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Carboxylate-Bridged Tetranuclear Lanthanide Clusters:
Magnetocaloric Effect and Slow Magnetic Relaxation
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Abstract: By using carboxylate and chelating ligands, a family of tetranuclear lanthanide clusters, namely
[Ling(mnba)(tzp),(H,0),] (Ln=Gd (1), Tb (2) and Er (3), Hmnba=m-nitrobenzoic acid, tzp=2-(1H-1,2,4-triazol-3-yl)
pyridine), has been obtained under hydrothermal conditions. The three complexes exhibit linear tetranuclear
clusters bridged by carboxylates with syn, syn-u,n'/m' mode. Magnetic investigation indicates weak ferromagnetic
interaction between adjacent Gd™ or Er™ ions of the Ln, cluster in 1 and 3, while weak intra-molecular
antiferromagnetic interaction between Th™ ions and/or depopulation of the Th™ excited Stark sub-levels in 2.
Complex 1 exhibits a significant magnetocaloric effect with —AS,™ =20.6 J -kg™ -K ™ and ac susceptibility
measurements reveal frequency- and temperature-dependent out-of-phase signal under 5 kOe de field in 3, being

typical slow magnetic relaxation behavior due to strong anisotropy of Er™ and ferromagnetic coupling. CCDC:

978830, 1; 978831, 2; 978832, 3.
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0 Introduction

The investigation of lanthanide (Ln) clusters has
recently become an active field for their both fascina-
ting structures and exceptional applications as mole-
cular coolers and single-molecule magnets (SMMs)!",
On one hand, Gd ™ clusters could be regarded as
candidate materials for magnetic refrigerators because
of negligible magnetic anisotropy (D), large spin ground
state (S) and low-lying excited spin states of Gd™ ion
and weak couplings between Gd™ ions ™. Generally,
the entropy change (-AS,) is employed to represent the
magnetocaloric effect (MCE) of molecular magnetoref-

gl12-13]

rigerant The magnetic intensity (M, /Ng) and
magnetic interaction (f) between Gd™ ions are proposed
to be main factors to affect MCE for the Gd-type
magnetic refrigerants "'°. To reduce M, /N, ratio and
61 value of Gd" complexes, the utilization of light ligands
to synthesize Gd™ clusters supply an effective tool.

On the other hand, Ln-based SMMs with large
energy barriers have been a hot research topic for
molecular magnets compared with 3d/3d-4f based
SMMs!"™ ™, Ln!! clusters (especially for Th™, Dy, Ho'l
and Er™ types) have recently become favorable candi-
dates to explore SMMs, since the S and D of Ln" ions
could lead to an relatively large anisotropic energy
barrier (U.g) that prevents the reversal of the molecular
magnetization™?"l,

Till now, most of Ln-clusters were constructed
from Schiff-base and calix[4]arenes ligands with their
chelating characteristic™?®), The mixed-ligand strategy,
especially the utilization of carboxylates and N-donor
licands, has been employed to construct discrete
clusters and coordination polymers as a powerful
synthetic approach, while the design and synthesis of
discrete Ln-clusters with unique structures and
magnetic properties still remain a great challenge
because of different affinities and coordination capabi-
lities of the Ln™ ions to O-donors and N-donors®?.

As an extension of our studies on the synthesis
and magnetic investigation of Ln" complexes®?", herein,
we choose sterically hindered Hmnba (m-nitrobenzoic
2-(1H-1,2,4-triazol-3-yl)

acid) and corner ligands

pyridine) (tzp) to construct low-dimensional structures
(Scheme 1). Fortunately, a series of tetranuclear Ln™

clusters, namely |[Lny(mnba)y(tzp),(H,0),] (Ln=Gd (1),
Th (2) and Er (3)) were successfully synthesized.

