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Defect engineering is a powerful tool that can be used to tailor the properties of metal-organic
frameworks (MOFs). Here, we incorporate defects through ball milling to systematically vary the poro-
sity of the giant pore MOF, MIL-100 (Fe). We show that milling leads to the breaking of metal-linker
bonds, generating additional coordinatively unsaturated metal sites, and ultimately causes amorphisa-
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tion. Pair distribution function analysis shows the hierarchical local structure is partially retained,
even in the amorphised material. We find that solvents can be used to stabilise the MIL-100 (Fe) frame-
work against collapse, which leads to a substantial retention of porosity over the non-stabilised
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Introduction

Metal-organic frameworks (MOFs) are hybrid materials com-
prised of metal nodes connected via organic linkers.
Systematic substitution of metal nodes and linkers, a practice
known as crystal engineering, has afforded a diverse family of
materials that have found potential applications in catalysis,
gas sorption and drug delivery."> Crystal engineering strat-
egies have been employed to tune porosity in particular.’
This has led to the discovery of materials with specific
surface areas in excess of 5000 m> g~'.* However, these
strategies often require complex linkers with challenging
syntheses and suffer the potential risk of structural
interpenetration.’

It has been known for many years that defects in inorganic
materials often give rise to functional properties, for example
the modification of electrical conductivity in semi-
conductors.” More recently, defects such as linker vacancies,
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dislocations and surface heterogeneity have been investigated
in MOFs to access materials with improved gas storage, separ-
ation or catalytic properties—referred to as defect
engineering."" Specific examples include using defects to
enhance H, and CO, uptake,""? boost performance in catalytic
oxidative addition reactions,"* modulate crystal morphology,"’
increase hydrophilicity,'® and even induce long-range ferro-
magnetic ordering.'” Defects can be introduced through de novo
syntheses. For example, modulated synthesis of UiO-66 is well
documented to lead to the formation of correlated defect
nanoregions."®"® Defects can also be introduced post-synthetically
to a crystalline MOF, for example via post-synthetic linker
exchange, which has been used to improve CO, adsorption
capacity in UiO-66.%° Defects are often, inadvertently, incorporated
into crystalline MOF powders when they are pressed into pellets
to obtain the bulk materials that are commonly used in practical
industrial applications.”" This is typically deemed to be an unde-
sirable side effect.

Ball milling involves mechanical impact at high frequen-
cies to apply shear stress to a material and has proven to be
an easy way to incorporate defects through breaking metal-
linker bonds.>” Prolonged ball milling has also been used to
induce amorphisation, that is the loss of long-range order, in
several MOFs.>*>™>° Few reports exist, however, which connect
the introduction of framework defects to structural
collapse.>>?%?”

MIL-100 (Fe) has received attention due to its hierarchi-
cally structured, giant pore framework with large internal
surface area, in addition to its high chemical and hydro-
thermal stability.”®*>° MIL-100 (Fe) is formed from an oxo-
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(a)

Fig. 1 Hierarchical structure of MIL-100 (Fe). (a) Oxo-centred trimer of
FeOg octahedra, (b) supertetrahedron and (c) underlying mtn topology
net of MIL-100 (Fe), supertetrahedra form the nodes of the connected
network. Iron (orange), oxygen (red), carbon (grey), hydrogen atoms
omitted for clarity.

centred trimer motif, where three FeOg octahedra cluster
around a single, shared, oxo anion [Fig. 1a]. Four of these
trimer units assemble via the organic linker, 1,3,5-benezene-
tricarboxylate, to form a supertetrahedron [Fig. 1b]. These
supertetrahedra form the nodes upon which the crystalline
mtn network is constructed [Fig. 1c]. MIL-100 (Fe) possesses
a cubic space group (Fd3m) with a lattice parameter of
approximately 73.3 A, giving it a large unit cell volume in
excess of 390000 A’.*® The structure includes two sizes of
mesopore with internal diameters of 25 and 29 A, accessible
through respective microporous windows with diameters of
5.5 and 8.6 A. MIL-100 (Fe) has permanent porosity between
Type 1 and IV behaviour, indicating the presence of both
micro- and mesopores, and a Brunauer-Emmett-Teller (BET)
surface area in excess of 2000 m”> g~'.>® The nitrogen adsorp-
tion isotherm of MIL-100 (Fe) displays a slight secondary
uptake due to the dual pore structure, with adsorption first
occurring in the smaller pore, before filling the larger pore.
The mesoporous cages can act as a water vapour adsorbent,**
whilst activation of the framework leads to coordinatively
unsaturated metal sites.>**?

Furthermore, MIL-100 (Fe) has demonstrated promising
separation of light hydrocarbons,*® and good activity as a
Friedel-Crafts reaction catalyst.>®*>*> More recently, defects
have been introduced into MIL-100 (Fe) using a mixed-linker
synthetic approach which led to the formation of larger meso-
pores in addition to macropores, resulting in excellent per-
formance for toluene adsorption.>® Coupled with its low acute
toxicity and readily available reagents, the framework is an
ideal candidate to investigate tuneable porosity through the
incorporation of defects.?”

