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ABSTRACT: Encapsulation and confinement of fullerene guests
in metal-organic frameworks (MOFs) lead to a novel class of crystalline fulleretic materials with unique physicochemical properties
and a broad field of potential applications. The control over the
amount of target guests confined in the MOF structure remains a
significant challenge, which is particularly pronounced in the confinement of hardly-accessible fullerene derivatives. The main strategies used in constructing fulleretic composites are limited by the
solubility of components used and solvent versus guest competition
for inhabitation of the framework voids. As mechanochemical procedures often overcome these issues, we developed here solventfree processing by ball-milling to gain control over the encapsulation of bulky and rigid C60-fullerene into a sodalite MOF with large
cages and narrow cage-apertures. A rapid, green, efficient, and stoichiometry-controlled mechanochemical processing afforded four
model C60@ZIF-8 crystalline materials containing target 15, 30,
60, and 100 mol% of fullerene entrapped in the accessible cages of
the model sodalite zeolitic-imidazolate framework 8 (ZIF-8), in
stark contrast to the solution-based strategies which resulted in almost no loading. Varying the fullerene content affects the framework's vibrational properties, color and luminescence of the composites, and the electron-dose radiation stability. The computational and spectroscopic studies show that the fullerene is accommodated in the cage’s center and that the cage-to-cage transport is
a hardly feasible and energetically unfavored process. However,
the fast release of the C60 from ZIF-8 can be effectively controlled
by the pH. The entrapment of fullerene molecules in ZIF-8 resulted
in their effective isolation even in higher loadings, paving the way
to other tunable porous fulleretics containing single-molecule magnets or nanoprobes available on low scales.

INTRODUCTION
Due to their unique molecular structure and electronic properties,
buckminsterfullerene (C60) and fullerene derivatives became one of
the most important classes of functional materials in the fundamental and applied sciences, such as in molecular electronics1,2,3, magnetic resonance imaging4, single-molecule magnetism5,6, tumor
therapy7, catalysis8, gas storage,9 and others. Electron-accepting
property, hollow interior, and readiness for functionalization promote their potential application areas, which are especially emphasized in fullerenes functionalized at the exterior or interior side.10,11

Combination of fullerene’s intrinsic properties with the modular
structures and chemical properties of metal nodes and walls of porous metal-organic frameworks (MOFs) opens a path towards a
novel class of crystalline fulleretic materials with distinctive physicochemical properties and strong potential for application.12,13
Structurally, MOFs could serve as stable, modular, and versatile
matrices,14–16 enabling spatial distribution and confinement of large
guests like fullerenes.17
As in other porous materials, the primary strategies for encapsulation18 of guests into MOFs are the in situ synthesis of the guest inside the cage, in situ growth of the framework in the presence of
guests, and post-synthetic absorption (soaking) of guests from the
solution. Fullerenes were already considered for post-synthetic inclusion by soaking into MOFs with larger apertures, such as ZnMOF-177,14,19 and zirconium DUT-5120 and NU-901.21 This strategy, besides requiring an excess of fullerene and a suitable solvent,
offers little control in the loading process, and allows the migration
and potential egress of fullerene guest.12,17,22 A particularly exciting
example showing limitations in post-synthetic loading is the inclusion of C60 in the cobalt-based molecular sponge. The guests populated the channels exclusively, whereas the small cage apertures
prevented their inclusion in sizeable M6L4 cages.23 The in situ formation of MOF in a solution containing fullerene was also reported
for zirconium-based MOFs, UiO-67,24 and PCN-2228. In all presented cases, the inclusion of fullerene to MOFs was accompanied
by the increase in their stability,25 conductivity,21 catalytic or photocatalytic properties,24,26 and has also led to interesting spin structures in these fulleretic materials.20 However, a general method for
the encapsulation of fullerenes into MOFs is still a big challenge
due to the low efficiency, solubility of fullerenes, and a need for a
large excess of toluene or dichloromethane solvents. Another critical limiting factor is the competition with the solvent for the cage
inhabitation, which is particularly emphasized when working with
costly and sparse metallofullerenes available at submilligram
scales.27–29
Recently, mechanochemical reactions, widely used in other fields
of materials chemistry,30–36 have risen as a particularly suitable
technique for synthesis, transformation, and functionalization of
MOFs,37–39 with the examples of relevant MOFs as HKUST-1,40–42
MOF-74,43,44 zirconium carboxylate MOFs,45–48 and various zeolitic-imidazolate frameworks (ZIFs).49–51 Ball milling is best
known for avoiding solvation- and solubility-issues, and atom efficiency. It was also used for the encapsulation of discrete organic

molecules.52–55 Even large flexible guests as enzymes56 were successfully incorporated into MOFs’ cavities by ball milling, enabling a pathway towards MOF biocomposites with improved stability and drug-release time.

even to thermodynamically unstable forms by templating with MeMeCH2 cavitand, in a process authors named the "shoe-last" principle. ZIF-8 was chosen as a host in our work due to the size, geometry, and hydrophobicity of the cavity that seemed particularly
suitable for encapsulation and immobilization of C60 fullerene. It
has large cages with a diameter of 11.6 Å, while the cage aperture
is relatively small, only 3.4 Å in diameter.57 Thus, with a diameter
of ca. 6.8 Å,66 C60 molecules can be comfortably accommodated in
the ZIF-8 cavity. On the other hand, C60 should be efficiently immobilized as it is too large to pass through the cage aperture. We
also expected that these small cage-apertures would prevent the
preparation of C60@ZIF-8 fulleretic materials from solution by
soaking procedure unless the cage aperture is flexible and rearranges to allow the entering and transport of fullerene through the
MOF structure.

