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Abstract: Monodisperse metal clusters provide a unique plat-
form for investigating magnetic exchange within molecular
magnets. Herein, the core–shell structure of the monodisperse
molecule magnet of [Gd52Ni56(IDA)48(OH)154(H2O)38]@SiO2

(1a@SiO2) was prepared by encapsulating one high-nuclearity
lanthanide–transition-metal compound of [Gd52Ni56(IDA)48-
(OH)154(H2O)38]·(NO3)18·164 H2O (1) (IDA = iminodiacetate)
into one silica nanosphere through a facile one-pot micro-
emulsion method. 1a@SiO2 was characterized using trans-
mission electron microscopy, N2 adsorption–desorption iso-
therms, and inductively coupled plasma-atomic emission
spectrometry. Magnetic investigation of 1 and 1a revealed
J1 = 0.25 cm¢1, J2 =¢0.060 cm¢1, J3 =¢0.22 cm¢1, J4 =

¢8.63 cm¢1, g = 1.95, and zJ =¢2.0 × 10¢3 cm¢1 for 1, and
J1 = 0.26 cm¢1, J2 =¢0.065 cm¢1, J3 =¢0.23 cm¢1, J4 =

¢8.40 cm¢1 g = 1.99, and z J = 0.000 cm¢1 for 1a@SiO2. The
zJ = 0 in 1a@SiO2 suggests that weak antiferromagnetic
coupling between the compounds is shielded by silica nano-
spheres.

Significant research interest has been devoted to nanosized,
single-molecule metal clusters because of their distinct
chemical and physical properties.[1–5] For example, individual
single-molecule magnets (SMMs) Mn12 have been dispersed
on the surface of a polymeric thin film,[6] the surface of
Au(111),[7] or incorporated into metal–organic frameworks

(MOF)[8a] or carbon nanotubes.[8b–c] Sessoli and co-workers
found that Fe4 SMMs retain magnetic hysteresis at gold
surfaces.[9] These individual SMMs have potential applica-
tions in information storage devices and quantum comput-
ing.[6–9] In an effort to isolate such single-molecule metal
clusters, several synthetic strategies have been developed.[6–10]

Featuring 3d and 4f elements in the same molecule, and
often in nanoscale, high-nuclearity lanthanide–transition-
metal compounds possess unique magnetic properties that
are not available in their mononuclear species or bulk
samples.[11] In the past decades, significant effort has been
made to reveal the magnetic interactions in the high-
nuclearity lanthanide–transition-metal compounds.[12–14] A
theoretical study of the magnetic interaction between the
metal ions in the high-nuclearity lanthanide–transition-metal
compounds remains rare.[15] Experimental investigation on
the magnetic interaction of the high-nuclearity lanthanide–
transition-metal compounds is invariably based on their bulk
solid-state samples. To the best of our knowledge, there is no
precedent to study the magnetic interaction in the single-
molecule high-nuclearity lanthanide–transition-metal com-
pounds, although the magnetic interaction in the compounds
is not only involved in metal–metal magnetic exchanges
within the compounds, but also the strength of magnetic
interactions between the compounds.

Here, we report a new simple methodology to study the
magnetic interaction of individual molecule compounds by
encapsulating individual molecule compounds into one SiO2

nanosphere, forming a hybrid core–shell nanoparticle clus-
ter@SiO2. The fabricated hybrid core–shell nanoparticle can
enhance the stability and nanoscale manipulation by over-
coming the chemical instability of the compound on the
surfaces[9b] and can isolate the magnetic compound, prevent-
ing noisy intercluster interactions. The integrated core–shell
cluster encapsulated in a SiO2 nanoparticle provides a tunable
platform for investigating individual molecular magnetism
from an experimental and theoretical point of view.

The compound, formulated as [Gd52Ni56(IDA)48(OH)154-
(H2O)38]·(NO3)18·164 H2O (1) (IDA = iminodiacetate), was
prepared through the refluxing reaction of Ni(NO3)2·6 H2O,
Ln(NO3)3·6H2O, and iminodiacetic acid (see the Supporting
Information; IDA = iminodiacetate). Single-crystal structure
analysis revealed that 1 contains 52Gd3+, 56 Ni2+, 48IDA,
154 OH¢ , 38 coordinated water molecules, 18NO3

¢ , and
approximately 164 guest water molecules. Structurally, the
cationic cluster of [Gd52Ni56(IDA)48(OH)154(H2O)38]

18+ (1 a)
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can be viewed as two GdIII and six CO3
2¢ in the four-shell

nesting doll-like structure reported previously[11] replaced by
two NiII and twelve OH¢ groups, respectively (Figure 1).

