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ABSTRACT: Metal—organic framework (MOF) composites are
proposed as solutions to the mechanical instability of pure MOF
materials. Here, we present a new compositional series of recently
discovered MOF—crystalline inorganic glass composites. In this case,
formed by the combination of a photocatalytic titanium MOF (MIL-
125-NH,) and a phosphate-based glass (20%Na,O—10%Na,SO,—
70%P,05). This new family of composites has been synthesized and 3
characterized using powder X-ray diffraction, thermal gravimetric | &« "¢ - 1

analysis, differential scanning calorimetry, scanning electron micros- : phies S

copy, and X-ray total scattering. Through analysis of the pair ) U= ©/\N/\©
distribution function extracted from X-ray total scattering data, the |

atom—atom interactions at the MOF—glass interface are described.
Nitrogen and carbon dioxide isotherms demonstrate good surface area
values despite the pelletization and mixing of the MOF with a dense inorganic glass. The catalytic activity of these materials was
investigated in the photooxidation of amines to imines, showing the retention of the photocatalytic effectiveness of the parent
pristine MOF.
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B INTRODUCTION MOFs.'” These kinds of composites are designed to enhance
properties like electrocatalytic performance (GOx—MOF
composites),'” gas sensing (CuO nanoclusters in MOF-
808),'* water remediation (Fe;0,@MIL-100)"° or photo-
catalysis (TiOZ@ZIF-S).16 A common issue with compositing,
however, is a reduction in the chemical and physical efficacy of
the resultant material. In addition, composites, in general, are
highly sensitive to the nature of the interface.

A new family of MOF composites has recently been
reported in which MOF crystallites are embedded in an
inorganic glass matrix.'”~'? Glasses are amorphous materials
that upon heating, above the glass transition temperature (T,),
exhibit a phase transition from a brittle solid to a more
viscoelastic material.”” The fabrication of MOF—glass
composites involves the preparation of a physical mixture of

The metal—organic framework (MOF) materials family is one
of the biggest porous materials families that has been explored
by the scientific community in the last 25 years." They consist
of the self-assembly of organic linkers with inorganic clusters,
also called secondary building units (SBUs), resulting in
porous structures with different topologies.” However, MOFs
are typically obtained as microcrystalline powders exhibiting
poor mechanical properties, which presents a challenge to
industrial implementation.” For example, many lose their
desirable physical properties such as porosity during
processing, the retention of which is crucial for many
applications including water harvesting,” gas sorption,” drug
delivery,® and heterogeneous catalysis.”

MOF composites have recently received great attention as
they offer a realistic solution to maintain MOF properties while

mitigating mechanical instability and processing issues.” MOF Received:  October 25, 2024
composites are typically formed by combining the crystalline Revised:  February 26, 2025
MOF with another porous or nonporous material. There are Accepted:  February 26, 2025

many kinds of composites, including mixed-matrix mem- Published: March 4, 2025

branes,” silica—MOF composites,10 MOFs coated with metal
oxides (MO)'' and graphene oxide (GOx) containing
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Figure 1. (a) Optical image of pristine as-synthesized Ti—-MOF (MIL-125-NH,). (b) Secondary building unit of the Ti—MOF and coordinated
linkers depiction. (c) 3D Ti—MOF structure. Ti octahedra are shown in green, and C and O atoms are depicted in gray and red, respectively. N
atoms from the amino group and H atoms were omitted for the sake of clarity. (d) Optical image of a 70%P,05—20%Na,0—10%Na,SO, glass
piece. (e) Depictions of the PO, tetrahedral units that make up phosphate glass structures. Q°, Q% Q', and Q° correspond to phosphorus pentoxide,
meta-, pyro-, and ortho-phosphate, respectively. (f) Schematic depiction of a sodium phosphate glass structure.

both materials, followed by pelletization and a thermal
treatment at a temperature over the T, of the glass.”' However,
extending this procedure to other MOF—inorganic glass
combinations is extremely challenging due to the relatively
low decomposition temperatures (Tys) of MOFs compared to
that needed for the thermal treatment.”””>* Moreover, the
MOF pores might be blocked due to the dense matrix used,
and this might impact their chemical and physical properties,
reducing their efficacy in multiple applications such as gas
sorption or catalysis.

Here we present a new family of MOF-crystalline inorganic
glass composites (MOF—CIGCs) combining a Ti—MOF
(MIL-125-NH,) and phosphate-based glass (70%P,0;—20%
Na,0—10%Na,SO,). The atomic interfacial interactions
between phases were unveiled by X-ray total scattering analysis
using the pair distribution function (PDF) and the photo-
catalytic activity of this materials family was evaluated and
compared with the pristine MOF.

