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The development of metal—organic framework (MOF) crystal-glass
composites (CGCs) has been hindered by the scarcity of MOF glass
matrices with low glass transition temperatures (Tys). Here, we
investigate a CGC consisting of a low-T; MOF glass (agZIF-UC-7)
and UiO-66. Powder X-ray diffraction and stability tests in phos-
phate buffer saline solution showed UiO-66 was stabilised in the
glass matrix. Additionally, the composite exhibited enhanced dye
uptake and gas adsorption relative to a ZIF-UC-7.

Metal-organic frameworks (MOFs) are nanoporous materials
formed by the self-assembly of metal ion-based nodes
and organic linkers." They have exhibited promise in a variety
of applications, including gas separation, catalysis and
biomedicine.” The biomedical application of MOFs has gained
interest because of their tuneable pore size and chemistry,
achieved by combining different nodes and linkers. For exam-
ple, MOFs can be used to store and release drugs, influence
inflammatory wound environments and can be used in
implants for improving host-tissue implant interfaces.> To
develop biocompatible MOFs, it is essential to use building
blocks such as bioactive metal ions (e.g. Zr**, Zn>" or Fe*") and
bioactive organic linkers such as amino acid, peptides, nucleo-
bases and saccharides.
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Zeolitic imidazolate frameworks (ZIFs) are a subclass of
MOFs consisting of tetrahedrally-coordinated metal ions
(zn?*, Co**, Mn>*, Fe**) linked by imidazolate (Im~) derivatives.
Several ZIFs can form glasses, such as ZIF-62* [Zn(Im);_,(bIm),]
(Im = imidazolate, bIm = benzimidazolate, 0.1 < x < 0.33).>°
These hybrid glasses can be defined as amorphous solids that
exhibit a heat-induced transition from a brittle to a viscoelastic
state over a temperature range given by the glass transition
temperature (7).

Recently, ZIFs consisting of bioactive cations such as Zn**
and biocompatible linkers such as purine, a family of
nucleobases, have been successfully developed. Examples
include ZIF-UC-7, [Zn(Im),(pur),_,] (pur = purinate), [Zn(pur,
nlm)] (nIm = 4-nitro-2-phenoxymethanesulfonanilide) and
[Zn(pur)Br-0.25DMF].”® Purine-containing ZIFs have both
potential bioactivity and glass-forming ability, which might be
promising for the fabrication of bioactive hybrid glasses. ZIF-
UC-7 displays excellent glass forming ability thanks to its
relatively low T, and T, compared to other meltable ZIFs.
Despite their functional advantages in biomedical applica-
tions,'® MOFs are limited by their chemical instability and
poor processability to form bulk products and are typically
synthesised as microcrystalline powders."*

To address these manufacture limitations, MOF composites
have received increased attention in the last years.">"* One of
the methods for manufacturing bulk MOF-derived materials is
dispersing MOF crystals in a polymer matrix to fabricate mixed
matrix membranes (MMMs).'* However, MMMs have various
limitations, such as the formation of interfacial mesoporous
voids and aggregation of MOF components within the matrix."

Due to their excellent compatibility with crystalline MOFs,
MOF glasses have been suggested as an alternative to polymer
matrices.'® MOF crystal-glass composites (MOF CGCs), combin-
ing both crystalline and glassy MOFs, have shown improved gas
adsorption properties relative to the MOF glass,"” where MOF
glasses typically have reduced porosity relative to their parent
crystals. Here, we investigate a new MOF CGC comprising a
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Fig. 1 (a) UiO-66 structure (Zr-orange tetrahedra, C-grey, O-purple), (b) ZIF-
UC-7 structure and precursors (Zn-purple, C-grey, N-blue), (c) Scheme of the
MOF-CGC fabrication.

bioactive MOF glass matrix (a,ZIF-UC-7), selected for its low T,
(273 °C) and bioactive linker.” Selecting a lower T, glass means
a lower working temperature (Ty,) can be used because the T,
must exceed the T, of the glass to facilitate composite for-
mation. The composite was synthesised using a previous meth-
odology (Fig. 1). Specifically, UiO-66, [Zrs04(OH), (BDC)e-xH,O]
(UiO = Universitetet i Oslo; BDC = 1,4-benzene dicarboxylic
acid), was dispersed into the glass matrix; UiO-66 was selected
because of its high surface area (1050 m> g~") and thermal
stability (stable up to 500 °C)."®

