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ABSTRACT: Thanks to the MeCN hydrolysis in situ reaction, a [2 X 2]
square grid Dy, cluster based on a polypyridyl triazolate ligand,
[Dy,(OH),(bpt),(NO,;),(OAc),] (1), was separated successfully and
characterized through single-crystal X-ray diffraction and SQUID magneto-
metry. The frequency-dependent signals in the out-of-phase component of
the susceptibility associated with slow relaxation of the magnetization
confirmed that complex 1 displays single-molecule magnet (SMM)
behavior. Two distinct slow magnetic relaxation processes, with effective ?
energy barriers U, = 93 cm ™" for fast relaxation and U,g, = 143 cm™ for s

slow relaxation observed under a zero direct-current field, are mainly s
attributed to the origin of single-ion behavior, which can be further
acknowledged by the magnetic investigation of a dysprosium-doped yttrium
cluster. Besides, it should be noted that complex 1 represents so far the

highest energy barrier among the pure Dy, SMMs.

B INTRODUCTION

Single-molecule magnets (SMMs) have been attracting much
attention for their potential applications in ultrahigh-density
information storage, molecular spintronics, and quantum
information processing." The key point leading to the SMM
behavior arises from the large magnetic anisotropy, which gives
rise to a significant energy barrier for the reversal of
magnetization (U 2 In this context, it is preferred to
explore lanthanide (Ln)-based systems in pursuit of SMMs with
high U because of the strong spin—orbit coupling commonly
observed in Ln ions.”? For pure Ln-SMMs, the Dy ion may
hold the key to obtaining higher U, because of its large
magnetic anisotropy originating from the 6H15/2 state. In
parallel, slow relaxation can be observed in Dy"-only clusters
with different core topologies, e.g., triangle,?’“’sa‘_C defect-
dicubane,%*d linear,” grid,7 square-pyramidal,3‘"8 wheel,” etc.
Winpenny et al. have recorded the highest U value, up to 367
cm™! (528 K), for a Dy"™; SMM with a square-pyramidal
topology.”

In a quest for the magnetic behavior for Ln-based
polynuclear species, we had decided to prepare a Dy"-only
compound involving a 3,5-bis(pyridin-2-yl)-1,2,4-trizole
(Hbpt) ligand (Scheme 1). Recent achievements reveal our
success in preparing a series of pure bpt-based Dy" SMMs,
namely, three Dy, one Dy, and one Dy, with four types
of topologies.* ™ The favorable U, values were found to lie
from 31 to 81 cm™ in the absence of an extra direct-current
(dc) field. Among these bpt-based Dy™ SMMs, our attention
has been paid to pure Dy, clusters with core topology such as
butterfly**? and zigzag.™® In light of further analysis on the
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Scheme 1. Structure of the Hbpt Ligand
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molecular structure and synthetic method, we draw a
conclusion that Hbpt used in the preparation of SMMs plays
the following roles: (i) two pockets for encapsulating the Ln
centers, (ii) a rigid structure dictating the core arrangement,
and (iii) a topology change by solvent molecules or linkers
coordinated on vacant sites.

With these considerations in mind, we focused on the
preparation of pure Dy™, clusters with distinct topology and
higher U, as an extension of our previous bpt-based studies.
Herein we report a new Dy''', cluster,
[Dy,(OH),(bpt)4(NO;),(OAc),] (Dy,, 1). By the self-
assembly of Hbpt and Dy(NO;);6H,0 under MeCN
solvothermal conditions, blocklike colorless crystals of 1 have
been separated successfully. Interestingly, different from what
was reported previously by our group, the Dy, core topology
in 1 belongs to neither the butterfly nor the zigzag
arrangement; instead, it is a kind of square grid. Moreover, a
record value for 1, Uy = 143 cm™ (206 K), is found among all
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pure Dy"™, SMMs. Additionally, to verify the origin of slow
magnetic relaxation of 1, a dysprosium-doped yttrium cluster,
[Dyo24Y376(0OH),(bpt)4(NO;)4(OAc),] (Dy@Y,, 2), has been
synthesized and characterized magnetically. Magnetic studies
indicate that the two relaxation processes that appeared may
originate from the single-ion behavior of the individual
dysprosium ion within the cluster.

