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Structure, Magnetic Property, Bacteriostatic Activity, and Large
Magnetocaloric Effect of a Tetranuclear Gd(ID-Based Cluster

HOU Yin-Ling™" JIJia' ZUO Yao® LU Sheng-Tao'
WANG Xin-Chao> HU Xiao-Meng® HUANG Xiao-Qiang'
(‘School of Science, Kaili University, Kaili, Guizhou 556011, China)
(*Department of Chemistry, Taiyuan Normal University, Jinzhong, Shanxi 030619, China)

Abstract: An interesting polynuclear Gd (Il - based cluster with the molecular formula [Gd,(CH,COO0),(H,L),] -
2CH,0OH (1) based on a polydentate ligand (H L.=1, 3 - bis(tris(hydroxymethyl)methylamino)propane) has been suc-
cessfully synthesized via the solvothermal method. The structure, magnetic property, and bacteriostatic activity of
cluster 1 have been systematically studied. Structural analysis shows that there are two distinct coordination environ-
ments of central GA(Il) ions and cluster 1 mainly contains a butterfly Gd, core. The magnetic study reveals that anti-
ferromagnetic interaction exists in cluster 1. More importantly, cluster 1 displayed significant cryogenic magnetic
refrigeration property with —AS,=40.6 J-kg™'-K™" at 7=2.0 K and AH=7.0 T. Moreover, cluster 1 possessed antibac-

terial activity on five common bacteria, among which the antibacterial effect on Micrococcus luteus was the best.
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The design and construction of polynuclear Ln(Ill)- nets (SMMs) and magnetocaloric effects (MCEs), have
based clusters with fascinating structures and interest- always attracted great attention from coordination
ing magnetic properties, such as single-molecule mag- chemists and materials scientists'”. Up to now, lots of
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polynuclear lanthanide clusters with various geometric
topologies have been constructed®®, and some of them
display outstanding MCEs or remarkable SMMs behav-
iors” ", Tt is well known that MCE is related to the mag-
netic entropy change and the adiabatic temperature
change with a varying applied magnetic field"*. For
obtaining large MCE, weak superexchange interactions
and large magnetic density are of great importance'”.
Based on this, Gd(I) ion is an excellent and best choice
to construct refrigerant materials due to its negligible
magnetic anisotropy'®, and small ligands can also
enhance the magnetic density of Ln(l)-based clusters,
which is beneficial to get a large MCE"". Tt is worth
mentioning that various small ligands combined with
Gd(I) ion are employed to construct high polynuclear
clusters"®*. In 2013, a Gd,, nanocapsule with the for-
mula [Gd,,(DMC)s(u,-CO3) 5( u5-H,0),] - 6H,0 display-
ing a larger —AS, of 46.12 J-kg™'-K™ (T=2.0 K, and
AH=7.0 T) was reported by Zhao's group™’; whereafter,
Long's group reported an incomparable Gd,,, cluster
which displays well MCE with —AS, =46.9 J-kg'-K™
at 7=2.0 K and AH=7.0 T*, Tn 2015, a [Gd,,] nano-
cage with the formula {[Lns( us-CO;) ( u,- OH);JOH},
showing the largest MCE with — AS =66.5 J-kg'-K™
has been reported by Zhao's group™.

On the other hand, Ln(ll)-based compounds have
been found to own special medicinal properties due to
their less toxic side effects”™. Hence, how to effectively
use Ln(ll)-based compounds, as far as possible to avoid
or reduce its toxic side effects, has become the
research target of medical scientists”. The research
emphasis of Ln(ll)-based compounds focuses on how to
combine Ln(ll) ions with ligands and display specific

P8 Currently, lots of works

physiological activities
revolving around the biological activity of Ln(Il)-based
compounds have been reported™.