ZIF-UC-7 was synthesised solvothermally (Fig. S1, ESIt),
with powder X-ray diffraction (PXRD) confirming its crystal-
line structure (Fig. S2 and Table S1, ESIt).” CHN analysis
and solution state 'H NMR (acid digested) support the
[Zn(Im), ;5(pur)e.,5] formula (Table S2 and Fig. S3, ESIt). Ther-
mogravimetric analysis (TGA) of the crystalline ZIF-UC-7 shows
a thermal decomposition temperature (Ty4) of 521 °C (Fig. S4,
ESIT). Differential scanning calorimetry (DSC) confirmed the
melting temperature (Ty,) and T, (Fig. S5, ESIT). The first DSC
upscan of crystalline ZIF-UC-7 shows a Ty, of 336.7 °C and the
second DSC scan shows a T, of 273.1 °C, consistent with the
literature.” a,ZIF-UC-7, formed by melt-quenching, shows no
Bragg peaks in its PXRD (Fig. 2a and Fig. S6, ESIT), confirming
its amorphous nature. DSC analysis on a,ZIF-UC-7 shows T,s of
277 and 278 °C in the first and second upscans respectively
(Fig. S5, ESIt); TGA shows a Ty of ~507 °C (Fig. S7, ESIY).
Fourier-transform infrared spectroscopy (FTIR) and 'H NMR
(acid-digested) of a,ZIF-UC-7 and ZIF-UC-7 confirm retention of
the chemical features post-melt-quenching (Fig. S8 and S9,
ESIT). UiO-66 was synthesised based on reported methods; its
structure was confirmed by Pawley refinement of the PXRD data
(Fig, S10 and Table S3, ESIt). TGA shows a T4 of ~350 °C
(Fig. S11, ESIY), giving a working range for composite formation
of 278< T, <350 °C; a Ty, of 300 °C was selected to reduce loss
of Bragg peak intensities (Fig. S12, ESIt). The working pressure
was 0.074 GPa to minimise Bragg peak broadening (Fig. S13,
ESIt). With these working parameters, equal weight percen-
tages (Wt%) of the starting materials were ball-milled to form a
physical mixture, defined as (UiO-66)(a,ZIF-UC-7)(50/50). This
mixture was then pelletised and heated to 300 °C, exceeding the
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Fig. 2 (a) PXRD of the physical mixture and composite, inset: SEM image
of composite and (b) X-ray PDFs, D(r)s, of the composite and starting
materials, insets show the ZrgO4(OH)4 cluster and BDC linker of UiO-66
(Zr-yellow, C-black, O-pink) and imidazolate of agZIF-UC-7 (Zn-purple,
C-black, N-blue, H-white).

Ty of a,ZIF-UC-7, enabling it to enter its supercooled liquid
state and embed the UiO-66 crystallites. After cooling under
vacuum, a cohesive, non-powdery [(UiO-66)o.5(azZIF-UC-7), 5]
composite was produced (Fig. S17, ESIf).

PXRD (Fig. 2a) shows UiO-66 Bragg peaks in both the (UiO-
66)(a,ZIF-UC-7)(50/50) and [(UiO-66), 5(a,ZIF-UC-7), 5] patterns,
confirming UiO-66 crystallinity post composite synthesis. Bragg
intensity is maintained after pelletisation and increases after
heating (Fig. S14, ESIT). The lattice parameters extracted from
Pawley refinement match the literature values, indicating reten-
tion of the UiO-66 structure in the composite (Fig. S15 and
Table S4, ESIT). In contrast, the UiO-66 controls show no such
preservation (Fig. S13, ESIf), suggesting that the a,ZIF-UC-7
matrix stabilised the UiO-66 structure under pressure and heat.
FTIR also confirms the presence of a,ZIF-UC-7 and UiO-66 in
both the physical mixture and composite (Fig. S16, ESIt). CHN
and ICP analysis confirmed the composite and physical mixture
compositions. The composite matched the target [(UiO-66); 50-
(agZIF-UC-7), 5] composition (Tables S5-S7, ESIt). Similar ICP
results for the physical mixture and composite indicate mini-
mal decomposition of the a,ZIF-UC-7 component during com-
posite formation after the thermal treatment.

