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Cucurbituril-Encapsulating Metal–Organic Framework via
Mechanochemistry: Adsorbents with Enhanced Performance
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Abstract: The first examples of monolithic crystalline host–
guest hybrid materials are described. The reaction of 1,3,5-
benzenetricarboxylic acid (H3BTC) and Fe(NO3)3·9 H2O in the
presence of decamethylcucurbit[5]uril ammonium chloride
(MC5·2 NH4Cl·4H2O) directly affords MC5@MIL-100(Fe)
hybrid monoliths featuring hierarchical micro-, meso- and
macropores. Particularly, this “bottle-around-ship” synthesis
and one-pot shaping are facilitated by a newly discovered Fe-
MC5 flowing gel formed by mechanochemistry. The designed
MC5@MIL-100(Fe) hybrid material with MC5 as active
domains shows enhanced CH4 and lead(II) uptake perfor-
mance, and selective capture of lead(II) cations at low
concentrations. This shows that host–guest hybrid materials
can exhibit synergic properties that out-perform materials
based on individual components.

The past three decades has witnessed the revolutionary
impact of cage-like molecules,[1] such as cyclodextrin,[2]

calixarene,[3] pillarene,[4] and imine cages on separation
technology,[5] since these functional molecules have both
adsorption sites/cavity and potential to fabricate advanced
hybrid systems. In particular, cucurbit[n]urils (CB[n]s, n = 5–
10) are easily synthesized by the condensation of formalde-
hyde and glycolurils.[6] Due to their rich functional groups and
symmetrical structures with hydrophilic portals and hydro-
phobic pores, CB[n] have found various applications includ-
ing molecular recognition and assembly,[7] switches,[8] catal-
ysis,[9] and separations.[10] Yet, the designed synthesis of CB-

based porous solids remains an ongoing challenge due to their
relatively inert structures and tendency to aggregate.[6b, 7b] As
one of the earliest discovered CB[n]s, decamethylcucurbit-
[5]uril (MC5) has a rigid cage with carbonyl groups on each
portal and a portal size of 2.5 � (Scheme 1). Although MC5
shows some attractive features including good water-solubil-
ity and selective binding toward PbII, its application is limited
by its nonporous solid-state structure.[11] Encapsulation of CB
in the pores of a host matrix could circumvent this problem
and, thus, afford the opportunity to achieve functional host–
guest hybrid materials.[12]

Metal–organic frameworks (MOFs) with tunable struc-
tures, well-defined pores and high surface areas are demon-
strated to be perfect host frameworks for various guests (e.g.
polyoxometalates, nanoparticles, semiconductors, polymers,
poly(ionic liquid)s and enzymes).[13] Consequently, advanced
host–guest hybrid materials have been obtained by using
a variety of synthetic methodologies, such as impregnation,[14]

ion exchange,[15] “ship-in-a-bottle”,[16] and chemical vapor
deposition (CVD),[17] impacting technologies from gas sepa-
ration to catalysis. Despite all the progress made in the
fabrication of these MOF-based host–guest hybrid materials,
it�s challenging to achieve designed fabrication of cage-like or

Scheme 1. Encapsulation of decamethylcucurbit[5]uril (MC5) cages
into the in situ formed MIL-100(Fe) via a “bottle-around-ship” syn-
thesis. Hydrogen atoms are omitted for clarity.
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macrocyclic molecules/MOF hybrids.[18] Up to now, a few
macrocycle-encapsulating MOF hybrid materials have been
reported.[13g,19] For example, porphyrins have been success-
fully encapsulated into metal–organic materials (MOMs) to
obtain porph@MOM hybrids as artificial enzymes.[19c] We
continued our quest toward fabrication and shaping of
functional CB@MOF materials via facile approaches. The
challenge lies in the choice of CB molecules with good
solubility,[6b] and the encapsulation of CB molecules with
retaining active domains.[20] Particularly, MC5 and CB[n] (n =

5, 7) have good water solubility, providing the potential to be
hydrogelators.[21] We proposed that if soluble CB cages and
MOF precursors can be well mixed in a condensed phase,
such as a gel via mechanochemistry,[22] then the encapsulation
of CB into the pores of in situ formed MOF can be achieved
via bottle-around-ship synthesis (Scheme 1), giving
CB@MOF materials for exploring CB related properties.

