
Steering Metallofullerene Electron Spin in Porous Metal−Organic
Framework
Yongqiang Feng, Taishan Wang,* Yongjian Li, Jie Li, Jingyi Wu, Bo Wu, Li Jiang, and Chunru Wang*

Beijing National Laboratory for Molecular Sciences, Key Laboratory of Molecular Nanostructure and Nanotechnology, Institute of
Chemistry, Chinese Academy of Sciences, Beijing 100190, China

*S Supporting Information

ABSTRACT: Paramagnetic endohedral fullerenes are ideal candidates for
quantum information processing and high-density data storage due to their
protected spins with particularly high stability. Herein, we report a solid spin
system based on a paramagnetic metallofullerene Y2@C79N through
incarcerating it into the cage-shaped pores of a metal−organic framework
(MOF-177). In this kind of guest and host complex, the Y2@C79N molecules
inside the pores of MOF crystal show axisymmetric paramagnetic property. It
was found that the pores of MOF-177 crystal play an important role in
dispersing the Y2@C79N molecules as well as in steering their electron spin.
The group of arranged Y2@C79N molecules and their electron spins in MOF
crystals are potential quantum bits for quantum information science and data
storage. Moreover, this kind of solid spin system can be used as a probe for
nanoscale nuclear magnetic resonance or for motion imaging of a single
biomolecule.

■ INTRODUCTION

Manipulation of the electron spin has attracted widespread
interests of scientists from physics, chemistry, and material
sciences,1 taking into account its growing potential advantages
in quantum information processing and data storage.2 Of
spectacular importance in spin-carrier is endohedral fullerenes,3

among which N@C60, Sc3C2@C80 and Y2@C79N, etc., have
been expected to be excellent candidates as qubits for quantum
computers due to their unique magnetic properties and
favorable coherence time.4 Notably, the arrangement of these
spin-active endohedral fullerenes in solid state is essential for
further quantum computing.5 An attempt is to group them
together inside carbon nanotubes (CNTs) to form peapod
structure.6 Recently, the metal−organic frameworks (MOFs)
have been intriguing many interests due to their porous
structures and excellent crystallinity.7 Particularly, the ordered
nanosized pores in MOF crystals make them good host for
these endohedral fullerenes.8

Y2@C79N is a very important spin-active endohedral
fullerene, in which the nitrogen atom substitutes for one of
the C80 carbon atoms and introduces one unpaired electron
spin.9 The electronic structure of Y2@C79N resembles the
single negatively charged nitrogen-vacancy (NV−) color centers
in diamond,10 which are considered to be solid state spin qubit
suitable for quantum information processing and quantum
metrology devices. Moreover, the Y2@C79N offers a possibility
to construct spin system in solid state via a bottom-up
approach. In previous report of fullerene-containing host−guest
complex, the fullerene carbon cages are always prone to interact
with the planar aromatic motif of the host molecules through

strong π−π interactions.8,9a In MOF structures, there are many
similar planar aromatic contents.7 For example, MOF-177,7e

formulated as Zn4O(BTB)2 (BTB = 4,4′,4″-benzene-1,3,5-
triyltribenzoate), its cage-shaped pore has two sets of parallel
quasi-planar triphenylbenzene unit, 14 Å apart from each other.
Therefore, the MOF-177 can well accommodate Y2@C79N and
the ordered pores of MOF would induce the directional
arrangement of Y2@C79N, leading to special solid state spin
system.
Herein, we report the preparation and paramagnetic property

of spin-active endohedral fullerene Y2@C79N accommodating
in MOF-177 crystals through a bottom-up approach.
Interestingly, in Y2@C79N⊂MOF-177 complex, the Y2@C79N
molecules tend to reside along the c-axis of MOF-177 crystal
lattice under low temperature as disclosed by its axisymmetric
electron spin resonance (ESR) characters. The confined effect
of MOF’s pores plays a significant role in steering the electron
spin on endohedral fullerene, leading to anisotropic para-
magnetic solid system that is applicable for high-density data
storage. Moreover, the paramagnetic Y2@C79N⊂MOF-177
single crystal can be used as a probe for nanoscale nuclear
magnetic resonance detection.

■ RESULTS AND DISCUSSION

Preparation and Characterizations of Y2@C79N⊂MOF-
177 Complex. Y2@C79N has a nitrogen atom substituting for
one of the C80 carbon atoms and its diameter is about 8 Å,9 as
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shown in Figure 1a. Y2@C79N is an open-shell molecule and
there is an unpaired electron locating on the internal Y2 cluster,

as shown in Figure 1b. The crystal of MOF-177 was
synthesized by heating zinc nitrate with H3BTB.