B RESULTS AND DISCUSSION

Fabrication and Characterization of the Composite.
Ti—MOF (MIL-125-NH,, TigO34H34N4C,s) and the inorganic

glass (IG, 70%P,05—20%Na,0—10%Na,SO,) were synthe-
sized following a slight modification to the reported
procedures.”””*® Ti—MOF was obtained as a yellow, micro-
crystalline powder (Figure la). Its structure consists of a
TigOg(OH), SBU linked through 2-aminoterephthalate
(NH,BDC) ligands (Figure 1b), forming a porous structure
with fcu topology (Figure 1c). The MOF structure was
confirmed by Pawley refinement of powder X-ray diffraction
(PXRD) data (Figure S1 and Table S1). The MOF particles’
size and shape were analyzed by scanning electron microscopy
(SEM) (Figure S2), and the formula
(TigO5(OH),(NH,BDC),) containing a small number of
solvent molecules was confirmed by CHN analysis (Table S2).
The T; (380 °C) was obtained from thermogravimetric
analysis (TGA) of the activated Ti—MOF (Figure S3).
70%P,03—20%Na,0—10%Na,SO,, glass was obtained as a
transparent glass chunk (Figure 1d). It was ball milled at 30 Hz
for 30 min and stored in dry acetone (Figure S4). These
phosphate-based glasses are composed of PO, tetrahedral
groups classified using the Q" terminology, where n is the
number of bridging oxygen atoms per polyhedral (Figure
le,f).”” The amorphous nature of the IG was confirmed by
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PXRD, which displayed a diffraction pattern typical of
phosphate-based glasses (Figure S5).”” Differential scanning
calorimetry (DSC) of the IG showed a T, at 178 °C (Figure
S6), lower than the MOF T, and thus 1nd1cat1ng that this
material is thermally compatible with the Ti—MOF to form a
composite. T is the minimum temperature necessary to form
the more wscoelastlc phase of the IG.”

The samples from the compositional series of composites
[(Ti—MOF),(IG),_,] were prepared by using different weight
percentages of the two constituents. They were synthesized
following a slightly modified reported procedure that consisted
of ball milling both materials at 20 Hz for S min to form a
physical mixture ((Ti—MOF),/(IG),_,)."*** This was then
pelletized at 0.074 GPa, and the pellets were heated under
vacuum at 180 °C for 30 min.'® These pressure and
temperature parameters were optimized to obtain cohesive
pellets by utilizing the flow of the IG while maintaining the
Ti—MOF structure and avoiding any partial decomposition.
Sample weight percentages of Ti—MOF were 15, 25, 50, and
75%, which resulted in the [(Ti—MOF)q;5(1G)ggs), [(Ti—
MOF),,5(1G)o75), [(Ti—MOF)50(1G)gs0] and [(Ti-
MOF),75(1G),,5] composites, respectively. Every synthetic
step of these materials was monitored by PXRD (Figures 2, S7
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Figure 2. (Left) PXRD of the glass (violet), pristine MOF (gray), and
the physical mixture, sample after pelletization and sample after the
thermal treatment of the composite containing 50% by weight of Ti—
MOF. The Bragg positions of the Ti—MOF are depicted as orange
tick marks. (Right) schematic depiction of each stage of the
composite preparation.

and S8); higher amounts of Ti—MOF in the mixture resulted
in higher intensities of the Bragg peaks from the Ti—MOF
structure. After pelletization, the Bragg peak intensities
decrease but are then maintained after thermal treatment for
compositions containing 75, 50, 25, and 15% of Ti—MOF
loads (Figure S9—S12 and Table S3). CHN analyses of the
pristine MOF and the composites were carried out to compare

noticeably higher in the [(Ti—MOF)y50(IG)s0] and [(Ti—
MOF)5(IG)g,s] composites due to the agglomeration of the
MOF crystallites into domains due to the different hydro-
phobicity properties of the glass and the MOF, and the
inability of the glass to form a homogeneous mixture at the
surface. MOF agglomerates are formed during ball milling,
which persist through pelletization and thermal treatment.
Once the glass transition temperature is exceeded, the softened
glass embeds the MOF particles, reducing domain visibility in
the bulk but leaving them prominent at the surface, as analyzed
by SEM and EDX. These surface domains often cause small
cracks, likely to minimize repulsive forces between the
hydrophilic glass and hydrophobic MOF, and were further
characterized using EDX (Figures $23—S30). However, bulk
analysis in all cases showed that the glass matrix was able to
embed even high loadings of MOF (Figure 3a). This indicates
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Figure 3. (a) Schematic of a pellet piece of the [(Ti—
MOF),50(IG)gs0] composite (left) where SEM images with cyan
edges (upper) were taken from the surface of the pellet. Yellow—
edged images from inside the pellet show MOF crystallites embedded
in the inorganic glass matrix. The insets show the entire pellet pieces,
which are 1 mm in size. (b) DSC upscans of the composite [(Ti—
MOF),,5(IG)g75), its correspondent physical mixture (Ti—
MOF),,5/(IG)g7s, and the inorganic glass (IG). First upscans of
the physical mixture and the composite release water, likely adsorbed
at the pellet surface. Composite T,s in the first upscan are similar to
the pristine glass T,. However, in the second upscan, they have lower
values due to the water partially disrupting the glass network.

to the calculated one to check their formulas (Table S4). FTIR
spectroscopy was also performed to check the vibrational
modes of both components (Figure S14). However, due to the
complexity and insufficient resolution of the composites
spectra, the identification of potential contributions at the
interface or modifications to the MOF or glass structure is not
feasible.