Here we report for the first time, a “bottle-around-ship”
approach to prepare MC5@MIL-100(Fe) hybrid monoliths
with hierarchical pores, which is facilitated by an unprece-
dented Fe-MC5 flowing gel formed by mechanochemistry
(Figure 1a). The MC5@MIL-100(Fe) composites show
enhanced performance over its components for CH4 uptake
and PbII removal at low concentrations.

MIL-100(Fe), formed through the assembly of BTC
anions and iron(III) cations,[23] served as a host as its topology
affords two kinds of mesoporous cages (25 � and 29 �) to
encapsulate MC5 molecules with an outer diameter of 15 �
and a height of 9 � (Scheme 1, Figure S2 in the Supporting
Information). Briefly, individually pre-ground H3BTC crys-
tallites, MC5·2NH4Cl·4 H2O and Fe(NO3)3·9 H2O (Figure S3–
S5) were ground to form a H3BTC/Fe-MC5 flowing gel at
room temperature under relative humidity over 40% (see
Video S1). Then, heating the gel in a Teflon autoclave for five
hours afforded the hybrids designated as MC5@MIL-100(Fe)-
W (W = 12, 20, 23), where W represents the weight percent-
age of imbedded MC5 in the material based on elemental

analysis (See Supporting Information). We noticed that
amorphous Fe-BTC gel and aerogels can be obtained via
sol-gel approaches as reported by James and others.[24]

MC5@MIL-100(Fe) hybrids were obtained as monoliths
(Figure 1a, and S6), which were robust in hot water (80 8C)
and ethanol (65 8C), and had macropores of 100–300 mm
(Figure S7–S8), thus facilitating activation and solvent
exchange with retention of shape. In contrast, MIL-100(Fe)
collapsed into particles in water. Powder X-ray diffraction
(PXRD) patterns of MC5@MIL-100(Fe) hybrids matched
that of MIL-100(Fe) (Figure 1b), confirming the construction
of the intended framework.[23] The presence of MC5 in MIL-
100(Fe) was supported by Fourier Transform infrared spec-
troscopy (FT-IR), which shows the characteristic vibration
bands of uncoordinated MC5 and MIL-100(Fe), suggesting
MC5 as guest molecules (Figure S9). Incubation of compo-
sites in an aqueous solution of K+ ions showed no release of
MC5, as indicated by 1H NMR studies of the solution
(Figure S10). Dissolving hybrids under strongly basic solu-
tions permitted the estimation of the molar ratios of BTC to
MC5 in MC5@MIL-100(Fe) by 1H NMR, which was consis-
tent with the elemental analysis for each sample (Figure S11–
S13, Table S1). These findings support the encapsulation of
uncoordinated MC5 cages and the absence of MC5 leaching,
mainly due to the smaller size of the MOF window apertures
than the MC5 cage size. Compared with MIL-100(Fe), more
closely stacked and arrayed crystallites were observed in
MC5@MIL-100(Fe)-20,23 based on scanning electron micros-
copy (SEM) analyses (Figure S14). Thus, Fe-MC5 gel could
facilitate the fusion of MOF crystallites to give brittle
MC5@MIL-100(Fe) monoliths with macropores (Fig-
ure S15-S16). In addition, energy dispersive X-ray (EDX)
spectroscopy element mapping showed a homogeneous dis-
tribution of the Fe, N, O elements in MC5@MIL-100(Fe)-23
(Figure S17). Neither PXRD patterns nor transition electron
microscopy (TEM) analysis gave an indication for the
formation of iron oxide in MC5@MIL-100(Fe)-23 (Fig-
ure S18). Thermogravimetric analyses (TGA) showed that
MC5@MIL-100(Fe) hybrids can be stable up to 280 8C under
air (Figure S19).

