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ABSTRACT: A new and efficient hydrophilicity-directed
approach (HDA) is developed to encapsulate large guest
molecules beyond the aperture size limitation in the
nanospace of metal−organic frameworks (MOFs), as
exemplified by the self-assembly of a metal−organic
polyhedral (MOP) M6L4 into MIL-101. This strategy is
based on the different hydrophilicities between inner and
outer surfaces of the preformed MOF that may direct the
self-assembly of the MOP in the MOF pores by using a
two-solvent system. Importantly, as the MOP guest
molecule is larger than the MOF aperture size, aggregation
and leaching are effectively prevented, endowing the
encapsulated MOP with significantly enhanced reactivity
and stability in the catalytic transformations as compared
to the pristine MOP.

Metal−organic polyhedrals (MOPs) are a newly developed
class of inorganic−organic discrete coordination com-

plexes, which are usually prepared by self-assembly of metal ions
and highly directional and functionalized ligands.1 Due to the
tailored structure and special symmetry, MOPs experienced
rapid development in recent years and have exhibited a wide
range of applications such as molecular flasks or molecular
recognizers.2a−c As one of the most representative MOPs, M6L4

features an octahedral self-assembly (Scheme 1a).1l,3 Although
this MOP has some unique advantages such as being highly
water-soluble and commercially available, its application is
limited to molecular sensing or photocatalysis under mild

conditions.2a−c,4 This limitation is mostly associated with the
instability of MOPs, which tend to aggregate under relatively
harsh reaction conditions (such as high temperatures).2d,e

Encapsulation of an MOP into the cavity of a host with windows
smaller than the MOP could circumvent this problem and, thus,
greatly broaden the application scope of MOPs.
Metal−organic frameworks (MOFs) are a new class of porous

materials.5 Particularly, the well-defined and functionalizable
pores may provide accommodative spaces, making MOFs one
type of the most promising candidates for the encapsulation of
various guests (e.g., metal nanoparticles, organometallic
complexes, and polyoxometallate).6 The great structural and
chemical tunability of MOFs have led to a variety of
methodologies for the preparation of such host−guest
composites by incorporating a guest molecule as an entity,
such as impregnation,7a,b chemical vapor deposition,7c,d and
cation exchange,7e endowing the composites with excellent
performance in catalysis, gas adsorption, etc.8 Despite the
success, these methods are usually restricted by the MOF
aperture size, resulting in inaccessibility for larger guest
molecules. Coassembly of the guest during MOF crystal growth
offers a solution to this problem. However, it often perturbs
MOF growth. Recently, Ma’s group developed a new strategy for
guest encapsulation into MOFs via metal-cation-directed de novo
assembly from the component fragments of the guest molecule.9

More recently, Tsung’s group introduced a new concept for
incorporating large guest molecules as an entity into MOFs via
expanded apertures created by dissociative linker exchange.10

These strategies might offer new insights into such host−guest
system and impart new interest in developing more general and
facile approaches for preparation of this type of composites.
Herein, we report a novel hydrophilicity-directed approach

(HDA), based on the different hydrophilicities of the guest and
host, for the encapsulation of an MOP larger than the MOF
aperture size into the MOF pores. The HDA strategy typically
includes two steps: (1) introducing a small amount of solvent (I)
suitable forMOP assembly into the preformedMOF using a two-
solvent system and (2) assembling the metal salts and ligands
that are introduced into the MOF pores by dissolution or
diffusion to form the MOP.
As a proof of principle, we employed MIL-101(Cr) as the host

