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Here we describe the synthesis of a compositional series of metal—organic framework crystalline-in-
organic glass composites (MOF-CIGCs) containing ZIF-8 and an inorganic phosphate glass, 20Na,O—
10NaCl-70P,0s, to expand the library of host matrices for metal—organic frameworks. By careful selec-
tion of the inorganic glass component, a relatively high loading of ZIF-8 (70 wt%) was achieved, which is
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the active component of the composite. A Zn---O—-P interfacial bond, previously identified in similar com-
posites/hybrid blends, was suggested by analysis of the total scattering pair distribution function data.
Additionally, CO, and N, sorption and variable-temperature PXRD experiments were performed to assess
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Introduction

Metal-organic frameworks (MOFs) are a class of three-dimen-
sional hybrid materials comprising metal ions/clusters known
as secondary building units (SBUs) and multidentate organic
linkers, which assemble into porous architectures.' Due to
the versatility offered by tailoring their structures, MOFs have
been studied in applications such as photocatalysis,”
sensing® and gas storage.®

A subset of the MOF family, zeolitic imidazolate frame-
works (ZIFs), consists of metal ions (e.g. Zn>*, Co*) tetrahed-
rally-coordinated to imidazolate-based linkers (Im~), with a
metal-Im-metal bridging angle similar to the Si-O-Si angle in
zeolites.>” The most well-studied ZIF is ZIF-8, [Zn(mIm),],
where mIm = 2-methylimidazolate, (C4H;N, ), which is com-
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mercially available as Basolite® Z1200. ZIF-8 has potential
application in gas capture and separation, catalysis, drug deliv-
ery and sensing (Fig. 1a).>°

However, MOFs, including ZIF-8, are typically synthesised
as microcrystalline powders which are difficult to process and
mould into macroscale, mechanically robust morphologies.”°
This, in addition to the relatively high economic cost of the
precursor materials,” has limited their widespread application.
To overcome these barriers, researchers have investigated com-
posite materials using a MOF as the active component."’
Examples of composite approaches include mixed-matrix
membranes (MMMs) with organic polymers,'> MOF-metal
nanoparticle composites,">'* MOF-silica composites’® and
MOF-carbon composites.®

More recently, composites incorporating MOFs and glasses
(hybrid or inorganic) have been proposed.”’” Glasses, also
described as frozen liquids, are amorphous and display a
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Fig. 1 (a) Hydrothermal synthesis to produce ZIF-8, (b) Structural units
present in sodium ultraphosphate glasses and (c) Schematic depicting
the synthesis of MOF-CIGCs.
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characteristic transition from a solid to a viscoelastic phase
over a specific temperature range, characterised by a glass tran-
sition temperature (7).

In one example, a stimuli-responsive MOF, MIL-53(Al) [Al(OH)
(0,C-CsH,4-CO,)], was combined with ZIF-62 glass (a,ZIF-62), [Zn
(Im), 75(bIm) »5] where Im = imidazolate C;H;N,~ and bIm =
benzimidazolate C;Hs;N, . The glass matrix stabilised the phase
of MIL-53 with larger pores, leading to a composite with
enhanced CO, uptake capacity.'® Elsewhere, a composite com-
prising a porous coordination polymer (CP), [Cu,(pzdc),(pyz)]
where pzdc = 2,3-pyrazinedicarboxylate and pyz = pyrazine, and a
glassy, non-porous CP, {[Cu(bib), 5]-2NTf,}, where bib and NTf,
are 1,4-bisimidazole butane and Dbis(trifluoromethylsulfonyl)
amide respectively, was synthesised. The composite demon-
strated enhanced selectivity when exposed to a gas mixture con-
taining N,0O, CO, and C,H, *° Other examples include combining
ZIF-8 and a,ZIF-62 with fluoroaluminophosphate glasses™'” and
sodium phosphate glasses.”**!

Here, this approach is extended by combining ZIF-8 and an
ultraphopshate glass, 20Na,0-10NaCl-70P,0O5 (inorganic or
‘IG’) to create a compositional series of hybrid materials,
namely metal-organic framework crystal inorganic glass com-
posites (MOF-CIGCs).** The ultraphosphate glass consists of
tetrahedral PO, units linked via bridging oxygen atoms,>*?*
which can be described as Q* and Q? units (Fig. 1b); Q* groups
contain a P=0 bond and three bridging oxygen atoms, while
Q® groups have two bridging oxygen atoms. When sodium
oxide and sodium chloride are added, the glass network is dis-
rupted, and the sodium cations create ionic cross-links
between the phosphate units.”> The CI~ ions occupy the
spaces between the phosphate chains without changing the
short-range order of the glass.>®

The characteristic non-bridging oxygen atom (P=O0) in the
tetrahedra of ultraphosphate glasses, where the [O]/[P] ratio is
between 2.5 and 3, leads to their lower T, values when com-
pared to similar silicate and germanate glasses. The 20Na,O-
10NaCl-70P,0;5 glass in particular was selected for its low T,
(168 °C), enabling a lower working temperature to prevent
decomposition of the ZIF-8 during composite formation.