The innermost shell contains 8Ni2+ ions occupying the
vertices of the cube. The 8Ni2+ ions are connected by 10 m2-
OH, 2 m2-OH2, and 12 m3-OH groups. The coordination sphere
of each of the eight Ni2+ ions is completed by three additional
m3-OH groups, which connect the vertex Gd3+ and three edge
Gd3+ ions in shell 2. Shell 2 of Gd20 features a roughly cubic
framework, with eight Gd3+ ions at the vertices and the
remaining 12 Gd3+ ions in the middle of the 12 cube edges.
Nine m3-OH groups form the coordination sphere for each of
the vertex-occupying Gd3+ ions. Each pair of neighboring
metals is connected by a pair of m3-OH groups, except for the
two vertex metals with 3 m3-OH groups. Shell 3 contains
32Gd3+ ions, which can be viewed as a cubic framework with
dimensions of 12 × 12 × 12 è3. There are two Gd3+ ions on
each edge of shell 3, which differs from shell 2 with one Gd3+

ion. Three m3-OH groups exist between each pair of the edge
Gd3+ ions: one m3-OH group bridges an edge Gd3+ in shell 2
and the other two connect two separate Ni2+ ions of shell 4.
Two m3-OH groups link the vertex Gd3+ ion and each of its
neighbors. Shell 4 of Ni48 can be viewed as a truncated cube
(17 × 17 × 17 è3) with each of its vertices being a triangle of
Ni2+ ions, and each cube edge contains two Ni2+ ions. All Ni2+

ions are situated in a distorted octahedral environment, and
each of the Ni2+ in the vertex-occupying triangle is connected
to four neighboring Ni2+ ions. Notably, 144 triply bridging
hydroxo groups connect the adjacent shells, forming a highly
compact, brucite-like core structure (Figures S1–S3). The
Gd···Gd, Gd···Ni and Ni···Ni distances are 3.4826(10)–4.0406-
(12) è, 3.4860(16)–3.8168(24) è, and 3.6689–5.3509(23) è,
respectively, all comparable to the corresponding values in
the Gd54Ni54 cluster.[11]

Because 1 easily dissolves in water, the stability of 1 in
aqueous solution was investigated. As shown in Figure 2a, the
small angle X-ray scattering (SAXS) measurement of
1 reveals that the maximum value of the hydrodynamic
diameter for 1a is approximately 2.6 nm at pH 7 and 10, close

to the value of 2.8 nm obtained from the crystal data.
Consistently, the dynamic light-scattering (DLS) result
shows that the mean hydrodynamic diameter of 1a is
approximately 2.8 nm (Figure S4). These results indicate
that 1a is stable in aqua solution in the pH range from 7 to
10. Because 1a is stable in solution and possesses a highly
positive charge, it will be separated as far as possible in
aqueous solution because of the charge repulsion between the
compounds. Thus, 1a can be encapsulated into silica nano-
spheres. Monodisperse 1a@SiO2 was successfully obtained
through a microemulsion method. As shown in Figure 2b, the
transmission electron microscopy (TEM) images show that
the diameter of the 1 a@SiO2 nanosphere is 27� 2 nm,
whereas the cation compound size in the pore of the silica
nanosphere is approximately 4� 1 nm.

The Brunauer–Emmett–Teller (BET) measurement of
1a@SiO2 shows that the average pore diameter is 25 nm
(Figure S5, inset). Based on the BET curves, the surface area
of 1a@SiO2 is approximately 162.38 m2 g¢1. This value is
significantly larger than that of 90.91 m2 g¢1 calculated for
a perfectly smooth sphere of 25 nm in diameter with a density
of 2.2 gcm¢3 for silica. The significant difference in the
surface area of 1a@SiO2 between the experimental and
calculated is attributed to the surface absorption in the
hysteresis loop between adsorption and absorption (Fig-
ure S5).

To confirm that 1a was encapsulated in the pore of the
silica nanospheres, energy dispersive spectrometry (EDS)
analysis was performed on the 1a@SiO2 samples (Figure S6).
As shown in Figure S5, Si, O, Gd, and Ni are present in
1a@SiO2. The inductively coupled plasma-atomic emission
spectrometer (ICP-AES) result indicates that the contents of
Ni2+ and Gd3+ in 1a@SiO2 are 0.52 and 1.39%, respectively.
Based on these data, the ratio of Ni to Gd in 1a@SiO2 is 1.01,
consistent with that of 1.07 obtained from the crystal structure
of 1.[26] These results further confirm the presence of the
compound in the silica nanosphere.