Based on these research backgrounds, as part of
our research interests, we have long been tracing some
literature about polynuclear Ln () -based clusters™*,
which employ Schiff-base ligands to construct Ln (Il -
based clusters with outstanding magnetic properties.
Combined with biological activity studies of Ln (Il -

based compounds, in this paper, we report the

design and synthesis of a new Gd, cluster

[Gd,(CH,CO0),(H,L),] -2CH,0H (1) based on a poly-
dentate ligand 1,3-bis(tris(hydroxymethyl)methylamino)
propane (HgL). Meanwhile, we thoroughly character-
ized the Gd, cluster by magnetic property and antibac-
terial activity. What is worth mentioning that cluster 1
displayed well MCE (-AS,=40.6 J-kg™' - K™ at T=2.0 K
and AH=7.0 T). It is larger than the —AS,, of the mostly
reported Gd, cluster. In addition, antibacterial activity
study shows that cluster 1 possesses a prominent anti-

bacterial effect on common bacteria.
1 Experimental

1.1 Materials and methods

Gadolinium (I) nitrate hydrate (Gd(NO,),+6H,0),
acetic acid, the solvents (CH,OH, CH,CN, CH,Cl,, and
N, N -dimethylformamide (DMF)), and H(l. were pur-
chased from Energy Chemical Co., Ltd. The Luria -
Bertani (LB) medium and five bacteria, namely Esche-
richia coli (E. colt), Staphylococcus aureus (S. aureus),
Staphylococcus albus (S. albus), Bacillus subtilis (B. sub-
tilis), and Micrococcus luteus (M. luteus), were pur-
chased from Shanghai Macklin Biochemical Co., Ltd.
Elemental analyses (C, H, and N) for cluster 1 were
performed on a PerkinElmer 2400 elemental analyzer.
The thermogravimetric analysis (TGA) for cluster 1 was
determined on a Netzsch TG 209 TG - DTA analyzer
from room temperature to 800 “C under a nitrogen atmo-
sphere with a heating rate of 10 “C +min". The direct-
current (dc) magnetic susceptibility data of cluster 1
was collected for polycrystalline samples using a Quan-
tum Design MPMS (SQUID) - XI. magnetometer and
PPMS-9T system.
1.2 Synthesis of cluster 1

The synthetic route of cluster 1 is shown in
Scheme 1. Gd(NO,);-6H,0 (0.15 mmol, 0.067 7 g),
HiL (0.15 mmol, 0.042 4 g), and acetic acid (45 nlL)
were dissolved in a mixture solvent of CH,OH (5.0
mL), CH,CN (5.0 mL), and CH,CI, (2.0 mL). The mix-
ture was sealed in a 20 mL glass sample vase and heat-
ed at 80 °C for 18 h under autogenous pressure to yield
yellow block-shaped crystals suitable for X-ray diffrac-
tion. Yield: 35% (based on Gd(NO,),-6H,0). Elemen-
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Acetic acid, 80 °C, 18 h
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Scheme 1  Synthetic route of cluster 1
tal analysis Calcd. for C;H;,Gd,N,0,(%): C, 26.90; H,

4.48; N, 3.49. Found(%): C, 26.93; H, 4.44; N, 3.45.
1.3 Bacteriostatic activity measurement

Table 1 Crystal data and structure refinement

parameters for cluster 1

b Parameter 1

1.3.1 Preparation of bacteriostatic agent

3 paratl 1ostatic ag Formula CyHpGd,N,0,
The solutions of Gd(NO,),+6H,0, HL, and cluster Formula weight 1 605.98