Previously, composites of ZIF-8 and a sodium phosphate
glass, 50Na,0-50P,05 (T, = 300 °C) were successfully syn-
thesised, with ZIF-8 loadings of 10-30 weight percent (wt%).>°
Here, we aim to extend this approach by increasing the
number of available host matrices for crystalline MOFs, which
remains scarce, and aim to obtain higher ZIF-8 loadings,
which are imperative for utilisation of the composites in appli-
cations such as gas sorption and separation.

The composites were prepared via ball milling of the start-
ing materials before pelletisation and heating above Ty, in line
with previous methodologies (Fig. 1c).'”*®

Initially, a compositional series was prepared with four
different ZIF-8 loadings between 10-40 wt% to assess the
MOF-CIGCs’ properties. Care was taken in selecting the reac-
tion conditions to prevent amorphisation and reduction of
ZIF-8 crystallinity, which has been reported previously.””*® The
resulting composites are named (ZIF-8),(Inorganic),_, and the
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ball-milled physical mixtures prior to pelletisation and heat
treatment are referred to as (ZIF-8)(Inorganic)(X/Y), consistent
with prior nomenclature."® The thermal and chemical pro-
perties of these composites were investigated. Additionally,
composites with higher ZIF-8 loadings (50, 60, 70 wt%) were
synthesised to assess the maximum ZIF-8 loading by CO, and
N, sorption experiments. Identifying the maximum MOF
loading in composites is crucial for assessing trends in physi-
cal properties across a given compositional series and again,
are important for their potential industrial implementation to
identify the composition at which the composite performs the
best.?® In addition, the thermal behaviour of ZIF-8 in a
MOF-CIGC with a 50 wt% ZIF-8 and 50 wt% inorganic glass
was studied.

Experimental

Materials

(Zn(OAc),2H,0, >98%) and 2-methylimidazole (99%) were
purchased from Sigma Aldrich. Methanol (99.8%) was
obtained from Fisher Scientific LTD and dimethyl sulfoxide
(DMSO0-d®) (99.8 atom% D, containing 0.03% (v/v) tetramethyl-
silane (TMS)) was purchased from VWR International. All
materials were used as received.

ZIF-8 synthesis

The ZIF-8 synthetic procedure was modified from a previously
reported methodology.’® Zinc acetate dihydrate (0.3 g,
1.367 mmol) was added to 5 mL of deionised water.
Separately, 2-methylimidazole (1.12 g, 14.495 mmol) was
added to 5 mL of deionised water and sonicated to disperse
the particles. The zinc acetate dihydrate solution was then
poured over the linker solution and left to stand at room temp-
erature for 24 hours. White nanocrystals were collected by cen-
trifugation at 4000 rpm for five minutes and washed three
times with methanol. The resulting product was dried under
dynamic vacuum overnight at 80 ©°C. CHN analysis
(ZnCgH;0N,) calculated/found: C 42.22%/42.71%, H 4.43%/
4.56%, N 24.62%/24.36%.

20Na,0-10NaCl-70P,05 synthesis

(NH,4),HPO,, Na,CO; and NaCl were weighed and mixed in the
desired proportions. The 50 g batches were then melted at
900 °C for an hour in alumina crucibles and quenched to form
homogeneous glassy samples. After quenching, each glass was
annealed at 210 °C. The annealing was performed in a
furnace, where the glass was held isothermally for 30 minutes
at 210 °C. Afterwards, the furnace was turned off and the glass
was allowed to cool to room temperature inside the furnace,
forming bulk pieces of glass. These pieces were then ground
under an N, atmosphere to produce powdered glass samples.

Composite synthesis

Powders of ZIF-8 and inorganic glass in various wt% ratios
were added to a 10 mL stainless steel jar and shaken for five

This journal is © The Royal Society of Chemistry 2024
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minutes at 20 Hz with two five mm stainless steel grinding
balls in a Retsch MM400 grinder mill. Approximately 130 mg
was pelletised using three tonnes of force (0.22 GPa) for one
minute before heating under vacuum to 200 °C for
30 minutes. The composites were then allowed to cool to room
temperature under vacuum.

Powder X-ray diffraction measurements (PXRD)

PXRD data were collected using a B3 Bruker D8 DAVINCI diffr-
actometer equipped with a position sensitive LynxEye detector
with Bragg-Brentano parafocusing geometry and Cu Ko radi-
ation (A = 1.5418 A) radiation was used through a 0.012 mm Ni
filter. Samples were compacted into 5 mm disks on a low back-
ground silicon substrate and measured in 1-50° 20 range.
Pawley refinements were completed using TOPAS academic
(V7) software.*’ Thompson-Cox-Hastings pseudo-Voigt (TCHZ)
peak shapes and a simple axial divergence correction were
used for the refinements. The lattice parameters were refined
using the crystallographic information file of ZIF-8, in a 26
range of 5-50°. The zero-point error was also refined.