Scheme 1. Schematic representation of the ion- and liquid-assisted
grinding procedure for controllable encapsulation of fullerene
guests into cavities of ZIF-8. Prepared fulleretic materials contain
15, 30, 60, and 100 mol% of fullerene relative to the maximum theoretical number of voids.
Here we describe a solid-state strategy for controllable encapsulation and immobilization of rigid and bulky buckminsterfullerene
C60 molecules in the cages of the sodalite phase of ZIF-857 by using
mechanochemical agitation. The strategy relies on the solid-state
templation in a highly efficient and stoichiometry-controlled ionand liquid-assisted grinding (ILAG)58 procedure by ball-milling,
and using simple, green, and abundant reagents such as ZnO or ethanol. We have successfully prepared four C60@ZIF-8 fulleretic materials with nominal target 15, 30, 60, and 100 mol% of fullerene
guests, relative to the number of cages available in the ZIF-8 structure (Scheme 1). This procedure, which is accomplishable at room
temperature, is much faster and advantageous before both the solvothermal in situ loading and the post-synthetic soaking approach.
The amount of fullerene guests habituating the cages of ZIF-8 has
an impact on the vibrational properties of the metal-imidazolate
framework and the luminescence of the prepared composites. Computational methods were used to estimate the fullerene’s position
in the framework and the possibility of fullerene transport through
the framework. While the C60 immobilized in the sodalite framework remains captured when the composite is sonicated or stirred
for a prolonged period, the fast release of the C60 is readily accomplished by changing pH. Spectroscopic data revealed that the efficient entrapment of fullerenes enables studies on "single-molecule"
fullerene even in composites with a higher loading due to weak interactions of fullerene with other fullerenes or with the MOF walls.

RESULTS AND DISCUSSION
Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs
formed by imidazole linkers and metal ions characterized by topologies similar to zeolites. Sodalite MOFs with large cages and small
cage-apertures are well represented by zeolitic-imidazolate framework-8, ZIF-8.57 ZIF-8, one of the first commercially available
MOFs, is often used, among other applications, for encapsulation
of various organic molecules and enzymes for drug delivery and
catalysis.59–62 It was also one of the first MOF synthesized by ball
milling.49 In right milling conditions, ZIF-8 can transform into
amorphous phase50 or more stable (and less porous) katsenite and
dia polymorphs,63,64 but the sodalite phase is still considered as the
most interesting form for application and composite preparation.
We were inspired by the recent work by Brekalo et al.,65 showing
how the topology in imidazole-based ZIF (Zn(im)2) can be directed

Figure 1. Different concentration of C60 in mechanochemicallyprepared C60@ZIF-8. From left to right 0%, 30 %, 60 % and 100
% C60@ZIF-8, respectively.

Synthesis of fulleretic C60@ZIF-8 materials
ILAG of zinc oxide, 2-methylimidazole (2-MeIm), and defined
amounts of fullerene, using ethanol and ammonium nitrate additives, resulted in rapid and tunable encapsulation of C60 in the ZIF8 framework. The main idea was to avoid pushing the C60 molecules into the ZIF-8 cavities but rather to assemble the ZIF-8 framework around the fullerene template, without the need for dissolving
the reactants, in particular fullerene. Partial encapsulation of C60 in
ZIF-8 from an excess of fullerene was demonstrated recently in developing porous nitrogen-doped carbon anode for Li-ion batteries.67 Herein, the loading of fullerene by ILAG was stoichiometry–
controlled, and it required only traces of polar liquid additives as
ethanol, in which the fullerene is insoluble, to facilitate the fulleretic formation. We designed the milling procedure in two steps. As
it is well-established that the ball-milling is an excellent method for
achieving a fast molecular diffusion in soft materials by breaking
and recrystallizing the solid particles,68 our initial step involved dry
milling of ZnO, fullerene, and 2-methylimidazole in a ball-mill operating at 30 Hz, for 10-15 minutes, in order to mix the reactants
thoroughly. PXRD analyses showed that no crystalline MOF was
prepared at this stage (Figure S2a). In the second step, the milling
was stopped for a short period, ethanol and ammonium nitrate additives were added to the milled reaction mixture, and milling was
resumed for an additional 45 minutes. After the opening of the vessel, a dry purple microcrystalline powder was collected. This mechanochemical approach by ILAG required simple work-up by washing with a small volume of toluene. Even in higher target ratios,
successful inclusion of fullerene guests could have been seen already during the washing. The products were sonicated during the
washing procedure to remove the fullerene from ZIF-8 particles’
surfaces, and even the initial wash-out was almost colorless (traces
of fullerene color the toluene solution to intensive purple).