NO, N
I&
HN / \
2\
COOH
Hmnba tzp
Scheme 1 Ligands used for the synthesis of 1~3

Magnetic analyses reveal that complex 1 is
weakly ferromagnetic coupled with —AS,™=20.6 J kg™
‘K™ for AH=7 T at 2.0 K and complex 3 displays
slow relaxation of the magnetization. Strong quantum
tunnelling effect excludes the existence of slow
magnetic relaxation for 2 although 2 kOe dc field was

exerted.

1 Experimental

1.1 Materials and instrumentation

All chemicals were of reagent grade and used as
purchased without further purification. Elemental
analysis (C, H and N) was performed on a Perkin-
Elmer 240C analyzer (Perkin-Elmer, USA). The X-ray
powder diffraction (PXRD) spectra were recorded on a
Rigaku D/Max-2500 diffractometer at 60 kV, 300 mA
for a Cu-target tube and a graphite monochromator.
Simulation of the PXRD spectra were carried out by
the single-crystal data and diffraction-crystal module
of the Mercury (Hg) program available free of charge
via the Internet at http://www.iucr.org. IR spectra were
measured in the range of 400~4 000 cm™ on a Tensor
27 OPUS FT-IR spectrometer using KBr pellets
(Bruker, German). Magnetic data were measured by a
Quantum Design MPMS-XL-7 SQUID magnetometer.
Diamagnetic corrections were estimated by using
Pascal constants and background corrections by
experimental measurement on sample holders.
1.2 Preparation of 1~3

[Gdy(mnba),(tzp),(H,0),] (1): A mixture of Gd,)0O;
(181 mg, 0.5 mmol), Hmnba (334 mg, 2 mmol) and
tzp (66.6 mg, 0.5 mmol) in 10 mL H,0O was sealed in
a Teflon-lined autoclave and heated to 160 °C for 2
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days. After the autoclave was cooled to room
temperature in 12 h, Cubic colorless crystals were
collected with 30% yield based on Gd™. Anal. Caled.
for CoHaOsoNxGdy (%): C, 39.89; H, 2.19; N, 9.49.
Found(%): C, 39.78; H, 2.78; N, 9.35. IR (KBr, cm™):
3579m, 3 504m, 3 161m, 3 087s,2901m, 2 765w, 1 580
s, 1483s, 1 344s,1263s, 1 166m, 1 080s, 995w, 912m,
831m, 788s, 725s, 651m, 576w, 523w, 416m.
[Th,(mnba)»(tzp),(H,0),] (2): The same procedure
as that for 1 was used for this complex except that
Gd,0; (181 mg, 0.5 mmol) was replaced by Th,0; (183
mg, 0.5 mmol) and the holding time is 3 days. Block
colorless crystals were collected with ~40% yield
based on Th™. Anal. Calcd. for CoHgO5NyThy(%): C,
39.80; H, 2.18; N, 9.47. Found(%): C, 40.13; H, 2.89;
N, 9.60. IR (KBr, ecm™): 3494w, 3 157w, 3 080m, 2 893
m,2767w,1598s,1517s,1415s,1350s, 1266m, 1 082
m, 995w, 910w, 790m, 723s, 649w.
[Ery(mnba),(tzp),(H,0),] (3): The same procedure
as that for 1 was used for this complex except that
Gd,0; (181 mg, 0.5 mmol) was replaced by Er,0; (191
mg, 0.5 mmol) and the holding time is 3 days. Block
pink crystals were collected with ~30% yield based
on Er'™. Anal. Calcd. for CosHgO5NyEry(%): C, 39.36;
H, 2.16; N, 9.37. Found (%): C, 39.64; H, 2.78; N,