The starting materials, physical mixture and composite were
analysed by optical microscopy (Fig. S18 and S19, ESIt) and
SEM (Fig. S20-S30, ESIt). SEM images of the (UiO-66)(a,ZIF-
UC-7)(50/50) physical mixture show UiO-66 crystallites on the
a,ZIF-UC-7 surface (Fig. S21, ESIf). The pelletised physical
mixture shows UiO-66 and a,ZIF-UC-7 particles (Fig. S22, ESIf).
Heating to 300 °C (above T, = 278 °C) forms a composite with
flow marks and UiO-66 crystallites embedded in the matrix
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(Fig. 2 inset; Fig. S23, ESIt). The composite surface is not
uniform, likely because of the low pelletisation pressure limit-
ing contact between a,ZIF-UC-7 and UiO-66. EDX (Fig. 524-526,
ESIt) shows similar Zr:Zn ratios (~1.4-1.6) for both the pelle-
tised physical mixture and composite, again suggesting minimal
decomposition. Smaller regions (10-30 pm) reveal heterogeneity,
with UiO-66 crystallites distinguishable from the a,ZIF-UC-7
(Fig. S26, ESIt) by atomic and wt% ratios. EDX mapping also
confirms distinct microdomains (Fig. S27-S30, ESIT).

Pair distribution function (PDF) analysis confirms the struc-
tural integrity of the phases.'® The structure factor, S(Q),>° of
UiO-66 show Bragg peaks (Fig. S31a, ESIf) consistent with its
crystal structure; Bragg peaks are not present in the S(Q) of
a,ZIF-UC-7 because of its amorphous glass structure (Fig. S31b,
ESIT). The [(UiO-66),.5(a,ZIF-UC-7)o 5] composite retained the
UiO-66 Bragg features, indicating its preservation during com-
posite synthesis (Fig. S32a, ESIT). S(Q)s of the composite and its
physical mixture are largely similar, suggesting no decomposi-
tion or recrystallisation of the starting materials after compo-
site fabrication (Fig. S32a, ESIt). Fourier transforming the S(Q)s
produced the real-space D(r) functions (PDFs).?> The D(r) from
the pristine materials matched reported D(r)s (Fig. S33 and S34,
ESI),””" and the composite and physical mixture D(r)s were
nearly identical (Fig. S32b, ESIY), with short-range correlations
from both starting materials (Fig. 2b) and longer-range peaks
(beyond ~8 A) arising from UiO-66 (See ESIT for assignment of
starting materials’ D(r)s). The PDF results show that both phases
were maintained after composite formation. Thermal stability was
evaluated by TGA (Fig. S35-S37, ESIt), which shows Tys of 411 °C
and 425 °C for the physical mixture and composite respectively.
DSC analysis on the physical mixture and composite show a peak
at ~100 °C in the first DSC upscan, corresponding to water
evaporation, also present in the TGA of of UiO-66 (Fig. S38, ESIT).
The a,ZIF-UC-7 T, (~273 °C) is present in both DSC upscans of
the physical mixture and [(UiO-66),.5(azZIF-UC-7), 5], indicating
structural preservation of the a,ZIF-UC-7.

The CO, uptake of ZIF-UC-7 (51.1 ecm® g '), a,ZIF-UC-7
(14.8 cm® g7") and Ui0-66 (95.0 cm® g~') matched reported
literature values.” The [(UiO-66)y5(a,ZIF-UC-7),5] composite,
however, exhibits a CO, uptake of 30.9 cm® g~* (Fig. 3a and
Table S8, ESIY), indicating enhanced gas sorption capacity
because of UiO-66 incorporation into the glass matrix. For N,
adsorption, the a,ZIF-UC-7 glass has slightly higher uptake and
BET surface area (55.4 m” g~ ') than its crystalline parent ZIF-
UC-7 (41.8 m* g ), similar to previous analysis on crystalline
ZIF-62 and its glass (Table S9, ESI{).”” The composite and UiO-
66 have BET surface areas of 214 and 852 m” g~ respectively
(Fig. 3b), confirming increased surface area when the UiO-66 is
added to the glass matrix. Pore widths for ZIF-UC-7 and its glass
could not be determined by N, and CO, adsorption because of
gas size limitations, but the composite exhibits pore widths
similar to the UiO-66 (Fig. S33, ESIY).