Figure 2. a) Experimental PXRD data for the mechanochemically prepared ZIF-8 and the C60@ZIF-8 composites; b) Calculated PXRD data
for ZIF-8 containing randomly oriented fullerenes placed in the randomly chosen voids of 3×3×3 unit cells; c) representation of randomly
oriented fullerenes placed in the randomly chosen voids of 3×3×3 unit cell. Hydrogen atoms are omitted for clarity.
We have targeted four different C60@ZIF-8 composites containing
nominally 15 mol%, 30 mol%, 60 mol%, and 100 mol% of fullerene, relative to the maximum number of available cages in the
structure of ZIF-8 (Cambridge Structural Database code
VELVOY).57 The purple color of C60@ZIF-8 composites darkens
with the increase in the fullerene content (Figure 1). One motivation for this work is developing a procedure for efficient encapsulation of rare and scarce endofullerenes, commonly available at
sub-milligram levels. Thus, we also prepared C60@ZIF-8 (30%) by
capturing the sub-milligram amount of C60 (Figures S6 and S16).
The EtOH and toluene filtrates are colorless, again proving the efficiency of the mechanochemical procedure (Figure S1). Guest-free
ZIF-8 was prepared as a colorless microcrystalline solid in an identical ILAG procedure, only without adding the fullerene to the reaction mixture.
To test whether the C60 and 2-MeIm react in the first step, forming
potentially specie that would not be encapsulated, we performed
several milling experiments mimicking the procedure for the preparation of C60@ZIF-8 composites, only without the addition of zinc
source. The analyses of the resulting purple product show only the
amorphization of the reaction mixture, and the milling products are
soluble in our standard washing procedure (Figures S5 and S15).
Interestingly, milling of the pre-synthesized ZIF-8 with C60 fullerene resulted in a very low encapsulation despite the increased molecular mobility and particle recrystallization resulting from the
ball-milling procedure.68 Our results show that mechanochemical
treatment on the formed ZIF-8 framework, where the cages may
get disassembled and recrystallized by ball-milling to include the
C60 template, resulted in very low loading, as evidenced from the
color of the products and spectroscopic analysis. The products of
the mechanochemical post-synthetic encapsulation attempts remained almost colorless after the washing, whereas the wash-outs
were deep purple. It can be concluded that for the inclusion of the
rigid and large guests as C60 fullerene into sodalite MOFs, the in
situ mechanochemical formation of the framework around the C60
template is a much better approach.
We also attempted to prepare C60@ZIF-8 from solution by postsynthetic soaking and in the solvothermal synthesis of the ZIF-8 in
the presence of an excess of C60, respectively. After a week of soaking of ZIF-8 in toluene containing an excess of fullerene, only a
small amount of fullerene got encapsulated, which was evident
from the sample’s pale beige color and the PXRD and IR analyses
(Figures S4 and S8). In situ solvothermal synthesis of ZIF-8 with
fullerene in the DMF-toluene mixture at 120 °C also resulted in a
low yield of C60@ZIF-8 (Figure S4). The probable reason for such

a low efficiency in encapsulation during solvothermal synthesis is
the solvation and competition of the fullerene for the habitation of
cages with the solvent molecules that are in vast excess, which is
also suggested in spectroscopic analyses of fulleretic products
(please see SI, section IR spectroscopy).

PXRD analysis
The absence of Bragg peaks characteristic for C60 confirms that ball
milling yielded phase-pure C60@ZIF-8 (Figure 2a), whereas the absence of Bragg peaks of ZnO reveals that the reaction was completed (Figure S2b). The encapsulation of C60 in ZIF-8 did not significantly influence the unit-cell parameters of the ZIF-8 structure;
the position of the peaks is nearly identical to pure ZIF-8. Interestingly, the PXRD method can be used as a measure of the loading
of fullerene in this MOF. The relative intensity of peaks in the
PXRD of the composites changes with an increase in the fullerene
content, which can be used to estimate the encapsulation extent. In
more detail, the intensity of a low angle (110) peak of ZIF-8, at 2θ
=7.3°, decreases59,69–71 concurrently with the higher loading of C60,
whereas the intensity of (200) peak at 2θ =10.3° increases gradually
until it becomes stronger than the (211) peak at 2θ =12.7° (Figure
2a). For the estimation of loading success, (110) peak is the most
suitable to serve as a probe of the encapsulation success, as the
changes in intensity are the most pronounced. A significant reduction of the intensity of the (110) mirror plane, which is positioned
in the center of the cage, results from modified electronic density
in the ZIF-8 cages due to the inclusion of hollow C60. To rationalize
and confirm this finding, we have built the ZIF-8 3×3×3 unit cell
with different amounts of disordered fullerenes in the cages, using
the atomic simulation environment (ASE) (Figure 2c).72 The simulated PXRDs of such structures show excellent agreement with the
experimentally observed PXRD data (Figure 2b), confirming that
the reduction in the intensity of the (110) peak is indeed a direct
result of the guest-inclusion. PXRD analysis also revealed a low
degree of loading of fullerene in post-synthetic milling and solution
strategies (Figures S3-S4).

IR spectroscopy
IR spectrum of C6073,74 is dominated by two bands at 577 and 528
cm-1, ascribed to the radial motion of carbon atoms (Figure 3 and
Figure S8). The other two bands, located at 1428 and 1182 cm-1,
are attributed to the tangential motion of carbon atoms, however
this pair of bands is highly overlapped by ZIF-8 features (please