1 were prepared by DMF with concentrations of 107",

Crystal system

Orthorhombic

1072, 107, 107, and 107 mol-L™, respectively. High - Space group Pbeca
pressure steam sterilization was used. a/nm 1.379 12(7)
1.3.2  Preparation of bacteria suspension b/nm 1.895 97(8)
LB medium (1.0 mL) was slowly added into centri- ¢/nm 1.976 01(9)
¢ . . . V/nm? 5.166 8(4)
uge tubes containing various bacteria (1.5 mL), where-
. . . Z 4
after, they were placed into an oscillator under shaking
. D,/ (Mg-m™) 2.065
for about 6.0 h. Then, the above strains were trans-
p/ mm™! 5.155
ferred into a conical flask containing LB liquid medi- 6 range / () 5 383.96.411
um (100 mL), and they were placed into the oscillator F(000) 3120
under shaking for another 12 h. The bacteria suspen- Reflection collected 69 776
sions have been obtained. Unique reflection 5309
1.4 Single-crystal X-ray diffraction measurement GOF on F2 1.068
R 0.116 8

The crystallographic diffraction data for 1 was
measured by a Bruker APEX - Il CCD diffractometer
equipped with a graphite-monochromatic Mo Ko radia-
tion (A=0.071 073 nm), solved through direct methods
then refined to convergence by least - squares method
on F? using the SHELXTL (Olex2) program. All the
atoms except the hydrogen atoms were refined with
anisotropic parameters. Due to the existence of disor-
dered solvent molecules in the crystal of cluster 1,
some attempts to locate and refine were unsuccessful.
Hence, the disordered solvent molecules were removed
using PLATON/SQUEEZE program. Detailed crystal
data and structure refinements for cluster 1 are listed
in Table 1. The important bond lengths and angles for
cluster 1 are listed in Table S1 (Supporting information).

CCDC: 2114735.

R, wR, [I>20(])]
R,, wR, (all data)

0.0376,0.075 6
0.0499,0.083 4

2 Results and discussion

2.1 Structure description of cluster 1

The crystals of cluster 1 are obtained by using the
multidentate chelating ligand HgL (0.15 mmol) reacting
with Gd(NO,),-6H,0 (0.15 mmol) of a mixed solvents
CH,0H (5.0 mL)/CH,CN (5.0 mL)/CH,CI, (2.0 mL) at
80 °C under solvothermal conditions. Single - crystal
X-ray diffraction analysis reveals that cluster 1 crystal-
lizes in orthorhombic space group Pbca with Z=4, and
the formula of cluster 1 is [Gd,(CH,COO),(H,L),] -
2CH,OH. As shown in Fig.1, cluster 1 mainly includes
four Gd () ions, two deprotonated H,L* ions, and six
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CH,COO™ ions. There are two distinct coordination
environments around the center Gd (I) ions in 1, the
central Gd1(Il ion is eight - coordinate and connected
by eight oxygen atoms (01, 05, 06, 07, 08, 09, 010,
and O11), while the Gd2(Il) ion is nine-coordinate and
connected by two nitrogen atoms (N1 and N2) and sev-
en oxygen atoms (01, 03, 05, O5a, 06, O6a, and 012)
(Fig.2). As shown in Fig.3, there are two distinct coordi-
nation geometries for the central Gd(ll) ions in cluster
1: a distorted bi-augmented trigonal prism (C,,, Gd1
ion) and muffin (Cy, Gd2 ion), which are also deter-
mined by the software SHAPE 2.0 (Table S2). The four
central Gd(ll) ions are bridged by four w,-O atoms and
two w,-O atoms from two H,L*" ions and four u-O atoms
from two CH,COO™ ions (Fig. S1). The four central
Gd () ions display a butterfly Gd, core. The H,L*

adopts a polydentate mastiff coordination mode to con-

Hydrogen atoms and free solvent molecular are omitted for clarity;