To evaluate biomedical potential, the pH stability of
[(Ui0-66).5(a,ZIF-UC-7)y 5], a,ZIF-UC-7 and UiO-66 in phos-
phate-buffered saline (PBS) solution was monitored over time
(Fig. 3c). PBS, with a physiological pH of 7.4, mimics the
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Fig. 3 a) CO, gas sorption isotherms for all the materials at 273 K. (b) N,
gas sorption isotherms for all the materials at 77 K. Open and closed circles
represent adsorption and desorption respectively. (c) pH stability tests in
PBS over a 4 day period. (d) Methylene blue uptake over time, concen-
tration of the starting solution was 5 ppm. UV-vis maximum was fixed at
664 nm (see Experimental methods).

concentration of ions in the human body and is widely used
in biomedical research.”® The pH increased over time for a,ZIF-
UC-7, likely due to imidazolate linker release, previously shown
by ZIF-8, [Zn(mIm),], where mIm is 2-methylimidazolate.
UiO-66 immersion caused a decrease in pH, attributed to
phosphate-induced degradation and terephthalate release.*>
In contrast, [(UiO-66)5(a,ZIF-UC-7)y 5] showed minimal pH
changes, maintaining a stable environment, which is crucial
for biomedical applications because it can protect drugs from
environment-induced degradation and allow for slower release
of encapsulated drugs within the composite.”® Moreover, after
PBS immersion, the composite maintains its N, uptake, sug-
gesting its suitability for drug capture in PBS media (Table S8
and Fig. S39, S40, ESIt). Optical and SEM images after 24 hours
in PBS show that the composite retains its surface morphology,
with UiO-66 crystallites visible in the composite (Fig. S41 and
S42, ESIT). EDX analysis gives a Zr: Zn ratio of 1.3-1.9 (Fig. 543
and S44, ESIT), suggesting minimal degradation of either
component and microdomains are still visible in the EDX
mapping (Fig. S45, ESI{). ICP-OES analysis shows a small
decrease in the Zr:Zn ratio (1:1.23 to 1:1.07) after PBS
immersion, likely from a,ZIF-UC-7 leaching into the PBS
solution (Table $10, ESIt).>* This is corroborated by the higher
Zr:Zn ratio of 1:1.74 in the PBS supernatant. PXRD analysis on
the UiO-66 control after immersion in PBS containing 5 ppm of
methylene blue (MB) over 24 hours confirms UiO-66’s degrada-
tion, given by a lack of Bragg peaks (Fig. S46, ESIt). However, in
the composite, UiO-66 retained its crystallinity, highlighting
the a,ZIF-UC-7 matrix’s ability to effectively stabilise the UiO-66
structure in PBS and prevent its degradation.

To assess drug delivery ability of the composite, MB dye was
used as a proxy; UiO-66 efficiently adsorbs MB in neutral/basic

This journal is © The Royal Society of Chemistry 2025
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solutions.”” Samples were immersed in 5 ppm MB solutions in
PBS (Fig. 3d), reaching 92%, 62%, and 81% adsorption for UiO-
66, a,ZIF-UC-7 and the composite respectively after 8 hours.
Despite a lower UiO-66 molar ratio, the composite’s adsorption
is similar to the pristine UiO-66, likely because of its stable pH
(the adsorption capacity of UiO-66 increases as pH increases).””
PXRD (Fig. S46, ESIt) shows that UiO-66 degrades after
24 hours, while the composite retains Bragg peaks, highlighting
Ui0O-66’s improved stability in the glass matrix.

In conclusion, this study reports the synthesis of a novel
MOF CGC by dispersing UiO-66 in a,ZIF-UC-7. FTIR, PDF, and
PXRD confirmed the preservation of the starting materials,
while DSC scans showed the expected T, of a,ZIF-UC-7. The
[(UiO-66).5(a,ZIF-UC-7)o 5] composite combines UiO-66’s high
surface area, gas sorption, and dye uptake with the amorphous
flexibility of a,ZIF-UC-7. Enhanced CO, uptake and BET surface
area reflect the benefits of embedding UiO-66 in the glass
matrix. The composite’s superior pH stability in PBS, compared
to UiO-66, highlights the matrix’s protective role. Efficient
methylene blue adsorption of the composite, despite its lower
UiO-66 content, confirms MOF preservation post immersion.
These findings suggest promising applications in gas storage,
biomedical devices, drug delivery and environmental remedia-
tion, paving the way for future MOF CGC research.
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