see SI, Figure S8) in IR spectra of samples obtained by encapsulation and confining of C60 inside the ZIF-8 cages. On the other hand,
the radial-motion bands do not overlap with any bands of ZIF-8, so
further in the text they serve as analytical markers. IR spectrum of
the activated ZIF-8 is in excellent agreement with previous reports
(Figure 3a and Figure S9).57,75,76 The absorption bands for ZIF-8 at
3134 and 2929 cm-1 are due to the aromatic and aliphatic C–H
stretch of imidazole, respectively. The band at 1583 cm-1 is attributed to C=N stretch. The bands in the region of 1500–1350 cm1 are assigned to various stretching vibrations of the imidazole ring.
The in-plane deformations of the ring dominate the 1350–900 cm-1
region, while those in the 800–650 cm-1 region are associated with
the out-of-plane bending of the ring. The band at 420 cm-1 is ascribed to Zn–N stretch.
The 4000–2000 cm-1 region is not significantly affected by the encapsulation of C60 molecules inside the ZIF-8 framework. The
changes are mostly located in the fingerprint region. At low C60
loadings (15% C60@ZIF-8), the IR spectrum of ZIF-8 remains
qualitatively more or less unaffected. However, higher loadings result in more noticeable spectral changes: (1) the envelope due to
EtOH confined in the ZIF-8 cages, between 1280 and 1200 cm-1,
disappears and it is not present for 30% and higher loadings (Figure
3a and Figure S12); (2) ν(CC) and ν(CN) bands at 1425 and 1458
cm-1, respectively (Figure S10), change their relative intensity. The
most evident is the change in their intensity ratio with x(C60). (3)
the δ(NH)+ δ(CN) combination band at 1380 cm-1 suffers a significant increase in intensity, but it slowly decreases for x(C60) over
30% (Figure S11) (4) 780-720 cm-1 envelope consists of two bands,
one due to the out-of-plane imidazole ring deformations at 760 cm1 and the other due to the in-plane ring deformation at 750 cm-1
(Figure S13). While the in-plane deformation band remains unaffected, the out-of-plane contribution significantly increases in intensity; (5) ν(ZnN) band shifts its position (Figure S14); (6 C60
bands due to radial motions are located at 525 and 576 cm-1, respectively.
Intensities of both C60 bands follow the 2nd order polynomial function of x(C60), qualitatively the same as observed for pure C60 in the
KBr matrix. A comparison of the gas phase IR spectra of C6077 and
previously considered UV/vis spectra indicates no significant interaction between the ZIF-8 framework and fullerene molecule, so we
could consider the encapsulated C60 as almost free-standing inside
the cage. This is corroborated by the Uv-vis measurements and molecular dynamics modeling discussed below.
The imidazole ring deformation bands change upon C60 encapsulation. This indicates that, although itself free-standing inside the
cage, the encapsulated C60 molecule affects the dynamics of the
imidazole linkers and the 3D MOF framework. This is in line with
intuitive expectations since these constituents define the ZIF-8 cavity, which is now occupied by the bulk spherical C60. The intensity
of the (NH)+(CN) combination band at 1380 cm-1 initially significantly increases, but it slowly decreases for C60 loadings over
30% (Figure 3 and SI, Figure S11). DFTB-based MD modeling indicates that the transport of the fullerene molecules along the cages
is hardly possible. To allow C60 to move to the next cage, all six
imidazole rings of the aperture should exhibit concerted rotation.
For ZIF-8, such a concerted change in the position of imidazoles is
a low-probability event that may account for the low loading of C60
in the standard soaking approach. Far-IR spectroscopy of the ZIF878 indicates the corresponding gate-opening mode at 33.4 cm-1.
Although this mode is far from the reach of available instrumentation, in- and out-of-plane imidazole ring deformation modes are indirectly informative in this respect. Namely, while the in-plane imidazole ring deformation band at 750 cm-1 remains unaffected by
C60 loading, the out-of-plane contribution at 760 cm-1 significantly
increases in intensity (Figure S13), in line with DFT findings obtained in this work at PBE/PAW level of theory (Figure 3b, and SI).

Additionally, both experiments and DFT clearly show intensification of the imidazole (CH3)C–N stretching modes around 1460
cm−1. All of these findings indicate the increased amplitude of outof-plane movements of the imidazole rings.
As previously mentioned, the solvation and competition of the fullerene with solvent molecules is a possible reason for observed poor
efficiency in C60 solvothermal encapsulation. The IR data revealed
an interesting behavior of the broad 1280-1200 cm-1 envelope,
which arises due to the EtOH confined inside the ZIF-8 cages,
which completely disappears in fulleretic C60@ZIF-8 materials
with higher fullerene loading (Figure 3a and details in SI, section
IR spectroscopy).

Figure 3. (a) Changes in the experimental IR spectra of ZIF-8 occurring due to the encapsulation of C60. Features due to the dynamic
relation of C60 and EtOH are framed by dashed rectangles. (b) DFTcomputed IR spectra of C60@ZIF-8 and empty ZIF-8.
The estimation of the C60 encapsulation efficiency was done by
quantitative analysis of fullerene 528 and 577 cm-1 bands with respect to the standard crystalline C60 measured in the same conditions (Supporting Information, Section S4.2). Intensities (and other

spectral parameters) with respect to the C60 molar ratio are determined by fitting the 528 and 577 cm-1 bands, each band individually, to Lorentzian functions. For the 528 cm-1 band, fitting was
done in the spectral range from 555 to 475 cm-1, taking the ZIF-8
band at 504 cm-1 into consideration. Fitting of the 577 cm-1 band
was done in the range from 610 to 550 cm-1, taking the ZIF-8 band
at 555 cm-1 into consideration. The corresponding bands for an
equivalent amount of the C60 standards are considered in the same
spectral ranges. The results are shown in Figure 4, while the details
on the analysis are given in SI, Section S4.2. It can be concluded
that C60 molecules are very efficiently encapsulated by the described mechanochemical strategy, reaching 95% efficiency at the
highest loading. Post-synthetic loading by milling of fullerene and
ZIF-8, and by soaking the ZIF-8 in toluene solution containing an
excess of fullerene, resulted in low loading, 2.0 %, and 1.7 %, respectively (Figure 4), which is also evident from the color of the
samples.

rably strong for the molecular crystal, leading to the significant dispersion of the HOMO- and LUMO-derived bands and, therefore,
to the broadening of the absorption spectrum.
The differences of the electronic states of C60 in the ZIF-8 matrix
and the fullerene powder are further corroborated by their luminescence spectra (Figure 5b). C60@ZIF-8 shows the luminescence
band with the maximum at 718 nm and several vibronic features,
whereas the maximum of the solid C60 luminescence is shifted to
750 nm. Furthermore, we found that position of the peak in C 60
powder depends on the sample morphology and excitation wavelength and shifts by 10-20 nm, whereas the spectrum of C60@ZIF8 is not affected by these measurement parameters or the load of
C60 in ZIF-8. The fluorescence lifetime of C60@ZIF-8 at room temperature is approximately 1.3 ns, and that of powder C60 is less than
1 ns. Thus, once again, we find that C60 entrapped in the ZIF-8 matrix shows different optical properties than the solid C60. We can
conclude that ZIF-8 appears to be a convenient matrix for the studies of almost "single-molecule" properties of fullerenes in the solid
form without the need for substantial dilution.

