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ABSTRACT: MIL-100 (Fe) is a highly porous metal—organic frame-
work (MOF), considered as a promising carrier for drug delivery and for *{61’4% va( MIL-100 (Fe)
gas separation and capture applications. However, this functional

material suffers from toxic synthesis that may hinder its biomedical use
and large-scale production for commercial applications. Herein, we
report a “green” mechanochemical water immersion approach to yield
highly crystalline MIL-100 (Fe) material. Subsequently, we have
harnessed this strategy for facile fabrication of drug@MOF composite

.. . ) . 4 v
systems, comprising (guests) S-fluorouracil, caffeine, or aspirin Reconstructed
encapsulated in the pores of (host) MIL-100 (Fe). Inelastic neutron crystal
scattering was uniquely used to probe the guest—host interactions arising Defective crystal

from pore confinement of the drug molecules, giving additional insights

into the reconstruction mechanism. Our results pave the way for “green” production of MIL-type materials and bespoke guest-
encapsulated composites by minimizing the use of toxic chemicals, while enhancing energy efficiency and the material’s life cycle that
is central to biotechnological applications.

KEYWORDS: Metal—organic frameworks, Mechanochemistry, Drug, Terahertz vibrations, Inelastic neutron scattering, Pore confinement

B INTRODUCTION long-range periodicity and impacts its porosity and structural
robustness. Today, one of the biggest challenges remains to
optimize the synthetic procedures to yield highly crystalline
MIL-100 (Fe) under mild conditions, i.e., avoiding the use of
HF, toxic agents, and high pressure and temperature. The
harsh methods available not only jeopardize its potential bio-
oriented applications but also limit its scalability to enable
commercial production. The ideal synthesis route should
concomitantly allow the facile encapsulation of different
(guest) drug molecules while preserving the structural
properties and porosity of the (host) MIL-100 framework.
Herein, we present the use of a “green” mechanochemical
approach, which is free from the need to use HF or extreme
processing conditions, to yield MIL-100 (Fe) at ambient
conditions. We show that the crystallinity of the material can
be significantly improved upon simple immersion in water
(process termed: reconstruction). Notably, the reconstruction
method is highly effective for the recovery of time-degraded
and mechanically amorphized samples, applicable as a material
regeneration strategy. Additionally, the reconstruction step of

In the vast family of metal—organic frameworks (MOFs),
iron(IlI) carboxylate MOFs are promising given their bio-
logically and environmentally favorable characteristics, large
surface areas, and high porosity. They offer numerous
coordinatively unsaturated metal sites (CUS)," which not
only potentialize their application as drug delivery systems
(DDS) but also hold great promise as adsorbents and catalysts
agents.”’ Specifically, MIL-100 (Fe) [MIL = Materials of
Institute Lavoisier] exhibits a highly ordered structure with
large pores (~3 nm), enabling the entrapment of large
amounts of functional guests and drug molecules. As a
functional material targeting biomedical applications, MIL-100
(Fe) features improved biocompatibility in contrast to a variety
of MOFs, including its other metal counterparts, namely, MIL-
100 (Cr, Ni, Cu, and Co)."*

Thus far, there have been several different reported
approaches for the fabrication of MIL-100 (Fe). Since its
discovery,” procedures have evolved from synthesis methods
with long reaction times under harsh conditions (ie., high
temperature and high pressure coupled with the use of

hydrofluoric acid (HF) and concentrated nitric acid (HNO;)) Received:  February 21, 2020 Sistalnable

Chenuslrv Engmeermg

to high pressure solvent-free procedures.””” On the one hand, Revised:  May 11, 2020
the use of toxic substances, such as mineralizing agents, to Published: May 14, 2020
improve the crystallinity of MIL-100 (Fe) material could affect
its applicability in the biomedical field.'® On the other hand,
improved crystallinity is crucial as it determines the material
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MIL-100 (Fe) crystals can be tailored to enable the fabrication
of guest@MIL-100 composite systems (i.e., guest@MIL-
100_REC). By employing a variety of drug molecules (e.g.,
S-fluorouracil, caffeine, and aspirin) as guests for confinement
in the pores of MIL-100 (Fe), we study the vibrational
dynamics of the drug@MOF systems via inelastic neutron
scattering (INS at TOSCA spectrometer).'"'* Analysis of the
collective modes unravels details behind the reconstruction
process, casting new light on the guest—host interactions
underpinning the controlled drug release from MOF carriers."

