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We propose a facile one-pot mechanochemical strategy for the 
encapsulation of drug guest molecules (e.g. 5-fluorouracil, 
caffeine, and aspirin) in MIL-100 (Fe) as the porous host 
framework. We reveal the modulating effect of 5-FU and caffeine, 
giving highly crystalline MIL-100 (Fe), whereas aspirin led to the 
formation of an amorphous MOF phase. Inelastic neutron 
scattering (INS) was used to probe the intermolecular interactions 
underpinning the drug@MIL-100 assemblies, where strong guest-
host interaction was achieved via this eco-friendly approach. 

Amongst the large family of nano-sized structures, metal-organic 
frameworks (MOFs) have been widely investigated as novel materials 
for drug delivery and theranostic applications.1 In this class of hybrid 
materials, the iron (III) carboxylate MOFs are promising candidates 
owing to their biologically and environmentally friendly nature,2 high 
accessible porosity and specific surface areas. In particular, MIL-100 (Fe) 
[MIL = Materials of Institute Lavoisier] exhibits a highly ordered 
structure with large nanoscale pores (~3 nm), presenting numerous 
coordinatively unsaturated metal sites (CUS) that can act as strong binding 
sites for coordination with therapeutic drug molecules.3 Due to the 
intrinsic complexity of this three-dimensional framework, the synthesis of 
MIL-100 (Fe) conventionally entails long reactions under harsh conditions 
i.e. high pressure/temperature in boiling organic solvents combined with 
the use of harmful mineralizing agents such as hydrofluoric acid (HF) and 
concentrated nitric acid (HNO3).4 Thus, environmentally friendly and 
scalable methods are desired for practical applications.5 

To reduce the environmental impact of the synthesis and improve the 
biocompatibility of the product, many efforts have been put into 
engineering greener and faster synthetic methods for the fabrication of 
MOF structures.6 Specifically, new methodologies for the preparation of 
MIL-100 (Fe) have included solvent-free mechanochemical methods and 
water-based approaches,4, 7 free from the noxious mineralizing agents 
that could affect the MOF applicability in the biomedical field.8 Developing 
new synthetic strategies are an enduring challenge due to the high 
complexity of the skeletal and topological structure of large-pore MOFs 
such as MIL-100 (Fe).  

In this work, we present the application of a mechanochemical 
in situ method for the fabrication of a drug-encapsulated MIL-100 
(Fe) system, designated as “drug@MIL-100”, under ambient 

conditions. We report the ‘modulating’ effect of the ‘guest’ drug 
molecules: 5-fluorouracil (5-FU) and caffeine (CAF) on facilitating the 
formation of highly crystalline MIL-100 (Fe), akin to the role of a 
conventionally applied mineralizer. Conversely, aspirin (ASP) leads to the 
fabrication of an amorphous MOF phase. These are model drug molecules 
that have been selected based on continuous interest in their therapeutic 
effects, which, despite ongoing efforts, remain underrealized due to 
various practical limitations e.g. low bioavailability and side effects when 
orally administered.9 We studied the vibrational dynamics of the 
drug@MOF systems via inelastic neutron scattering (INS at TOSCA 
spectrometer),10 gaining insights into guest-host interactions through the 
collective vibrational modes. Understanding the underpinning molecular 
interactions is key for controlling the release of confined drug (guest) 
molecules from the MOF (host) carriers.11 We demonstrate the feasibility 
of this method as a facile one-pot self-assembly strategy, and shed new 
light on environmentally green approaches towards the fabrication of the 
MIL-100 (Fe) framework. 