7e This trigonal
porous framework has numerous cage-shaped pores, as shown
in Figure 1c. Its cage-shaped pore has two sets of parallel quasi-
planar triphenylbenzene unit, whose distance is about 13.99 Å,
as shown in Figure 1d and e. Furthermore, in the single crystal
of Tb2@C79N·Ni(OEP)·2C6H6 (OEP is the octaethylporphyr-
in), the distance of two Ni(OEP) units, trapped a Tb2@C79N,
is about 14 Å.9a Therefore, the cage-shaped pore of MOF-177
can well accommodate one Y2@C79N molecule through π−π
interactions, as shown in Figure 1f. Experimentally, 5 mg of
MOF-177 crystals were immersed into toluene solution of Y2@
C79N for several days to let the Y2@C79N enter the pores of
MOF-177 completely. After removing the supernatant, the
obtained complex (denoted as Y2@C79N⊂MOF-177) with
orange color were washed with toluene for times and dried by
nitrogen gas flow, as shown in Figure 1i.
To verify the encapsulation of Y2@C79N into the nanosized

channels of MOF-177, transmission electron microscopy
(TEM), energy dispersive spectrometer (EDS), physisorption
analysis, X-ray photoelectron spectrum (XPS), powder X-ray
diffraction (PXRD) and inductively coupled plasma (ICP)
analyses were performed (Figure 2, S4−S6). It can be seen
clearly from Figure 2a−d that yttrium was well-distributed as
carbon and zinc elements in Y2@C79N⊂MOF-177 crystal. EDS
analysis (Figure 2e) and XPS measurement (Figure S5) for
Y2@C79N⊂MOF-177 confirmed the existence of yttrium
element originating from Y2@C79N. Furthermore, BET surface
area shows a decrease from 894 m2 g−1 in MOF-177 crystal to
721 m2 g−1 in Y2@C79N⊂MOF-177 complex, indicating that

the Y2@C79N molecules are encapsulated into the pore of
MOF-177 rather than adsorbed on the crystal surface.11

Moreover, PXRD spectrum (Figure S6) of the Y2@
C79N⊂MOF-177 is obviously different from that of pristine
MOF-177. The change appears at 2-theta value of around 6°
corresponding to d value of about 15 Å, which is ascribed to the
crystal lattice perturbation caused by Y2@C79N incarceration.7e

ICP result disclosed a weight ratio of 5.74% for Y2@C79N in
Y2@C79N⊂MOF-177.

Anisotropic ESR Analysis of Y2@C79N⊂MOF-177
Single Crystal. The paramagnetic properties of Y2@
C79N⊂MOF-177 single crystal (Figure 1j) were carried out
by means of continuous-wave ESR technique with X-band. It
can be seen that at 293 K the Y2@C79N⊂MOF-177 presents a
similar ESR spectrum with that of pristine Y2@C79N in CS2
solution (see Figure 3a,b), indicative of dispersive Y2@C79N
molecules within MOF-177. However, the line width of 10 G

Figure 1. (a) Optimized structure of Y2@C79N. (b) Calculated spin
density distributions of Y2@C79N. (c) Crystallographic structure of
MOF-177. Blue, Zn; red, O; gray, C. H atoms and guest molecules are
omitted for clarity. Cage-shaped pore of MOF-177 along c axis (top
view, d) and along b axis (side view, e). (f) Schematic drawing of the
inclusion of Y2@C79N inside the cavity of MOF-177. The orientation
of Y2@C79N standing inside the pores of MOF-177 is in the manner
that the N atom (dark blue) on the carbon cage is adjacent to the
triphenylbenzene unit. (g) Schematic drawing of Y2@C79N⊂MOF-177
complex. Color code: blue, Zn; yellow, O; green, C; red, Y2@C79N. H
atoms and guest molecules are omitted for clarity. (h) Optical image
(inset: an SEM image of a crystal) of synthesized MOF-177 crystals.
The crystal is in the shape of polyhedral block in micron scale. (i)
Optical image of Y2@C79N⊂MOF-177 complex. (j) A selected single
crystal of Y2@C79N⊂MOF-177 for varied temperature ESR measure-
ments.

Figure 2. (a) TEM image of selected Y2@C79N⊂MOF-177 complex.
TEM element mapping of C (b), Zn (c) and Y (d) for Y2@
C79N⊂MOF-177 complex. (e) EDS file of Y2@C79N⊂MOF-177. (f)
N2 adsorption (circle) and desorption (square) isotherm curves of
MOF-177 (red) and Y2@C79N⊂MOF-177 (black).