SEM images at the surface and within the bulk of the
composites revealed a smooth surface interspersed with some
small microcracks (Figures S15—S18). The number of cracks is

a homogeneous composite formation (Figures S15 and S16).
Energy dispersive X-ray (EDX) analyses were carried out at
five different composite areas at the surface and within the bulk
to determine the percentage of P and Ti and showed
homogeneous distributions of both elements (Figures S19—
$22). Mapping demonstrated different size domains at the
surface (Figures $23—526) and the bulk (Figures $27—S30),
and minor cracks were visible between domains.

https://doi.org/10.1021/acsami.4c18444
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Figure 4. (a) D(r) of the inorganic glass showing main correlations labeled. (b) D(r) of the pristine Ti-MOF indicating main correlations labeled.

(c) D(r) of the composites indicating main correlations labeled.

The TGA of the composites (Figure S31) shows that there
are no major weight losses before 300 °C, confirming the
absence of partial decomposition of the MOF components.
DSC analyses show a broad feature between 50 and 150 °C,
ascribed to water desorption at the first upscan (Figures 3b and
$32—839). This occurs because the phosphate-based glasses
are highly hygroscopic, especially when they contain more than
50% of P,0s.””*” However, the second upscans of composites
and physical mixtures containing 15 and 25% of Ti—MOF
show a T, feature occurring at ~130 °C. This is far below the
pristine glass T, (178 °C) (Figures S32—S34). This likely
occurs due to the partial depolymerization of the glass network
with the presence of the water upon heating.”” DSCs from the
composite and the physical mixture containing 50% of the Ti—
MOF show in the first upscans a smaller broad peak associated
with the presence of water and at the second two processes at
130 and 178 °C (Figures S36 and S37). This reinforces the
hypothesis that the presence of water disrupts the glass
network during heating. However, a T, was not identified in
the second upscans of the physical mixture and composite
containing 75% Ti—MOF, likely due to the extremely small
amount of glass in the mixture (Figures S38 and $39).

Atomic Interfacial Bonding. To better understand the
structure of this material, and the behavior inferred from the
DSC curves, synchrotron X-ray total scattering measurements
were collected using kapton capillaries to minimize the
background at the I15—1 beamline at the Diamond Light
Source facility (U.K.) (Figures S40 and S41). Data were
processed to account for adsorption, background, and various
scattering corrections using the GudrunX software to extract
total scattering structure factors, S(Q), of all the materials.”*~**
The S(Q) of the IG was consistent with the observed
amorphous PXRD pattern (Figure S42). Composites and
Ti—MOF materials exhibited the expected Bragg peaks in their
S(Q) (Figures S43 and S44). Pair distribution functions
(PDFs) were generated by Fourier transform of the S(Q) data
using the D(r) function to accentuate high r correlations.>***
PDF analysis has been demonstrated to be a powerful
technique for describing interatomic distances in MOFs,
providing crucial insight into their local structure.”* Total
and partial PDFs from the Ti—MOF crystal structure from
crystal structures related to the IG were calculated using
PDFGUL> identifying the major contributions of the
experimental Ti—MOF and IG D(r) functions (Figures
$45—548). As expected, the PDF of the IG contained peaks
at 1.54, 2.47, and 3.43 A associated with P—O, Na—O, and

15796

Na—O-—P correlations, similar to the ones found in previous
works (Figure 4a).*° The Ti—MOF PDF pattern (Figure 4b)
contains correlations similar to those in the calculated partial
PDFs.

The D(r) functions of the composites and their correspond-
ing physical mixtures have the same main correlations as their
constituents (Figure 4c), which confirms the structural
integrity of both the Ti—MOF and IG component materials
(Figures S49 and S50). The peak areas vary depending on the
proportion of Ti—MOF and glass in the composite. C—H and
Ti—O correlations located at 0.9, 1.98 (B;), 2.1 A (B,),
respectively, are related to the Ti—MOF. P—O (1.53 A) and
P--Na (3.46 A) correlations increase in area when the
proportion of glass in the composite is higher. Other features
related to atomic correlations from the Ti—MOF and the
inorganic glass overlap, which makes their identification more
complex.

Principal component analysis (PCA) and multilinear
regression analysis (MLR) of PDF data have recently been
demonstrated to be effective approaches to analyze compo-
nents of MOF composite series as well as describing atom—
atom correlations at their interface."*'” PCA is a multivariate
analysis that can reduce complex data into its components.
Extracted principal components (PCs) may correspond to
atomic correlations, atomic distortions, mathematical compen-
sations or noise within the data, and therefore, they are not
always chemically intuitive given their purely mathematical
derivation.”” PCA can be employed to study highly disordered
MOF materials, including glasses and amorphous MOFs as
well as composites. Here, three PCs (Figure SSla) were
extracted from PCA of all the D(r)s of the materials, i.e. x = 0
wt % (pristine glass), 15, 25, 50 and 75 wt % composites [ (Ti—
MOF),(IG),_,], and 100 wt % (pristine Ti—MOF).