Fig. 1a schematically illustrates the in situ encapsulation process 
through mechanochemistry. All bulk reactants (i.e. organic linker H3BTC, 
iron nitrate, and drug molecules) were manually ground in a mortar and 
pestle; details of the synthetic routes are given in the Supplementary 
Information (SI). The crystallinity of the resulting materials was examined 
via powder X-ray diffraction (PXRD) (Fig. 1b).  MIL-100 (Fe) together with 
5-FU and caffeine loaded systems were successfully synthesized. For 
5-FU@MIL-100 and CAF@MIL-100, the main Bragg diffraction peaks 
below 2θ = 5° are apparent and a highly ordered structure is confirmed. 
Conversely, in ASP@MIL-100 the sharp Bragg peaks at low diffraction 
angles are completely absent, substituted by broad peaks located around 
2θ = 4-5°, 6-8°, and 10-12°, indicating the amorphous character of this 
sample. We further assessed the structural differences between these 
samples by analysing the relative peak intensity of the (022):(357) planes 
(i.e. the two most intense diffraction peaks in MIL-100 (Fe) pattern) as a 
function of drug molecule present during the grinding step of the 
synthesis. Complementarily, the full width at half maximum (FWHM) 
values of the (022) peak were also calculated (Fig. S1, SI) and are 
accompanied by the non-normalized PXRD patterns (Fig. S2, SI).  

 By carefully contrasting between the as-synthesized  MIL-100 (Fe) 
and its drug-loaded counterparts, two conclusions can be drawn. First, 
from Fig. 1b, it is possible to detect the deficiencies in the crystalline 
structure of MIL-100 (Fe). The absence of the diffraction peak at 2θ= 3.4°, 
the small relative intensity of the (022):(357) planes (i.e. ratio of 1:0.84), 
and the slight broadness of the (022) peak (Fig. S1) all point to the partial 
formation of the crystalline framework. Likewise, the reduced relative 
intensity of the Bragg peaks at the small diffraction angles (2θ < 5°) implies 
a weak long-range ordering of the MIL-100 (Fe) structure (Fig. S2). Fig. S3 
shows the attenuated total reflectance Fourier transform infrared 
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(ATR-FTIR) spectra of all the samples. The typical vibrational bands of 
MIL-100 (Fe) (i.e. C-H stretching in the organic linker at ~707 cm-1 and 
~760 cm-1, O-C-O stretching and O-H bending at ~1371 cm-1 and 
~1441 cm-1, and C=O stretching in the carboxylic group at ~1623 cm-1)12 
were detected in all samples, confirming the retainment of chemical 
bonds integrity. The presence of the vibrational band at ~1720 cm-1 in the 
spectrum of the MIL-100 (Fe), assigned to the stretching of carboxyl group 
present in the acidic form of the organic linker (i.e. H3BTC = benzene-
1,3,5-tricarboxylic acid),4c, 13 indicates the presence of remaining 
protonated organic ligand in the structure of MIL-100 (Fe). Because the 
full deprotonation of H3BTC is needed to yield a three-dimensional open 
framework with high crystallinity, the incomplete deprotonation of the 
organic ligand may hinder the complete self-assembly of the secondary 
building units (SBU). We reasoned that this has resulted in the partially 
formed (defective) MIL-100 (Fe) mesocages (Fig. 1a) with a lower 
crystallinity.14  

Secondly, as revealed by the PXRD patterns in Fig. 1b, via the in situ 
strategy, highly crystalline 5-FU@MIL-100_IN (ratio 1:0.27) and 
CAF@MIL-100_IN (ratio 1:0.25) samples were obtained, while the 
presence of aspirin resulted in the production of an amorphous 
ASP@MIL-100_IN product. Contrasting the ATR-FTIR data of the 
MIL-100 (Fe) and the drug@MIL-100 systems, the sharpening of the band 
at ~1355 cm-1, assigned to the stretching of the carboxylate groups 
present in the BTC organic linker, was observed. The change was 
characterized by the decrease in FWHM of this band (Fig. S3, SI). We have 
observed the sharpening of ~42% and ~40% for 5-FU@MIL-100_IN and 
CAF@MIL-100_IN, respectively, suggesting the increase in the structural 
symmetry of the MIL-100 (Fe) host upon the presence of drug 
molecules.15 Conversely, the ASP@MIL-100_IN system remained 
virtually unchanged (sharpening of ~4%). The changes to the band at 
1355 cm-1 were accompanied by the decline in intensity of the band 
at ~1720 cm-1. This was quantified by the reduction in the integrated 
spectral area of this vibrational peak for both 5-FU@MIL-100_IN and 
ASP@MIL-100_IN systems (Fig. S3, SI). Such an analysis was not 
carried out for CAF@MIL-100_IN due to superposition of the BTC 
linker band and a vibrational band of caffeine (guest) in the same 
spectral range. The decline in the intensity of this band implies the 
decrease in the amount of protonated linker present in the sample.  