The guest molecules were chosen based on ongoing interest
in their pharmaceutical applications, yet not fully realized due
to existing drawbacks. S-Fluorouracil (5-FU) is a long-standing
anticancer drug with an hydrophilic character, which restricts
its passage through cell membranes without the aid of a
DDS.'* Caffeine (CAF) is widely applied as an active
ingredient in many cosmetic and pharmaceutical formulations.
Increasing the loading percentage of caffeine within host
carriers can hugely increase its bioavailability.'> Aspirin (ASP)
is commonly used as an analgesic and anti-inflammatory drug.
However, many side effects (e.g, stomach bleeding and
gastrointestinal ulcers) associated with its oral administration
can potentially be prevented by the use of a DDS.'° A
summary of the synthetic routes being employed in this study
is illustrated in Figure 1, with full details given in the
Supporting Information (SI).
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Figure 1. Schematic representation of the reconstruction method. (a)
Mechanochemical approach applied to the synthesis of low
crystallinity MIL-100 (Fe). (b) Reconstruction process to enhance
material crystallinity and for the entrapment of different drug
molecules within the MOF pores.

B RESULTS AND DISCUSSION

Figure 2 illustrates the changes observed in MIL-100 (Fe) as a
function of time throughout the reconstruction process. We
have discovered that upon immersion of the low-crystallinity
sample (as-synthesized) into water, it is possible to
significantly enhance the material crystallinity. The sample
presented a distinctive color change (Figure 2a) that was
accompanied by the increase in its crystallinity, confirmed by
the powder X-ray diffraction (PRXD) patterns (Figure 2b, c).
The evolution in the material optical properties suggests the
occurrence of microstructural changes in MIL-100 (Fe). A
closer look at the diffraction data of as-synthesized MIL-100
(Fe) shows that the Bragg peaks below 20 = 5° exhibit either
very low intensity or are completely absent from the pattern
prior to the water reconstruction. Conversely, Bragg peaks
within 26 = 10°—11.5° show a less pronounced change before
and after reconstruction. The low relative intensity of the
Bragg peaks at the smaller diffraction angles of 26 < 5° signifies
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a weak long-range ordering of the as-synthesized MIL-100
(Fe) framework. Because the intensity of the diffraction peaks
is determined by periodic atomic arrangement averaged over
the entire polycrystalline sample,'” the overall increase in
intensity observed in the PXRD patterns indicates the
progressive increase of long-range ordering of the MIL-100
(Fe) crystals during reconstruction.

We further assessed the structural changes by analyzing the
relative peak intensity data as a function of sample immersion
time (Figure 2b). The changing relative intensity of the (022):
(357) planes, corresponding to the two most intense
diffraction peaks, was calculated as the ratio between the
peaks intensity. The results reveal a notable rise in intensity of
the (022) plane (i.e, 20 = 4°) versus a slower increase in
intensity of the (357) plane (i.e., 20 = 11°). The process can
be divided into three stages. First, during the first 2 days of
immersion, the relative intensity of (022):(357) peaks were
marginally unaffected. In the second stage (2—7 days), we
observed a steep rise in the (022):(357) relative intensity from
0.57:1 to 1:0.27, indicating a major increase in long-range
periodicity of MIL-100. Finally, the relative intensity ratio
stabilized, with minimal changes from 7 to 15 days. Notably,
the change in the relative intensity of the peaks is accompanied
by narrowing in FWHM (full width at half-maximum) of the
(022) peak, indicating increasing sample crystallinity. For
comparison, the normalized PXRD patterns are presented in
Figure S1.

