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Abstract: Two dysprosium coordination compounds, [Dy,L4(HL),(H,0),](C10,),-2H,0 (1) and [Dy,LC,HsOH)]- H,0

(2), have been synthesized and characterized. Both compounds contain the same ligands 2-methyl-8-hydroxyl-

quinolinate

(HL), while the different coordination modes lead to quite different coordination environments.

Magnetic measurements reveal that the different coordination modes of the ligand lead to a difference in the

dynamic magnetic behaviors. Compound 1 does show a single-molecule magnet behavior, while no out-of-phase
signals are observed in compound 2. CCDC: 1054513, 1; 1052697, 2.
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Over the past decade, single-molecule magnet
(SMM) has received considerable attention due to
potential applications in high density data storage and
quantum computer™. The early research of single-
molecule magnet mainly focused on 3d transition
metal clusters, especially on Mn element. A considerable
amount of Mn clusters with various structures has
been synthesized, such as [Mns], [Mng]®". Besides,
their magnetic properties have been studied exten-
sively. Although 3d transition metal clusters have high

ground state spins, the feeblish magnetic anisotropy
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limits further increase energy barrier of SMM ',
Thus, 4f lanthanide ion with strong magnetic aniso-
tropy is introduced into 3d transition metal clusters in
order to form 3d-4f heteronuclear metal clusters that
may combine the large magnetic anisotropy of
lanthanide ions with the high spin-states of transition
ions""", In recent years, design and synthesis of 4f
compounds which only contain lanthanide metal have
become the topic on single-molecule magnet research,

and a number of lanthanide metal clusters have been

synthesized, such as [Th,], [Dya], [Dys], [Dyi], [Dys],
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[Dys] "% These compounds could play a significant
role in SMM area owing to their large magnetic
moments and huge magnetic anisotropy. This combina-
tion may lead to a high barrier for their spin
reversal.

It has

electronic structure of lanthanide ion is very sensitive

been demonstrated that the overall
to its coordination environment. Even subtle ligand
changes can drastically influence on the overall
physical properties of the lanthanide compounds, and
the SMM behaviour of lanthanide ions is highly
dependent on the ligands®". We also investigated the
effect of different ligands on the magnetic exchange
interactions and the relaxation dynamics™¥. As we
noticed that the same ligand could lead to different
coordination environment, we wonder what will
happen in the compounds contain the same ligands.
For example, 2-methyl-8-hydroxylquinolinate (HL) can
coordinate to metal ions with two modes, chelating or
not. It will certainly lead to a quite different
coordination environment (coordination numbers and
geometries), and in turn, it may make a difference in
the magnetic behaviours.

In this paper, we synthesized two dysprosium
coordination compounds with binuclear structure using
HL as ligand, namely [Dy,l4(HL),(H,0),](Cl0,),-2H,0
(1) and [Dy,ls(C,HsOH)] -H,O (2). As we anticipated,
the coordination environment of the Dy* ions was
significantly different. The Dy* ion in both of the
compounds is eight-coordinated. In compound 1, the
dinuclear core is bridged by two O ions, giving rise to
a [Dy,0,] core. In compound 2, the two Dy ions are
bridged by three O ions, which form a [Dy,05] core.
Magnetic measurements demonstrate that the comp-
ounds exhibit weak intra-binuclear antiferromagnetic
interaction. Compound 1 show frequency-dependent
ac-susceptibility indicative of slow magnetic relaxa-
tion. On the contrary, no out-of-phase ac susceptibility

(x") signal was observed in 2.
1 Experimental

1.1 Reagents and physical peasurements

All reagents and solvents were commercially

available and were used without further purification.
Elemental analyses of carbon and hydrogen were
carried out on a Perkin-Elmer 240C elemental analyzer.
IR spectra as KBr pellets were recorded with a Magna
750 FT-IR spectrophotometer using reflectance techni-
que over the range of 4 000~400 ¢cm™. X-ray powder
diffraction (XRPD) patterns were taken on a Rigaku
D/max 2550 X-ray Powder Diffractometer with Cu Ko
radiation (A=0.154 18 nm, U=30 kV, [=40 mA). All
magnetization were obtained with a Quantum Design
MPMS SQUID VSM magnetometer. The variable-
temperature magnetic susceptibility was measured
with an external magnetic field of 1 000 Oe. Samples
were restrained in eicosane to prevent torqueing.
Pascal’ s constants were used to estimate the
diamagnetic corrections, which were subtracted from
the experimental susceptibilities to give the molar
paramagnetic susceptibilities ( yu)-
1.2 Synthesis