Dy: cyan; O: red; N: blue; C: green

Fig.1 Molecular structure of cluster 1

011

nect four central Gd(Il) ions (Fig.S2). In the Gd, core,
the adjacent distances of Gd1---Gd2 and Gd1---Gdla
are 0.392 02(5) and 0.357 66(5) nm, respectively. The
diagonal distances of Gd:--Gd are 0.667 05(5) and
0.343 86(6) nm. The Gd—0O distances fall in a range of
0.229 5(4)-0.257 3(4) nm and the Gd—N bond lengths
are 0.266 2(5) and 0.254 5(5) nm, respectively. The
bond angles of O—Gd—0 are in a range of 52.74(15)°-
149.11(15)°. These Gd—O/N distances and O—Gd—
O bond angles are comparable with the corresponding
bond lengths and bond angles of reported Ln, com-

poundst***

Symmetry code: a: 2—x, 1=y, 1~z

Fig.2  Coordination atoms of central Gd1(ll) and Gd2(Il)
ions in cluster 1
2.2 TGA of cluster 1
The TGA of cluster 1 was performed under an N,
atmosphere by the heating rate of 10 C *min™', as
shown in Fig. S3. From room temperature to about

200 °C, the sample gradually lost weight, and the

05

b\(“

c

N2

Symmetry code: a: 2—x, 1-y, 1-z

Fig.3 Two different polyhedral geometrical configurations around the Gd(ll) ions in cluster 1
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weight loss ratio was 4.17%, corresponding to the theo-
retical value of losing two free CH,0H molecules
(3.99%). After about 200 °C, the weight loss was rapid,
indicating the decomposition of organic ligands and the
collapse of the crystal structure.
2.3 Magnetic property of cluster 1

In the temperature range of 300-2 K, and under a
magnetic field of 0.1 T, variable - temperature dc¢ mag-
netic susceptibility measurement of cluster 1 was per-
formed. The x,T vs T plot is shown in Fig. 4. The
observed x,T value of cluster 1 at room temperature
was 31.51 em®+mol™-K, which is consistent with the
theoretical value of 31.52 ecm’+mol™+K for four free
Gd (M ions (*S,,, g=2). Upon cooling, the x,T value
remained almost unchanged between 300 and 25 K. As
the temperature further decreased, the yy,T value of 1
quickly decreased and reached a minimum value of
23.79 cm’+mol™+K. The decreasing curve trend of 1
indicates the presence of an antiferromagnetic interac-
tion between the adjacent Gd(Il) ions in 1°". As shown
in Fig.S4, the magnetic susceptibility of 1 could be fit-
ted by the Curie - Weiss law: x, 7= (T-0)/C (0 is the
Weiss constant, and C is the Curie constant), and the
two parameters were obtained: C=31.54 cm’-mol ™+ K, 6
=-0.88 K (R*=0.999 67). The 0 parameter of 1 was neg-
ative and small, which further suggests the occurrence
of weak antiferromagnetic coupling between the adja-
cent Gd(I ions in 15,

To further explore the magnetic interaction

between the neighboring Gd () ions of cluster 1, the

35
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T/K
Purple solid line is the best fit for the data of 1

Fig.4 Temperature dependence of x, T at 1.0 kOe for

cluster 1

experimental yy,T vs T plot was fitted using the
Hamiltonian (Eq.1) based on the model of Fig.5". The
data fitted gave three significant parameters: g=2.03,
J,==0.07 ecm™ and /,=-0.04 cm™. A low and negative
J value implies weak antiferromagnetic exchange
between the adjacent Gd(Ill) ions in 14,
He==J1(ScarScartScaeScartScaradcintScarScin)
JoScaScara=guH (Sca+ScatScaratScaa) @

Gdla

Fig.5 Magnetic coupling model of Gd(Il) ions in cluster 1

The field dependence of the magnetization for
cluster 1 was studied in the temperature range of 2.0-
10.0 K and magnetic field range of 0-70 kOe (Fig.6a).
The M of cluster 1 was 28.1NB at 2.0 K which was con-
sistent with the saturation value of 28/NB. Due to the
large isotropy of Gd () ions and small M/N,, ratio"',
the magnetocaloric effect of cluster 1 was investigated.

