
usefulness with other SMM candidate molecules.
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