B EXPERIMENTAL SECTION

Materials and General Procedures. All of the reagents
employed were commercially available and were used as received
without further purification. Magnetic susceptibility measurements
were performed on a Quantum Design PPMS instrument. All
alternating-current (ac) susceptibility data from 1 to 1488 Hz were
collected under a zero dc field. The sample was packed into the cling
film, which was then mounted in low-background diamagnetic plastic
straws. The data were corrected for the magnetization of the sample
holder and the diamagnetism of the constituent atoms using Pascal
constants. C, H, and N microanalyses were performed on a fresh
sample, which was taken out immediately from the mother liquor, with
an Elementar Vario-EL CHN elemental analyzer. Fourier transform
infrared spectra were recorded in KBr tablets in the range 4000—400
cm™" on a Bio-Rad FTS-7 spectrometer. Powder X-ray diffraction
(PXRD) intensities were measured at 293 K on a Bruker D8 Advance
diffractometer (Cu Ka, 4 = 1.54056 A) by scanning over the range of
5—50° with steps of 0.2°/s. An accurate yttrium/dysprosium ratio was
measured using the inductively coupled plasma (ICP) atomic emission
spectra analyzed by a TJA IRIS(HR) spectrometry.

[Dy,(OH),(bpt),(NO3) ,(OAc),] (Dy, 1). Hbpt (0.1 mmol, 0.023 g)
and MeCN (8 mL) were added to a 23 mL Teflon-lined reactor and
then dissolved by an ultrasonic bath for 10 min at room temperature.
Then Dy(NO;);-6H,0 (0.1 mmol, 0.045 g) was added, and the
subsequent solution was heated at 160 °C for 72 h followed by cooling
to room temperature at a rate of S °C/h. Colorless blocklike crystals
along with white amorphous powder were obtained. The products
were washed with analytically pure MeCN three times and collected by
filtration. The pure colorless crystals were manually separated under a
microscope. Yield: 34% of pure crystals (based on Dy). The purity of
the bulk samples was confirmed by a comparison of the experimental
PXRD pattern with that calculated from the single-crystal study
(Figure S1). Elem anal. Caled for Ci,H,0N,,0,¢Dy,: C, 32.21; H,
2.08; N, 17.34. Found: C, 32.06; H, 2.20; N, 17.10.

[Dyo4Y3.76(0OH),(bpt) 4(NO3) ,(OAC),] (Dy@Y,, 2). . The magnetically
dilute sample, Dy@Y,, was obtained by combining accurately
measured amounts of Dy(NO,;);-6H,0 and Y(NO,;);:6H,0 in a
1:19 molar ratio, following the procedure described above. It should be
noted that, however, the resulting doped ratio is 1:16, a non-
stoichiometric product, even a reaction with an accurate starting ratio.
The purity of the bulk samples was confirmed by a comparison of the
experimental PXRD pattern with that calculated from the single-crystal
study (Figure S1). Elem anal. Caled for Cy,H,oN,,0,5Dy0,4Y576 C,
37.47; H, 2.42; N, 20.17. Found: C, 37.57; H, 2.43; N, 20.22. The
amount of Dy™ in 2 (6%) is confirmed by the ICP measurement.

X-ray Crystallography. Diffraction intensities of 1 and 2 were
collected at 298(2) K on a Rigaku R-AXIS SPIDE image-plate
diffractometer with Mo Ka radiation. The structures were solved by
direct methods, and all non-hydrogen atoms were refined anisotropi-
cally by least squares on F* using the SHELXTL program.'® Hydrogen
atoms on organic ligands were generated by the riding mode. Crystal
data and structural refinement are listed in Table 1. CCDC 1054224
(1; see the Supporting Information) and 1405886 (2; see the
Supporting Information) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif [or fax (+44) 1223-336-033 or e-mail deposit@
ccde.cam.ac.uk].
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Table 1. Crystal Data and Structural Refinement for 1 and 2

1 2
empirical formula Cs2HyN24015Dy, Cs52HyoN24015Dy024 Y376
fw 1939.08 1662.38
temperature/K 298(2) 298(2)
cryst syst monoclinic monoclinic
space group P2,/n P2,/n
a/A 11.9694(4) 12.1909(5)
b/A 17.0199(4) 16.8969(8)
/A 15.5030(S) 15.4868(6)
f/deg 92.784(1) 92.091(1)
V/A3 3154.51(16) 3188.2(2)

V4 2 2
Peac/g cm™ 2.041 1.732
u/mm™! 4.773 3.755
reflns collected 7121 7198
reflns unique 5419 5072
R(int) 0.0498 0.0581
GOF on P 1.108 1.018
R1% [I > 26(1)] 0.0428 0.0394
wR2Y (all data) 0.1133 0.0942