As the intensity of the diffraction peaks is attributed to the 
periodic atomic arrangement averaged over the whole 
polycrystalline sample,16 the total increase in intensity observed in 
the PXRD patterns of the drug@MIL-100 systems in comparison to 
the as-synthesized MIL-100 (Fe) (Fig. S2) indicates the increased 
long-range ordering of the host MIL-100 (Fe) crystals when 5-FU or 
caffeine were present during mechanochemical synthesis. As shown 
in Fig. 1c, 5-FU, caffeine, and aspirin are molecules possessing proton 
(H+) acceptor atoms (i.e. oxygen, nitrogen, and fluorine), which can 
potentially facilitate the deprotonation of the H3BTC organic ligand 
and aid the formation of MIL-100 (Fe) cages. pKa values are also 
presented in Fig. 1c, indicating that among the drug molecules, 5-FU 
and caffeine are the most likely molecules to act as proton acceptors. 
Therefore, via the in situ encapsulation process, 5-FU and caffeine 
function as ‘modulators’ by aiding the deprotonation of the organic 
linkers. This results in formation of highly crystalline MIL-100 (Fe) 
frameworks, which simultaneously confine the drugs within the 
mesocages. The templating effect of caffeine on the formation of 3D 
structures has also been reported.9b Meanwhile, the high acidity of 
aspirin molecules (pKa = 3.49) compromises the establishment of the 
long-range periodicity of the framework and results in the obtained 
amorphous phase. Strong broadening of the (022) peak was noticed 
when aspirin was present during the in situ synthesis (Fig. S1, SI). This 
is due to the competition between H3BTC and aspirin for the 
coordination with the iron ions, resulting in the formation of an 
amorphous violet aspirin-iron complex known as 
tetraaquosalicylatroiron (III) complex (Fig. S4, SI). Vibrational bands 
attributed to the complex have been identified in the ATR-FTIR 
spectrum of ASP@MIL-100 _IN as shown in Fig. S5 in the SI, 