Most of the peaks in PC1 (72.68%) correspond to the peaks
in the glass PDF and its weighting decreases as the amount of
Ti—MOF in the mixture increases (Figures S52 and S51b).
PC2 (24.93%), in contrast, exhibits the same features as the
pristine Ti—MOF PDF with its weighting increasing as the
amount of Ti—MOF in the mixture increases (Figures $53 and
S51b). The equivalence between PC1 and the IG D(r) and
between PC2 and the Ti—-MOF D(r) is not exact though, as
seen by the longer-ranged features in PC1 that are absent in
the glass D(r) but are reminiscent of the Ti—MOF D(r) in this
r-range (Figures S52 and S53). This also explains why the
weightings in (Figure SS1b) are sometimes negative and why

https://doi.org/10.1021/acsami.4c18444
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Figure 5. (a) Comparison between residuals of the multilinear regression analysis and negative PC3, which exhibit similar features. Correlation
located at 3.25 A is highlighted in orange. (b) Ti2p XPS spectra including the deconvolution peaks (Ti2p; , and Ti2ps),) for the pristine Ti—MOF
and the composites show a shift to higher binding energies when the proportion in the composite of the IG increases.

the end members of the series (pristine Ti—-MOF and IG) are
not composed of pure PC1 or PC2.

The weightings of the PC3 function, which accounts for
1.29% of the PCA, are positive for 0, 15, and 100 wt % samples
and negative for the other composites. PC3 is a repository for
parts of the PDFs that are not fully accounted for by PC1 and
PC2. These can be additional real interactions in the
composites, as well as indicators of deficiencies in the overall
analysis method. Taking the latter first, PC3 includes
correlations at higher r-values that mimic the PDF from Ti—
MOF in this r-region (Figure S55). The weightings in (Figure
S52b) show that PC3 acts to diminish the contribution from
PC2 (~Ti—MOF D(r)) for the 0 and 15 wt % samples’ PDFs
while increasing the Ti—-MOF D(r) content in the 100 wt %
sample’s D(r). It acts in a similar, but less obvious, manner to
increase the glass-like features present at low-r in PC1 for the
D(r) from 0 and 15 wt % samples. Of more interest is whether
PC3 contains features not associated with either Ti—-MOF or
IG D(r). The two main negative peaks in PC3 (Figure S54a,b,
note that the PC3 weighting is negative for all but one of the
composite samples) are located at 1.90 and 3.25 A and might
be related to the Ti—O shorter distance because of the thermal
treatment and a Ti—O--P correlation likely related to an
interaction at the interface (Figure SSS).

Multilinear regression (MLR) analysis has also been used to
obtain atom—atom correlations at the interface. MLR consists
of using end member (Ti—MOF and IG, in this case) D(r)
functions to fit composite D(r) functions of the compositional
series according to eq 1.

D

composite

= A X Dig(r) + B X Dpypop(r) + C (1)

The residual obtained from subtracting the calculated
composite D(r) from the experimental D(r) will contain any
contributions from interactions at composite interfaces.'®"”
The calculated composite D(r)s fit to the experimental D(r)s

15797

well, evidenced by good correlation coefficients and maintain-
ing a C value equal to zero (Figures S56 and Table SS). Their
residuals have very similar features, albeit with different scales,
to those of -PC3 (Figure S). This further indicates that these
features might be related to the Ti--O---P correlation from the
Ti—MOF—glass interface. A similar behavior was observed in
other MOF—IG composites containing ZIF-8 or ZIF-62, where
Zn--O--P have been observed from PDF data analysis.'*"”
These correlations also satisfy the charge balance.'” Thanks to
the use of kapton capillaries during the collection, correlations
from the capillary were minimized, and this raises the
probability of identifying potential correlations at the interface
and the potential distortions of the coordination environments
during composite fabrication.

To check whether the titanium cation maintains its
oxidation state after the formation of the composite, X-ray
photoelectron spectroscopy (XPS) experiments were carried
out for the pristine MOF and the [(Ti—MOF),75(1G)g2s),
[(Ti—MOF)50(1G)o50] and [(Ti—MOF),,5(1G)o75] compo-
sites. [(Ti—MOF)y,;5(1G)ogs] was not studied because of the
presence of Bragg peaks in the PXRD and X-ray total scattering
experiments. Survey scans revealed the presence of O, Ti, C,
and N in all the samples and, in addition, P and Na for all the
composites (Figures S57—S60).