“R1 = YIIF,| — IFll/YIF,. "wR2 = [Yw(F.2 — F2)Y/ Yw(F.2)'"2

B RESULTS AND DISCUSSION

Synthesis. Complex 1 was prepared successfully under
solvothermal conditions from the reaction of Dy(NO,);-3H,0
and Hbpt in molar ratio of 1:1 in MeCN at 160 °C. Hydrolysis
of MeCN led to in situ formation of the OAc™ group as a
ligand. This is a common fact for C=N" moiety hydrolysis
under high temperature. The OAc™ groups were confirmed and
distinguished with NO;~ units by IR spectrometry (Figure S2),
as well as the bond distances of N—O and C—C shown in
Figure S3. The elemental analysis data also support the point
above. Upon integration with our previous work, three types of
Dy", arrangement were found for the reaction of Dy(NO,),
and Hbpt ligands, that is, butterfly (planar tetranuclear
core),*" zigzag,** and [2 X 2] square grid in this work. The
key point to obtain various tetranuclear arrangements is control
of the alkali and solvents in a reaction system. With the
presence of Et;N in the reactions, two types of butterfly-shaped
Dy", cores were generated; on the contrary, the zigzag one
formed. In parallel, once MeCN was used as the solvent instead
of alcohols, a [2 X 2] grid of the Dy", core was observed,
owing to hydrolysis of the C=N" moiety.

Crystal Structure. Complexes 1 and 2 are isostructural and
crystallize in the monoclinic space group P2,/n. The molecular
structure of 1 is described as representative (Figure 1).
Complex 1 features a tetranuclear arrangement of the Dy,
core with crystallographic centrosymmetry. The four Dy™ ions,
therefore, are strictly coplanar and form a [2 X 2] grid. The
coordination geometries for Dym ions in a asymmetry unit were
performed by continuous-shape measurements (CShM) using
SHAPE 2.0 software.'' The calculated results listed in Table S1
reveal that both Dyl and Dy2 possess triangular dodecahedral
geometries with a N,O, coordination environment (Figure S4).

Dyl and Dy2 are chelated by two deprotonated pu-bpt™
ligands in the equatorial plane, resulting in a trans-{Dy,(bpt),}
subunit (Figure 2). In contrast to the previous work, this is
similar to the complex with a zigzag Dy, core'” but different
from two butterfly cases with cis-{Dy,(bpt),} parts (Table
2).%4 Two {Dy,(bpt),} subunits are further bridged by a pair
of u-OH™ and p-OAc™ groups in a face-to-face fashion. Thus, a
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Figure 1. Molecular structure of 1. Hydrogen atoms are omitted for
clarity. Color code: Dy, green; O, red; N, blue; C, gray.

Figure 2. (a) cis- and (b) trans-{Dy,(bpt),} subunits.

Table 2. Relaxation Barrier for Selected Dy™-Only SMMs
with Different Tetranuclear Core Arrangements under a
Zero dc Field

Dy, core U,g/cm™
complex” arrangement (K) ref
[Dy,(OH),(bpt),(NO,),(0Ac),] square grid 143 (206)  this
work
[Dy,(L1),(MeOH)4]-2MeOH linear 120 (173) 6d
Dy,(OH),(bmh),(msh),Cl, butterfly"” 118 (170)  4a
[Dy,(OH),(bpt),(OMe),(NO;),]- butterfly” 81 (116)  4c
3MeOH
[Dy,{H,(L2)},(0Ac)¢]-2EtOH butterﬂyb 74 (107) 4b

[Dl}r(m)z{H(L3)}z(N3)4(O)]‘ square grid 63 (91) 7a

2

[Dy,(OH),(bpt),(NO,),(EtOH),] butterfly” 56 (80) 4d

[Li(thf),][Dy,{N(SiMe;),},(SEt)s] square grid 46 (66) 7d

[Dy,(OH),(bpt),(NO;)(EtOH),]- zigzag 31 (45) 4e
EtOH

[Dy4(OH)4(L4)s(py) (MeOH),] cubane 28 (40)  4g

(ClO,),py-4MeOH

“H,(L1) = [(2-hydroxy-3-methoxyphenyl)methylene] hydrazide;
H,bmh = 1,2-bis(2-hydroxy-3-methoxybenzylidene) hydrazine;
Hmsh = 3-methoxysalicylaldehyde hydrazine; bpt = 3,5-bis(pyridin-
2-yl)-1,2,4-trizaole; Hg(L2) = 1,3-bis[tris(hydroxymethyl)-
methylamino]propane; H,(L3) = bis(methyl 2-pyridyl ketone)-
carbonohydrazone; thf = tetrahydrofuran; H(L4) = isonicotinic acid;
py = pyridine. “Planar tetranuclear core. “Defect dicubane.