Figure 4. The efficiency of mechanochemical C60 encapsulation by
ZIF-8. The post-synthetic loading attempts were done in excess of
fullerene but resulted in low loading of ZIF-8 (black and blue points
in the lower right corner).

UV-vis spectroscopy
UV-vis spectroscopic studies of C60@ZIF-8 in the visible range
were performed to understand how the encapsulation in ZIF-8 affects the electronic properties of C60. Powder samples were placed
onto KBr substrates and measured with an FT-IR microscope in the
transmission mode; the solution is measured with a dispersive absorption spectrometer in a standard 1 cm quartz cell. Figure 5 compares the absorption spectra of the powder samples of ZIF-8, C60,
and C60@ZIF-8. As expected for the colorless powder, ZIF-8 does
not absorb light in the visible range and thus should not interfere
with the light absorption by the encapsulated fullerene. C 60@ZIF8 exhibits the onset of the absorption near 740 nm, followed by the
band with well-resolved features at 622, 611, 600, and 591 nm. An
absorption spectrum of C60 powder is substantially different from
that of C60@ZIF-8. The absorption onset of the fullerene powder is
located at 780 nm and the absorption band at shorter wavelengths
is broad and almost featureless except for the relatively sharp inflection at 685 nm. Thus, encapsulation in ZIF-8 shifts electronic
transitions of C60 to higher energy and makes the features better
resolved. These differences can be explained by the dramatically
reduced interactions between C60 molecules in C60@ZIF-8, resulting in nearly single-molecule properties. Indeed, a spectrum similar
to C60@ZIF-8 is obtained for C60 in diluted solutions (see Figure 5
for C60 in toluene and Ref. 79 for the spectrum in diluted hexane
solution). Intermolecular interactions in crystalline C60 are compa-

Figure 5. (a) Absorption spectra of ZIF-8, C60 powder, C60 solution
in toluene, and C60@ZIF-8 (100%) in the visible range. b) Luminescence spectra of C60@ZIF-8 and C60 powder, excitation with the
laser with λ = 515 nm.

ESR spectroscopy
The presence of fullerene guests in the cages of ZIF-8 is confirmed
additionally by ESR spectroscopy. Off-the-shelf fullerene shows a
weak sharp ESR line with g-value around g = 2.002 and peak-topeak line-width around Wpp ≈ 0.1 mT, due to defects in fullerene
structure,80–83 (Figure S21). While pristine ZIF-8 does not show this
signal, both ESR investigated C60@ZIF-8 (15%), and C60@ZIF-8
(100%) exhibits a similar but broader Wpp ≈ 0.2 mT fullerene line
(Figure S21). ESR is a very sensitive technique, and the fact that
the signal of encapsulated C60 remains similar to that of the crystalline fullerene reveals how mechanochemical treatment did not significantly damage the fullerene guests. Mechanochemistry looks
like a reliable and suitable technique for fullerene loading. Importantly, no new paramagnetic defects were generated during the
mechanochemical synthesis of C60@ZIF-8 (Figure S22).

Figure 6. HAADF-STEM images of C60@ZIF-8 along the [100] zone-axis (a), the [111] zone-axis (b). Insets show the fast Fourier transform
(FFT) of the areas selected by red squares. (c) HRTEM image of C60@ZIF-8 along the [111] zone-axis. The inset shows a typical lowresolution image of agglomerated particles. (d, e) Symmetry-imposed and lattice-averaged images along the [100] and [111] zone-axis,
obtained using the CRISP software,84 with a structural model of ZIF-8 embedded. Images d and e are cropped to 55 unit cells, and rotated
by −125º and −61.3º, respectively, as compared to the areas outlined by red squares in images A and B. In HAADF-STEM, the contrast is
approximately proportional to the square of the atomic number (Z); hence, the columns of the ZnN4 tetrahedra (shown in cyan) are bright,
and the voids are dark. (f) A zoomed region of the specimen is outlined by the red square in Figure 6c. The intensity profile along the yellow
line shows some minor changes in the contrast close to the center of a ZIF-8 cage, not visible in Figure 6e. The scale bar for all images in
the upper row is 15 nm, in the lower row – 2 nm.

HAADF-STEM and HRTEM analyses
MOF materials are known to be highly unstable under electron
beam irradiation. To date, only a few studies have reported TEM
imaging of MOFs, including MIL-101,85 MOF-5,86 UiO-6687, and,
very recently, ZIF-8.88,89 C60@ZIF-8 specimen was transferred to a
lacey carbon grid by airflow. TEM experiments were carried out on
a Themis Z (Thermo Fisher Scientific) microscope operated at 300
kV. We tested the C60@ZIF-8 specimen at the liquid nitrogen temperature following the procedure by Li et al.88; however, no improvement in the resolution was gained, therefore the structure
characterization described below has been conducted at non-cryogenic conditions.
The crystals of C60@ZIF-8 (100%) obtained by ball milling are typically ∼70 ± 15 nm in size, non-uniformly shaped, and tend to agglomerate. Crystals with a square cross-section and 90° angles between the surface facets commonly lie on the carbon support in the
[100] zone-axis orientation (Figure 6a), and those having a triangular shape are close to the [111] zone-axis (Figure 6b). Although
MOFs are often vulnerable under scanning transmission electron
microscopy (STEM) conditions, it was possible to collect the images shown in Figure 6a and b using the high-angle annular darkfield scanning transmission electron microscopy, HAADF-STEM,
settings, and achieve a high resolution. It is worth noting that the