High-resolution XPS spectra of the Cls, Ols, and Ti2p
regions were analyzed with the corresponding deconvolution
(Figures S57—S60 and Tables S6—S8). The C 1s spectra
showed four potential contributions, according to the
literature,>*>° corresponding to C—O (287.04 eV), C-N
(286.25 eV), C—C (284.8 eV) and C=0 (288.71 eV) for the
pristine Ti—MOF. These contributions varied slightly with the
incorporation of the inorganic glass into the mixture in the
composites (Table S6). The O 1s profile showed contributions
from C—0/O—H groups (531.92 eV) and Ti—O (530.24 eV)
for the pristine material. The Ti—O contribution was

https://doi.org/10.1021/acsami.4c18444
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Figure 6. (a) N, adsorption/desorption isotherms at 77 K show the increasing surface area upon Ti—MOF weight ratio incorporation in the
composites. (b) CO, adsorption/desorption isotherms were collected at 273 K. (c) Isosteric heat of adsorption was observed for the composite
series and the pristine Ti—MOF and inorganic glass materials. Legend showed in (a) is applicable also to the (b, c) isotherms.

drastically minimized in the composites, and the C—O/O—H
and P—O (~533 eV) gained a great influence with increasing
ratios of the inorganic glass in the composites (Table S7). The
Ti2p spectra from all the materials exhibited two peaks
corresponding to Ti2p,,, and Ti2p;,, with 458.86 and 464.56
eV values from the pristine Ti—MOF, respectively. These
values shifted to higher binding energies with increasing
content of the inorganic glass (Figure Sb), indicating the
formation of a bond or interaction with a more electronegative
species, such as a phosphate group. The deconvolution of the
Ti2p;,, and Ti2p,,, peaks revealed two distinct contributions,
corresponding to titanium in different oxidation states, Ti**
and Ti® (Figure 5b),*" likely due to coordination with
phosphate groups. This also evidenced the potential P---O---Ti
interactions that were unveiled by using the PDF analysis.

Sorption Properties. Gas sorption measurements were
performed to determine the pore availability of the material,
which is an essential property of many MOF applications. This
is especially crucial when a dense matrix, such as inorganic
glass, is employed in MOF composites. According to N,
sorption measurements, composites containing higher loads
of Ti—MOF produce good results with 327, 618 and 821 mz/g
Brunauer—Emmett—Teller (BET) values for [(Ti—
MOF)g50(IG)os0], [(Ti=MOF)g75(1G)g,s] and pristine Ti—
MOF (pelletized at 0.74 GPa for comparison with the
composites), respectively (Table S9 and Figure 6a). The
BET surface area of the pristine Ti—MOF is substantially
smaller than the reported one;*" this might be due to a partial
structural collapse during pelletization (Figure S13). Carbon
dioxide isotherms at 273 and 283 K were also collected,
showing a higher CO, uptake for composites containing a
larger proportion of Ti—MOF (Table S10, Figures 6b and
S61). The variation of the ratio MOF/IG vs the gas uptake
values is not linear; in fact, the amount of gas adsorbed for the
[(Ti—MOF),50(1G)o50] and [(Ti—MOF),5(I1G)g25] compo-
sites is presumably higher than expected (Figure $S62). This
might be due to the presence of small cracks in the pellet
surface between domains that allow better carbon dioxide
diffusion.

An isosteric heat of adsorption (AH,4,) study was performed
based on Clausius—Clapeyron method, calculated from
isotherms measured at both temperatures using the Sips
model (see SI, Table S11, Figures S63, S64 and 6).42’43 The
composites with a MOF contribution of up to 25% show
stronger binding sites for CO, at low coverages (ca. 45 kJ/
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mol). With a larger amount of Ti—MOF, the enthalpy trend
approximates the values observed for the pure Ti—MOF at ca.
30 kJ/mol. This indicates that the glass component provides
strong polar sites that enhance the interactions with CO, on its
surface. This might also be related to the presence of the
interface glass—MOF containing titanium phosphate at a local
scale described in the section above. However, these data are
not enough to confirm this synergic effect.

Photocatalytic Study. Although MOF composite materi-
als usually exhibit improved mechanical properties, they often
show decreased chemical and physical properties because the
matrix may change the active sites, and consequently, their
catalytic activity can be reduced or even lost. Therefore, the
assessment of their catalytic activity may help in testing the
chemical properties of those materials. More concretely, the
photocatalytic activity of this family of materials was evaluated
toward the oxidative coupling of amines to afford imines as a
model reaction.***

