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In this work, we investigated the response of the metal-organic
framework MIL-125-NH, to ball-milling. Both localised and bulk
analyses revealed prolongued ball-milling results in a complete loss
of long-range structural order. Investigation of this disorder
revealed partial retention of the local bonding of the secondary
building unit, suggesting structure collapse progressed primarily
through metal-linker bond breakage. We explored the photocata-
lytic performance of the materials, and examined the materials’
band gap using UV-Vis reflectance spectroscopy.

Amorphous metal-organic frameworks (aMOFs) have gained
increased attention thanks to their facile synthesis and promising
physical and chemical properties." These aMOFs preserve the inter-
connected nature of the parent crystalline material, whilst lacking
any correlated long-range order."” Formation of aMOFs can be
achieved through several methodologies, including direct synthesis,
thermal treatment or application of mechanical shear stress, fre-
quently resulting in a non-reversible transition to a disordered
structure.’
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The high concentration of intrinsic defects in aMOFs often
enhances the functionalities, acting as the active sites for both
catalysis and gas sorption applications.”> However, amorphisa-
tion typically reduces their porosity compared to the crystalline
parent materials. Despite this, aMOFs have been utilised as
slow drug release systems, also displaying improved gas selec-
tivity and separation, compared to crystalline equivelents.®
Therefore, understanding the structural effects of amorphisa-
tion has become crucial for predicting the properties of these
amorphous materials for their potential applications.

Ball-milling has been shown to reduce crystallite size and
introduce structural defects, which, at critical concentrations, leads
to structural distortion and eventual collapse into a highly disor-
dered, amorphous state.”® Several MOFs, e. g., Zn-ZIF-8, Al-ndc and
Zn-MOF-74, retain their extended X-ray absorption fine structure
(EXAFS) profiles upon mechanical amorphisation, indicating a
retention of the short-range order (SRO) and secondary building
unit (SBU).® In contrast, ball-milled UiO-66 exhibits distortion of its
Zr¢0,4(OH), SBU during amorphisation,” which progresses via the
breakage of metal-linker (M-L) bonds, as suggested by X-ray pair
distribution (XPDF) anaylsis."’

Here we present a structural study of mechanically amorphised
MIL-125-NH, using powder X-ray diffraction (PXRD), scanning elec-
tron diffraction (SED) and X-ray pair distribution function (XPDF)
analysis. The optical properties of this photoactive material were
evaluated using ultraviolet-visible (UV-Vis) spectroscopy. MIL-125-
NH,, [TigOgOH,(H,N-bdc)s] (bde = benzene-1,4-dicarboxylic acid,
CgH,NO,) is a titanium-MOF isostructural to MIL-125 (Fig. 1a), con-
sisting of a porous three-dimensional quasi cubic tetragonal structure
with feu topology possessing tetrahedral and octahedral cages.'' The
SBU is defined as an TigOg(OH), octameric ring of eight titanium oxo-
clusters with comer and edge-sharing TiO, octahedral units.

MIL-125-NH, was prepared following a modified reported
synthetic procedure (see ESI,f methods)."® Phase purity was
confirmed by PXRD and Pawley refinement (Fig. S2 and Table
S1, ESIt). Upon ball-milling of crystalline MIL-125-NH,, rapid
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Fig. 1 (a) Structure of MIL-125, highlighting the pore cavities with two
diameters (blue = 6.1 A, yellow = 12.5 A). Titanium polyhedra, oxygen and
carbon are represented in purple, red and black, respectively. Hydrogen
atoms are omitted for clarity. Structure calculated from a reported crystal
structure.'? (b) PXRD patterns of MIL-125-NH, as a function of duration of
ball milling. Wavelength 4 = 1.5418 A.