The variable-temperature magnetic susceptibilities of
1 and 1 a@SiO2 under an external field of 1000 Oe are
shown in Figure 3. At 300 K, the cM T values for 1 and
1a@SiO2 are 452.5 and 463.6 cm3 K mol¢1, respectively. The
cM T value for 1 is slightly smaller than the calculated value of
465.73 cm3 K mol¢1 for 56 uncorrelated Ni2+ ions
(55.97 cm3 Kmol¢1 for S = 1, g = 2.00) and 52 uncorrelated
Gd3+ ions (S = 7/2, g = 2; 409.76 cm3 K mol¢1),[16] whereas the

Figure 1. The structure of the cation cluster of [Gd52Ni56(IDA)48(OH)154

(H2O)38]
18+.

Figure 2. a) SAXS plots of 1 at pH 7 and pH 10 and b) TEM images of
1a@SiO2.
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cM T value for 1a@SiO2 is consistent with the calculated value.
With decreasing temperature, the cM T values for 1 and
1a@SiO2 decrease gradually and reach 400.0 cm3 K mol¢1 for
1 and 383.6 cm3 K mol¢1 for 1a@SiO2 at 2 K, indicating the
presence of antiferromagnetic interactions and crystal-field
effects in 1 and 1a@SiO2. Fitting the data over the temper-
ature range 2–300 K with the Curie–Weiss equation gives C =

458.7 and q =¢1.29 K for 1 and C = 465.1 and q =¢0.767 K
for 1a@SiO2. Moreover, the magnetization values of 482 N mB

for 1 and 467 NmB for 1a@SiO2 at 7 T are similar to the
theoretical saturation value of 476 N mB, suggesting the lack of
significant anisotropy and low-lying excited states. The
magnetocaloric properties of 1 and 1a@SiO2 were studied
because of the isotropic GdIII centres. The observed maximum
value DSm of 1 is 40.5 J kg¢1 K¢1 at 3 K for DH = 7 T, which is
smaller than the calculated value of 52.4 J kg¢1 K¢1 (146.9R
for the spins of 52 uncorrelated Gd3+ and 56 uncorrelated
Ni2+). The maximum DSm of 1a@SiO2 (subtracting the
background of SiO2) is 44.6 J kg¢1 K¢1 at 4 K for DH = 7 T.
Compared to compound 1, the maximum value for 1a@SiO2 is
increased by 10%, which may be attributed to the lack of
intercluster interactions in 1a@SiO2.

The simulations of the magnetic interaction between
1 and 1a@SiO2 were performed to probe the different
couplings. The magnetic interaction in 1 and 1a@SiO2 is
involved four different magnetic couplings, i.e., Gd···Ni (J1) in
the bridge of m3-OH¢ and/or m2-O of the carboxylate, Gd···Gd
(J2) in the bridge of m3-OH¢ , Ni···Ni (J3) in the bridge of syn-
anti carboxylate and Ni···Ni (J4) in the bridge of m3-OH¢ , and

the whole cluster is involved in 328 connections, that is, 128J1,
116 J2, 72J3, and 12 J4. It is impossible to simulate the magnetic
interaction in such a complicated system through traditional
Irreducible tensor operators (ITO)[17] and density functional
theory (DFT)[18] method.

Thus, based on the Heisenberg Hamiltonian equation
[Eq. (1)],[19] we developed a quantum Monte Carlo (QMC)

H ¼ ¢
Xn¼4

i¼1

Ji

Xj<109;k<109

j¼1;k¼1

SijSik

 !
ð1Þ

magnetic fitting program (Supporting Information) by
embedding the directed loop code[20] of ALPS software[21] to
reveal the differences in the magnetic interactions between
1 and 1 a@SiO2. Because of the effect of the large para-
magnetic centers in the compound, the temperature-inde-
pendent paramagnetism (TIP) parameter was taken into
account. The zJ parameter is used to describe weak inter-
actions of the inter-compounds.

According to the principle of the least reliability factor
(�[(cM T)obs¢(cM T)calcd]

2/�[(c MT)obs]
2), the obtained best

parameters are: J1 = 0.25 cm¢1, J2 =¢0.060 cm¢1, J3 =

¢0.22 cm¢1, J4 =¢8.63 cm¢1, g = 1.95, zJ =¢2.0 × 10¢3 cm¢1,
TIP = 4.40 × 10¢4 cm3 mol¢1, and R = 3.2 × 10¢5 for 1, and J1 =