The porosities of all materials were investigated by
nitrogen sorption at 77 K, showing the Type-Ib isotherms
with H4 loop (Figure S20). The Brunauer-Emmett-Teller
(BET) surface areas of MIL-100(Fe), and MC5@MIL-100-
(Fe)-12,20,23 was found to be 1745, 1254, 1140, and 895 m2 g�1,
respectively (Table S2). Compared with MIL-100(Fe), the
pore volumes and surface areas of the hybrid materials
gradually decreased due to the occupation of the mesopores
of MIL-100(Fe) with increasing amount of MC5 molecules.
The drop in porosity with incorporation of MC5 is not linear
but most pronounced from neat MIL-100 to MC5@MIL-
100(Fe)-12 (Table S2). This is reasoned by the “bottle-
around-ship synthesis”, where the MC5 molecules decrease
the porosity by both the occupation of mesopores and
affecting the formation process of the MIL-100 frameworks
in the hybrids. Thereby, some pores in the hybrid frameworks
may be blocked and some amorphous phase develops in
MC5@MIL-100(Fe) as suggested by their PXRD patterns
(Figure 1b). The chemical stability of MC5@MIL-100(Fe)-23

Figure 1. (a) H3BTC/Fe-MC5 flowing gel and monoliths on a macro-
scopic scale, (b) PXRD patterns, (c) pore size distributions based on
N2 sorption isotherms (Figure S20) at 77 K of MIL-100(Fe) and
MC5@MIL-100(Fe)-W (weight percentage W =12, 20, 23), and (d) CH4

sorption isotherms of MIL-100(Fe) and MC5@MIL-100(Fe)-12, 23.
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in various solvents was evaluated by PXRD peaks and BET
surface areas. After soaking in ethanol, acetone, acetonitrile
and tetrahydrofuran for 24 hours, MC5@MIL-100(Fe)-23
retained its crystallinity and around 80% of its surface areas
(Figure S21).

Moreover, the macropore size distribution analyses (Fig-
ure S16) proved the hierarchical porous structures of
MC5@MIL-100(Fe) with pore size distribution from nano-
meters (4–10 nm) to micrometers (4–100 mm). Thus, the Type
H4 hysteresis loop in isotherms can be attributed to the
existence of mesopores (> 2 nm) and aggregated crystals.[25]

The multiple roles of MC5 molecules to occupy mesopores
and to induce macropores in hybrid materials were further
suggested by the pore features of monolithic MIL-100(Fe)
(Figure S22-S23). monoMIL-100(Fe) can be formed by mecha-
nochemical synthesis with the addition of NH4Cl instead of
MC5·2NH4Cl·4H2O and has similar BET surface areas
(1829 m2 g�1) and pore size distribution with MIL-100(Fe)
(Figure S23, Supporting Information). The fraction of macro-
pores and their upper value is higher in MC5@MIL-100(Fe)
than in monoMIL-100(Fe). This can be understood by the action
of the MC5 molecules during the “bottle-around-ship syn-
thesis” affecting the formation process of the MIL-100
frameworks and the hybrid monoliths.

Despite the decreased porosities, MC5@MIL-100(Fe)-12,
23 exhibited similar CO2 uptakes and enhanced CH4 adsorp-
tion performance over MIL-100(Fe) probably due to the
interactions between CH4 and MC5 (Figure 1 d, Table S2,
Figure S26–S28).[26] Indeed, pure MC5 adsorbent showed
steeper CH4 adsorption curves but required more time to
reach the thermodynamic equilibrium at each data point. This
indicates slower adsorption kinetics than those of
MC5@MIL-100(Fe) and MIL-100(Fe) due to the nonporous
structure of MC5 solid (Figure S29). To investigate the
possible binding sites for CH4 on MC5, DFT-D3 (disper-
sion-corrected DFT) calculations were conducted. Gas-phase
geometry optimization of CH4 with MC5 yields three differ-
ent possibilities (CH4

I, CH4
II and CH4

III) for CH4 binding
(Figure S30, Table S3). Specifically, CH4 can be located
around the outer surface (CH4

I, CH4
II) and in the cavity of

MC5 cage (CH4
III). CH4 molecules are mainly adsorbed

through the C···H dispersive interactions, Od�···Hd+ and
Nd�···Hd+ electrostatic interactions (Table S3). DFT calcu-
lated static binding energies of CH4 molecules on MC5 are
�7, �11.8 and �44 kJmol�1 for CH4