Here, we characterise the defects introduced into MIL-100
(Fe) by ball milling and show that the controlled introduction
of such defects can result in materials of varying porosity,
which retain the chemical composition, thermal stability and
local structure of the crystalline material. We demonstrate that
increasing the proportion of framework defects ultimately
leads to structural collapse and amorphisation. We also
explore how solvents, acting as framework stabilising media,
can provide access to an even wider range of porosity. Finally,
we highlight the importance of defect engineering via ball
milling as a powerful tool to readily augment the properties of
crystalline MOFs in the search for new functional materials.
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Methods

Materials

All chemicals were obtained from commercial suppliers and
used as received. 1,3,5-Benzenetricarboxylic acid (95%),
sodium hydroxide pellets (98%), iron(n) chloride tetrahydrate
(99.99%), ethanol (99.8%) and ammonium fluoride (99.99%)
were all purchased from Sigma Aldrich.

Synthesis

MIL-100 (Fe), which has the chemical formula Fez;(OH)(H,0),0
[(CeH3)(CO,)3],'nH,0, and is subsequently referred to as
MIL-100, was synthesised following the procedure in ref. 38.
Briefly, 1,3,5-benzenetricarboxylic acid (1.676 g, 7.976 mmol)
was dissolved in an aqueous 1 M solution of sodium hydroxide
(23.72 ¢), and iron(u) chloride tetrahydrate (2.26 g,
11.37 mmol) was separately dissolved in water (97.2 mL). The
linker solution was then added dropwise to the metal solution.
A green suspension formed immediately, which slowly turned
brown over 24 hours whilst being stirred at room temperature.
The suspension was centrifuged, and the resulting powder
washed thoroughly with ethanol (3 x 20 mL). The powder was
purified in accordance with ref. 30 to increase the surface area.
The powder was dispersed and heated for 3 hours successively
in water (700 mL at 70 °C), ethanol (700 mL at 65 °C) and
aqueous 38 mM ammonium fluoride solution (700 mL at
70 °C) and was recovered between each stage by centrifugation.
The resultant powder was then dried overnight at 60 °C.

Ball milling

Prior to ball milling, MIL-100 was activated at 150 °C under
dynamic vacuum overnight. For each duration of ball milling,
100 mg of activated MIL-100 was sealed inside a 10 mL stain-
less steel jar with one 7 mm diameter stainless steel ball
bearing at room temperature. The jar was then placed in a
Retsch MM400 grinder mill and ball milled at 25 Hz for 1, 2,
3, 4, 5, 10, 15 and 30 minute durations. After milling, the
powder was recovered and characterised.

Powder X-ray diffraction

Powder X-ray diffraction data were collected at room tempera-
ture on a Bruker D8 diffractometer using Cu Ky (4 = 1.5406 A)
radiation and a LynxEye position sensitive detector with
Bragg-Brentano parafocusing geometry. Samples of powder
were packed into circular (5 mm diameter) low background
silicon sample holders, ensuring comparable amounts of
sample were measured by the beam. They were then loaded
onto the rotating stage of the diffractometer. Data were col-
lected over the angular range 5° < 26 < 45°. Pawley refinements
were carried out using TOPAS Academic (V6) software.*® The
unit cell parameters were compared with those previously
reported for MIL-100.>® A modified Thompson-Cox-Hasting
pseudo-Voigt peak shape and simple axial divergence correc-
tion were employed. Refinements were carried out over the
angular range 5° < 26 < 45°.

This journal is © The Royal Society of Chemistry 2021
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Scanning electron microscopy

Scanning electron microscopy was carried out on a ZEISS
Crossbeam 540 equipped with a Gemini 2 column.
Finely ground samples were dispersed onto carbon tape on an
aluminium specimen stub. A 1 kV accelerating voltage was
used at a working distance of approximately 4.5 mm, and
images were obtained under secondary electron imaging
conditions.

High-resolution scanning transmission electron microscopy

Finely ground powder samples were dispersed by drop-casting
from a suspension in methanol onto lacey carbon grids.
Aberration corrected high-resolution scanning transmission
electron microscopy (HR-STEM) was performed using a JEOL
ARM300CF microscope equipped with a cold field emission
electron source and JEOL aberration correctors in both
the probe-forming and image-forming optics, located in the
electron Physical Sciences Imaging Centre (ePSIC) at the
Diamond Light Source (UK). The microscope was operated at
200 kv with a convergence semi-angle of approximately
14 mrad. Micrographs were recorded using the annular bright-
field (ABF) STEM signals obtained using a combination of
an ABF aperture and bright-field detector, with a camera
length selected such that the outer edge of the direct beam
disk was aligned with the outer edge of the ABF aperture.
The inner angle of the ABF aperture was approximately 50% of
the outer angle, giving a collection window of approximately 7
to 14 mrad. Annular dark-field (ADF) STEM images were
acquired simultaneously with an inner collection angle
>40 mrad.

Helium pycnometry

Sample densities were measured using a Micromeritics
Accupyc 1340 helium pycnometer with a cylindrical 1 cm?
insert. Typically, 100 to 200 mg of sample was used and appar-
ent pycnometric densities were reported as an average of
10 measurements. Prior to measurement, samples were
degassed at 150 °C under dynamic vacuum overnight.

Thermogravimetric analysis

Thermogravimetric analysis performed on a TA
Instruments TGA-Q400, under an air atmosphere, using a
heating rate of 10 °C min~" from room temperature up to
850 °C. For each measurement around 10 mg of sample was
used. Prior to measurement, samples were degassed at 150 °C
under dynamic vacuum overnight.

was

Fourier-transform infrared spectroscopy

A Bruker Tensor 27 Infrared Spectrometer, equipped with a
diamond attenuated total reflection module, was used to
collect Fourier-transform infrared spectroscopy data. Data were
collected between 590 and 4000 cm™'. A background was col-
lected and subtracted from all spectra.