 
Fig. 1 Mechanochemical encapsulation and structural characterization of MIL-100 (Fe) 
and drug@MOF composites. (a) Schematic summarizing the manual grinding process 
used to fabricate the drug@MIL-100_IN samples (the suffix “IN” denotes guest 
encapsulation by in situ approach) and the respective effect of the different drug 
molecules on the framework crystallinity. (b) Normalized PXRD patterns of 
MIL-100 (Fe) and drug@MIL-100 assemblies showing the ratios between diffraction 
planes to assess the material crystallinity. The ratio was not computed for the 
aspirin-loaded system due to the amorphous nature of this sample. (c) Guest 
molecules of 5-FU, caffeine, and aspirin, highlighting their proton acceptor and donor 
sites.  Colour scheme: iron in orange, carbon in black, oxygen in red, hydrogen in 
white, nitrogen in purple, and fluorine in green.  
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confirming the complex formation. The nature of these vibrations 
has been characterized further by density functional theory (DFT) 
calculations and compared with the experimental spectrum in Fig. S5 
and Table S4, in the SI.  
 To further assess the modulating effect of 5-FU and caffeine, 
we have investigated the influence of the drug:H3BTC molecular 
ratio on the crystallinity of the resulting material. To accomplish 
the complete deprotonation of the organic linker, the 
dissociation of 3 hydrogen atoms for each H3BTC molecule is 
necessary. In principle, both 5-FU and caffeine have the 
potential to accept 3 protons each, but pKa values indicate that 
caffeine has a higher potential to act as a proton acceptor. 
Normalized PXRD patterns in Fig. 2 show the effect on the 
crystallinity of the final samples when different amounts of 5-
FU (Fig. 2a) and caffeine (Fig. 2b) were added during the 
grinding process. As the amount of drug molecules increases 
(e.g. from 0.1 to 1.0 mmol of drug/mmol of H3BTC), an evident 
increase in the relative intensity of the diffraction peaks was 
observed. Even with only 0.1 mmol of caffeine per mmol of 
H3BTC, improvements in crystallinity of CAF@MIL-100_IN were 
detected when compared to MIL-100 (Fe). With 1.0 mmol of 
both 5-FU and caffeine per mmol of H3BTC, highly crystalline 
material has been obtained. We have further assessed the 
degree of crystallinity of these samples by measuring the 
FWHM of the (022) peak (Fig. S6, SI), which showcases the 
increase in the crystallinity of the MIL-100 (Fe) host. As 
anticipated, caffeine presents a slightly better modulator 
performance due to its relatively higher pKa (i.e. marginally 
higher proton acceptor potential). 

Nitrogen sorption isotherms (Fig. 2c) and scanning electron 
microscopy (SEM) images (Fig. 2d-g) were used to further 
characterize the drug@MIL-100 system. SEM images, employed to 

examine the morphology of the samples, show no signs of alterations 
upon drug encapsulation. The formation of the observed 
MIL-100 (Fe) crystal aggregates seems to be a result of the grinding 
process, culminating in the non-uniform particles size range 
observed (i.e. 2-100 µm). The amorphous ASP@MIL-100_IN product 
also presented itself in an aggregated form, with an equally large 
distribution of particle sizes.  

Due to the lack of noticeable morphological differences between 
the amorphous and crystalline phases, Brunauer-Emmett-Teller 
(BET) surface areas of MIL-100 (Fe) and drug-loaded counterparts 
were determined from the nitrogen sorption isotherms to quantify 
the samples porosity (Fig. 2c). The isotherms were also used to 
determine the level of guest encapsulation, which were further 
quantified by thermogravimetric analysis (TGA) (Fig. S7 and 
Table S2, SI). The surface area of the MIL-100 (Fe) (157 m2g-1) was 
largely reduced when compared with values of other reported 
mechanochemically synthesized MIL-100 (Fe) samples 
(Table S3, ESI). 17 17 The enhanced development of the host 
framework structure due to the modulating effect of 5-FU and 
caffeine also had a visible impact on the material surface areas, being 
378 m2g-1 and 513 m2g-1 for 5-FU@MIL-100_IN and 
CAF@MIL-100_IN, respectively. It is important to note that the 
surface areas of these drug@MIL-100 systems should not be directly 
compared to the ones presented in Table S3. This is because the 
improvement of MIL-100 (Fe) porous structure attributed to the 
modulating effect of the drug molecules occurs in parallel with its 
partial obstruction, occasioned by the drug molecules confinement. 
Finally, the isotherm shape and the significantly reduced surface area 
found in ASP@MIL-100_IN (9 m2g-1) showcase the non-porous 
character of this drug-loaded amorphous material. For comparison, 
we have collected the PXRD pattern and ATR-FTIR spectrum of a 
commercial grade of MIL-100 (Fe), termed Basolite F300 (Fe-BTC). It 