Figure 3a shows the attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectra where the typical
vibrational bands of MIL-100 (Fe) were detected in all
samples, confirming the chemical bond integrity even in the
low crystallinity material. From the ATR-FTIR spectra, two
features can be highlighted. First, the sharpening of the band at
~1355 cm™, assigned to the stretching of the carboxylate
groups present in the organic ligand (BTC = benzene-1,3,5-
tricarboxylate), was observed (Figure S2a). This change was
quantified by the decrease in FWHM of this band (Figure
S2b), indicating the increase in the structural symmetry of
MIL-100 (Fe) samples.'® Second, the band at ~1720 cm™,
assigned to the stretching of carboxyl group present in the
acidic form of the or%anic linker (i.e., H;BTC = benzene-1,3,5-
tricarboxylic acid),”'” has shown a progressive decline in
intensity, corresponding to the reduction in the spectral area of
this vibrational peak (Figure S2b). These changes were
accompanied by a large rise in the acidity of the solution in
which MIL-100 (Fe) crystals were immersed (i.e., pH values
fell from 7.4 to 2.0), as shown in Figure 2a, strongly indicating
that a continuous deprotonation of the organic linker took
place throughout the reconstruction process (days 1—15). A
complete deprotonation of H;BTC is required to produce a
three-dimensional open framework with high crystallinity. The
incomplete deprotonation of the organic ligand may obstruct
the self-assembly of the secondary building units (Figure 2a),
thereby resulting in partially formed (defective) mesocages.
Similar results have been reported by Fernandez-Bertran et al.,
who obtained partially formed frameworks of Zn(Imidazolate),
via a similar manual grinding process.”” We propose that the
presence of water, acting as a weak base to form hydronium
ions (H;0%), will facilitate the deprotonation of H;BTC and
aid in the reconstruction of the defective MIL-100 (Fe)
structure resultant from the grinding process.

To acquire a better understanding of the framework
reconstruction process, we determined the Brunauer—
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Figure 2. MIL-100 (Fe) reconstruction process. (a) Photographs showing evolution of the MIL-100 (Fe) samples collected at different immersion
times intervals and schematics of the associated chemical structure of MIL-100 (Fe) crystals. The images display the color shift observed upon the
increase of the crystallinity of MIL-100 (Fe) material. (b) Ratios of the changing relative intensity of the (022):(357) planes. The plots display a
faster increase in peak intensity for small diffraction angles. The plot also presents the FWHM of the peaks corresponding to the (022) plane,
showing a progressive increase in the material crystallinity. (c) Evolution of the absolute intensity of the diffraction peaks throughout the
reconstruction process, showing the marked improvement in crystallinity with immersion time.

Emmett—Teller (BET) surface areas of the samples using
nitrogen sorption at 77 K. The BET results of four selected
samples obtained from immersion times of 2, 4, 7, and 12 days
are shown in Figure 3b and Table S2. We found a considerable
increase (exceeding S00%) in surface area of the Day-12
sample compared with the as-synthesized MIL-100 (Fe).
Evolution of the shape of isotherms at P/P, > ~0.7
demonstrates the reconstruction of mesocages in MIL-100
(Fe). From the as-synthesized to Day-12 samples, one can
observe the progression from type II isotherms (nonporous
materials) to type I, associated with microporous materials
(ie., pore size < 2 nm), and eventually reaching type IV,
attributed to mesoporous cages (i.e., pore size = 2—50 nm).”'
As shown in Figure S3 in the SI, our reconstruction method
offers a good trade-off between surface area and ease of
synthesis, against other reported mechanochemical, solvother-
mal, and solid-state strategies for synthesizing MIL-100 (Fe).
For instance, the work by Pilloni et al,** in which a milling
approach was used in combination with corrosive tetramethy-
lammonium hydroxide, resulted in a material with comparable
surface area to our reconstructed MIL-100 (Fe). The former
additive can hinder the green production of MIL-100 (Fe) in
terms of energy consumption and toxicity of reactant involved
in the synthesis method.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were used to characterize the morphology
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of the reconstructed samples (Figure 3c and Figures S4 and
SS). We observed particles in a large range of sizes, ranging
from ca. 100s of nm to 10s of ym. The grinding process
appears to favor the formation of aggregates of MIL-100 (Fe)
crystals, culminating in larger particles (Figure 3c) constituted
from densely packed nanoparticles (Figure 3c, inset). AFM
imaging (Figure 3d) revealed the granular nature of the particle
surfaces, comprising nanocrystals <50 nm as depicted in Figure
3e (see Figure SS in the SI for further details).