I, CH4
II and CH4

III,
respectively, suggesting the weak to moderate interactions
between CH4 molecules and MC5. Considering that the
kinetic diameter (3.8 �) of CH4 is larger than the portal size
(2.5 �) of MC5, outer surface interactions could be predom-
inant in the hybrid materials under 1 bar. Moreover, the CH4

uptake of MC5@MIL-100(Fe)-23 reaches 65.4 cm3 g�1 at
44.2 bar and 298 K (Figure S31), which was 29 % of the
uptake at 44.9 bar of monoHKUST-1 which was reported to
have the highest v/v methane uptake 259 cm3 (STP) cm�3.[27]

We propose that the Fe-MC5 gel formation is initiated by
the chloride ions from MC5·2 NH4Cl·4H2O, which react with
the iron centers in Fe(NO3)3·9 H2O to form iron-chloride
species under shear force,[28] providing multiple interactions
including hydrogen-bonds, weak coordination and ionic

interactions with MC5 molecules (Figure 2, and S33–S34).
Moreover, the Fe-MC5 gel formation process was not
affected by the presence of H3BTC crystallites due to their
poor water solubility (Figure 1a, and S35–S36). As a result,
H3BTC crystallites can be well dispersed in the Fe-MC5
flowing gel within a few minutes under grinding to provide
fluid processible precursors for direct fabrication of mono-
lithic MC5@MIL-100 composites. To confirm that the for-
mation of iron-chloride species takes place during grinding
and gel formation, control experiments were conducted
(Figure S37–S40, Table S4, Supporting Information). Notably,
Fe(NO3)3·9 H2O and NH4Cl rapidly reacted under shear force
to afford a yellow gel termed Fe-Cl with a molar ratio of Fe:Cl
at 6:1 (Supporting Video S3).

Besides, a non-gel slurry containing the known phase
(NH4)2[FeCl5(OH2)] was formed with a Fe-
(NO3)3·9 H2O:NH4Cl molar ratio of 6:18 based on PXRD
and Raman analysis (Figure S38–S40, Supporting Informa-
tion). These results support our proposal and indicate the
important role of Fe:Cl molar ratio for successful gel
formation via mechanochemistry. This fundamental under-
standing of the gel formation may guide monolithic MOF
design and function integration to achieve enhanced proper-
ties.

We measured the PXRD and IR spectra data of the
H3BTC/Fe-MC5 gel to monitor the phase and interaction
changes during the fabrication of MC5@MIL-100(Fe)-23

Figure 2. The H3BTC/Fe-MC5 flowing gel formation and fabrication of
MC5@MIL-100(Fe). (a) Snapshot of the interfaces among Fe-
(NO3)3·9H2O, MC5·2NH4Cl·4H2O and H3BTC; nitrate and ammonium
ions are not shown; (b) chloride ions from MC5·2NH4Cl·4H2O attack
iron centers in Fe(NO3)3·9H2O to form iron-chloride species in
H3BTC/Fe-MC5 gel; (c) heating the gel in a Teflon autoclave leads to
Fe-MC5@MIL-100(Fe); (d) hot water triggered activation to give
porous MC5@MIL-100(Fe).
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(Figure S41–S44). As shown in Figure S41, H3BTC turns
amorphous in the presence of the Fe-MC5 gel at elevated
temperature (from 60 8C up to 160 8C), probably by dissolu-
tion and reaction with iron centers (Figure S43). At 160 8C for
up to 60 min, clearly identifiable phase of intended MIL-
100(Fe) framework has formed (Figure S44). Coordination of
Fe to MC5 probably facilitated the MC5-encapsulation as the
Fe centers became constituent parts of MIL-100(Fe) (Fig-
ure 2c,d).