This journal is © The Royal Society of Chemistry 2021
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Elemental analysis

Around 1.8 mg of sample was weighed into tin capsules and
sealed. Analysis was conducted using an Exeter Analytical
CE-440 Elemental Analyser with gas mixtures analysed using
thermal conductivity detectors.

X-ray total scattering and pair distribution function

X-ray total scattering data were collected at the I15-1 beamline
at the Diamond Light Source, UK (1 = 0.161669 A, 76.7 keV). A
small amount of finely ground sample was loaded into a boro-
silicate capillary (inner diameter of 1.17 mm) to a height of
3.5 cm. Capillaries were sealed and mounted onto the instru-
ment. Data were collected at room temperature for each sample,
an empty capillary and the blank instrument over the region
~0.4 < Q < ~26 A, The raw total scattering data were corrected
for background, multiple scattering, container scattering and
Compton scattering, along with absorption corrections,
between 0.6 < Q < 24 A™" using GudrunX following standard
procedures.*® The Fourier transform was then taken to produce
the real-space pair distribution function, G(r). We also make use
of the D(r) formulation of the pair distribution function to
accentuate correlations at high-r.*" Partial pair distribution
functions were calculated using the RMCProfile software
package, using the previously reported structure of MIL-100.%%*>
Partial PDFs were combined, using Q-independent weighting
terms based on the number of electrons and proportion of each
atom type in the material, to produce the total PDF of MIL-100.
Longer-ranged oscillations in the PDF due to density fluctu-
ations in the MIL-100 structure, which were not measured
experimentally, were accounted for by subtracting the Fourier
transform of the calculated low-Q scattering from the calculated
PDF before comparison with the experimental PDF data.

Nitrogen sorption porosimetry

Nitrogen adsorption measurements were carried out at 77 K
using a Micromeritics TriStar II instrument. Approximately
40 mg of each sample was degassed at 120 °C for 12 hours
prior to measurement. The specific surface area of the material
was calculated using the multipoint BET method applied to
the adsorption branch, while taking into account the
Rouquerol consistency criteria.”*™*>

Non-local density functional theory (NL-DFT) can be used to
extract pore size distributions from nitrogen adsorption
isotherms.*®"” Classical fluid density functional theory is used to
construct adsorption isotherms in ideal pore geometries and then
solve the adsorption integral equation.’® Several inherent limit-
ations persist however, including the absence of a specific kernel
available for MOFs.*® In lieu of this, activated carbon kernels are
often used, given the vast majority of accessible surface within
MOFs is organic in nature.”® Furthermore, whilst the use of
NL-DFT for amorphous systems has previously demonstrated
value, it cannot be scrutinised with the same level of detail as for
crystalline systems.*® Micropore size distributions were estimated
using an NL-DFT approach, employing a carbon—N2, 2D hetero-
geneous surface kernel, within the SAIEUS software.**""

Dalton Trans., 2021, 50, 5011-5022 | 5013
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Results and discussion
Powder X-ray diffraction

MIL-100 was synthesised following the procedure in ref. 38
[see Methods]. Pawley refinement of the powder X-ray diffrac-
tion data was then used to confirm the phase purity and crys-
talline nature of MIL-100 [Fig. S1 and Table S1t]. Following
this, samples of evacuated MIL-100 were subject to ball milling
at 25 Hz for 1, 2, 3, 4, 5, 10, 15 and 30 minutes. Powder X-ray
diffraction data from these samples revealed a relatively fast
decrease in Bragg peak intensity as the duration of ball milling
increased [Fig. 2a & S27]. The relative integrated area of the
(333) Bragg peak, one of the stronger isolated Bragg peaks, was
used to quantify the effect of ball milling [Fig. 2b and
Table S2}]. This simple measure may be interpreted in terms
of “crystallinity”, but, of course, the peak profile itself results
from a convolution of factors, for example crystallite size and
static disorder such as the presence of defects and microstrain.
The relative intensity displayed a 65% reduction after
5 minutes of ball milling. After 10 minutes most Bragg peaks
showed almost negligible intensity, with over a 95% reduction
in intensity. The rate of decreasing intensity slowed as milling
progressed, with approximately a 5% decrease between 10 and
30 minutes. After 30 minutes, only weak diffuse scattering was
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Fig. 2 (a) Power X-ray diffraction data for MIL-100 as-synthesised
(blue) and a,MIL-100, after 30 minutes of ball milling (red). (b)
“Crystallinity” as a function of milling time based on the intensity of the
(333) Bragg peak (labelled in (a)). Grey line is a guide.
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observed and we denote this material as ‘amorphous’, label-
ling it a,MIL-100 in accordance with prior literature
[Fig. 2a].** This gradual collapse is consistent with the incor-
poration of defects into the structure, which in turn causes a
transition from the ordered, crystalline system, to the dis-
ordered, amorphous state.