0.26 cm¢1, J2 =¢0.065 cm¢1, J3 =¢0.23 cm¢1, J4 =

¢8.40 cm¢1 g = 1.99, z J = 0.000 cm¢1, TIP = 2.0 ×
10¢4 cm3 mol¢1, and R = 2.4 × 10¢5 for 1 a@SiO2. Thus, we
can draw four conclusions: 1) the positive values of J1 for
1 and 1a@SiO2 reveal weak ferromagnetic coupling between
Gd3+ and Ni2+, consistent with the experimental result in
GdNi6

[22a] and the DFT computational results of Rajaraman
and Ruiz.[22b,c] The weak antiferromagnetic exchange of
Gd···Gd (J2) is dominated by the average bond angle of Gd-
O(H)-Gd (108.188), in agreement with the experimental result
of Gd24Zn4

[23a] and the calculated result of Hughbanks.[23b]

Although the J2 value of is very small, the interaction of
Gd···Gd cannot be ignored. In addition, the syn-anti coordi-
nation mode of carboxylate renders the weak antiferromag-
netic coupling trait of Ni···Ni (¢0.22 cm¢1 for 1 and
¢0.23 cm¢1 for 1a@SiO2), and the m3-OH¢ bridge causes the
antiferromagnetic character of Ni···Ni (¢8.63 cm¢1 for 1,
¢8.40 cm¢1 for 1a@SiO2), which is compatible with the
experimental result of GdNi6.

[22a] Notably, the angle (115.2–
125.888) of Ni-O-Ni plays a critical role in the magnetic
interaction.[24] 2) The four coupling parameters (J1, J2, J3 and
J4) in 1a@SiO2 are similar to those in 1, which indicates that
the framework of 1 is maintained in 1a@SiO2, even after
encapsulation in silica nanospheres, consistent with the TEM
images of 1a@SiO2. 3) The zJ = 0 in 1a@SiO2 suggests that
weak antiferromagnetic coupling (¢2.0 × 10¢3 cm¢1) of inter-
compounds is shielded by diamagnetic silica nanospheres,
further confirming that each silica nanosphere only encapsu-
lates one compound. 4) The value of the Land¦ factor g in
1a@SiO2 is slightly larger than that in 1, which may be
attributed to the average g-tensor of the 3d shell in Ni2+ ions
and the 5d shell in Gd3+ ions being influenced by the confining
effect of the silica nanospheres.[25]

In summary, the single-molecule lanthanide–transition-
metal compound of 1a@SiO2 has successfully been prepared

Figure 3. a) Experiment plot of cM T vs. T of 1a@SiO2 (*) and pristine
1 (&) under an external field of 1000 Oe; fitting curves (solid line) for
cM T versus T for 1a@SiO2 (red) and 1 (blue); b–c) sketch of 52 Gd3+

ions and 56 Ni2+ ions in 1.
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through a facile one-pot microemulsion method, and its
magnetic properties have been investigated experimentally
and theoretically. Because there is no precedent for analyzing
the magnetic interaction of the single-molecule high-nucle-
arity lanthanide–transition-metal compound, the present
study represents the first example of an experimental inves-
tigation of the magnetic interaction of the single-molecule
high-nuclearity lanthanide–transition-metal compound and
the first theoretical study on the magnetic interaction of the
single-molecule high-nuclearity lanthanide–transition-metal
compound. Thus, the present study is beneficial to our
understanding of the magnetic interactions in high-nuclearity,
lanthanide–transition-metal compounds.

Experimental Section
Synthesis of 1: A mixture of Ni(NO3)2·6H2O(1.163 g, 4 mmol),
Gd(NO3)3·6H2O (0.902 g, 2.00 mmol), and iminodiacetic acid
(0.266 g, 2.00 mmol) was dissolved in deionized water (15.0 mL);
then, fresh NaOH was added dropwise to the mixture until the point
of incipient but permanent precipitation. The mixture was refluxed
for two hours and then filtered. Block-shaped green crystals of 1 were
obtained at a 40% yield after the filtrate was stored at room
temperature for 1 week.

Synthesis of 1a@SiO2 : 4.7 mL of heptane as an oil phase was
mixed with 1.5 mL of Brij Ô30(surfactant) in a bottle with rapid
stirring. Then, 160 mL of aqueous 1 (18 mgmL¢1) was slowly added to
the mixture with stirring for 10 minutes. Then, 130 mL of ammonia
was slowly added to the solution. After stirring for 30 minutes, 200 mL
of the silica precursor TEOS (tetraethyl orthosilicate) was added
slowly. The solution was stirred for 24 h and was then destabilized
with 3 mL ethanol. The core–shell nanoparticles of 1a@ silica were
obtained at a 75% yield (based on 1) after washing with heptane and
ethanol.
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