pristine ZIF-8 immediately loses its crystallinity under STEM conditions while being illuminated with the same electron dose as
C60@ZIF-8. While the fullerene loading did little to affect the thermal stability of the composites (SI, Section S8), it leads to improved beam stability. This increase in stability can be considered
as additional indirect evidence of filling the cages in the ZIF-8
structure and a particularly exciting feature of the C60@ZIF-8 composites. The lattice parameter a = 17.1 Å, obtained from the fast
Fourier transform (FFT) (insets in Figures 6a and 6b), is in agreement with the value reported for the pristine ZIF-8 in the literature
(a = 17.03 Å, [CSD code VELVOY])57 and the experimental
PXRD data (Figure 2a). The d-spacings up to 5.5 Å are resolvable
from the FFT. Therefore the individual ZnN4 tetrahedra located at
∼3.4 Å apart from each other cannot be distinguished. Imposing a
projection symmetry (P31m and P4m, correspondingly) on the lattice-averaged images results in a good match to the structural
model of ZIF-8 along with both the [111] and [100] directions, thus
providing additional proof that the ZIF-8 framework is retained
during the C60@ZIF-8 preparation by ball milling (Figures 6d and
6e). Since the contrast in HAADF-STEM is predominantly formed
by the Zn metal centers (Figures 6a and 6b), we also took a highresolution TEM (HRTEM) image of the C60@ZIF-8 viewed along
the [111] zone axis (Figure 6c). The image has been both Fourier
filtered and bandpass filtered in order to reduce random noise. At

the given value of defocus, the HRTEM image has an inverted contrast: dark regions correspond to the cage space, whereas bright areas are formed by the Zn metal centers. The HRTEM image has
additional features which have not been revealed and confirmed by
HAADF-STEM experiments. Namely, for some thin areas of the
specimen, an additional contrast was found approximately in the
center of the ZIF-8 main channels, corresponding to the most energetically favorable position of the C60 molecule in the ZIF-8 framework, according to the calculated energy profile shown in Figure 7.
Such a feature has been already reported as TEM evidence of CO2
loading in ZIF-8.88 Here, based on the collected TEM data alone,
this contrast cannot be unambiguously attributed to the real fullerene position in the structure. However, this finding lays a path towards further investigations of the electron-dose-stable ZIF-8 composites and their local structure on the atomic level.

Figure 7. (a) DFTB-based molecular dynamics simulations of
C60@ZIF-8 at 300 K (left and right parts visualize two orientations
of the structure). Grey dots show all positions of carbon atoms in
the 250 ps trajectory. (b) DFTB-based energy profile and selected
configuration of C60@ZIF-8 obtained while dragging the C60 molecule from one cage to the neighboring cage through the larger aperture. (c) The structure of the aperture with two positions of C60:
in the middle of the cage (left) and in the moment of passing
through the aperture (right). Hydrogen atoms and the rest of the
ZIF-8 structure are omitted for clarity.

Molecular dynamics simulations
To get further insight into the location and dynamics of C60 molecules inside ZIF-8, molecular dynamics simulations were performed using a density-functional based tight-binding method
(DFTB). The calculations showed that C60 could freely rotate and

oscillate near the center of the cage. However, over the whole 250
ps trajectory with a Nosé-Hoover thermostat temperature of T =
300 K, we did not observe a single event of passing from one cage
to another (Figure 7a and SI), indicating that the C60 migration
through ZIF-8, if possible at all, must be very rare. Once C60 is encapsulated into a cage, it is likely to remain in that position. This
contrasts with previous studies of the successful inclusion of small
gases (N2, CO2) into empty ZIF-8. The previous reports talk about
the "gate-opening" phenomenon in a relatively flexible structure of
ZIF-8.90,91,92 The methyl groups of 2-methylimidazole linkers spatially rearrange, ensuring the capture of gases bigger than the aperture.
Since the observation of a spontaneous movement of fullerene between the cages is not feasible on a reasonable timescale, the C60
molecule was dragged from one cage to another using distance constrain between a carbon atom in the fullerene cage and the center
of the targeted cage. In contrast, all other degrees of freedom were
allowed to relax. Figure 7b shows the energy profile obtained in the
course of such a trajectory (please see SI for computational details
and the full propagation path animation). The calculation reveals
that the migration of C60 between the cages requires overcoming a
substantial barrier of ca 8 eV. Although the reliability of the DFTB
approach in the precise estimation of the relative energies for this
system is probably not very high, the prohibitively large barrier is
another confirmation of the low loading efficiency in a solution
soaking process or post-synthetic mechanochemical loading. The
primary reason for a large energy demand can be well seen in Figure 7c, which compares the geometry of the aperture for two positions of the fullerene molecule, one in the center of the cage and
another one at the moment when C60 passes through the orifice. To
let C60 pass through, all methylimidazole units should orient in a
concerted manner parallel to the C60 surface, and the ring should
expand by a considerable rearrangement of all N–Zn–N angles.

Figure 8. Test tubes with C60@ZIF-8 added to layered H2O and
toluene after the addition of a) 0.5 mol dm–3 HCl (aq), and b) 1 mol
dm–3 KOH (aq). For c) C60@ZIF-8 was initially dispersed in a basic
solution of 1 mol dm–3 KOH (aq), and toluene was added subsequently. The releasing was only observed in a).

pH-controlled releasing of C60
The releasing experiments also prove that C60 is effectively captured and immobilized in the sodalite framework. The fulleretics
remain stable in neutral or basic solutions (water/toluene mixtures)
and do not release C60 upon sonication. However, C60 gets released
almost immediately under acidic conditions (pH 2-4) (Figure 8),

revealing that the releasing process can be controlled by the acidity
of the environment, which one has to bear in mind in potential applications of C60@ZIF-8 fulleretics. The sensitivity of ZIFs to the
acidic environment is well-studied,93 and it is already used for the
pH-controlled release of encapsulated drug molecules from MOF
vehicles, such as for example 5-fluorouracil@ZIF-8.94 Slow release
of the 5-fluorouracil from the ZIF-8 voids can be dramatically accelerated by lowering the pH of the slurry from 7.4 to 5.0, following
the difference between the normal blood pH and the pH of cancer
cells. The release of 5-fluorouracil was followed by the dissolution
of the ZIF-8 structure, a degradation of the framework, and the rise
of Zn2+ ions in the solution.93,95