Scanning electron microscopy

Whilst ball milling was used here to introduce structural
defects, it is also a common technique to prepare homo-
geneous mixtures of materials, and also to reduce the particle
size of materials from the sub-micrometre scale down to nano-
metre dimensions.’*** The delineation between particle size
reduction and the introduction of static disorder (e.g. defects
and microstrain) by powder X-ray diffraction is notoriously
difficult. Several examples of nanocrystalline MOF systems
have been reported in the literature.>*”>® Their powder X-ray
diffraction patterns give rise to regions of broad scattering
centred on the positions of Bragg scattering in the crystalline
material, with the peak width inversely proportional to the
crystallite size. This weak scattering is often misinterpreted as
diffuse scattering from an amorphous system.>’

We therefore used scanning electron microscopy (SEM) to
differentiate between amorphisation upon ball milling and
decreasing particle size. Images of crystalline MIL-100, pre-ball
milling, revealed sub 20 pm aggregates of particles around 0.5
to 1 pm in diameter, consistent with the reported synthesis
[Fig. 3a].*® These particles displayed some degree of faceting,
however the morphology itself remained ill-defined. For
amMIL-100, ie. the sample after 30 minutes ball milling,
slightly fewer of the larger agglomerates were observed, yet the
constituent particles themselves appear unchanged [Fig. 3b].
The qualitatively consistent size between samples pre- and
post-ball milling suggests the weak Bragg scattering observed
upon milling is linked to structural disordering, and not par-
ticle size reduction [see Fig. S31 for additional images].

High-resolution scanning transmission electron microscopy

To confirm the absence of structural periodicity in a,,MIL-100,
high-resolution scanning transmission electron microscopy
(HR-STEM) was used. HR-STEM allows for direct observation
of lattice fringes, features that correspond to real-space struc-
tural periodicity within the sample. As expected, images of

Fig. 3 Scanning electron microscopy images of (a) MIL-100 and (b)
amMIL-100.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) High-angle annular dark-field (HAADF) HR-STEM image of
MIL-100 exhibiting lattice fringes, highlighted by the blue box. The inset
shows the intensity profile corresponding to the highlighted region, the
distance between minima is 4.2 nm. (b) Example image of a,,MIL-100
where no lattice fringes were observed.

crystalline MIL-100 contained lattice fringes. The fringes
exhibited a spacing of approximately 4.2 nm, which corres-
ponds to the (111) crystallographic plane [Fig. 4a]. Numerous
images were collected of a,,MIL-100, though no lattice fringes
were observed [Fig. 4b]. Images of a,,MIL-100 generally exhibi-
ted a highly mottled contrast, suggesting variations in density
or fragmentation of nanoscale particles at the surface. The
absence of lattice fringes in numerous images of a,MIL-100
acquired under conditions used to repeatedly record lattice
fringes in MIL-100, though not definitive, was indicative of
reduced periodic order in the samples after ball milling, con-
sistent with the amorphous structure of a,,MIL-100 observed
via powder X-ray diffraction measurements [see Fig. S41 for
additional images].

Helium pycnometry

The amorphisation of MIL-100 was accompanied by a visible
decrease in sample size. Helium pycnometry was used to quan-
tify this densification by measuring the skeletal densities of
MIL-100 and a,,MIL-100. Unexpectedly, we found the experi-
mental density of MIL-100 to decrease slightly upon milling
from 2.083(3) to 2.030(3) g cm™ for a,MIL-100. We ascribe
this inconsistency to the highly porous nature of crystalline
MIL-100. Helium is likely to penetrate the pores of MIL-100,
overestimating the free space volume for the measurement.
The measured slight decrease in density upon amorphisation,
despite a visible volume decrease, suggests a,,MIL-100
becomes less penetrable by helium. In both materials, these
densities are significantly higher than that of the crystal struc-
ture (0.69 g cm™).>® This is likely due to the presence of
unreacted linker and water molecules within the pores, which
were subsequently confirmed in the thermogravimetric ana-
lysis and Fourier-transform infrared spectroscopy measure-
ments below.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to compare the
effect of ball milling upon thermal stability, and in particular
to examine the effect of defect incorporation. The TGA traces

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) Thermogravimetric data of the ball-milled MIL-100 materials,

performed under air at 10 °C min~t Vertical grey line highlights

decomposition at 365 °C. (b) FT-IR spectra for MIL-100 (blue) and
amMIL-100 (red). The asymmetric (light grey) and symmetric (dark grey)
carboxylate regions are highlighted. Key in both figures shows the dur-
ation of ball milling in minutes.

of crystalline MIL-100 and the ball-milled materials exhibited
three characteristic mass losses, consistent with previous
reports [Fig. 5a].® Firstly, at around 100 °C water molecules
within the pores are lost. At 200 °C, structural water molecules
coordinated directly to the iron centres in the trimer unit are
lost. Finally, at 365 °C the structure decomposes.

All samples were degassed prior to measurement. Despite
this, crystalline MIL-100 still showed a significant amount of
water within the pores (9.7%), consistent with uptake of water
from the atmosphere within minutes after evacuation. For the
ball-milled materials, there was a noticeable reduction in the
amount of water within the pores to between 2.6 and 4.6%,
which suggests some degree of collapsed porous interior.

As for the structural water, the ball-milled materials exhibi-
ted a higher mass loss (between 3.4 and 4.2%) than crystalline
MIL-100 (1.9%). This is consistent with the breaking of metal-
linker bonds upon milling, and hence the formation of extra
unsaturated metal sites to which water can coordinate.