loss of sharp Bragg intensities was observed in the PXRD (Fig. 1b
and Fig. S3 and Table S2, ESIt). Amorphisation was complete after
15 minutes, with this sample referred to as a,,MIL-125-NH,, (ay, =
mechanochemically amorphised). In situ mechanochemical PXRD
studies, performed at the P.02.1 beamline (DESY) (Fig. S4, ESIT),
confirmed the timescale of this collapse. Sequential Rietveld
refinements indicated that the unit cell parameters remained
largely unchanged until ~6 minutes, at which point the crystallite
size decreased to approximately the unit cell size, Fig. S5 (ESIT).
Phase quantification suggested that amorphisation initially pro-
gressed through a reduction in crystallite size, with a delayed onset
of amorphisation until ~8 minutes. Scanning electron microscopy
(SEM) confirmed this decrease in crystallite size, and subsequent
formation of aggregate clusters (Fig. S6, ESIt).

Scanning electron diffraction (Fig. 2), was utilised to probe
the order at the nanoscale. This was operated at a low electron
flux (10e~ A~> s7') to reduce beam-induced damage commonly
observed in MOFs and hybrid materials."* The crystalline
Bragg spots observed in MIL-125-NH,, Fig. 2d, are lost upon

g
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Fig. 2 SED of MIL-125-NH, (a) virtual bright-field image of crystalline MIL-
125-NH,, scale bar = 500 nm. Virtual high-angle annular dark-field (HAADF)
images of (b) nanocrystal of crystalline MIL-125-NH, and (c) nanocrystal of
amMIL-125-NH,, scale bars = 50 nm. Summed area diffraction maps of
these crystals are shown in (d) and (e), respectively, with scale bar = 2 nm™™,
(f) Normalised variance, measured azimuthally, of the diffraction maps in (d)
(blue) and (e) (orange) with the central beam excluded. The observed peaks
were assigned to (i) (002) (211), (i) (112), (iii) (330) (iv) (004) crystal planes.
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amorphisation of the sample, instead producing diffuse rings
of scattering, Fig. 2e. This was quantified through the normal-
ised variance as a function of reciprocal distance, Fig. 2f.

X-ray total scattering data were collected at P02.1 beamline
of PETRA III (DESY) to investigate the SRO upon mechanical
amorphisation. Bragg peak intensities decreased upon increased
ball-milling time, consistent with SED, at a similar rate to PXRD
(Fig. S7, ESIt). Signals > 10 A, indicating LRO, decreased with ball-
milling time and were absent in a,,MIL-125-NH,, (Fig. S8, ESIt). The
XPDF of crystalline MIL-125-NH, showed long-range correlations,
corresponding to order extending between SBUs, suggestive of an
extended ordered structure (Fig. S8, ESIT).

Correlations of the SRO were calculated using an isolated
SBU with PDFgui (Fig. S9, ESIT)."> Comparing the SRO of the ball-
milled versus crystalline samples revealed some retention of peak
intensity and position, with deviations highlighted in the differ-
ence pattern (Fig. 3b). Identifying the structural origin of the
changes upon amorphisation is challenging due to the complexity
of the SBU structure. Partial PDFs were used (Fig. S10, ESIT) to
investigate the origin of the contributions of each peak. Correla-
tions involving hydrogen were excluded as they contributed mini-
mally to the scattering. Key peak contributions are outlined in
Table S3 (ESIT) and Fig. 3c. The loss of peak intensity for peaks at
longer length scale confirmed the reduction of correlations extend-
ing across the linker (Fig. S12, ESIT). Changes in peak area are
qualitatively illustrated in Fig. S12a (ESIt). SRO analysis revealed
peak movement and broadening (Fig. S12b, ESIt), suggesting
linker-SBU bond breakage (Fig. S9, ESIt), consistent with observa-
tions in UiO-66, MIL-100 and several ZIF species.'**®*”

Principal component analysis (PCA) of D(r)’s have previously
been used to study structural distortions in aMOFs, such as Fe-
BTC, as well as to investigate amorphisation by melting in TIF-4
material.*® In this work, PCA of the PDF data at different ball-
milling times (Fig. S13 and Tables S4, S5, ESIt) showed PC1
represents an average of the data sets, primarily containing
information of the SRO. PC2 highlights the structural distor-
tion upon amorphisation, shown by the equivalence to the

Crystalline
Amorphous

Fig. 3 (a) Pair distribution functions (PDF) of the ball-milled materials. Key
shows the duration of milling in minutes. Labels correspond to some key
correlations, marked in (c). (b) Comparison of SRO region of PDFs of
crystalline and a,MIL-125-NH>. (c) SBU and MIL-125-NH; structure. Ti, O
and C are denoted in purple, red and black, respectively.