The magnetic entropy change —AS,, of cluster 1 can be

calculated using the Maxwell equation: AS (T) =
Jlom (1. H)10T | ,dH ()", The - AS, vs T plots are

shown in Fig.6b. The experimental — AS, of 40.6 J-
kg K" (T=2.0 K, and AH=7.0 T) was smaller than the
theoretical value of 43.1 J-kg™ - K™ (based on the equa-
tion: 4RIn(2S+1)) for four free Gd(Il) ions, which may
be due to the antiferromagnetic interactions between
Gd() ions in cluster 1", Compared with the recently
reported Gd, compounds, it is worth mentioning that
the —AS, of 1 was much larger than those of mostly
reported Gd, compounds (Table S3). Therefore, cluster
1 is a possible magnetic refrigerant to be used in
practice.
2.4 Bacteriostatic activity of cluster 1

To explore the biological activity of cluster 1, the
bacteriostatic activity of circles of HiL., Gd(NO,),+6H,0,

and cluster 1 were determined. With a concentration of
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107 mol-L™" for H,L, GA(NO,),-6H,0, and cluster 1,
and a concentration of 1 mmol+L™" for bacterial suspen-
sion, the bacteriostatic activity results are shown in
Fig.7. For H,L. and Gd(NO,),-6H,0, there were almost
no bacteriostatic effects, however, the diameters of bac-
teriostatic circles of cluster 1 for E. coli, S. aureus, S.
albus, B. subtilis, and M. luteus were 18.25, 17.89,
21.66, 19.12, and 22.46 mm, respectively. It proves
that cluster 1 possesses a remarkable bacteriostatic
effect on common bacteria. By comparison, cluster 1

had the best bacteriostatic effect on M. luteus.

25

I - E. coli
20+ M S. aureus
B s. albus
I - B. subtilis
o - M. luteus

Cluster 1

H,L Gd(NO,),-6H,0

Fig.7 Diameters of bacteriostatic circles of H,L,

Gd(NO,),-6H,0, and cluster 1

To further study the bacteriostatic effect of cluster
1, the bacteriostatic activity of cluster 1 at various con-
centrations has been measured (Fig. 8). Cluster 1
showed similar bacteriostatic effects on the five bacte-
ria, and with the increase of the concentration, the bac-
teriostatic activity increased gradually. According to
the above results, the bacteriostatic effect of cluster 1

is neither from the ligand nor Gadolinium(Il) ion, but it

(a) M vs H plots for 1 at T=2.0-10.0 K and H=0-70 kOe; (b) Plots of =AS, vs T for cluster 1

is probably from the synergistic effect of the ligand
with Gd () ion. After the Gd () ion reacts with the
ligand to form the Gd(l)-based complex, the bacterio-

static effect on bacteria is greatly enhanced.

30
L —O—E. coli
25k —— S. aureus
—O— 8. albus
[ —e— B. subtilis

20 —O— M. luteus

]
g
~ 15}
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Onnl a2 s sl " aaaaanl Ao aaaanl PR sl
107 10 107 1072 107!
¢/ (mol-L™)

Fig.8 Diameters of bacteriostatic circles of cluster 1 for

the five common bacteria
3 Conclusions

In summary, we designed and successfully synthe-
sized a novel Gd, cluster [Gd,(CH,COO),(H,L),] -
2CH,0H (1) via the solvothermal method by using a
polydentate ligand HgL. Structural analysis shows that
cluster 1 mainly contains a butterfly Gd, core and
includes four Gd () ions, six CH,COO" ions, and two
deprotonated H,I.>” ions. Magnetic study reveals that
cluster 1 displayed significant cryogenic magnetic
refrigeration property with a large —AS,: —AS, =40.6 J-
kg K" at T=2.0 K and AH=7.0 T. Meanwhile, cluster
1 possesses remarkable antibacterial activity. The
results of this work afford a way to design and construct

polynuclear Gd () - based clusters as multifunctional
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materials. Other property studies of polynuclear Ln(Il)-

based clusters are currently under investigation in our

group.

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