The temperature of decomposition was very similar for all
materials, centred around 365 °C. The mass loss associated
with linker decomposition was similar for all of the materials,

Dalton Trans., 2021, 50, 5011-5022 | 5015
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within the 52 to 55% range, in agreement with previous
reports.*® Crystalline MIL-100 showed a decomposition
pathway that is consistent with the previously reported abrupt,
single-step process. On the other hand, the ball-milled
samples all decomposed via a two-step route that continued
until 420 °C. This secondary step in the TGA has previously
been observed for 1,3,5-benzentricarboxylic acid itself.*®
Noting that MIL-100 does not display this feature, it may there-
fore be indicative of metal-linker bonds breaking generating
undercoordinated linkers, as expected upon ball milling.
Powder X-ray diffraction of the bright orange combustion
product confirmed the decomposition of MIL-100 into the iron
oxide hematite (Fe,O3) [Fig. S5 and Table S37].

Fourier-transform infrared spectroscopy and elemental
analysis

Fourier-transform infrared (FT-IR) spectroscopy was used to
identify the bonding mode of the linker, and hence confirm
the breaking of metal-linker bonds [Fig. 5b & S61]. The FT-IR
spectrum of MIL-100 contained two symmetric and two asym-
metric bands between 1445 to 1370 and 1630 to 1564 cm™*,
respectively, characteristic of the linker carboxylate groups
binding in a syn-syn fashion.>”*® These bands were present in
amMIL-100, however there was a significant shift of the asym-
metric bands to lower wavenumbers. This shift indicates the
carboxylate group has partially transitioned from syn-syn to a
monodentate coordination mode, with the band at 1550 cm™
characteristic of the asymmetric stretch of a monodentate co-
ordinated carboxylate.”® This behaviour has previously been
observed for UiO-66 under compression,® and confirms that
metal-linker bonds have been broken upon ball milling.
Furthermore, the presence of defects resulted in a slightly
broader spectrum in a,,MIL-100 than MIL-100 which may arise
from the disordered structure. Three small bands were present
from minor impurities of unreacted linker (1111, 1713 and
2361 cm™'). CHN analysis revealed the chemical composition
remained the same upon ball milling [Table S47].

X-ray total scattering and pair distribution function

X-ray total scattering data were collected using the I15-1
(XPDF) beamline at the Diamond Light Source (UK) to
examine how the local structure of the framework is affected
upon milling. The structure factor for MIL-100 reflected its
crystalline nature, displaying clear Bragg peaks [Fig. S7t]. The
peak intensities decreased as the milling duration increased.
The dominant Bragg peak at 0.7 A™", likely to include the
peaks centred on the strong (733) Bragg reflection, exhibited a
particularly large decrease in intensity. The rate of decrease
was comparable to the (333) peak in the powder diffraction
data. There was a notable absence of Bragg scattering after
10 minutes [Fig. S81]. This suggests a significant proportion of
metal-linker bonds are broken after 10 minutes allowing the
structure to collapse and disrupt the long-range order.
Following appropriate normalisation, the raw total scattering
data were converted by Fourier transform to the real-space pair
distribution function (PDF), which describes the atom-atom
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Fig. 6 (a) Experimental MIL-100 (blue), experimental a,,MIL-100 (red)

and calculated MIL-100 (black) pair distribution functions. The inset
shows the 8 to 14 A region for MIL-100 and a,,MIL-100. (b) Simulated
pair distribution function of the trimer unit. Inset shows a trimer unit. (c)
Simulated pair distribution function of the supertetrahedron unit. Inset
shows a supertetrahedral unit. Iron (orange), oxygen (red), carbon (grey),
hydrogens omitted for clarity.

correlations in a material. The presence of long-range corre-
lations, i.e. those beyond 20 A, in the PDF for MIL-100 are con-
sistent with the crystalline nature of the framework [Fig. 6a].
Firstly, the experimental PDF for MIL-100 was compared to the
expected PDF calculated from the MIL-100 structure. We found
good agreement between the experimental and calculated data.
The PDF for a,,MIL-100 displayed a notable absence of
long-range correlations, as expected due to its amorphous
nature [Fig. 6a]. However, the PDF for a,,MIL-100 was very
similar to crystalline MIL-100 at low-r (<15 A). This suggests
there is significant retention of the local structural geometry
in the amorphous material. Comparison between the experi-
mental a,,MIL-100 PDF and those simulated from individual
oxo-centred trimer and supertetrahedron models revealed the
extent of local structure in @,MIL-100 [Fig. 6b & c|.
Specifically, we find that a,,MIL-100 contains all of the corre-
lations associated with the trimer unit (below 7 A), indicating
these are largely retained upon amorphisation [Fig. 6a]. There
are very slight indications of correlations from the supertetra-
hedra present in the region of 8 to 12 A of the PDF of
amMIL-100 [Fig. 6a inset]. The low intensity of these corre-
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lations suggests that a significant proportion of the supertetra-
hedra are broken during the milling process, consistent with
the breaking of metal-linker bonds.