Exceptionally, we have demonstrated the applicability of the
reconstruction process to enable the recovery of time degraded
samples, which were aged for 1.5 years (Figures S6 and S7).
Likewise, we discovered that mechanically amorphized samples
of MIL-100 (Fe) (Figures S8 and S9) can be repaired via water
reconstruction (see SI for further discussion). This is an
important finding because it paves the way to the regeneration
and recycling of MIL-100 materials, thereby addressing one of
the main challenges preventing their industrial applica-
tions.”**

Figure 4 displays the INS spectra of MIL-100 (Fe) samples
collected after 2, 4, 7, and 12 days of immersion in water.
Neutron scattering is a powerful spectroscopic method not
subject to the optical selection rules. Unlike optical techniques
such as infrared or Raman, all transitions are active in INS
spectra.”” The neutron is a highly sensitive probe to measure
local changes in vibrational modes, especially low energy
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Figure 3. (a) ATR-FTIR spectra of MIL-100 (Fe) samples collected at different immersion time intervals. (b) Nitrogen adsorption and desorption
isotherms of MIL-100 (Fe) samples under reconstruction. Samples were activated at 150 °C under high vacuum for 12 h prior to N, adsorption
measurements at 77K. (c) SEM images of MIL-100 (Fe) samples. (d) AFM image displaying the surface morphology of MIL-100 (Fe) crystals
accompanied by (e) the height profile of the marked regions, showing the formation of large particles by aggregation of nanosized particles.

phonons or terahertz (THz) vibrations.”® These vibrations are
collective modes associated with the lattice dynamics of the
framework structure, and their analysis via INS spectroscopy
can provide further insights into how the structure of MIL-100
(Fe) is rebuilt during the reconstruction process. Due to the
difficulty in isolating the origin of each THz vibration in a
complex system like MIL-100 (Fe), we have collected the INS
spectrum of the H;BTC linker (Figure 4a) and correlated it
with density functional theory (DFT) calculations.”” The
complete comparison between experimental and theoretical
spectra of H;BTC accompanied by a description of the
vibrational modes can be found in Figure S10 and Table S3. As
displayed in Figure 4a, the H;BTC molecules may establish
hydrogen bonding interactions via —COOH groups. By
contrasting the linker and framework spectra, we identified
the modes that are predominantly influenced by the BTC
linker within the framework structure of MIL-100 (Fe). A
good agreement between H;BTC and MIL-100 (Fe) spectra
was observed, both in the low and high energy regions (see
Figure 4b and Figure S11).

It can be seen in Figure 4b—d that the overall MIL-100 (Fe)
INS spectral intensity declines with a higher sample immersion
time. We can attribute this decay to two factors. First, in the
INS spectrum generated on TOSCA, the intensity at low
frequency (i.e., low momentum transfer (Q)) is proportional
to the mean square displacement of the atoms from their
equilibrium position. At higher frequency, however, the
intensity is suppressed by the Debye—Waller factor.”® On
this basis, the decline in the scattering intensity in the low
energy region, below 9 THz (<300 cm™"), with the increase of
immersion time suggests the reduction of atomic motions. As
the periodicities of the MIL-100 (Fe) samples improve, we
reasoned that stronger constraints are imposed onto the atomic
movements in the framework. This result is substantiated by
the notable rise in the thermal stability of the reconstructed
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framework via thermogravimetric analysis (TGA, see Figure
S12), where an ~48% increase in the initial decomposition
temperature was recorded (see Table S4 for more details).