This journal is © The Royal Society of Chemistry 2025
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difference pattern, Fig. S13b (ESIt). The significance of the struc-
tural distortion was illustrated by the high variance contribution,
8.83%. Peaks at high-r values indicated a reduction in LRO as ball-
milling time increased, while lowr peaks suggested potential
structural distortions. Strong peaks in PC2 located at peak F
(4.35 A) and between 5.68-6.46 A (peaks H and J), are consistent
with loss of Ti-C correlations, consistent with amorphisation
progressing through metal-linker bond breakage, and the partial
loss of linker. A prominent peak at 2.74 A (peak C), showed rapid
loss of intensity supporting this.

Several of the observed changes, however, cannot be explained
for solely by M-L bond breakage, or the loss of long-range order.
The coalescence of peaks D and E during amorphisation, which
contributes to the observed increase in peak intensity, suggests a
distortion within the SBU of the structure (Fig. S12b, ESIt). The
observed increase in intensity could also be attributed to contribu-
tions from peak F, through compression of the Ti-SBU, or from peak
C, through an increase of Ti-C bond length as a result of linker
monocoordination. While initial decrease in intensity of peak H was
attributed to the loss of Ti-C interactions, the shift to shorter
distances is supportive of a lateral collapse of the SBU structure.
The subsequent increase in peak intensity is likely as a result of both
this, and the broadening of peak G. Beyond this point, it deconvolu-
tion of structural changes from the loss of LRO was not possible.

X-ray photoelectron spectroscopy was used to investigate this
potential change further (Fig. S15, ESIT). The deconvolution of O 1s,
N 1s, C 1s and Ti 2p signals were consistent with literature (Fig. S16
and S17, ESIt). The binding energies showed little variation in the
binding environments between the crystalline and amorphous
samples. The Ti-O contribution was reduced upon amorphisation,
Table S6 (ESIT), consistent with the breakage of these SBU-based
bonds. This might indicate the formation of alternative SBU
structures rather than just distortions, and potential formation of
TiO, nanodomains. The increased O-H signal upon amorphisation
supports the idea of M-L bond breakage. Simulated PDFs for other
Ti-based MOF containing different SBUs (e.g, MOF-901 (TigOg),
MIL-177 (TigOq), COK-69 (TizO¢) or NTU-9) showed similarities to
amMIL-125-NH,, Fig. S14 (ESIt), though further analysis is needed
to confirm specific structures. Comparisons were also made to TiO,,
both rutile and anatase (Fig. S14d and e, ESIf), which showed
limited correlation with the peaks in a,,MIL-125-NH,, past what is
defined by Ti-O bond length. This does not, however, rule out the
formation of small clusters of Ti-O, separate to that held within
the SBU.

Fourier-transform infrared (FTIR) spectroscopy confirmed
changes in linker-binding mode upon amorphisation (Fig. S18
and Table S7, ESIY). Significant broadening of carbonyl vibration
peaks, both symmetric and asymmetric, suggests a mix of divalent,
monovalent, and uncoordinated linkers, indicating distortion in the
linker binding environments." Increased peak intensity at 1689
em ™' and 1567 cm ™" were characteristic of the presence of uncoor-
dinated and monocoordinated linker, respectively.’’*! These obser-
vations suggest that the amorphisation involves M-L bond breakage
and the formation of a high concentration of linker-based defects.
Broadening in the 400-800 cm ™' range indicates changes in the
O-Ti-O bonds, consistent with SBU collapse or rearrangement.”