The structure of MIL-100 is particularly complex, with the
unit cell containing over 10 000 atoms. In order to help further
interpret the PDFs, the six partial PDFs (Fe-Fe, Fe-O, Fe-C, O-
O, C-0O and C-C) of MIL-100 were calculated and weighted by
their Q-independent contributions to the total PDF [Fig. 7].
These partial PDFs highlight the pairwise interactions between
specific sets of atom types. Those containing H were dis-
regarded due to their minimal scattering contribution. We note
that even at low-r there are multiple overlapping contributions
to each peak, reflecting the complexity of the MIL-100 structure.
Nonetheless, this facilitated the assignment of the first three
main peaks in the PDF at 1.98, 3.34 and 4.68 A (labelled a to ¢
respectively), the major contributions to which are ascribed to
(a) Fe-0, (b) Fe-O and Fe-Fe and (c) Fe-O, Fe-C and C-O corre-
lations [Fig. 7 inset]. This is consistent with those previously
reported by Weckhuysen et al."® Furthermore, the use of syn-
chrotron radiation in this study provided us with extremely high
real-space resolution, and so additional peaks at 2.98, 4.38 and
5.32 A were also able to be resolved. The first and second of
these were assigned to Fe-C distances. The origin of the third
remained unclear, even after comparison with the partial PDFs.

Furthermore, obtaining high-resolution PDFs for the entire
series of ball-milled materials allows for valuable insight into
the structural evolution of MIL-100 upon milling [Fig. 8 & S9t].
Upon first inspection we note that the PDFs of the ball-milled
materials, i.e. those intermediate to the crystalline and amor-
phous materials, are broadly similar and contain peaks in the

9,0

c-0
I\ A c-C
L A A FeC
N 0-0
/\ P, Fe-Fe
1 1 1 1
0 5 10 15 20 25
r(A)

Fig. 7 Partial pair distribution functions calculated from the crystalline
structure of MIL-100, weighted by their Q-independent contribution to
the total pair distribution function. Partials are offset for clarity. The
inset shows how the partial pair distribution functions contribute to the
low-r region of the experimental G(r) for MIL-100 (black, offset from
partials for clarity).
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Fig. 8 Pair distribution functions for the ball-milled MIL-100 materials,
from crystalline MIL-100 (blue) to a,,MIL-100 (red). The Fe-O (a), Fe-O
and Fe—Fe (b) and Fe-O, Fe—C and C-O (c) correlations have been
marked. Key shows duration of ball milling in minutes.

same positions with similar peak widths. In particular, the
same correlations are observed in the 1 to 7 A region, indicating
clear retention of the trimer unit in all of the ball-milled
materials. We also note the presence of substantial peaks
between 7 and 12 A. These correlations reflect the retention of
the supertetrahedral units. Notably, their intensity, relative to
amMIL-100, suggests a greater proportion of these assemblies
remain intact in the intermediate materials. In turn, the greater
proportion of supertetrahedral units points towards a greater
retention of porosity. The dominant change upon milling is
associated with the peak intensities. As the duration of milling
increases, the overall intensity of the PDF peaks decreases; that
is, the number of atom-atom correlations at a given distance
decreases as defects are introduced. This has a more significant
effect at higher-r, where long-range order within the structure is
required for these correlations to be preserved.

Closer inspection revealed the relative variation in peak
intensity was not the same for all peaks. In order to probe the
rate at which the peaks varied, a simple peak analysis was
carried out. Firstly, the baseline of each PDF was calculated
using the peak minima and subtracted from the D(r) to obtain
Dgup(7) [Fig. 9a]. From Dg,(7) the peak maxima were extracted,
giving the position and maximum intensity of each peak. For
each peak position, a relative peak intensity was calculated from
the initial intensity. This was performed for all PDFs of the ball-
milled series. The relative peak intensities, as a function of
milling time, for each peak position between 0 and 30 A were
then plotted [Fig. 9b]. Peaks with an initial intensity below 0.15
in Dg,p(r) were excluded due to the sensitivity of these peaks to
systematic errors in the background subtraction.

As noted previously, peak intensities decrease upon
milling. The amount by which the relative peak intensity
decreases upon milling generally increases with r. Peak inten-
sities within a PDF will typically decrease as a function of r,
due to thermal disorder in the sample and the finite
Q-resolution of the measurement. These lower intensity peaks
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Fig. 9 (a) Baseline subtracted pair distribution functions of the ball-
milled materials. Key shows the duration of milling in minutes. (b)
Relative intensity of the correlations extracted from (a) as a function of
milling time. The two correlations of interest are shown in blue (9.62 A)
and red (11.30 A) and have been highlighted in (a) as vertical lines.

are more sensitive to changes in intensity. Hence, greater
changes in relative intensity are observed as peak position
increases.

Within this trend of decreasing relative peak intensity, the
peaks cluster into three distinct regimes: correlations between
1.34 to 2.98 A, 3.34 to 11.30 A and 13.44 to 24.90 A. The first
set show an almost negligible change in intensity after
30 minutes. The second exhibit a decrease of approximately
50%, whilst the third have an almost 100% decrease.

The first regime includes the C-C and C-O of the linker,
Fe-O (which comprises the shorter Fe-O(p3) and Fe-O(carboxy-
late) distances) and the Fe-C correlation. Initially these peaks
show an increase in intensity. However, this is not regarded to
have any physical significance due to the lower statistics and
susceptibility to systematic error in this low-r region of the
PDF. Beyond this, these correlations appear to exhibit very
minimal changes in relative intensity. These correlations pre-
dominantly originate from the trimer unit of MIL-100 [Fig. 6b].
This is consistent with the resistance to deformation and
hence retention of the trimer unit upon milling.