9.43. IR (KBr, cm™): 3496w, 3 163w, 3 083m, 2 891w,
1 608s, 1 525s, 1478s, 1410s, 1 346s, 1 267m, 1 166w,
1 079m, 1 001w, 909w, 830w, 719s, 650m, 584w,
518w, 413w.
1.3 Crystallographic data and structure

refinements

The single-crystal X-ray diffraction data of 1~3
were collected on a Rigaku SCX-mini diffractometer
at 293(2) K with Mo Ko radiation (A=0.071 073 nm)
by @ scan mode. The program CrystalClear™ was
used for the integration of the diffraction profiles. The
structures were solved by direct method using the
SHELXS program of the SHELXTL package and
refined by full-matrix least-squares methods with
SHELXLP., The non-hydrogen atoms were located in
successive difference Fourier syntheses and refined
with anisotropic thermal parameters on F%. All hydrogen
atoms of ligands were generated theoretically at the
specific atoms and refined isotropically with fixed
thermal factors. The hydrogen atoms of water in 1~3
were added by the difference Fourier maps and
refined with suitable constrains. A summary of the
crystallographic data, data collection, and refinement
parameters for 1~3 is provided in Table 1.

CCDC: 978830, 1; 978831, 2; 978832, 3.

Table 1 Crystal data and structure refinements for 1~3

1 2 3
Formula CosHeiO5N2Gdy CosHe:O5oNx Ty CosHeiO5oNykirs
Formula weight 2 950.69 2 957.37 2 990.73
Crystal system Triclinic Triclinic Triclinic
Space group PL P1 P1
a/ nm 1.068 7(2) 1.063 5(2) 1.060 2(2)
b/ nm 1.401 2(3) 1.392 3(3) 1.392 5(3)
¢/ nm 1.993 3(4) 1.977 3(4) 1.972 4(4)
al(°) 70.33(3) 70.49(3) 71.06(3)
B/ 86.67(3) 86.71(3) 87.15(3)
v /(%) 76.42(3) 76.40(3) 76.48(3)
V /nm® 2.731 4(9) 2.681 5(9) 2.676 9(9)
D,/ (g-em™) 1.794 1.831 1.855
A 1 1 1
F(000) 1 448 1452 1 464
M/ mm™ 2.504 2.714 3212
Collected reflections 28 415 23 302 28 489
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Continued Table 1

Unique reflections 12 390

Riu 0.036 5

R | wRy [I>20(1)] 0.0387/0.073 1
GOF on F? 1.081

9 453 12 231

0.042 3 0.046 7

0.043 4/0.094 4 0.044 6 / 0.068 6
1.132 1.063

R= X (IFJ-IEIN S IE); wR=] S w(F.P-1FP(S wlFPP)?

2 Results and discussion

2.1 Synthesis

The mix-ligand strategy has been employed to
construct the linear Ln-clusters successfully. As
effective terminal co-ligands, tzp plays a key role in
the formation of discrete lanthanide clusters.
Compared with lanthanide salts, the use of Ln,O;
provides not only a slow-release Ln™ ion source but
also a pH regulator of the reactions.
2.2 Description of crystal structures

Single crystal X-ray analysis reveals that 1~3 are
isostructural, thus only the structure of 1 is described
in detail. Complex 1 crystallizes in the triclinic space
group Pl with the asymmetric unit including two Gd™"
ions, six mnba ligands, one tzp ligand and one coor-
dinated H,O. Gd1 is located in a seven coordinated
environment constructed with seven O atoms from one
water molecule and six carboxylates. Gd2 center
exhibits an eight-coordinated environment with two N
atoms of one tzp ligand and six carboxylate O atoms
from five mnba ligands. Gd1 and Gd2 are connected
by four carboxylate groups with syn, syn-u,n'm' to
form a linear Gd, cluster (Fig.1).

Symmetry code: ' —x+1, —y+1, —z+2

Fig.1 View of the molecular structure showing 30%

probability thermal ellipsoids of 1

2.3 Magnetic studies

The magnetic properties of 1~3 were studied by
solid state magnetic susceptibility measurements in
2.0~300 K range at 1 kOe de field and the isothermal
field-dependent magnetizations M(H) at fields up to
70 kOe at 2.0 K. Before the magnetic measurements
of 1~3, their crushed crystalline samples were used to
measure X-ray powder diffraction (PXRD, Fig.S1, SI)
to confirm their phase purities.