Another factor that contributes to the overall spectrum
intensity is the amount of hydrogen atoms present in the
sample, due to the large incoherent neutron cross-section of
hydrogen atoms, the largest among all known elements.”” We
can therefore correlate the observed decrease in spectral
intensity with the deprotonation of the organic linker,
previously observed in the ATR-FTIR measurements (Figure
S2b). As shown in the inset of Figure S11, the acidic form of
the organic ligand (i.e., H;BTC) has twice as many hydrogen
atoms than its deprotonated counterpart (i.e., BTC). In the
low energy region, H;BTC vibrations are dominated by the
out-of-plane bending of —COOH, including “trampoline-like”
motions,”” at 0.6—4.0 THz (20—133 cm™"), out-of-plane —CO
bending at ~6.4 THz (215 cm™), and ring deformation
accompanied by —OH bending at ~13.8 THz (460 cm™), as
illustrated in Figure 4e.”” These vibrational modes, involving
the large displacement of hydrogen atoms, show a decline in
intensity upon the increase of sample immersion time, thus,
the INS results support the notion that the reconstruction of
MIL-100 (Fe) mesocages is controlled by the deprotonation of
the organic linkers.

We have discovered that this approach can additionally be
applied to fabricate highly loaded guest@host systems
(termed: guest@MIL-100_REC) leading to the encapsulation
of different drug molecules (guest = 5-FU, CAF, and ASP)
when MIL-100 (Fe) cages are being reconstructed (exper-
imental details are presented in the SI). SEM images of guest@
MIL-100 systems reveal that the drug-loaded samples
produced via the reconstruction encapsulation approach have
a similar morphology to the reconstructed MIL-100 (Fe)
samples (Figure S13).
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Figure 4. Inelastic neutron scattering measurements of reconstructed MIL-100 (Fe) samples. (a) Representation of MIL-100 (Fe) unit cell and
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vibrations at different wavenumbers, as simulated by DFT.

Figure Sa—c shows the PXRD patterns of drug@MIL-100
composite systems. The relative intensities of (022):(357)
planes and the FWHM values of the (022) corresponding
peaks of the drug@MIL-100 systems were calculated and
contrasted to assess the effect that the confinement of the
different drug molecules have on the crystallinity of the host
material. Through the reconstruction process, S-FU@MIL-
100 REC with high crystallinity was successfully obtained.
Generally, we can see that the relative peak intensity in S-FU@
MIL-100_REC (i.e., 1:0.30) agrees well with pristine MIL-100
(Fe) (1:0.24) (Figure Sa). The FWHM in Figure S14 shows
that the confinement of 5-FU within MIL-100 (Fe) pores did
not affect the periodicity and crystallinity of the resultant
framework. A similar effect was observed in CAF@MIL-
100_REC, for which the relative peak intensity (i.e., 1:0.37)
and the FWHM of (022) peak were slightly larger than in $-
FU loaded counterpart but still in close agreement with the
MIL-100 (Fe) pristine material (Figure Sa and Figure S14).
The fabrication of ASP@MIL-100_REC was correspondingly
achieved; however, the periodicity of the material was reduced
when contrasted to the other drug@MIL-100 systems. After
the encapsulation of aspirin, the relative intensities of the
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diffraction peaks (i.e., 0.9:1) were dissimilar to the value of
MIL-100 (Fe), and a large broadening of the (022) peak was
detected (Figure S14). These results indicate that aspirin, in
some degree, interferes with the establishment of long-range
ordering of the host framework. This is because of the
competition between aspirin and the H;BTC linker molecules
for coordination to the iron cations, leading to formation of an
amorphous violet aspirin—iron complex known as
tetraaquosalicylatroiron(III) (Figure S15).