The second regime of peak positions (3.34 to 11.30 A) con-
tains contributions from all six of the partial PDFs. Most peaks
in this region have multiple overlapping contributions. The
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crucial observation is that peaks in this second regime are
largely dominated by those originating from within individual
supertetrahedra [Fig. 6c]. This is a clear indication of the
greater susceptibility to collapse upon milling of the superte-
trahedra with respect to the individual trimer units.

The final regime (13.44 to 24.90 A) also involves numerous
overlapping contributions to each peak. Importantly, we ident-
ify that these peaks arise from atomic interactions between
supertetrahedra (i.e. those which depend on long-range order
within the structure). It is these correlations that are impacted
the most upon milling, demonstrating the disruption of peri-
odic order between supertetrahedra.

There are two notable exceptions at 9.62 and 11.30 A to the
trends described above. These peaks arise in the supertetrahe-
dral region of the PDF [see Fig. 6c], yet their relative decrease
in intensity is more comparable to that of the extended struc-
ture. More specifically, both peaks are dominated by Fe-Fe
interactions between trimers within a supertetrahedron, and
also have considerable contributions from Fe-O and O-O
interactions. The accelerated rate of decrease for these two
peaks implies a particularly low mechanical stability of the
supertetrahedra with respect to milling, more so than the
second regime initially suggests.

This simple peak analysis has implications for our under-
standing of the relative structural stability of the hierarchical
structure of MIL-100. The delineation in rates between the
trimer, supertetrahedral and extended structure peaks is clear
experimental evidence for the lower mechanical stability of the
supertetrahedral unit. Given that the trimers within a superte-
trahedron are assembled via the linker, and hence the pres-
ence of supertetrahedra is reliant upon the metal-linker
coordination remaining intact, this is consistent with our evi-
dence for metal-linker bond breakage. In other words, break-
ing metal-linker bonds through milling directly prevents the
retention of supertetrahedral assemblies.

Finally, the peak analysis also revealed most peaks exhibit a
very small (<0.2 A) shift to higher- upon milling. This suggests
that minor structural distortions are occurring in addition to
the structural collapse described above.

Nitrogen adsorption

Nitrogen adsorption isotherms were collected to probe the
porosity of the materials, with a reduction expected due to the
progressive collapse of the MIL-100 structure upon milling.
The isotherms display a clear decrease in maximal nitrogen
uptake upon ball milling [Fig. 10a]. The BET surface area
(2240 m* g') and total pore volume (0.991 cm® g') for
MIL-100 were higher than reported for this particular synthetic
route, likely due to the purification procedure.*® On the other
hand, a,,MIL-100 was essentially non-porous to nitrogen with
a surface area of 2.02 m> g~' and a total pore volume of
0.049 cm® ¢!, consistent with the collapse of the porous
interior.

At shorter milling times, where fewer defects were intro-
duced, an appreciable retention of porosity was observed
[Fig. 10b and Table S5t]. For example, milling for one minute
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Fig. 10 (a) Nitrogen adsorption (closed circles) and desorption (open

circles) isotherms for the ball-milled MIL-100 materials. Key shows dur-
ation of ball milling in minutes. (b) Proportion of the BET surface area
retained upon ball milling.

resulted in a 30% retention in porosity, equivalent to a BET
surface area of 673 m®> g', and a total pore volume of
0.357 cm® g~'. After three minutes the BET surface area was
401 m* g, After five minutes the surface area still remained
above 100 m* g™,

The nitrogen adsorption isotherm of MIL-100 contains a
visible signature of the dual pore structure at approximately
0.05 and 0.12 p/p, [Fig. 10a]. These pore-dependent uptakes
can be emphasised by plotting the amount adsorbed against
log(p/po) rather than p/p, [Fig. S10t]. The secondary uptake at
0.12 p/po is more pronounced than the first, as expected from
the greater nitrogen uptake possible from the larger pore
cavity. From a simple visual inspection, the secondary uptake
is difficult to resolve after ball milling for five minutes. This
could suggest a weaker mechanical stability of the larger pore,
which may collapse more readily upon defect incorporation.

Despite the limitations associated with NL-DFT and its suit-
ability for amorphous MOFs [see Methods for discussion], we
performed an analysis to yield a semi-quantitative insight into
how pore size distribution varies upon defect incorporation in
MIL-100. Consistent with prior literature on MIL-100, we used
the Carbon - N2, 2D-NL-DFT, Heterogeneous Surface kernel to
confirm the presence of the two pore system in crystalline
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MIL-100.> Two pore sizes, with maxima at 10.9 and 17.7 A,
were observed [Fig. S111]. These were smaller than the
expected van der Waals pore dimensions, however NL-DFT has
previously been  reported to underestimate  pore
dimensions.®°*

Two pores were also evident within the samples ball milled
for one to three minutes, consistent with the incorporation of
localised defects. After five minutes, the distribution was sig-
nificantly broader and the two pores were less prominent,
suggesting significant structural disorder had been introduced
disrupting the accessibility of the pore network [Fig. S127].
This is consistent with the significant reduction in crystallinity
observed via powder X-ray diffraction. No further analysis of
the kinetics of pore collapse was performed given the uncer-
tainties associated with NL-DFT outlined previously.