[Dy,Ls(HL),(H,0),](C104), - 2H,0 (1): A mixture of
Dy(C10,);+6H,0 (0.25 mmol, 0.14 ¢g) and HL(1.0 mmol,
0.159 g) in a mixture of ethanol (8 mL) and acetoni-
trile (2 mL) was stirred for 30 min, then the resulting
mixture were filtered. The filtrate was heated at 60 C
(20 mL).
Yellow block-shaped crystals formed and were collected
in 40% yield. IR (KBr, cm™): 3 233(m), 3 178(m), 3 061
(w), 1 645(m), 1 586(s), 1 454(s), 1 432(m), 1 348(s),
1 121(m), 1 001(w), 935(m), 855(m), 813(s), 716(m),
576(m). Anal. Caled. for CgH7#N5ClDy,054(%): C 51.51,
H 4.11, N 6.01. Found(%): C, 51.28, H 4.09, N 5.91.

[Dy,Ls(C,HsOH)]- H,O (2): A mixture of Dy(ClOg);+
6H,0 (0.25 mmol, 0.14 ¢) and HL (0.75 mmol, 0.119
g) in ethanol (10 mL) was stirred for 30 min, then the

for 7 days in a Teflon-lined steel autoclave

resulting mixture were filtered. The filtrate was heated
at 80 °C for 3 days in a Teflon-lined steel autoclave
(20 mL). Yellow block-shaped crystals formed were
collected in 37% yield. IR (KBr, em™): 3 245 (m),
3 089(w), 3 061(w), 1 606(m), 1 569(s), 1 494(s), 1 465
(s), 1 381(s), 1 118(s), 1 024(m), 911(w), 826m), 816
(s), 733 (m), 489(m). Anal. Caled. for CeHseNeDy,05(%):
C 55.65, H 422, N 6.28. Found (%): C, 5538, H
4.15, N 6.22.
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1.3 X-ray crystallography

The data collection and structural analysis of
crystals 1 and 2 were performed on a Rigaku RAXIS-
RAPID equipped with a narrow-focus, 5.4 kW sealed
tube X-ray source (graphite-monochromated Mo Ko
radiation, A=0.071 073 nm). The data processing was
accomplished with the PROCESS-AUTO processing
program. The data were collected at a temperature of
293(2) K. Direct methods were used to solve the

structure using the SHELXTL crystallographic software

B4, All non-hydrogen atoms were easily found

package
from the difference Fourier map. All non-hydrogen
atoms were refined anisotropically. The hydrogen
atoms were set in calculated positions. Crystal data for
compounds are listed in Table 1, and selected bond
lengths and angles for compounds are listed in Table

2 and Table 3.
CCDC: 1054513, 1; 1052697, 2.

Table 1 Crystallographic data for the compounds 1 and 2

Compound 1 2
Empirical formula CygoH7eNsCLDy,0 CeHssNgDy-O5
Formula weight 1 865.39 1338.13
Crystal system Monoclinic Triclinic
Space group P2/c Pl

a/nm 1.243 5(3) 1.363 7(3)
b/ nm 2212 3(4) 1.442 5(3)
¢/ nm 1.761 9(6) 1.557 8(3)
al(°) 90 94.14(3)
B/ 128.51(2) 98.47(3)

v /(%) 90 104.43(3)
V/ nm? 3.792 8(17) 2.916 2(10)
A 2 2

D./ (g-em™) 1.633 1.524

©/ mm™ 2.106 2.601
F(000) 1 876 1332

0 range for all data collection / (°) 6.81~26.00 3.08~26.00
Reflections collected 31 991 24 991
Unique reflections 7312 11 229

R 0.110 8 0.029 4
Goodness-of-fit on F? 1.057 1.081

Ry [1>20(])] 0.067 5 0.036 8
wRy [I>20(1)] 0.153 4 0.1119
Ry (all data) 0.115 2 0.043 3
wR,' (all data) 0.117 33 0.123 1

Ri=2NFJ=IFN ZNF); wRo={ X [w(F~FA% X [wF ) 5w=1/[c*IF,*+(0.051 1Py +19.56P], where P=[IF,*+2IFI)/3.