Figure Sd—f displays the INS spectra of the drug@MIL-100
composite systems. The full spectra up to ~60 THz (2000
cm™") are shown in Figures S16—S19. Scrutiny of the THz
vibrations can provide insights on the guest—host interactions
and reveal how the encapsulation of the different drug
molecules affects the long-range dynamics of the host
framework structure.”’ The spectra of the pure guest molecules
were also collected and used for the assignment of the drug
peaks in drug@MIL-100. Analysis of the INS spectra shows
that in all guest—host systems considered the distinctive
vibrational peaks of guest molecules were detected. This is akin
to what was also observed in the high energy region, in which
the ATR-FTIR spectra of the drug@MOF systems (Figure

https://dx.doi.org/10.1021/acssuschemeng.0c01471
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Figure 5. Powder X-ray diffraction patterns and inelastic neutron scattering (INS) spectra of drug@MIL-100 (Fe) systems. The diffraction patterns
are presented for assessment of the materials crystallinity as (a) S-FU@MIL-100_REC, (b) CAF@MIL-100_REC, and (c) ASP@MIL-100_REC.
INS spectra of (d) S-FU@MIL-100_REC, (e) CAF@MIL-100_REC, and (f) ASP@MIL-100_ REC, with closer looks at the drug peaks present in
the drug@MIL-100 systems, highlighted with asterisks. The guest drug molecules and their respective electrostatic potential maps (ESP) were
presented, for which aspirin is shown in two different angles for better visualization. Color code: O in red, C in black, H in gray, N in navy blue, and

F in green.

$20) also display the clear presence of the drug molecules. In
order to correlate the influence of the guest:host ratio on the
drug@MIL-100 spectra, the level of guest encapsulation was
evaluated by BET surface area (Figure S21) and quantified by
TGA (Figure S22). Overall, remarkably high drug loadings of
35.5 wt % (0.6 g/g MOF), 64.7 wt % (1.8 g¢/g MOF), and 70
wt % (2.4 g¢/g MOF) were achieved for S-FU@MIL-100_REC,
CAF@MIL-100 REC, and ASP@MIL-100 REC, respec-
tively.

The BET surface areas of the samples were found to be
greatly reduced, confirming successful guest encapsulation. In
Table S5, we compared the guest loading herein attained
against previously reported results. In the work by Cunha et
al,*” a theoretical approach has been used to estimate the
maximum loading of caffeine molecules in MIL-100 (Fe)
mesocages. A theoretical loading capacity of 65.8 wt % was
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established when full accessibility of both small and large cages
(i.e, 25 and 29 A in diameter) was considered. However, using
the conventional impregnation technique (i.e,, immersion of
the host MOF into a saturated drug solution), an experimental
loading of only 49.5 wt % was attained by Cunha and co-
workers. The difference between the theoretical loading
capacity and the experimental loading was attributed to the
nonaccessibility of caffeine molecules (7.6 X 6.1 A) into the
small cages of MIL-100 (Fe) due to the reduced size of its
pentagonal window aperture (~4.5 A X 5.5 A). Conversely,
higher experimental loadings were achieved using our water
reconstruction methodology (i.e.,, 64.7 wt %). As illustrated in
Figure 6, instead of having to overcome the physical obstacle
imposed by the narrow pore windows, the guest drug
molecules get encapsulated by the formation of the MIL-100
(Fe) cages around them. This improves the occupancy of the
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ACS Sustainable Chem. Eng. 2020, 8, 8247—8255


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01471/suppl_file/sc0c01471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01471/suppl_file/sc0c01471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01471/suppl_file/sc0c01471_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c01471/suppl_file/sc0c01471_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01471?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01471?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01471?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01471?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c01471?ref=pdf

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

E Manual grinding

& Fully formed MIL-100 (Fe)
€ Partially formed MIL-100 (Fe)