Complex 1 contains isotropic Gd™( /7) with a ground
state ®S;, and the first excited state °Py, is very high
in energy, while complexes 2 and 3 include other ani-
sotropic Ln!! ions. Generally, the magnetism of lanth-
anide (Ln) clusters is very difficult to explain because
of the exchange-coupling and large orbital contribu-
tions as well as the crystal field perturbation®*. The
magnetic properties in the form of yyI' vs T plots of
1~3 are shown in Fig.2. The room-temperature yyI'
products estimated as 31.45 (1), 46.39 (2) and 47.96
(3) emu+mol™-K are in relative good agreement with
the presence of four lanthanide metal ions: four Gd
ions (S =7/2, L=0, J=7/2, g=2, C=7.88 emu-mol™-K)
for 1, four Th™ ions (S=3, L=3, J=6, g=3/2, C=11.82
emu-mol™+K) for 2 and four Er'" ions (S=3/2, L=6, J=

48

w S »
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X T/ (emu-mol™"-K)

w
S
1

[
oo
1

0 50 100 150 200 250 300
T/K

Red lines represent the best fitting

Fig.2  Plots of yyT vs T for 1~3
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15/2, g=6/5, C=11.48 emu -mol™-K) for 3. For 1, as
the temperature decreases, the yyI' value stays nearly
constant in the high temperature range with a value of
30.86 emu-mol™-K at 14 K. Upon further cooling the
temperature to 2.0 K, yyIT abruptly increases to a
maximum value (32.31 emu +mol™ - K, indicating the
ferromagnetic (F) interaction between Gd™ ions in the
Gd, cluster. For 2, up lowering of the temperature to
2.0 K, xul value stays nearly constant at high temp-
eratures, and then decreases sharply to a minimum
(28.62 emu *mol ' -K), which indicates weak
(AF) interaction in the Th, cluster

value
antiferromagnetic
and/or depopulation of the Th ™ excited Stark sub-
levels. The Stark sub-levels of the anisotropic Th !
ions may be progressively thermally depopulated leading
to a decrease of the yyI" value. For 3, as the tempera-
ture decreases, the value of yyI' slowly decreases
down to a minimum value of 39.96 emu ‘mol™ K at

4.5 K. On cooling the temperature to 2 K, yyI" abruptly

increases to the maximum value (41.17 emu-mol™-K),
1

indicating ferromagnetic coupling between Er" ions in
the Er, cluster.

The magnetizations slowly increase and tend to a
value of 27.77NB at 70 kOe, and the experimental
magnetization plot of 1 is nearly consistent with the
red line that presents the Brillouin function for four
magnetically uncoupled Gd™ ions with S=7/2 and g=
2.0, which further confirms the weak F behavior for 1
as similar literatures®™ (Fig.3a). The field dependences
of the magnetizations at 2.0 K for 2 and 3 show rapid
increases of the magnetizations at low fields, reaching
about 16.13NB and 19.87NB at 10 kOe, and linear
increases at high fields without achieving a complete
saturation at 70 or 50 kOe (22.90Ng for 2 and 23.57
N for 3, Fig.3b and 3c), which could be explained by
the fact that the depopulation of the Stark levels
of the Ln"™ L, ground state under the ligand-field

perturbation produces a much smaller effective spin.
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Red solid line represents Brillouin function of four magnetically isolated Gd" ions with S=7/2 and g=2.0

Fig.3 M vs H curves of 1 (a), 2 (b) and 3 (c) at 2.0 K
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Fig4 Curves of M vs H/T for 2 (a) and 3 (b)

For 2 and 3, the M vs H/T (Fig.4) data at 2~4 K shows
non-superposition plots and a rapid increase of the
magnetization at low fields without any sign of satura-
tion at 50 kOe. The reason is most likely because of
anisotropy and important crystal-field effect at the Th™

I jons, which eliminates the degeneracy of the

or Er
'Fs and “I5, ground states. Reduced magnetization
curves do not superimpose, further indicating the
presence of a significant magnetic anisotropy and/or
low lying excited states!".