CONCLUSIONS
To summarize, we have shown here how the mechanochemical
ILAG approach leads to rapid, efficient, green, and controllable
preparation of four tunable fulleretic materials, with specified
amounts of C60-fullerene guests. This mechanochemical strategy,
involving cheap and easily accessible reactants such as ZnO and
ethanol, proved superior to the solution synthetic and post-synthetic
procedures. It avoided problems related to solubility, solvation, the
competition of the target fullerene with the solvent molecules, and
small cage-apertures. It allowed for a high level of stoichiometrically-controlled loading of the buckminsterfullerene into the cages
of ZIF-8. The confinement of C60 in the ZIF-8 cage does not influence the unit-cell parameters of ZIF-8, but increases the rigidity of
the framework and improves the stability of fulleretic material towards the electron dose radiation. While the HAADF-STEM could
not provide unambiguous proof on the fullerene's exact position in
the cages, the DFTB-based molecular dynamics studies indicate
that the hollow fullerene is accommodated in the middle of the
cage, which also rationalizes the changes in the IR and PXRD data
observed upon encapsulation. Once entrapped, the fullerene is immobilized in one cage, and the transport of the fullerene through
the network requires energy and substantial rearrangement in the
aperture structure. The entrapped C60 molecules are in a weak interaction with the MOF wall and well isolated one from the other,
even in high loading. This makes ZIF-8 a convenient matrix for the
efficient immobilization of fullerene guests and achieving well ordered, almost "single-molecule" properties of fullerenes in the solid
form without substantial dilution. Due to the high-efficiency of the
presented mechanochemical procedure, we aim to apply this mechanochemical strategy for entrapment of anisotropic and magnetic
metallofullerenes available at sub-milligram scale, to develop
fulleretic materials with tunable content of magnetic centers, and to
expand the interesting but poorly investigated field of fulleretic materials. We believe this strategy may prove general also for the stoichiometry-controlled confinement of other rigid nano-guests, such
as polyoxometalates or metallic nanoparticles in MOF(s) with suitable structure and nature of the voids.

by PXRD, FTIR-ATR and TGA. The quantity of C60 was calculated on the
basis of the maximum number of voids in ZIF-8 structure which accounts
for 1/6 of the ZIF-8 total quantity. The reaction has been repeated using
different ratio of C60 (18 mg, (30%), 36 mg (60%), 60 mg (100 %).
Elemental analysis calculated (%) for ZIF-8 (C8H10N4Zn); C:42.22, H: 4.43,
N:24.62, found C:43.40, H: 5.11, N: 21.32. For 30 % C60@ZIF-8
(C11H10N4Zn); C:50.11, H: 3.82, N:21.25, found C:49.00, H: 4.31, N: 19.82.
For 100% C60@ZIF-8 (C18H10N4Zn); C:62.18, H: 2.90, N:16.11, found
C:59.31, H: 3.88, N: 16.16.
Small-scale mechanochemical synthesis of 30% C60@ZIF-8 material.
ZnO (2 mg, 0.0245 mmol), 2-methyl imidazole (4 mg, 0.0491 mmol) and
C60 (0.9 mg (30 %)) were placed into a Teflon jar with two stainless steel
balls (7 mm). The mixture was neatly ground for 10 min at 30 Hz using
IST-500 mixer mill followed by the addition of EtOH (5 µL) and 0.4 mg of
NH4NO3 for 45 min further milling. The resulting compound was washed
first with EtOH then toluene, following the procedure stated above, filtered,
and air-dried. Purple compound was obtained and analyzed by PXRD and
FTIR-ATR.
Neat grinding of 2-methyl imidazole and C60. 2-methyl imidazole (25 mg,
0.306 mmol) and C60 (12,5 mg) were placed into a Teflon jar with two stainless steel balls (7 mm). The mixture was neatly ground for 1 hour at 30 Hz
using IST-500 mixer mill. The resulting product was analyzed by PXRD
and FTIR-ATR. The milling product dissolves by washing with EtOH and
toluene following procedure stated above.
ILAG of 2-methyl imidazole and C60. 2-methyl imidazole (25 mg, 0.306
mmol) and C60 (12,5 mg) were placed into a Teflon jar with two stainless
steel balls (7 mm). The mixture was neatly ground for 15 minutes at 30 Hz
using IST-500 mixer mill followed by further milling by the addition of
NH4NO3 (3 mg) and 20 µL of EtOH. The resulting crude product was analyzed by PXRD and FTIR-ATR. The milling product was dissolved by
washing with EtOH and toluene, following procedure stated above.
ILAG of 2-methyl imidazole. 2-methyl imidazole (25 mg, 0.306 mmol)
and NH4NO3 (3 mg) were placed into a Teflon jar with two stainless steel
balls (7 mm). EtOH (20 µL) was added and the mixture was milled for 30
minutes. The resulting product was analyzed by PXRD and FTIR-ATR.
Post-synthetic method for the encapsulation of C60 into mechanochemically-synthesized ZIF-8. 15 mg mechanochemically-synthesized ZIF-8
and 15 mg fullerene-C60 were placed into a Teflon jar with two stainless
steel balls (7 mm). The mixture was milled for 45 minutes at 30 Hz using
IST-500 mixer mill. Resulting powder was washed with toluene three times
(3×10 mL). Beige-colored solid was analyzed by PXRD and FTIR-ATR.
Solvothermal synthesis of ZIF-8 and post-synthetic encapsulation of
C60 by soaking in toluene solution. Zn(NO3)2∙6H2O (108.70 mg, 0.365
mmol) and 2-methyl imidazole (60 mg, 0.730 mmol) were each dissolved
in 5 mL of DMF. Prepared solutions were placed into a 20 mL Teflon-lined
stainless steel autoclave. The mixture was then heated for 24 hours at
120°C. A white powder was precipitated and washed with DMF, air-dried
and analyzed by PXRD and FTIR-ATR. Resulting solid was then soaked
for a week in toluene solution with excess amount of C 60 fullerene. Beigecolored solid was analyzed by PXRD and FTIR-ATR.