Table 2 Main bond lengths (nm) and angles (°) of compound 1

Dyl-04 0.223 9(5) 0.227 6(5) Dyl1-01 0.234 7(4)

Dyl-01# 0.250 4(5) 0.227 9(4) Dyl1-05 0.267 5(5)

Dyl-N3 0.270 7(5) 0.273 0(6) Dyl---DylA 0.404 3(1)
Dyl-01-DylA 112.9(2)

Symmetry code: A: —x, —y—1, —z+1
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Table 3 Main bond lengths (nm) and angles (°) of compound 2

Dyl1-02 0.221 6(4) Dyl1-01
Dyl1-04 0.238 6(4) Dyl1-05
Dyl-N3 0.266 0(5) Dyl-NI
Dy2-05 0.230 2(3) Dy2-03
Dy2-07 0.237 9(4) Dy2-N6
Dy2-N4 0.264 6(4) Dyl---Dy2
Dy1-03-Dy2 96.84(15) Dyl1-04-Dy2

0.226 9(4) Dyl1-03 0.234 4(4)
0.236 4(3) Dyl-N2 0.262 8(4)
0.260 1(5 Dy2-06 0.222 1(4)
0.235 4(4) Dy2-04 0.235 7(4)
0.260 0(5) Dy2-N5 0.261 2(4)
0.351 2(1)

95.58(13) Dyl1-05-Dy2 97.66(13)

2 Results and discussion

2.1 Crystal structure
Compound 1 crystallizes in the monoclinic space
group P2)/c and the structure is shown in Fig.la. The

dysprosium ion is coordinated by two bridging ligand

(01, O1A), two chelating ligand (02, N2, 03, N3),

one terminal ligand (04) and one water molecules
(05). The eight-coordinated Dy ions are characterized
by distorted biaugmented trigonal prism geometry, as
calculated using the SHAPE software. Besides, there
is one isolated water molecule and one perchlorate
which is the counterion in the asymmetric structure

unit. The centrosymmetric dinuclear core is composed

Hydrogen atoms and minor disordered components have been omitted for clarity; Thermal ellipsoids are drawn at 50%

probability in (a) and (b); Symmetry code: A: —x, —y—1, —z+1 for 1

Fig.1 (a) Coordination environment of Dy(Ill) ion in compound 1; (b) Coordination environments of Dy(ll) ions in compound 2;

(¢) Molecular structure of compound 1; (d) Molecular structure of compound 2
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of two eight coordinate dysprosium ions bridged by
two ions bridged by two oxygen ions, giving rise to a
Dy,0, core with a Dy-Dy distance of 0.404 3(1) nm
and a Dy-O-Dy angle of 113.9(2)°. Similar Ln,0,
structures have been also reported, such as [Dy,
(hmi), (NO3), (MeOH),], [Dy; (ovph), (NO3), (H0).], [Th,
(valdien),(NO,),] and [Gd,(Hsabhea),(NO3),]**"*". The
shortest intermol-ecular Dy-Dy separation distance
is 1.139 7(5) nm. Only two HL molecules coordinate
to metal ions with a chelating mode, and the rest were
not.

Compound 2 crystallizes in the triclinic space
group Pl and the structure is shown in Fig.1b. The
Dy ions are eight-coordinated and characterized by a
(calculated by
means of SHAPE software). Dyl is coordinated by
three chelating ligands (01, 02, 03, N1, N2 and N3)
(04 and 05). Dy2 is
(04, 05, 06,
N4, N5 and N6), one bridging oxygen atoms (03), and
(0O7). Two eight coordinate

triangular dodecahedron environment

and two bridging oxygen atoms

coordinated by three chelating ligands

one terminal ethanol
dysprosium ions are bridged by three oxygen atoms,
giving rise to a Dy,0; core with a Dy-Dy distance of
0.351 2(1) nm. The Dy-O-Dy angles are 96.84(15)°,
95.58(13)° and 97.33(13)°, respectively. The shortest
intermolecular Dy-Dy separation distance is 0.866 9(5)
nm. In contrast with compound 1, all the ligands
coordinating to Dy* ions have a chelating mode.