and M6L4 as a model MOP guest, respectively. The MIL-
101(Cr), a representative MOF, holds two types of mesopores
with internal free diameters of ca. 29 and 34 Å.11 The smaller one
possesses pentagonal windows with a free opening of ∼12 Å,
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Scheme 1. Preparation of M6L4 (a) and M6L4⊂MIL-101 (b)
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while the larger one owns both pentagonal and hexagonal
windows with an aperture of 14.5 and 16 Å, respectively.11 M6L4
is a hollow octahedral self-assembly with a diagonal Pd−Pd
distance of 2.2 nm, in which M stands for (en)Pd(NO3)2 and L
stands for 1,3,5-Tris(4-pyridyl)-2,4,6-triazine (TPT).3 In this
complex, the six vertices of the octahedron are occupied by
cationic M, whereas the eight triangular faces are alternately
occupied by four exo-tridentate triangular ligands L (Scheme
1a).3 As the pore windows of MIL-101(Cr) are smaller than
M6L4, the migration and leaching of M6L4 could be effectively
prohibited if it is encapsulated in the MOF pore.
The synthesis process by using the HDA strategy is illustrated

in Scheme 1b. Typically, activated MIL-101 and L were first
added into a large amount of n-hexane, and then a small amount
of aqueousM solution (Vsolution < Vpore of MOF) was added. As the
MIL-101 inner surface was more hydrophilic than the outer
surface, the small amount of aqueous M solution was readily
incorporated into the MIL-101 pores by capillary force.12 Thus,
MIL-101 was suspended in n-hexane with pores filled with
aqueous M solution. Because M6L4 was easily self-assembled in
water,3 L was drawn into the MIL-101 pores due to the chemical
equilibrium shift of the self-assembly process of forming M6L4.
The obtained materials were subsequently washed with a large

quantity of deionized water until no Pd traces could be detected
in the filtrate. This operation was performed carefully in order to
exclude the influence of the absorbed Pd species on the MOF
surface. Finally, the hybrids were activated by heating at 150 °C
for 12 h under dynamic vacuum. The as-synthesized materials are
denoted as M6L4⊂MIL-101-N (N = 3, 4, 6, or 10), where N
represents the average number of MOF cavities that accom-
modate one M6L4 in theory, according to the amount of the
precursors added in the reaction solution. The actual Pd contents
doped in the MOF were measured by Atomic Absorption
Spectroscopy (AAS), showing a high doping efficiency (ca. 90%)
of Pd (Table S1).
The crystallinity of the M6L4⊂MIL-101 materials was

examined by powder X-ray diffraction (PXRD). As shown in
Figure S1, the PXRD patterns of M6L4⊂MIL-101 hybrids were
similar to the parent MIL-101,11 demonstrating the well
preservation of crystalline structure during the incorporation
process.
The successful incorporation of M6L4 on the MOF was

confirmed by NMR spectroscopy taking M6L4⊂MIL-101-4 as an
example. The liquid 1H NMR spectrum of pure M6L4 was shown
in Figure S2, which was consistent with the literature report.3

However, the solid-state NMR spectra of M6L4 have never been
reported. In this work, the 13C solid-state NMR spectrum of
M6L4 (Figures 1a and S3) showed principally five peaks. The

signals at δ = 168.99, 153.26, 143.57, and 124.90 ppm were
characteristic peaks of L, while the peak located at δ = 48.65 ppm
corresponded to the ethanediamine group inM. In contrast, the
parent MIL-101 showed no obvious NMR signal because MIL-
101 contains paramagnetic Cr centers. The strong dipolar
interactions between the unpaired electrons of the paramagnetic
Cr centers and the NMR-active nuclei accelerate nuclear spin
relaxation and shift NMR signals, making some signals
“invisible”.13 As expected, the M6L4⊂MIL-101−4 (Figure 1a)
also showed the characteristic peaks of M6L4. The peaks intensity
was much lower than the pristine M6L4 due to the low content of
M6L4 confined in the hybrid. These results demonstrated that
M6L4 was successfully synthesized and doped on the MIL-101.
Additionally, no obvious chemical shifts were observed,
indicating the structural and chemical properties of M6L4 were
not perturbed during the M6L4⊂MIL-101 synthesis process.
The incorporation ofM6L4 onMIL-101 was further confirmed