Figure 3. Temperature-dependent ESR spectra of Y2@C79N⊂MOF-
177 single crystal (a), Y2@C79N in CS2 solution (b) and Y2@C79N
powders (c) at temperatures of 293, 253, 213, 173, and 133 K. (d)
ESR spectrum of Y2@C79N⊂MOF-177 single crystal measured at 80
K. The simulated line (blue) is in good agreement with the
experimental spectrum (pink), where P1, P3 and P5 correspond to
the spin tensor along orthogonal orientation and P2, P4 and P6 belong
to spin tensor at parallel direction.
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for Y2@C79N⊂MOF-177 is nearly two times larger than that of
pristine Y2@C79N in CS2 solution, which reveals that the Y2@
C79N in Y2@C79N⊂MOF-177 has increased spin−lattice
interactions ascribed to the solid state spin system.
Furthermore, when the temperature dropped to 253 K, the
Y2@C79N⊂MOF-177 showed obvious anisotropic ESR peaks,
i.e., the intensity of ESR line at high field specifically increased.
This kind of anisotropy of Y2@C79N can be ascribed to the
changed interaction between spin angular momenta and the
orbital angular momenta under low temperature,9b implying the
insufficient rotational averaging in resonance structure.12 For
comparison, the temperature-dependent ESR measurements
were executed on CS2 solution of Y2@C79N from 293 to 133 K.
At 213 K, the ESR signals of Y2@C79N in solution state also
exhibit paramagnetic anisotropy, which is ascribed to the
insufficient rotational averaging in resonance structure.
Unprecedentedly, for Y2@C79N⊂MOF-177, it was revealed

that at or below 213 K the ESR spectra exhibit axisymmetric
hyperfine splitting with hfcc values (g⊥ and g∥; a⊥ and a∥),
indicating the Y2@C79N molecules inside the pores of MOF-
177 turn to an orientational state. And the 213 K can be
considered as the “orientational transition”13 point for the jailed
Y2@C79N within MOF-177 matrix. The experimental and
simulated ESR spectra at 80 K were particularly shown in
Figure 3d, in which the simulated spectrum is in good
agreement with the experimental one with parameters of a⊥ =
76.00 G, a∥ = 90.63 G, g⊥ = 1.961, and g∥ = 1.999.
Generally, the anisotropic hyperfine interaction energy in a

spin system can be expressed as

= + +H A S I A S I A S Ix x x y y y z z zhfi (1)

where A refers to hyperfine coupling constant, S means spin
angular momenta and I is nuclear spin. And in an axisymmetric
system,

= + +⊥ ∥H A S I S I A S I( )x x y y z zhfi (2)

herein, ax = ay = a⊥, az = a∥, gx = gy = g⊥, gz = g∥. For Y2@
C79N⊂MOF-177 complex, its axisymmetric hyperfine couplings
at low temperature indicate that the Y2@C79N molecules have
directivity inside the matrix of MOF-177 crystal. However, the
varied temperature ESR spectra performed on Y2@C79N
powders from 293 to 133 K (Figure 3c) exhibited unsplitting
peak with a line width of ca. 18 G as the similar case in its
solution state at 133 K due to the fast spin−lattice relaxation
process.
Orientation of Y2@C79N in Y2@C79N⊂MOF-177 Com-

plex. This axisymmetric paramagnetic system of Y2@
C79N⊂MOF-177 can be caused by the special structure of
crystalline MOF-177 matrix, which has a trigonal space group
of P3̅1c.8a For MOF-177, its cage-shaped pore also has a quasi-
planar moiety composed by triphenylbenzene unit. Therefore,
it can be speculated that in Y2@C79N⊂MOF-177 complex,
some site of Y2@C79N would be close to the triphenylbenzene
unit of MOF-177 through π−π interactions. Especially under
low temperature, the motion of Y2@C79N molecule becomes
slow in Y2@C79N⊂MOF-177 complex.
To further explicate the relative orientation of Y2@C79N in

Y2@C79N⊂MOF-177 complex, a model between Y2@C79N
and MOF-177 unit was constructed (Figure 4). DFT
calculation results indicated that it is a favorable state that the
N atom of Y2@C79N situates near the paraphenylene unit of
MOF-177 matrix, which is 2.08 kcal mol−1 more stable than

that the N atom pointed to Zn4O tetrahedron. On the other
hand, the nearest distance between the N atom and the
paraphenylene unit in Figure 4a is 3.58 Å, which is comparable
with the distance of π−π interaction in fullerene-containing
host−guest complex14 and much shorter than the distance
(6.78 Å) between the N atom and the Zn4O tetrahedron in
Figure 4b.
It should be noted that the geometries of Y2@C79N in MOF-