Although both of 1 and 2 contain two eight coor-
dinate dysprosium ions, the coordination environments
of Dy** ions are different. In compound 1, the Dy**
ions are characterized by a distorted dodecahedral
environment, and the Dy,0, core is centrosymmetric.
On the other hand, in compound 2, the Dy** ions are
characterized by a square antiprism environment, and
the Dy,0; core is non-centrosymmetric. We expected
that the differences of coordination environments
could influence on the magnetic properties of the
compounds.
2.2 Magnetic properties

The  solid-state

variable-temperature  direct-

current (dc) magnetic susceptibility measured for the

compounds have been carried out in an applied

magnetic field of 1 000 Oe in the temperature range
of 2~300 K. The plots of yyI' vs T are shown in Fig.2.
For compounds 1 and 2, the room temperature Yyl
values are 27.98 and 27.46 cm’-K-mol™, respectively,
in good agreement with that expected for two
uncoupled Dy ions (°Hisp, S=5/2, L=5, J=15/2, g=4/3,
xul'=14.17 em?-K -mol™). Upon decreasing the temper-
ature, the yyT' slightly decreases between 300 K and
25 K, then further decreases sharply until reaches
values of 11.28 and 13.45 c¢m® -K :mol ' at 2 K,
respectively. The overall behaviours of yyT are caused
by thermal depopulation of the Stark sublevels and
significant magnetic anisotropy of the dysprosium ions.
The weak antiferromagnetic interactions between the
metal centres may also make some contribution™,

30
28 F
26
24|
2t
20F
18
16+

2, T/ (cm*molK)

1 n 1 n 1 1 1
0 50 100 150 200 250 300

Temperature / K

Fig.2 Temperature dependence of yyI' for compounds

1 and 2 at 1 000 Oe

Field-dependence measurements of the magne-
tization up to 5 T were performed at 2 K. For comp-
ounds 1 and 2, the values of the magnetization at 5 T
are 10.59uy and 10.22u;, respectively, lower than the
expected saturation value of 2Quy for two Dy ions. The
spin orbit coupling and crystal-field effect may make

B39 The lack of saturation on the M vs

the contributions
H data confirms low lying excited states.

To further investigate magnetization dynamics of

(ac) susceptibility

(de field O Oe,

ac field 3.0 Oe, frequency 10~800 Hz). As shown in

Fig.3,

magnetic susceptibilities are observed in compound 1.

the compounds, alternating-current
measurements have been carried out

frequency-dependent on  alternating-current

This indicates the presence of slow magnetic

relaxation at low temperature, which reveals the
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Fig.3 Temperature dependence of the in-phase (a) and out-of-phase (b) ac susceptibility and frequency dependence

of in-phase (c) and out-of-phase (d) ac susceptibilities for compound 1 under zero dc field

single-molecule magnet behavior.
the
frequency-dependent data, and the Arrhenius plot

The relaxation time was extracted from
obtained from these data is showed in Fig4a The
relaxation follows a thermally activated mechanism
with an energy barrier of 17.2 K and a pre-
exponential factor of 7)=5.91x107 s, in agreement with

that for Dy ! single-molecule magnet with binuclear

-4.0
(@)
45
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55
-6.0

-6.5

In(z/s)

-7.0
-1.5
-8.0

-8.5

Il
0.3
T'/K!

0.1 0.2 0.4 0.5

X"/ (cm*mol™)

structure  (AE/ky 17~198 K, 7 105~107 ) The
data plotted as Cole-Cole plots can be fitted to the
generalized Debye model with o« parameters below
0.20

relaxation process

(Fig.3b), indicating the presence of a single
40 On the contrary, no out-of-
phase signals were observed in compound 2 (Fig.5).
Thus, it may be inferred that the different coordination

modes of the ligand can drastically influence on the

14F ®
12F
1.0}
08|
0.6
04k A 40K

| v50K

®60K
02F «70K
00 A Il L Il L Il L
00 05 10 15 20 25 30 35 40

x'/ (cm*mol™)

Solid line is fitted with Arrhenius law in (a) and the best fit obtained with a generalized Debye model in (b)

Fig.4

(a) In(r) versus T plot for compound 1 under zero dc field; (b) Cole-Cole plots measured for compound 1
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Fig.5 Temperature dependence of the in-phase and out-

of-phase ac susceptibility for 2 under zero dc field

dynamic magnetic behaviors of the lanthanide

compounds.
3 Conclusions

In summary, we have synthesized two dysprosium
coordination compounds, [Dy,L, (HL); (H,0),] (C10,), *
2H,0 (1) and [Dy,L(C,HsOH)]-H,0 (2) with the same
ligands HL. Magnetic measurements reveal that
compound 1 does show a single-molecule magnet
behavior with the energy barrier AE/ky=17.1 K and
the pre-exponential factor 7,=5.95x107 s, while no
out-of-phase signals are observed in compound 2. It
may be inferred that the different coordination modes
of the ligand lead to a difference in the dynamic

magnetic behaviors of the lanthanide coordination

compounds.
Supporting information is available at http://www.wjhxxb.cn
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