Solvent stabilisation

Given the short duration of ball milling required to elicit a
substantial change in porosity, we sought to investigate
whether it may be possible to access a wider range of surface
areas by stabilising the MIL-100 structure with solvent mole-
cules prior to milling. The sample milled for one minute was
particularly attractive for this investigation, as it would enable
us to obtain a material with maximum retained porosity. It has
previously been shown that non-activated porous frameworks,
those with solvent molecules in the pores, display greater resis-
tance to structural collapse upon ball milling than evacuated
materials.> Such control would be beneficial for tuning the
gas selectivity and separation abilities of MIL-100.

Ethanol and toluene were selected as suitable solvents for
the stabilisation of MIL-100. Their kinetic diameters, 0.45 and
0.61 nm respectively, mean that ethanol is able to enter both
pores, whilst toluene may only enter the larger pore.®® The
pore connectivity of the mtn topology ensures permeation of
toluene throughout the larger pore network is possible.

Evacuated MIL-100 was soaked in either ethanol or toluene
overnight. The samples, MIL-100-EtOH and MIL-100-Tol,
respectively, were then filtered and air-dried overnight at room
temperature. Analysis by TGA showed 25 to 30 wt% of solvent
was retained in the pores [Fig. S131]. Both solvent-stabilised
samples were then ball milled for one minute. Following ball
milling they were dried at 150 °C and evacuated prior to
characterisation. MIL-100-EtOH and MIL-100-Tol were then
compared to the MIL-100 sample that had been evacuated
prior to one minute of ball milling (i.e. not stabilised by
solvent).

Powder X-ray diffraction patterns of MIL-100-EtOH and
MIL-100-Tol milled for one minute revealed both materials
were crystalline in nature [Fig. 11a]. Additionally, SEM images
of the two samples demonstrated little change in the particle
morphology compared to the non-stabilised sample also
milled for one minute. [Fig. S14}]. X-ray total scattering data
were collected for the solvent-stabilised materials to compare
the effect of different stabilising media on the framework
structure [Fig. S157]. PDF analysis revealed the trimer unit
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Fig. 11 (a) Powder X-ray diffraction data for MIL-100-Tol (orange),
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(open) isotherms for MIL-100-Tol (orange), MIL-100-EtOH (black) and
non-stabilised MIL-100 (blue).

(peaks between 1 and 7 A) and supertetrahedral assemblies (7
to 12 A) were present in both materials.

We expected this stabilising effect of the solvent molecules
to increase the porosity of the stabilised materials with respect
to non-stabilised MIL-100. Indeed, the BET surface area for
MIL-100-Tol displayed an increase of over 43%, compared with
the non-stabilised MIL-100 that had also been milled for one
minute, from 673 to 966 m* g~ " [Fig. 11b, S16 and Table S67].
For MIL-100-EtOH, a promising 63% increase in BET surface
area was observed (1101 m> g~') over the non-stabilised
sample. The maximal uptakes of MIL-100-Tol and MIL-100-
EtOH were 362.8 and 372.8 cm® g™ ' respectively, both much
higher than the non-stabilised sample’s uptake of
231.2 em® g~ ", Toluene was expected to stabilise the pore struc-
ture through n—r interaction between the aromatic system and
the MIL-100 linker lining the surface of the pores.*®?%%*
However, the smaller size of the ethanol molecule allowed it to
penetrate throughout the pore network, providing a greater re-
sistance to collapse than the toluene which had occluded only
the larger pores.

NL-DFT calculations were performed on the nitrogen
adsorption isotherms [Fig. S17t]. Both the solvent-stabilised
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and non-stabilised samples had similar pore size distri-
butions, with maxima around 10.5 and 17.5 A. The solvent-
stabilised materials displayed a greater retention of both pore
types compared to the non-stabilised sample. The peaks in the
stabilised material appeared more well-defined than in the
non-stabilised sample, again consistent with the reinforce-
ment of the pore architecture by the solvent molecules.

Conclusions

Ball milling of MIL-100 was demonstrated to result in the pro-
gressive destruction of metal-linker bonds and hence the
incorporation of increasing amounts of framework defects.
This resulted in the eventual amorphisation of the framework.
X-ray PDF analysis revealed the greater susceptibility of super-
tetrahedra towards collapse compared with the trimer unit,
which were retained even in the amorphous material. Short
durations of ball milling led to appreciably porous materials.
The generation of additional coordinatively unsaturated metal
sites, that are intrinsically linked to MIL-100’s catalytic ability,
in the defective materials is a particularly attractive benefit of
these materials. Furthermore, the collapse of MIL-100 itself
represents an appealing route for trapping potentially harmful
guest species in the amorphous state where the local structure
and thermal stability are retained. The use of solvents of
different sizes, prior to ball milling, led to even greater degrees
of porosity, with ethanol in particular resulting in an impress-
ive 63% increase in BET surface area over the non-stabilised
material that had been ball milled for the same time. This
appears to be a particularly promising method to further
control the porosity upon ball milling. As such the results here
will form the basis of a future study exploring the power of
solvent stabilisation in MOFs, in particular focusing on a
variety of solvents and the effect of stabilisation at longer
milling times. We have clearly demonstrated the ease with
which defect engineering can be used to modify the properties
of MIL-100, an approach that could easily be applied to other
highly porous crystalline MOFs. Introducing defects into
MOFs is an exciting avenue for further research; generation of
coordinatively unsaturated metal sites through bond breaking
may produce additional catalytically active sites, whilst modify-
ing the surface chemistry of the pores will strongly affect the
interactions with guest molecules, enhancing gas separation
capabilities.
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