177 pore are related to the different interactions between Y2@
C79N and triphenylbenzene unit. In several reported literatures,
a strong interaction between a nitrogen-containing aromatic
unit and a neutral π system has been determined.15 For
example; Tsuzuki and Sherrill reported that in benzene/
pyridine complexes the orientation of N atom favors the
structures in which the heteronitrogen atom is located toward
the benzene molecule.15a Similarly, in Y2@C79N⊂MOF-177
complex, the substitution of N atom on fullerene cage also
results in strong π−π interaction between Y2@C79N and
benzene unit in MOF-177. In optimized structure of Y2@
C79N⊂MOF-177 complex as shown in Figure 4a, the N-
containing hexatomic ring is parallel to the central benzene unit
of triphenylbenzene in MOF-177 through π-stacking inter-
action. This configuration is more stable than that in Figure 4b,
in which the hexatomic carbon ring of Y2@C79N is close to the
central benzene unit of triphenylbenzene.
Therefore, it is rational that the Y2@C79N is likely to situate

along the c axis of MOF-177 crystal as in Figure 4a. In the
presence of N and triphenylbenzene interactions, Y2@C79N
molecules tamely tend to align along the c axis ([001] crystal
orientation) of MOF-177 crystal, as shown in Figure 1g.
Consequently, at low temperature the axisymmetric hyperfine
splittings can be observed.

Paramagnetic Property of Y2@C79N⊂MOF-177 Single
Crystals with Different Y2@C79N Loading Amount. The
paramagnetic properties of Y2@C79N⊂MOF-177 single crystals
with different loading amount of Y2@C79N were also
investigated, as shown in Figure 5. Briefly, three similar Y2@
C79N⊂MOF-177 single crystal samples containing different
weight content of Y2@C79N, i.e., 2%, 5% and 10%, were
prepared. Their ESR spectra were collected at 130 K. The
results revealed that Y2@C79N⊂MOF-177 single crystals
exhibit nearly the same ESR hyperfine couplings, except for
the enhanced signal intensity along with increased loading
amount of Y2@C79N. Therefore, it can be noted that such
axisymmetric ESR character for Y2@C79N⊂MOF-177 single

Figure 4. DFT-calculated geometries and relative energies (ΔE in kcal
mol−1) for a model of Y2@C79N⊂MOF-177. (a) The N atom (dark
blue) on the carbon cage is pointed to the triphenylbenzene unit
parallel to the c axis of MOF-177. (b) The N atom is pointed to one
Zn4O tetrahedron. Color code: light blue, Zn; red, O; gray, CMOF;
green, Y; dark blue, N; yellow, Ccage. H atoms and guest molecules are
omitted for clarity.
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crystals is independent with the Y2@C79N loading amount to a
certain degree. This content-independent paramagnetic prop-
erty can be attributed to a reason that the Y2@C79N molecules
are highly dispersed in the pores of MOF-177 under the
loading amount ranging from 2% to 10%. Therefore, it is
obvious that the pores in MOF-177 crystal play a significant
role in accommodating and dispersing the Y2@C79N molecules.
SQUID Measurement of Y2@C79N⊂MOF-177 Complex.

Magnetic properties of this new complex were then studied by
SQUID measurement as shown in Figure 6. The temperature-

dependent inverse susceptibility of Y2@C79N⊂MOF-177
complex mainly featured a paramagnetic characteristic.16−18

Fitting the susceptibility curve by the Curie−Weiss law
provides C = 10.75 emu K mol−1 Oe1−, Θ = −364.41 K
(40−90 K); C = 23.04 emu K mol−1 Oe1−, Θ = −898.57 K
(150−260 K); and C = 18.57 emu K mol−1 Oe1−, Θ = −671.59
K (260−300 K), respectively. Comparing the obtained
magnetic parameters of Y2@C79N powder and Y2@
C79N⊂MOF-177 complex in Table S1, it can be derived that
above 260 K their Curie constants are of almost the same value
corresponding to the similar dynamical states of Y2@C79N
molecules in solid powders and inside the cavity of MOF-177,

whereas below 260 K a slight decrease of Curie constant for
Y2@C79N⊂MOF-177 was observed, which may be caused by
the two possible orientations for Y2@C79N in the cavity of
MOF-177 as disclosed by above ESR results. In addition, an
antiferromagnetic-like behavior occurred around 125 K for both
Y2@C79N powder and Y2@C79N⊂MOF-177, indicating a
magnetic moment transition for Y2@C79N molecules under
such condition. Similar results were also found in solvent-free
Sc@C82 microcrystals