 
Fig. 2 Normalized PXRD patterns of (a) 5-FU@MIL-100_IN and (b) CAF@MIL-100_IN samples, showing the effect of the drug:linker ratio (i.e. x mmol of drug per 1.0 mmol of 
H3BTC) used during the synthesis on the final crystallinity of the resulting material. The relative intensity of PXRD peaks was determined from the ratio of (022):(357). (c) Nitrogen 
adsorption (filled symbols) and desorption (empty symbols) isotherms of MIL-100 (Fe) and drug-loaded counterparts. SEM images of (d) MIL-100 (Fe) and drug@MIL-100 systems: 
(e) 5-FU@MIL-100_IN, (f) CAF@MIL-100_IN, (g) ASP@MIL-100_IN. Colour code: O in red, C in black, H in grey, N in navy blue, F in green. 
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displays broad PXRD peaks, suggesting an amorphous structure, but 
its vibrational spectrum remains intact (Fig. S8), in a similar fashion 
to ASP@MIL-100_IN. These observations imply that the aspirin-
loaded system retains the basic building blocks and short-range 
connectivity of the crystalline MIL-100 (Fe), but it lacks long-range 
periodic order, possibly being impeded by the formation of the 
tetraaquosalicylatroiron (III) complex. 
 We have determined the drug loadings of 20.4 wt.% 
(0.26 g/g MOF), 54.8 wt.%  (1.21 g/g MOF), and 9.8 wt.% 
(0.11 g/g MOF) for 5-FU@MIL-100_IN, CAF@MIL-100_IN, and 
ASP@MIL-100_IN, respectively. In Table S2, we compare the drug 
loading herein attained with previously reported results (see SI for 
further detail). The sizeable loading found for 5-FU and caffeine is a 
result of the advantageous formation of the host MIL-100 (Fe) cages 
around the guest drug molecules, made possible by the in situ 
encapsulation approach applied here. The low drug loading of aspirin 
is attributed to the formation of the aspirin-iron complex, which is 
mostly removed during the wash steps (see Fig. S4, SI). 
 The vibrational properties of MIL-100 (Fe) and drug@MIL-100 
systems were characterized by inelastic neutron scattering (INS), and 
the results are presented in Fig. 3.18 Neutron scattering is a 
high-resolution spectroscopic technique leveraging the scattering of 
neutrons by the nuclei of condensed matter.19 The neutron is a highly 
sensitive probe to measure local changes in vibrational modes, 
especially the low energy phonons or terahertz (THz) vibrations, 
which represent collective modes associated with the lattice 
dynamics of the framework structure.20 INS spectroscopy of the 
drug@MIL-100 system probes the dynamic properties of the drug-
encapsulated MIL-100 (Fe) samples, revealing the modulator effect 
of the guest drug molecules. The full spectra up to ~60 THz 
(2000 cm-1) are shown in Figs. S9-S11 in the SI. 

Detailed comparison between the INS spectra of the in situ 
derived samples and the MIL-100 (Fe) reveals an overall lower 
spectral intensity of 5-FU and aspirin encapsulated MIL-100 (Fe) 
systems. This can be credited to two main factors. Firstly, the INS 
spectrum intensity at low frequency (i.e. low momentum 
transfer (Q)), as recorded on TOSCA, is proportional to the mean 
square displacement of the atoms from their equilibrium position. At 
higher frequency the intensity is suppressed by the Debye-Waller 
factor.21 On this basis, the decrease in the scattering intensity in the 
low energy region of the drug@MIL-100 systems, specifically for 
5-FU@MIL-100_IN and ASP@MIL-100_IN, suggests the decrease of 
atomic motions. As the periodicity of the MIL-100 (Fe) host is 
enhanced, stronger constraints are imposed on the lattice modes.  

Another factor contributing to the observed reduction of spectral 
intensity is the decrease in the total amount of hydrogen atoms 
present within the sample, resulting from the large incoherent 
neutron scattering cross-section of hydrogen (which is the largest 
amongst all known elements).19 In this case, the increase in the 
effective deprotonation of the organic linker as detected in ATR-FTIR 
measurements (Fig. S2), due to the modulating effect of 5-FU and 
caffeine, and the consequential reduction of the number of 
hydrogens present in the samples resulted in the decline of overall 
spectral intensity. For the amorphous ASP@MIL-100_IN system the 
decline can be linked to the formation of the aspirin-iron complex 
which reduces the overall number of H3BTC molecules within the 
sample. Additionally, despite its amorphous nature, this system still 

presents all the collective modes observed in the MIL-100 (Fe), akin 
to what was detected in the higher energy vibrational bands of the 
ATR-FTIR spectra (Fig. S2). 