First, the activity of the composites containing 25, 50, and
75% of Ti—MOF loads was evaluated and compared to that of
the pristine MIL-125-NH,. This study was performed using
benzylamine (1a) and 1 mg of the corresponding material in
dry acetonitrile, and the mixture was stirred under an O,
atmosphere while irradiated at 450 nm for 48 h (Figure 7).
There is a linear relationship between the Ti—MOF content in
the composite and its catalytic activity, and consequently, the
most catalytically active material contained 75% of MOF. This
material [(Ti—MOF),,5(IG)y,5] was able to achieve the
corresponding imine in 87% of conversion, which is very close
to that of the pristine material (95%). This result confirms the
preservation of the catalytic activity of the MOF after the
composite formation but with a decrease of 8% due to the
partial collapse of the structure after pressure. In order to
clarify this point, a fresh batch of the pristine Ti—MOF and a
pelletized Ti—MOF were also tested, demonstrating a 6% loss
in the photocatalytic activity after pelletization (Table S12).
However, this value remains surprisingly high, considering that
the presence of a dense and nonphotoactive phosphate-based
glass would typically be expected to worsen the catalytic
properties. This deviation might be attributed to the small
presence of the titanium—phosphate interactions at the
interface that have been demonstrated as photoactive.* It is
important to mention that the reaction did not occur in the
absence of light, oxygen, or material. These results were
compared to the pristine Ti—-MOF and other Ti—MOF
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Figure 7. Oxidative coupling of amines into imines as model reaction
catalyzed by composites with different Ti—MOF content and pristine
Ti—MOF (MIL-125-NH,). Measurement error has not been possible
to estimate due to the insufficient number of repetitions.

derivatives under different catalytic conditions (Table
$13),*”7** highlighting the composite’s potential for its
application as a photocatalyst particularly due to the smaller
amount of material used in this work.

Next, different reaction parameters were optimized using
[(Ti—MOF),5(IG)y,s] material. More concretely, the effects
of the solvent (Table S14), the amount of the catalytic material
(Table S15), and the irradiation source (Figures S66 and S67)
were studied. These experiments showed that the best catalytic
performance of [(Ti—MOF),,5(I1G)g,s] was reached using 0.5
mg of the composite, acetonitrile as a solvent, and a 420 nm
light-emitting diode (LED) system for irradiating the reaction.

Composite [(Ti—MOF),,5(1G),,5] was able to catalyze the
oxidative coupling of benzyl amines 1 having both electron-
donating and electron-withdrawing groups in the aromatic

ring, affording the corresponding imines 2 in good yields (52—
85%) (Figure 8).

One of the most important factors to assess in heteroge-
neous catalysis is the recyclability of the catalyst. For this
purpose, the oxidative coupling of benzylamine 1a using [(Ti—
MOF)5(IG),,5] under optimized conditions was stopped
after 48 h. The material was separated from the reaction
mixture by filtration, and it was washed and dried. Then, the
recovered material was used for a second reaction run by
adding new benzylamine (1a) and solvent, and the reaction
was submitted to irradiation. As can be seen in Figure S68, the
catalytic activity of the recovered material is maintained, which
indicates not only the recyclability of the composite but also its
stability under photocatalytic conditions. However, no further
runs could be performed due to the small amount of catalyst
(0.5 mg). Nevertheless, Ti—MOF has been demonstrated in
the literature to have good recyclability for up to three cycles.*’

Stability in the Air. Phosphate-based glasses are highly
hygroscopic, readily absorbing significant amounts of water on
their surface.*” This property makes them very unstable in air,
particularly when their P,Og content exceeds 50%, as in the
case of the glass used in this study (70%P,0;—20%Na,0—10%
Na,SO,). Notably, within just two h of manual grinding for $
min or ball milling at 30 Hz for 30 min in air, the surface of all
glass pieces becomes covered with water (Figure $77). This
behavior significantly impacts their suitability for composite
preparation.

In this work, we investigated the air stability of the
composites and pristine materials by exposing them to ambient
conditions (room temperature and 66% relative humidity) for
7 days. According to PXRD patterns, the structure of all
materials remains intact, though a significant decrease in Bragg
intensities is observed for the Ti—MOF (Figure S78). This
suggests that the presence of water increases the instability of
the MOF.

SEM images of the composites after exposure to air reveal
that composites with lower MOF ratios ([(Ti—
MOF),15(1G)yss] and [(Ti—MOF),5(1G)o7s]) show water
droplets covering the glass surface domains. In contrast,

[(Ti-MOF )y +5(1G)g 25] (0.5 mg)

NH,
R 2

1

O, Balleon, CH,CN dry

e
= =
2

20°C, 48-60 h

420 nm

Imines

2a,55% 2b, 80% 20, 70%
o0, oY O
FiC CF, NC cN

CF CF f. 87
2d. 66% ? 2e.52% : 07

2g. 85%

2h, 81%

Figure 8. Reaction conditions: The corresponding benzylamine 1 (0.1 mmol) and 0.5 mg of [(Ti—MOF),,5(IG),s] in 1 mL of dry acetonitrile
were irradiated at 420 nm. The yields were determined by '"H NMR analysis using 1,3,5-trimethoxybenzene as the quantitative standard.
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composites with a higher MOF content maintain water-free
glass surfaces (Figure $79). This indicates that the Ti—-MOF,
even when embedded in a glass matrix, retains its ability to
absorb water.”’

These findings suggest that the Ti—MOF could enhance the
potential applications of such composites, for example, in the
development of smart devices like self-cleaning windows due to
their water stability.