The recently developed non-critical
theory could be used to study the F/AF behaviors of 2
and 3 based on the sum of two exponential functions
(as shown in Eq.1)%,

xT=Aexp(E\/T)+Bexp(E/T) 1)

In Eq.1, A +B is the high-temperature extrapol-
and E, denote the

scaling

ated Curie constant and F,
magnitude of the intracluster magnetic interaction.
The first term in Eq.1 represents an F/AF contribution
to the moment that is dominant at low temperatures,
whereas the second term reflects the crystal-field
effect because the interionic interactions between the
internal 4f electrons are usually very weak. The best
fit of the experimental data gives that A +B=47.22 emu
‘mol™-K, £,=-0.61 K and £,=—20.94 K for 2 and A+
B=48.54 emu-mol™-K, E,=0.08 K and E,=-18.12 K
for 3 (Fig.2). The small values of E; of 2 and 3 further
indicate very weak magnetic interactions between the
Th "/Ex™ jons, which is in good agreement with the
prediction that the Ln-Ln interaction is expected to be

very weak, due to the shielding of the f-orbitals and

the consequent poor overlap with the bridging ligand
orbitals'.

To characterize the low-temperature behaviors of
1, the temperature dependencies of field-cooled (FC)
and zero-field-cooled  (ZFC) magnetization were
measured under a field of 50 Oe upon warming from
2.0 K (Fig.5). The FC curve coincides with the ZFC
curve and the magnetizations increase monotonically
with the decrease of temperature, and no maximum is
observed. These results indicate that 1 does not

exhibit magnetic ordering above 2.0 K.

204 —m—ZFC
—e—FC
~ 154 ’.
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Fig.5 FC/ZFC curves at 2~30 K for 1

Considering the weak magnetic couplings between
the Gd" ions and potential application of Gd™ comp-
lexes for magnetic refrigeration, we investigated the
magnetocaloric properties of 1. We used the magnetic

entropy change (AS,) to evaluate MCE, which could be
calculated by the Maxwell equation (AS,(T)as= J [oM(T,H)

10T )ydH)**. According to the equation, we could obtain

the —AS, from the experimental magnetization data
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(Fig.6a), and the curves of —AS,, are depicted in Fig.
6b. The obtained —AS,™ gives the value of 20.6 J -kg™
‘K™ (the theoretical —AS,™ is 23.4 J-kg™-K™ calcu-
lated with —AS,™=4RIn(25+1), R is the gas constant)
for a field change of 7 T at 2.0 K. If —AS,™ is given
per unit of volume, it is equivalent to 36.96 mJ-cm™-
K. Although various discrete Gd™ clusters have been
their magnetocaloric have

constructed, properties

rarely been reported. Previous literatures report only
twelve Gd™" clusters with significant MCE  (-=AS,"™>20
J-kg™-K™), as shown in Table 2.

To investigate possible SMM behaviors of 2 and

3, alternating current (ac) susceptibility measurements
were carried out in the temperature range of 15~2.0 K
under H,=0 Oe and H,=3.5 Oe for variable frequencies
(from 1 488 to 10 Hz). Unfortunately, although all the
in-phase curves (x') are almost consistent without peaks,
there is no frequency dependent out-of-phase signal
(Fig.S2a and S2¢). In order to
weaken the quantum tunneling effect, 2 kOe dc field

even up to 997 Hz

were applied to further study the dynamic properties.
The ac signal of 2 is still poor and slow magnetic
relaxation is not observed (Fig.S2b), while there is