&P 5-Fluorouracil
Water medium

Drug encapsulation

Figure 6. Schematic representation of the guest encapsulation
mechanism during the reconstruction process immersed in water.
The formation of the MOF cages around the drug molecules allows
for the achievement of high guest loadings.

small and large cages allowing us to harness the full hosting
potential of MIL-100 (Fe). The possibility of confinement of
guest molecules in the small cages of MIL-100 (Fe) opens new
frontiers to tuning the prolonged release of therapeutic
molecules (avoiding burst effect’ via the slow decomposition
of pore cages) and to yield permanent encapsulation of bulky
guests, such as fluorescent dyes for photoluminescent
devices.”

Further insights into the dynamics of the guest—host
interaction can be drawn by analyzing the INS spectra. The
relatively higher intensity observed in the spectra of the
guest@MIL-100_ REC, specifically in the 0—9 THz (0—300
cm™) range, can be associated with a combination of
scattering coming from the framework and the drug molecules.
As seen in Figure Sd—f, the spectra of the drug molecules
exhibit very high scattering intensities in the low energy region,
meaning that even low amounts of encapsulated guest can have
a large effect on the vibrational spectra of the drug@MIL-100
system.

Vibrational frequency shifts were observed in the guest
vibrational modes present in the drug@MIL-100 spectra
(marked in Figure Sd—f by asterisks). Such shifts indicate
the existence of constraints to free motions of the drug
molecule. For example, the effect of the guest confinement is
evident on the S-FU@MIL-100_REC spectrum, in which the
very strong S-FU vibration at ~12.3 THz (~410 cm™)
associated with the in-plane bending of OCNCO is highly
suppressed (Figure $23).>* On the basis of the electrostatic
potential surface map (ESP) depicted in Figure S, S-FU
molecules will bind to the CUS via one of their oxygen atoms
through Fe—O coordination. The same scenario is repeated for
caffeine and aspirin molecules, which as shown in the ESP
maps in Figure 5 can also establish Fe—O coordination to the
host MIL-100 (Fe) CUS. Similarly, the suppression and shift
of the caffeine modes at ~10.8 THz (~360 cm™') related to
C=O0 bending and the shift of aspirin modes at ~12.6 THz
(~421 cm™) and ~16.0 THz (~533 cm™) related to the C =
O bending substantiates the formation of Fe—O coordination
between caffeine and aspirin to the CUS. The shift of the
aspiring modes at ~25.6 THz (~855 cm™") and ~31.2 THz
(~1040 cm™), associated with benzene ring deformation,
suggests that the drug molecules simultaneously form n—n
interactions with the organic linker and between drug
molecules within MIL-100 (Fe) cages. In fact, comparing the
sizes of MIL-100 (Fe) mesocages (25 and 29 A in diameter),’
the chosen drug molecules are considerably small (Figure

$24), meaning that the interactions between multiple drug
molecules (e.g, dimers formation) are expected inside the
same pore. The suppression and shifts of high intensity drug
molecule modes indicate a strong guest—host interaction
yielded by the employment of the reconstruction encapsulation
method.

B CONCLUSIONS

In summary, we have demonstrated the use of a low cost, green
mechanochemical method applied to the facile fabrication of
highly crystalline MIL-100 (Fe) material, where framework
reconstruction in water leads to improved thermal stability.
This approach can be used to achieve guest@MIL-100 systems
with a high loading of the encapsulated guest molecules. High-
resolution inelastic neutron scattering spectroscopy aided the
understanding of the guest—host interactions by unravelling
the vibrational dynamics of the MIL-100 (Fe) phase and its
guest-encapsulated composites. This work provides new
approaches toward the eco-friendly and scalable synthesis of
mesoporous MIL-100 (Fe) and guest@MIL-100 systems,
avoiding the use of highly toxic agents that are limiting the
promising biomedical applications of MIL-100 (Fe). The
simple approach demonstrated here could be applied to the
large-scale synthesis of mesoporous MIL-100 materials for
future commercialization.
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