B CONCLUSIONS

This work describes the synthesis, characterization, and
adsorption and photocatalytic properties of a new family of
MOF-inorganic glass composites containing different propor-
tions of a Ti—-MOF (MIL-125-NH,) and a phosphate glass
(20%Na,0—10%Na,S0,—70%P,0;). Each synthetic step was
monitored by PXRD showing that the Ti—MOF maintains its
crystallinity within the composite using the optimized synthetic
conditions. The composites’ microstructure was characterized
by SEM showing a smooth distribution of the MOF crystallites
in the bulk of the pellets. EDS showed a homogeneous
distribution of P and Ti in ~ 270 um? areas but having ~ 30
um? domains of each precursor material, according to the
mapping analyses. Thermal characterization of these compo-
sites has identified a T, that is lower than that of the pristine
inorganic glass, indicating a partial depolymerization of the
glass network upon heating. This is likely because of the
presence of water on the composite surface.

PDF analyses of the composites helped to understand their
structure, and correlations between the two components were
observed. In addition, a recent methodology was employed to
decipher the potential interactions at the interface, showing
potential Ti--O---P correlations. This hypothesis is also
supported by XPS data analysis, where in the Ti2p spectra,
Ti2p,, and Ti2p;,, peaks are shifted to higher binding energy
when the proportion of the IG increases in the composite,
suggesting the bond or the interaction between the Ti and a
more electronegative moiety, such as the phosphate.

Gas sorption analysis was performed by collecting N, and
CO, isotherms. BET surface areas were calculated for the
compositions containing higher proportions of Ti—MOF in
the composite. CO, isotherms also show that composites
containing higher MOF loadings have higher gas uptake values.
These values are higher than expected based on their molar
proportion. Based on the isosteric heat of adsorption (AH,4)
values, it is observed that glass provides strong polar sites that
demonstrated that with an increment in the Ti—MOF
proportion in the composite, AH,4 values are similar to
those of the pristine Ti—MOF.

The photocatalytic activity of this family of materials has
been tested toward the photooxidation of amines to imines.
The catalytic results indicate that a composite with a 75%
weight of the Ti—MOF exhibits a photocatalytic activity
similar to that of the pristine material, which confirms the
preservation of the catalytic activity after the composite
formation.

Therefore, this work opens exciting avenues in the use of
new MOF composite materials that might be employed, for
example, in the fabrication of self-cleaning windows thanks to
the use of transparent inorganic glasses as matrices.

B MATERIALS AND METHODS

Synthesis of MIL-125-NH, (Ti—MOF). MIL-125-NH, was
obtained starting from 3 mmol of 2-aminoterephthalic (560 mg), 2

mmol of titanium isoproproxide Ti(OiPr), (0.6 mL), introduced in a
solution of 9 mL of N,N-dimethylformamide (DMF) and 1 mL of dry
methanol. The mixture was stirred gently for S min at room
temperature and then further introduced in a 23 mL Teflon liner and
then put into a stainless-steel autoclave and placed into a preheated
oven at 150 °C for 15 h. Back to room temperature, the yellow solid
was recovered by centrifugation S min at 4000 rpm and washed 3
times with 20 mL of fresh DMF and twice with 20 mL of methanol
and dried under vacuum at room temperature. The free solvent was
removed by calcination at 150 °C overnight for 12 h.

Synthesis of the Inorganic Glass. The 70%P,0;—20%Na,O—
10%Na,SO, inorganic glass was prepared by weighing the following
precursors in the desired proportions: (NH,),HPO,, Na,CO; and
Na,SO,. Then 50 g batches were melted at 900 °C under air for 1h in
alumina crucibles and finally quenched to form homogeneous glassy
samples. After quenching each the glass was annealed at 160 °C for 30
min and allowed to cool to room temperature. The glass was ball
milled under the nitrogen atmosphere at 30 Hz for 30 min prior to its
use for the synthesis of the composites.

Composite Synthesis. The previously activated Ti—-MOF (MIL-
125-NH,) and the ball-milled inorganic glass (70%P,0;—20%Na,O—
10%Na,SO,) were added in the appropriate weight ratios to a total
mass of 200 mg into a 10 mL stainless steel jar. The powders were
mixed through ball milling with two S mm diameter stainless steel
balls for 5 min at 20 Hz in a Retsch MM400 grinder mill. 150 mg
samples of the ball-milled powder mixture (physical mixture) were
pelletized at 0.074 GPa using 1 ton and 13 mm pellet dye. These
pellets were placed in a Thermo Fisher vacuum furnace and heated at
different temperature 180 °C and held for 30 min under dynamic
vacuum.

Powder X-ray Diffraction Measurements (PXRD). Data were
collected on a Bruker D8 DAVINCI diffractometer equipped with a
position-sensitive LynxEye detector with a Bragg—Brentano parafo-
cusing geometry. Cu Kal (4 = 1.5406 A) radiation was used through
a 0.012 mm Ni filter. The samples were compacted into 5 mm disks
on a low background silicon substrate and rotated during data
collection in the 26 range of 2—50° at ambient.