by Fourier Transform infrared spectroscopy (FT-IR). As
presented in Figure 1b, the spectrum of M6L4⊂MIL-101-4
exhibited characteristic bonds of both M6L4 and MIL-101.
Noteworthy, the peaks at 1061 cm−1 were assigned to C−N
stretching in the L. No obvious shifts were also observed between
the M6L4⊂MIL-101-4 and pristine M6L4, indicating that the
M6L4 in MIL-101 pores preserved its original structure and
property. The characteristic framework −(O−C−O)− band at
ca. 1400 cm−1 was broadened obviously and slightly shifted after
M6L4 incorporation, suggesting possible encapsulation of M6L4
in the MIL-101 pores.
TEM, high-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM), and energy dispersive X-
ray spectroscopy (EDS) elemental mapping analyses of
M6L4⊂MIL-101-4 showed no distinctly congregated Pd
particles, demonstrating a uniform distribution of M6L4 in the
MOF (Figures S4a and S5a−c). The HAADF-STEM and
elemental mapping images (Figures 2 and S6) of the ultrathin
slices from M6L4⊂MIL-101-4 confirmed that Cr and Pd
elements were distributed homogeneously, indicating that
M6L4 was uniformly dispersed in the MIL-101 cavities.
Moreover, scanning electron microscopy (SEM) and EDS

Figure 1. Solid-state 13C NMR spectra (a), and FT-IR spectra (b) of the
materials.

Figure 2.HAADF-STEM image of ultrathin cuts fromM6L4⊂MIL-101-
4 (a), and the corresponding elemental mapping images of Cr (b), Pd
(c), and Cr + Pd (d).
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elemental mapping analyses (Figure S7) also revealed an even
distribution of Cr, Pd, and N all over the octahedral crystals.
These measurements indicated that the M6L4 was homoge-
neously distributed in theMIL-101 pores without the presence of
neither accumulation in a particular region nor clusters of bulk
M6L4 that were physically mixed with the parent MOF.
To investigate the potential interactions between M6L4 and

MIL-101, we further characterized the materials by X-ray
photoelectron spectroscopy (XPS). N and Pd elements were
presented obviously in the composites as shown by the XPS
survey spectrum of M6L4⊂MIL-101-4 (Figures 3c and S8). The

Pd XPS spectra of both M6L4 and M6L4⊂MIL-101-4 (Figure 3b)
exhibited Pd 3d5/2 bands at ca. 338.3 eV and Pd 3d3/2 bands at ca.
343.6 eV, typical characteristics of Pd(II) ions.14 No appreciable
differences were observed in the binding energies of the Pd(3d)
spectra for the two materials. Similarly, there was no apparent
shift between the Cr binding energies for the M6L4⊂MIL-101-4
and MIL-101 (Figure 3a). These observations suggested that no
strong electron interaction between the M6L4 and MIL-101 was
present in the composites.
The surface areas and porosities of the hybrids were measured

by N2 adsorption at 77 K. The M6L4⊂MIL-101 samples (Figure
S9) all showed type I isotherms similar to that of the parent MIL-
101, indicating that the M6L4⊂MIL-101 materials still
maintained the porous structure of MIL-101. In comparison
with the parent MIL-101, obvious decreases in the BET surface
areas and pore volumes (Table S2) were observed due to the
occupation of the pores, further confirming the incorporation of
M6L4 within the MIL-101 pores.9,10 As the content of M6L4
increased, the BET surface areas and pore volumes of
M6L4⊂MIL-101 decreased gradually as expected.
To elucidate the advantages of our HDA assembly strategy for

the encapsulation of MOP in MOFs, two traditional methods
were also attempted for the incorporation of M6L4 intoMIL-101.
The obtained materials are named as M6L4/MIL-101 and
M6L4@MIL-101, respectively. For the preparation of M6L4/
MIL-101 by impregnation, MIL-101 particles were directly