EXPERIMENTAL

One-pot solvothermal synthesis of C60@ZIF-8 materials.
Zn(NO3)2∙6H2O (108.70 mg, 0.365mmol) and 2-methyl imidazole (60 mg,
0.730 mmol) were each dissolved in 5 mL of DMF. Prepared solutions and
8 mL of toluene solution of C60 (25 mg, 0.0346 mmol) were placed into a
20 mL Teflon-lined stainless steel autoclave. The mixture was then autoclaved for 24 hours at 120°C. Obtained precipitate was light colored while
mother liquid stayed purple. It was subsequently washed several times with
DMF and then with toluene. Beige colored solid was analyzed by PXRD
and FTIR-ATR.

Materials. ZnO, ammonium nitrate, and 2-methyl imidazole (MeIm) were
obtained from Sigma-Aldrich. Ethanol (EtOH) was purchased from Grammol. Toluene was obtained from Sigma Aldrich. Fullerene-C60 was supplied
from TCI.

Activation of C60@ZIF-8 samples for IR measurements. C60@ZIF-8
samples were washed with EtOH three times and soaked in EtOH for two
days by changing EtOH three times in a day. Afterwards, they were left
under 100°C overnight.

Mechanochemical synthesis of ZIF-8. ZIF-8 was synthesized according
to the literature method.49

Releasing experiments
TEST TUBE 1: 5 mg suspension of C60@ZIF-8 in deionized H2O (5mL)
was stirred at RT, while 0.5 mol dm-3 HCl (aq) was added dropwise and
resulting mixture was ultra-sounded for a few seconds. By the color of the
suspension started to turn to brown, toluene was added to the mixture. Toluene phase turned to purple immediately, what is the evidence of successful
release of fullerene C60.

Mechanochemical syntheses of C60@ZIF-8 materials. ZnO (40 mg,
0.491 mmol), 2-methyl imidazole (80.70 mg, 0.982 mmol) and C60 (9 mg
(15 %)) were placed into a Teflon jar with two stainless steel balls (7 mm).
The mixture was neatly ground for 10 min at 30 Hz using IST-500 mixer
mill followed by addition of EtOH (45 µL) and 6 mg of NH4NO3 for 45 min
further milling. The resulting compound was washed first with EtOH then
toluene, filtered and air dried. Purple compound was obtained and analyzed

TEST TUBE 2: 5 mg C60@ZIF-8 was added to the mixed layer of deionized H2O (5 mL) and toluene (5 mL) and stirred at RT, while 1 mol dm-3

KOH (aq) was added dropwise. Resulting mixture was ultra-sounded for a
few seconds. No color change was observed, since C60 was unable to be
released from the pores.
TEST TUBE 3: 5 mg suspension of C60@ZIF-8 in deionized H2O (5 mL)
was stirred at RT, while 1 mol dm-3 KOH (aq) was added dropwise and
resulting mixture was ultra-sounded for a few seconds. By the color of the
suspension started to turn to brown, toluene was added to the result mixture.
No color change was observed, since C60 was unable to be released from
the pores.
Powder X-ray diffraction (PXRD). PXRD data for as-synthesized samples was analyzed by PanalyticalAeris Research tabletop diffractometer,
with CuKα radiation (40 kV, 7.5 mA) in Bragg Bretano geometry, with the
sample mounted on zero background silicon plate.
FTIR spectroscopy. Measurements were performed on a PerkinElmer
Fourier transform infrared spectrometer Spectrum Two (PerkinElmer,Inc.)
using Spectrum10 software (PerkinElmer, Inc.) in transmittance mode by
KBr pellet technique and FTIR-ATR.
Vis-NIR absorption spectroscopy. Absorption spectra of ZIF-8, C60, and
C60@ZIF-8 powder samples in the visible range were measured with Hyperion microscope attached to Vertex FTIR spectrometer (Bruker). Powder
samples were placed onto KBr single-crystal substrates and the spectra were
measured in transmission mode. Absorption spectrum of the fullerene solution in toluene was measured with dispersive UV-vis-NIR spectrometer
Shimadzu UV 3101PC.
Luminescence spectroscopy. Steady-state luminescence spectra of powder
samples were measured with a modular spectrometer of local design comprising Omicron PhoxX diode lasers for excitation (405 nm, 488 nm, 515
nm), Avantes AvaSpec HS1024x122TEC high-sensitivity fiber-optic spectrometer with TE-cooled backthinned CCD detector (200–1000 nm), and
optical microscope of local design. Variable-temperature measurements
were performed with Janis ST-500 microscopy cryostat (temperatures down
to 4 K). Luminescence lifetimes were measured by time-correlated single
photon counting (TCSPC) technique using PicoQuant TimeHarp counter/timer and the FluoFit software. Luminescence is excited by Omicron
diode lasers modulated up to the frequency of 80 MHz (allowing the measurement of lifetimes longer than ~0.7 ns), time-resolved detection is performed by a PMA 192 PMT (Picoquant) in a visible range (250-850 nm).
ESR spectroscopy. The electron spin resonance (ESR) or electron paramagnetic resonance (EPR) study was performed on powder samples in the
range from room temperature down to 78 K using a Bruker Elexsys 580
FT/CW X-band spectrometer. Microwave frequency was around 9.7 GHz,
magnetic field modulation amplitude was 0.03 mT and modulation frequency was 100 kHz.
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