Thermogravimetric Analysis (TGA). curves were conducted
using a TA Instruments Q-650 series. Approximately 5—10 mg of
powdered samples were placed in open 90 L alumina crucibles. The
samples were left to equilibrate for 5 min at 30 °C under an argon
flow of 100 xL/min before the thermal treatment. A thermal heating
using ramp of 10 °C/min was applied between 30 and 800 °C. Data
were analyzed using TA Universal Analysis software.

Optical Microscopy. A Leica MZ95 microscope and a Optika C—
B10 camera with a 10 megapixel CMOS sensor was used to obtain
optical images of all samples.

Differential Scanning Calorimetry (DSC). DSC curves were
recorded on a NETSCH DSC 214 Polyma instrument. Approximately
5—10 mg of powdered samples were placed in sealed 70 yL aluminum
crucibles. Crucibles were used with a hole punctured in the lid to
prevent buildup of pressure. An empty aluminum pan was used as a
reference. Background corrections were performed using the same
heating cycle on an empty aluminum crucible. All data analysis was
performed using the Netzsch Proteus software package.

CHN Microanalysis. CHN combustion analysis experiments were
performed using a CE440 Elemental Analyzer, EAI Exeter Analytical
Inc. ~1.3—1.5 mg of sample was used for each run. Measurements
were collected up to 3 times per sample.

Scanning Electron Microscopy (SEM) and EDS Analysis.
SEM images were collected with a high-resolution scanning electron
microscope FEI Nova Nano SEM 450, accelerating voltage 15 kV for
image acquisition and 20 kV for EDS collection. All samples were
prepared by dispersing the material onto a double sided adhesive
conductive carbon tape that was attached to a flat aluminum sample
holder and were coated with a platinum layer of 15 nm using an
Emtech KS75 sputter coater.

X-ray Total Scattering Data. X-ray total scattering data were
collected using an X-ray energy of 76.69 KeV (4 = 0.161669 A) at the
I-15—1 beamline, Diamond Light Source, UK. All powder samples
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were ground and loaded into kapton capillaries (1 mm inner diameter
and 30 mm of length) to heights of S—8 mm of sample. The
capillaries were then sealed with plasticine by both extremes and
placed over a 1 mm-diameter stainless steel (25 mm) until it was
touching the one of extreme of the plasticine to minimize precession
of the capillary while it was spinning. The capillary was fixed to the
rod using plasticine, and then the rod was mounted in the standard
I15—1 chucks. Total scattering data were collected at room
temperature for the background (i.e, empty instrument), empty
kapton capillary, and both samples in a Q range of 0.35—20.0.
Subsequent Fourier transformation of the normalized total scattering
data produced in a real space pair distribution function G(r) for each
material. In this work, we use the D(r) form of the pair distribution
function to accentuate high r correlations. All processing of the total
scattering data was performed using GudrunX following well-
documented procedures.** >

XPS Analysis. XPS analysis was performed using a Thermo
NEXSA G2 XPS fitted with a monochromated Al ka X-ray source
(1486.7 eV), a spherical sector analyzer, and 3 multichannel resistive
plate, 128 channel delay line detectors. All data was recorded at
19.2W and an X-ray beam size of 400 gm X 200 ym. Survey scans
were recorded at a pass energy of 200 eV, and high-resolution scans
were recorded at a pass energy of 50 eV. Electronic charge
neutralization was achieved using an ion source (Thermo Scientific
FG-03). Ion gun current = 150 yA. Ion gun voltage = 40 V. All sample
data was recorded at a pressure below 10—8 Torr and a room
temperature of 294 K. Data was analyzed using CasaXPS$S
v2.3.26rev1.0ON. Peaks were fit with a Shirley background prior to
component analysis. Lineshapes of LA(1.53,243) were used to fit
components.

Gas Adsorption. Gas adsorption between 100 and 130 mg was
degassed by heating under vacuum at 110 °C for two h prior to
measurement (vacuum strength 0.1—1 Torr). Carbon dioxide uptake
values were recorded using using Autosorb iQ gas adsorption analyzer
(Anton Paar) equipped with a temperature-controlled bath at 273 and
283 K. For N, sorption experiments, iQ3 gas adsorption analyzer
(Anton Paar) was used at 77 K.

"H NMR. "H NMR spectra were acquired on a BRUKER AVANCE
300 or BRUKER AVANCE-II 300 spectrometer running at 300 MHz
for 'H and were internally referenced to residual solvent signals
(CDCl, referenced at 5 7.26 ppm for 'H NMR). Data for 'H NMR
are reported as follows: chemical shift (§ ppm), multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br =
broad), coupling constant (Hz), and integration.

Photoreactor. The reactor used for photocatalytic reactions
consists of a custom-made temperature-controlled system, where the
reaction mixture was kept at 20.0 °C by passing coolant through the
system by employing a recirculating chiller. The vial is placed inside
the fitted, located 1 cm below the base of the vial and is irradiated at
420 nm using 380 mW single LEDs (Figure S65).
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