MC5 was reported to show high capture of PbII in an
aqueous solution.[11b] To illustrate the sorption capabilities of
MC5@MIL-100(Fe)-23 with MC5 as active component (Fig-
ure 3a), we investigated the PbII capture behavior of solid
MC5@MIL-100(Fe)-23 in comparison to MIL-100(Fe) and
solid MC5·2 NH4Cl·4H2O at a concentration of 1 mgL�1 (see
the Supporting Information). We observed faster uptake
kinetics (0.239 versus 0.094 gmg�1 min�1) and higher removal
efficiency (99.7 % versus 53%) for PbII by MC5@MIL-
100(Fe)-23 than by MIL-100(Fe) (Figure S47, Table S5). In
contrast, a low removal efficiency (� 8%) was obtained by
the equal amount of MC5·2 NH4Cl·4H2O solid due to its
nonporous structure. The mechanistic analyses of the adsorp-
tion kinetics indicated that chemisorption, that is, the
formation of chemical bonds and not intraparticle diffusion
was the dominant adsorption rate limiting step for
MC5@MIL-100(Fe)-23 and MIL-100(Fe) (Figure S48–S49,
Table S5). The calculated kinetic rate constant k2 of
MC5@MIL-100(Fe)-23 was 0.239 g mg�1 min�1, which is sig-
nificantly higher than many other PbII adsorbents.[29] More-
over, the adsorption isotherms for both adsorbents (Fig-
ure 3b, and S50) showed that a noticeably higher uptake
capacity and removal efficiency could be achieved by
MC5@MIL-100(Fe)-23 at PbII initial concentrations from
1 mgL�1 to 100 mgL�1 at pH 6.0. The experimental saturated
uptake amount was 29 mgg�1 (Figure 3b and S51-S52 and
Table S6). These findings indicate the significant role of MC5
in the composite for enhanced PbII removal. The framework
of MC5@MIL-100(Fe)-23 after PbII capture is largely retained

based on PXRD and N2-sorption/BET analyses (Figure S53,
Supporting Information).

To shed light on the PbII sorption sites in MC5@MIL-
100(Fe)-23, IR spectra after PbII uptake, also in the presence
of mineral ions, showed that the vibrations of the carbonyl
groups of MC5 were red-shifted from 1749 cm�1 to 1730 cm�1

while increasing the concentration of PbII solution from
1 ppm to 15 ppm (Figure S54–S58), which was attributed to
the coordination interactions with PbII. This was supported by
the red-shifted peaks of carbonyl groups in Pb-MC5 com-
plexes (Figure S55). The coordination of PbII was supported
by a high resolution Pb 4f X-ray photoelectron spectral (XPS)
analysis of Pb-MC5@MIL-100(Fe)-23 (Figure S59). Com-
pared with PbII binding energies of Pb(NO3)2 centered at
139.6 eVand 144.5 eV for Pb 4f7/2 and 4f5/2, a shift of 0.3 eV to
lower binding energies at 139.3 eV and 144.2 eV was
observed, suggesting modest interactions between PbII and
MC5.[30] Moreover, MC5@MIL-100(Fe)-23 could be recycled
by Pb desorption with dilute nitric acid and exhibited almost
unchanged removal efficiency over three runs (Figure S60).

MC5@MIL-100(Fe)-23 could also efficiently remove PbII

at a low concentration in the presence of various amounts of
mineral ions (Na+, K+, Mg2+, and Ca2+). As shown in
Figure 3c, 94%, 89% or 73 % PbII could be removed in the
presence of 1-fold, 10-fold or 100-fold amount of disturbing
ions. For a mixed solution containing equal amount of mineral
ions and PbII at 10 ppm, a removal efficiency of 67%
(33 mg g�1) was still obtained, confirming the selective
capture capability of MC5@MIL-100(Fe)-23 with MC5 as
recognition domain toward PbII.

In conclusion, we have successfully used a newly discov-
ered Fe-MC5 flowing gel to fabricate MC5@MIL-100(Fe)
hybrid materials via facile mechanochemical synthesis. The
interplay of both chemistry and mechanics leads to the
formation of hygroscopic iron-chloride species, which is
critical for the formation of MC5-Fe gel. Compared to MIL-
100(Fe) and MC5·2NH4Cl·4 H2O alone, MC5@MIL-100(Fe)-
23 with MC5 molecules as active domains exhibits enhanced
performance due to the encapsulation of MC5 molecules in
the porous matrix, which efficiently avoided the drawback of
MC5 solid with “nonporous” structure and the lack of
functional groups in MIL-100(Fe) framework. This work
opens up the novel possibility of designing task-specific
porous host–guest hybrid materials on a macroscopic scale
based on mechanochemical synthesis. Work is under way to
expand this approach to numerous other types of cages and
MOFs, which can permit access to new functional materials
for sorption, catalysis, etc.
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