soaked in the M6L4 aqueous solution. The impregnation
approach was not efficient for M6L4 incorporation as evidenced
by the extremely low M6L4 loading (Table S1; Figures S10−
S11). Moreover, HAADF-STEM images (Figure S12a) showed
that M6L4 was aggregated on the MOF surface. The attempt to
encapsulate M6L4 into MIL-101 employing only one solvent, i.e.,
soakingMIL-101 in theM and Lmixed aqueous solution, did not
succeed either (Table S1; Figures S13−S14). Additionally,
leaching experiments showed that M6L4/MIL-101 and M6L4@
MIL-101 underwent obvious Pd leaching while M6L4⊂MIL-101
did not show any significant loss of Pd (Table S3). These
comparisons highlighted the effectiveness of the HDA strategy
for encapsulating large MOP molecules into the pores of MOFs.
To demonstrate that the HDA strategy can enhance the

stability and performance of the MOP confined in the MOF, we
examined the catalytic property of theM6L4⊂MIL-101 hybrids in
the selective oxidation of benzyl alcohol to benzaldehyde (Figure
4 and Table S4). The blank reactions without a catalyst or even

with MIL-101 gave essentially no conversions (<5%) at 130 °C
for 18 h. M6L4 exhibited some reactivity and afforded 60%
conversion with 45% selectivity to benzaldehyde after 18 h of
reaction (Figure 4), with benzoic acid and benzyl benzoate as the
main side products. In comparison, the M6L4⊂MIL-101-4
showed significantly improved activity and selectivity, giving
98% selectivity to benzaldehyde at 95% conversion under
identical conditions. As compared toM6L4, it was impressive that
the benzaldehyde yield was enhanced by a factor of ca. 3.5. More
importantly, the catalytic activity and selectivity of M6L4⊂MIL-
101-4 remained almost unchanged even after five reuses, while
the pristine M6L4 deactivated dramatically (Figure 4). As a
consequence, the benzaldehyde yield obtained on the
M6L4⊂MIL-101-4 system was nearly 20 times higher than that
of M6L4 after being reused five times. Both M6L4@MIL-101 and
M6L4/MIL-101 showed significantly inferior catalytic perform-
ance compared to M6L4⊂MIL-101-4. A possible reaction
mechanism was proposed in Scheme S1.
The stability of M6L4⊂MIL-101-4 was confirmed by TEM and

HAADF-STEM measurements, which showed no obvious
catalyst aggregation after recycling (Figures S4b and S5d−i).
XPSmeasurements of the recoveredM6L4⊂MIL-101-4 indicated
that palladium remained in its divalent form (Figure S15). The
well preservation of the M6L4⊂MIL-101-4 structure after
reactions was further demonstrated by FT-IR analysis, which
showed a spectrum almost identical to the fresh one (Figure

Figure 3. Cr 2p (a) and Pd 3d (b) XPS spectra of M6L4⊂MIL-101-4,
MIL-101, and M6L4. Survey spectrum of M6L4⊂MIL-101-4 (c).

Figure 4. Catalytic performance and reusability of the M6L4 and
M6L4⊂MIL-101−4 materials in benzyl alcohol oxidation.
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S16). However, the M6L4 system encountered serious catalyst
degradation during reaction, in which palladium aggregates with
diameters of 5−20 nm were clearly observed even only after the
first run (Figure S4d). The remarkably enhanced reactivity and
stability of M6L4⊂MIL-101-4 as compared to M6L4 is believed to
be related to the encapsulation effect offered by the MOF
cavities, featuring highly dispersed M6L4 active centers without
any significant leaching or aggregation.
In summary, we have developed, for the first time, a

hydrophilicity-directed approach (HDA) for the encapsulation
of an MOP into MOFs beyond the framework aperture size
limitation, as exemplified by the self-assembly of M6L4 into MIL-
101. The confined M6L4 exhibited significantly improved
catalytic efficiency and stability compared with the pristine
MOP material. The HDA strategy requires neither particular
types of MOFs nor destruction of the MOFs, thus offering a
versatile approach to encapsulating a broad range of MOP
complexes into MOFs with significantly enhanced performance
for various applications. Studies aimed at extending this strategy
to the encapsulation of other types of MOPs into MOFs for
advanced catalysis applications are currently underway in our
laboratory.
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Autrey, T.; Shioyama, H.; Xu, Q. J. Am. Chem. Soc. 2012, 134, 13926.
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