weak frequency dependent out-of-phase signal for 3

30 @ ) —8-25kG —@—5kG —A=75kG
214 ~¥—10kG —4— 12.5kG ——15kG
254 ——17.5kG —8— 20kG —@—22.5kG
184 —*—25kG —@—30kG —®-35kG
| —@—40kG —A—45kG —¥—50kG
—4-55kG —P—60kG —4—65kG
A =~ 154
o *
= 154 5 124
= 10 %; 7
| T 64
5
] 34
04 od
T T T T L) T T T T T T T |
0 10 20 30 40 50 60 70 2 4 6 8 10
H/kOe T/K
Fig.6 (a) M vs H curves of 1 at T=2~10 K and H=2.5~70 kOe; (b) Experimental —AS,, obtained from
magnetization data of 1 at different fields and temperatures
Table 2 Comparison of —AS,™ (larger than 20.0 J-kg”'-K™) among 1 and Gd" clusters
associated with potential molecule-based magnetic coolers”
Magnetic —AS, ™/ —AS, ™/
Complex M,/ Ney
interaction (6 / K) (J-keg'-K™) (AH) (mJ-em™-K™)
[Gdyu 292.44 AF (-4.11) 46.9 (7T) 138.12
[Gdo™ 340.40 AF (-0.16) 46.12 (717T) 89.98
[Gdg)™ 313.83 AF (-3.57) 436 (71T) 120.7
{[GA(0AC){(H;0),],} - 4,01 406.44 F (0.32) 41.6 (1) 82.78
[Gd]™ 376.27 AF (-2.99) 37.9(77) 102.0
[Gdy(OAC)s(acac)(FL,O) " 432.53 F (0.23) 377(17) 70.24
[Gdo]*! 463.59 AF 374 (77) 43.01
[Gdg]™ 434.65 F 33.5(7T) 56.68
[Gds] ™ 572 AF 313 (7T 64.99
[Gd(3-TCA)as( - OH)(H,0), ] 457.76 AF (-1.78) 3122 (7T 68.64
[Gd,! 632.19 AF 272 (7T) 40.96
[Gdy(OAC),(Phyacac)yMeOH), | 694.81 F (0.18) 23.7(771) 36.43
[Gd,]*! 549.09 AF 23 (7T) 41.33
[Gely(mnba) (tzp)«(H:0),] (1) 737.67 F (0.51) 20.6 (7T) 36.96

“=AS= [ (m]rem - K)=[-AS,™ / (J kg™ - K] [D. / (g-em™)]
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(Fig.S2d). Then 5 kOe dc field was exerted and
attempted to obtain better ac signals. Therefore, the
peaks can be observed obviously both in yy' and y\'
curves (see Fig.7), which suggested the existence of
slow magnetic relaxation behavior in 3. As aforement-
ioned, strong anisotropy of Er™ ions and weak ferro-
magnetic interaction presumably lead to the field-

induced slow magnetic relaxation behavior in 3.

1.0 $
74
0.8 Z 64
o
g 4]
= E —=— 10Hz
S 0.6 2 4 —e— 50 Hz
§ Z —&— 250 Hz
g 39 —v— 500 Hz
< 044 5] —— 997 Hz
:\z —¢— 1488 Hz
N v ,
0.2 14 16
0.0

Fig.7 Temperature dependence of the ac yy at different
frequencies for 3 with H,=5 kOe

3 Conclusions

A type of linear tetranuclear lanthanide clusters
(1~3) constructed from the monocarboxylate and
terminal co-ligand has been synthesized in hydro-
thermal reactions. Magnetic investigation indicates that
1~3 are weakly coupled with 1 displaying large MCE
with —AS,™=20.6 J -kg™ -K™" and 3 exhibiting slow
magnetic relaxation behavior for the strong anisotropy
and ferromagnetic contribution. Complex 2 does not
show slow magnetic relaxation behavior because of weak
interaction and

antiferromagnetic strong quantum

tunneling effect, although 2 kOe dc field was exerted.
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