17 and La@C82(CS2)1.5 crystals.
18

■ CONCLUSION

We take advantage of MOFs to accommodate spin-active
endohedral fullerene Y2@C79N. The ESR results revealed that
the pores in MOF-177 crystal can highly disperse the Y2@C79N
molecules. In Y2@C79N⊂MOF-177 single crystal, the metal-
lofullerene molecules are somewhat directional inside the pores
of MOF crystal under low temperature and exhibit axisym-
metric paramagnetic property. The π−π interaction between N-
containing hexatomic ring in Y2@C79N and triphenylbenzene
in MOF-177 helps to build such an axisymmetric paramagnetic
system. This work provides an effective method to build a new
solid spin system, which is similar to the paramagnetic diamond
with nitrogen-vacancy centers. The NV-center diamond is
known to be applicable in quantum computation and nanoscale
nuclear magnetic resonance.19 Compared to NV-center
diamond, the Y2@C79N⊂MOF-177 solid spin system has
controllable spin numbers and feasible fabrication process via a
bottom-up approach. In addition, paramagnetic metallofuller-
ene has been proved to be sensitive to the nitroxide radical with
very weak magnetic field.1h Therefore, the Y2@C79N⊂MOF-
177 solid spin system can be utilized in probing the motion of
biomolecules, such as protein, labeled with nitroxide radical.

■ EXPERIMENTAL SECTION
Synthesis of MOF-177. MOF-177 was prepared by the

solvothermal method as previously reported.7e Briefly, 80 mg of
Zn(NO3)2·6H2O and 20 mg of H3BTB were dissolved in 1 mL of
DEF, then the solution was sealed in a glass tube and heated at a rate
of 2 °C/min to 100 °C and held for 23 h, and cooled at a rate of 0.2
°C/min to room temperature. The as-synthesized crystals were rinsed
with DEF and toluene, respectively, each three times.

Characterizations of MOF-177. Single crystal X-ray diffraction
(XRD), TGA, element analyses were carried out for structural
characterization of MOF-177. For details, please see Figures S2 and S3
in the Supporting Information.

Synthesis of Y2@C79N⊂MOF-177. About 5 mg of MOF-177
crystals were immersed in a solution of 0.5 mg of Y2@C79N in toluene
for 7 days until the color of the crystals changed to orange. The doped
crystals were washed with toluene (5 × 2 mL) and dried under N2
flow.

Characterizations of Y2@C79N⊂MOF-177. TEM images and
element mapping analysis were characterized by a JEOL 1011
instrument. Nitrogen adsorption/desorption isotherm was measured
by a Quantachrome Autosorb AS-1 instrument at 77 K. PXRD and
XPS were performed using the doped crystals at room temperature.
XPS was performed on the Thermo Scientific ESCALab 250Xi using
200 W monochromated Al Kα radiation. The 500 μm X-ray spot was
used for XPS analysis. The base pressure in the analysis chamber was
about 3 × 10−10 mbar. Typically the hydrocarbon C 1s line at 284.8 eV
from adventitious carbon is used for energy referencing. Weight ratio
was calculated by ICP results: ca. 3.29 mg of Y2@C79N⊂MOF-177
crystals were dissolved in 2 mL of HNO3, sonicated for 30 min and
then transferred to a mixture of H2SO4/H2O2 (v/v = 4/1), sonicated
for another 30 min. This acid solution was diluted 1000 times and
detected the Y3+ and Zn2+ on SHIMADZU ICPE-90000 instrument.

Figure 5. ESR spectra measured at 130 K for three Y2@C79N⊂MOF-
177 single crystal samples containing different weight content of Y2@
C79N. (a) 2%, (b) 5% and (c) 10%, respectively.

Figure 6. Temperature-dependent inverse magnetic susceptibility
curves of Y2@C79N (red circle) and Y2@C79N⊂MOF-177 (black
square) measured at a field of 1000 Oe with temperature range of 5−
300 K.
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ESR Measurements of Y2@C79N⊂MOF-177. The varied temper-
ature ESR spectra for Y2@C79N⊂MOF-177 were recorded on Bruker
E500 instrument with continuous-wave X band. And the spectra were
simulated with Easyspin package20 (http://www.easyspin.org) en-
coded in MATLAB platform.
SQUID Measurements of Y2@C79N⊂MOF-177. The suscepti-

bility experiments were performed on a Quantum Design MPMS XL-7
system at temperature from 5 to 300 K in magnetic field of 0.1 T. The
sample was sealed in a capsule with negligible magnetism.
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