This journal is © The Royal Society of Chemistry 2025
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Thermogravimetric analysis (TGA) was used to investigate
missing-linker defects (Fig. S19, ESIT).”> TGA of two samples of
aMIL-125-NH,, one with prolonged exposure to air, showed
increased weight loss from solvent evaporation, suggesting rapid
coordination of atmospheric water capping missing-linker defects.*
Few compositional changes were detected (Tables S8, S9 and Fig.
S19, ESIt), likely due to missing linkers being trapped in the pores
or through mono-coordination. Washing a,,,MIL-125-NH, removed
the trapped linkers, with an SBU: linker ratio of 1:2.97 from 1:4.99
being detected, confirming the presence of a high concentration of
missing linker defects, (Fig. S20, ESIT). CHN confirmed no large
quantity of TiO, had been produced.

These missing-linker defects could be valuable for aMOF
applications. MIL-125-NH, has shown promising photocatalytic activ-
ity due to linker-to-metal charge transfer (LMCT) under visible light
exposure.”® The localisation of the LUMO and HOMO, on the metal
cluster and organic linker, respectively, inhibits fast electron-hole
recombination, enhancing photocatalytic efficiency.>® Since amorphi-
sation alters M-L bonds and increases the number of accessible Ti
active sites, it likely affects photocatalytic performance.”*** This is
supported by the notable shift in colour observed upon amorphisa-
tion, indicative of a change in band gap energy, Fig. S21 (ESIT). This
could present a way of tuning the band gap for specific applications
through the controlled introduction of these defects. While band gap
engineering has focused on crystal facet growth and defect control,
the impact of combined defects and disorder on photocatalysis
remains underexplored.”>*

Reflectance UV-Vis (RUV-Vis) spectroscopy, employed to investigate
this colour change, showed a key absorbance at ~380 nm, attributed
to the LMCT band (Fig. 4a and Fig. S22, ESI+).**** A Kubelka-Munk
transformation of the RUV-Vis data extracted a band gap value for the
crystalline material consistent with the literature (Fig. 4b).>*** Amor-
phisation caused a red-shift in the band gap from 2.80 eV to 2.72 €V,
aligning with the observed colour change and absorbance shift.

The photocatalytic activity of the crystalline and amorphous
materials was tested via the oxidative coupling of amines to imines
(Scheme S1, ESIT). Although the amorphous sample showed higher
absorbance at the irradiated wavelengths (Fig. S24, ESIt), the
photocatalytic activity was slightly lower (Table S10, ESIt). This
suggested that factors beyond band gap energy, that are affected
by the amorphisation process, e.g. particle size, morphology, struc-
tural arrangements and/or porosity, also influence the photocataly-
tic performance of @,MIL-125-NH,.>"?

N, and CO, adsorption isotherms (Fig. S25, ESIf) showed a
significant drop in sorption capacity for the amorphous material.
The BET surface area of MIL-125-NH, decreased from 785 m? g~ * to
51 m* g ! after amorphisation. As photocatalytic reactions rely on a
large accessible surface area to reach defects sites, balancing defect
concentration and porosity is crucial for optimal activity. Whilst a
decrease in overall photocatalytic activity is observed, relative to the
substantial reduction in surface area, amorphisation was found to
enhance the intrinsic photocatalytic activity of the material. Solvent-
assisted stabilisation could help retain some of the original porosity
while introducing defects.™

In conclusion, ball-milling amorphisation in MIL-125-NH,
occurs via missing-linker defects, M-L bond breakage, and
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Fig. 4 (a) UV-Vis diffuse reflectance spectra of MIL-125-NH, (blue) and

amMIL-125-NH, (red). Due to the absorbance of glass, features below
300 nm have been subtracted as background. The feature observed at
~400 nm was attributed to a change between detectors, required to
measure across the whole wavelength range. (b) Tauc plot.

partial SBU distortion. Further analysis of short-range order is
needed to identify the dominant factor. These structural
changes affect the band gap, which, with other parameters,
could be tuned to influence photocatalytic properties. The
results highlight ball-milling as a promising method for defect
engineering in MOFs.
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