[2 X 2] square grid formed. The vacant coordination sites of
each Dy ion are occupied by two NO;~ groups. Selected bond
lengths and angles are given in Table S2. The Dy—O and Dy—
N bond lengths lie in the ranges of 2.211(5)—2.577(5) and
2.480(5)—2.559(6) A, respectively. The Dyl—O-Dy2(A)
bond angle bridged by y-OH™ is 141.8(2)°. The intramolecular
Dyl--Dy2 and Dyl--Dy2(A) distances are 5.062 and 4.183 A,
while the closest distance of the intermolecular Dy™--Dy™ is
7.623 A. Intramolecular hydrogen bonds are found with lengths
of 2.873, 2.542, and 2.746 A separately according with O1---
H10, O2--H1, and O4--Hl (Figure S3). Until now, the
examples of Dy, SMMs with a [2 X 2] grid are numbered,’
and some of them have a y,-O*~ or y,-SEt bridge connecting
four Dy™ centers.”* ™

Magnetic Properties. The magnetic susceptibilities of
polycrystalline samples for 1 were measured using a SQUID
magnetometer from 2 to 300 K at a 500 Oe dc field. The test
results were plotted as yT versus T, as shown in Figure 3a.
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Figure 3. (a) y\T versus T and 1/yy versus T plots for 1 with a
Curie—Weiss fitting as the red line. (b) M versus H and the enlarged
view of M versus HT " plots (inset) for 1. Solid lines are guides for the
eye.

The yyT value is approximately 55.60 cm® K mol™ at 300 K,
which is in agreement with the expected theoretical value of
56.7 cm® K-mol™" for four noninteracting Dy ions (°Hys),, S =
S/y L =5g="%5 C=14 cm® K mol™)."”® The yyT value
gradually decreases to 49.01 cm® K mol™" at 13.00 K with
decreasing temperature probably because of the thermal
depopulation of the Stark levels for a single dysprosium ion,
while a subsequent increase to a maximum of 49.92 cm® K
mol ™" at 3.80 K may be attributed to the presence of weak
ferromagnetic interactions between the spin carriers."* Upon
further lowering of the temperature, the yT value sharply
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Figure 4. Plots of the frequency-dependent in-phase (y,,) and out-of-phase (y\") ac susceptibility at indicated temperatures (top), Cole—Cole
diagrams with solid lines as Debye fits (middle), and magnetic relaxation time 7 versus T~ plots with linear fits of the thermally activated region

(bottom) for 1 and 2, respectively, under assigned fields.

decreases to a minimum of 48.49 cm® K mol ™, which is likely
ascribed to the presence of magnetic anisotropy and/or
intermolecular weak antiferromagnetic interactions.”” The fit
of the experimental y,, data to the Curie—Weiss law in the
temperature range of 300—2 K results in the Curie constant (C
= 55.56 cm® K mol™") and a very small Weiss temperature (6 =
—0.039 K), suggesting very weak antiferromagnetic interactions
overall.

The field dependence of magnetization at 2, 3, and 5§ K
shows that magnetization in the low H/T region becomes more
rapidly saturated (Figure 3b), indicating the ferromagnetic
interactions among four dysprosium ions. Furthermore, the
nonsuperposition of the M versus H/T data on a single master
curve means the presence of significant magnetic anisotropy in
1.

ac magnetic susceptibility measurements were undertaken
under a zero dc field between 3.0 and 20.0 K to further
investigate the dynamic behavior of 1. Both the in-phase (yy,")
and out-of-phase (ry") plots (Figure 4) show frequency-
dependent signals below 20.0 K. The broad peaks found in the
out-of-phase ac susceptibility at 12.0 and 13.0 K indicate the
presence of multiple slow relaxation processes. The temper-
ature-dependent ac susceptibility plots are depicted in Figure S.
At high frequency, two separate peaks can be easily observed
around 13 and 20 K in the out-of-phase ac susceptibility. This
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Figure S. Temperature dependence of the in-phase (') and out-of-
phase (yy") ac susceptibility under Hy. = 0 Oe for 1.

scenario indicates that there are two regimes of relaxation
probably coming from two crystallographic dysprosium ions
within 1. It is not unfamilar for the Dy", grid decribed in the
literature.” At the temperature region below 5 K, an increase of
the ac reponse is commonly observed in the Ln SMMs and
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ascribed to the prevalent quantum tunneling of magnetization
(QTM).* The field dependence of the relaxation rate for 1
reveals suppression of the QTM process upon application of
the field because of the increase of the relaxation time observed
in lower fields and then the decrease in higher fields with a peak
maxmium of 1500 Oe (Figure SS).