Analysis of the zoom-ins in Fig. 3 shows that in all drug@MIL-100 
samples, drug vibrational peaks (highlighted with asterisks) were 
observed. Ab initio DFT calculations further revealed details of the 
specific drug molecule vibrations (Figs. S12-S14 and Table S4, SI). 
Scrutiny of the INS spectra provides a deeper insight into the 
dynamics of the guest-host interaction. The higher intensity 
observed in the spectra of CAF@MIL-100_IN below 9 THz (300 cm-1) 
is linked to the combined scattering of the MOF host and the caffeine 
guest molecule, specifically resulting from the high guest loading 
(~55 wt.%) of this system. Vibrational frequency shifts in the guest 
vibrational modes after confinement were detected in all samples 
(marked by asterisks in Fig. 3 insets), indicating the presence of 
constraints to the free motions of the drug molecules due to pore 

 
Fig. 3 INS spectra of (a-b) 5-FU@MIL-100_IN, (c-e) CAF@MIL-100_IN, and 
(f-h) ASP@MIL-100_IN, with magnified views of the drug peaks present in the 
drug@MIL-100 systems, highlighted with asterisks.  
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confinement. This effect is clear in the shift and suppression of the 
vibrational mode of 5-FU at ~12.3 THz (~410 cm-1), the caffeine mode 
at ~8.6 THz (~288 cm-1), and the aspirin modes at ~15.4 THz 
(~514 cm-1) and ~19.2 THz (~641 cm-1) in the spectra of the 
5-FU@MIL-100_IN, CAF@MIL-100_IN, and ASP@MIL-100_IN, 
respectively. The origin of each of these vibrations has been detailed 
in Table S5, SI. Based on the INS spectra and on the electrostatic 
potential maps (ESP) of the drug molecules (Fig. S15, SI) we can 
conclude that 5-FU, caffeine, and aspirin form strong Fe-O 
coordination with the CUS of the MOF, conferred by the in situ 
encapsulation method applied. This approach is advantageous 
against the conventional post-synthetic drug encapsulation 
approach (by immersion in a drug solution) in which the 
drug/solvent competition for the coordinatively unsaturated 
binding site can lead to a weaker guest-host interaction.22 

In summary, we have demonstrated the use of a facile 
mechanochemical method to achieve pore confinement of various 
‘guest’ drug molecules within MIL-100 (Fe) pores. Notably this proof-
of-concept study shows how 5-FU and caffeine can function as 
‘modulators’ leading to the fabrication of a highly crystalline 
MIL-100 (Fe) framework. As a counterexample, we have illustrated 
how aspirin molecules instigate the formation of an amorphous 
MIL-100 (Fe) phase. It is intriguing to see that benign modulators 
such as caffeine could potentially replace highly toxic mineralizers, 
such as HF commonly used in the preparation of MIL-100 (Fe). Our 
results elucidate a promising pathway towards an environmentally 
friendly approach to yield MIL-100 (Fe) crystals and guest-
encapsulated composites, thereby addressing the continuous search 
for low cost and scalable synthetic methods. Finally, using inelastic 
neutron scattering, we have established clear differences in the 
vibrational behaviour of the isolated drug molecules and the 
drug@MOF assemblies. Neutron vibrational spectroscopy reveals 
the intrinsic guest-host intermolecular interactions, pointing to the 
successful confinement of drug molecules due to the in situ 
mechanochemical grinding technique applied. The facile approach 
demonstrated herein can advance the future commercial potential 
of mesoporous MIL-100 materials. 
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