The Cole—Cole plots in the form of y/ versus yy" are
shown in Figure 4. With an increase of the temperature, the fast
relaxation (FR) and slow relaxation (SR) gradually separate and
coexist between 11 and 15 K. Upon a further increase of the
temperature, FR diminishes after 16 K and SR dominates
between 16 and 20 K (Figure S6).

The relaxation time was extracted by fitting the Cole—Cole
plots between 3 and 20 K (Figure S6). The frequency-
dependent ac susceptibility data between 11 and 15 K can be
successfully fitted to the modified two-step Debye model
function, giving distribution coefficient values of 0.22—0.01 for
both FR and SR,'® which indicates the relatively moderate
distribution of each relaxation time (Table S3). The data from
3 to 10 K are fitted to the generalized model, yielding o values
of 0.28—0.59. This also indicates the occurrence of multiple
relaxation mechanisms.**"”

Plotting the relaxation time 7 versus the temperature T~' and
a linear fitting of the thermally activated points to the Arrhenius
law afford U, = 93(3) em™' and 7, = 4.07 X 10~ s for FR and
U.p, = 143(15) cm™ and 7, = 2.85 X 1077 s for SR (Figure 4).
As far as we know, the latter is the highest energy barrier amon
the pure Dy, SMMs under a zero dc field (Table 2).*~
Under an optimum field of 1500 Oe, the frequency-dependent
in-phase and out-of-phase ac susceptibility and magnetic
relaxation time 7 versus T~ plots are shown in Figure 4. The
resulting effective energy barrier and relaxation time are nearly
identical with the values extracted from that under zero field.

To gain more insight into the origin of two relaxation
processes for 1, dynamic analysis of the doped species (Dy@Y,,
2) has been performed. ac measurements on 2 reveal that there
is no obvious difference in the magnetic performance presented
by 1 (Figure 4, top). Two slow magnetic relaxations, similarly,
were again observed from the frequency-dependent ac
susceptibilities, which can be further supported by the Cole—
Cole plot showing the superposition of two semicircles at the
fixed temperature area between 11 and 15 K (Figure 4, middle).
The fitting of the Cole—Cole plot using a linear combination of
two modified Debye functions generates o values ranging from
0.09 to 0.28, implying analogous distribution of the relaxation
times (Table S4) with compound 1. Accordingly, the two
relaxation regimes can be mainly associated with the single-ion
behavior of an individual dysprosium ion. Treating the data
extracted from the Cole—Cole plot above S K with the
Arrhenius model gives U, = 86(6) cm™' and 7, = 1.8 X 107° s
for FR and U, = 117(8) em™ and 7, = 4.3 X 107% s for SR
(Figure 4, bottom). The resulting deviation of the effective
energy barriers and relaxation times for complexes 1 and 2 is
probably induced by subtle modification of the coordination
geometries'® around the dysprosium ions in a doped system.
These structural differences are present as varied bond lengths
and bond angles around dysprosium ions (Table S2). Of
course, weak intramolecular ferromagnetic exchange could also
play a role, which has already been demonstrated in most
SMMs reported.'®” For 2, the exchange coupling between the
dysprosium ions virtually vanishes after dilution. The lower
temperature data are markedly nonlinear, suggesting the onset
of competition with other relaxation processes.
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B CONCLUSIONS

In this study, with the help of MeCN hydrolysis in situ, a [2 X
2] square-grid-shaped tetranuclear Dy'", cluster showing SMM
behavior with a remarkably high energy barrier (143 cm™") has
been obtained under solvothermal conditions. A further
magnetic investigation of the dysprosium-doped yttrium cluster
reveals that two distinct slow magnetic relaxation processes are
mainly attributed to the origin of single-ion behavior. The
discovery above not only significantly improves the magnetic
property of the bpt™-bridged complexes but also holds the
hightest U, value among the pure Dy™, SMMs. Modification
of the Hbpt ligand and introduction into auxiliary groups will
be undergoing next to systematically modulate the local
symmetry of Dy™ ions to further enhance the magnetic
properties.
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