Thermogravimetric analysis (TGA)

TGA curves were recorded using a TA instruments Q-650 series
differential scanning calorimeter. Approximately 5-10 mg of
powdered samples were placed in open 90 pL alumina cruci-
bles and heated at 10 °C min~" under argon. Heating cycles of
30-800 °C were used unless stated otherwise and all TGA data
were analysed using TA Universal Analysis software.

Differential scanning calorimetry (DSC)

DSC curves were performed using a NETSCH DSC 214 Polyma
calorimeter. Approximately 5-10 mg of powdered samples
were placed in sealed 70 pL aluminium crucibles with a
pierced concave lid. Heating and cooling rates of 10 °C min~"
under argon were used, with background corrections applied.
Corrections were recorded prior to measurement using the
same heating cycle on an empty aluminium crucible. An
empty aluminium pan was used as a reference for all measure-
ments and data were analysed using the Netzsch Proteus®
software package.

'H Nuclear magnetic resonance (NMR) spectroscopy

Approximately 5-10 mg of each sample was dissolved in
35 wt% DCI/D,0 (0.2 mL) and de-DMSO (1 mL) with TMS as a
standard. Samples were run on Bruker Avance III HD 500 MHz
at the Department of Chemistry, University of Cambridge.
Data were analysed using Topsin version 4.1.1.%*

CHN microanalysis

CHN experiments were performed using approximately 5 mg
of sample and were measured on a CE440 Elemental Analyser,
EAI Exeter Analytical Inc. at the Department of Chemistry,
University of Cambridge. Each sample was measured twice.

This journal is © The Royal Society of Chemistry 2024
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Optical microscopy

A Leica MZ95 microscope and a Optika C-B10 CMOS with a
resolution of 10 megapixels camera were used to obtain optical
images of all samples.

Scanning electron microscopy-X-ray energy dispersive
spectroscopy (SEM-EDS)

SEM images were collected with a high-resolution FEI Nova
Nano SEM 450 electroscope. Samples were mounted on a flat
aluminium stub with conductive carbon tape and coated with
gold. Information on imaging modes and accelerating voltages
used for each sample can be found in the figure captions. An
accelerating voltage of 15 kV was used for EDS analysis.

Total X-ray scattering - pair distribution function (PDF)

Samples were ground and loaded into borosilicate capillaries
with an inner diameter of 0.78 mm and a height of 3.9 cm
before sealing. Total scattering data for PDF analysis were col-
lected at the I15-1 beamline at the Diamond Light Source, UK
(experiment reference EE20038, 4 = 0.189578 A, 65.40 keV).
Empty instrument (background) and empty capillary scans
were run; all scans were collected in a ~0.2 < Q < ~26 A™
range. The raw data were processed using GudrunX**~* in a
0.35 < Q < 20 A™* range and were corrected for background,
container, multiple and Compton scattering. Fourier trans-
formation of the processed total scattering data yielded real
space pair distribution function, G(r). Here, we use the D(r)
form to accentuate high r correlations.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were collected on a Bruker Tensor 27 FTIR
spectrometer in attenuated total reflectance (ATR) mode
between 550 and 4000 cm™'. Several milligrams of powder
were placed directly on a diamond sample plate. A background

was subtracted from all spectra prior to each measurement.

Raman spectroscopy

Raman investigation was performed on a confocal Raman
microscope (Renishaw InVia) equipped with a suitable edge-
filter for the elastically scattered intensities and a 50x LD
objective lens using 785 nm laser excitation to reduce fluo-
rescence. Prior to sample characterisation, the grating and
detector were calibrated against a single crystal silicon refer-
ence sample. Spectra were collected in the range of
100-1250 cm™" with ~1.2 em™" resolution. Each measurement
consisted of up to 60 individual accumulations at ~1 s
accumulation time to maximise the signal-to-noise ratio
without oversaturation of the detector.

Gas adsorption

For the 10-40 wt% ZIF-8 composites and starting materials,
CO, uptake capacities were recorded using a Micromeritics
ASAP 2020 surface area and porosity analyser. Between 100 mg
and 130 mg were degassed by heating under vacuum at 110 °C
for two hours prior to measurement. CO, uptake isotherms

Dalton Trans., 2024, 53,10655-10665 | 10657
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were measured using CO, at 273 K, with final CO, uptake
values determined using Micromeritics MicroActive software.
For the 50-70 wt% ZIF-8 composites, CO, uptake values were
recorded at 273 and 283 K using an Autosorb iQ gas adsorp-
tion analyzer (Anton Paar) equipped with a temperature-con-
trolled bath under the same activation conditions used for the
10-40 wt% ZIF-8 composites. For N, sorption experiments, an
iQ3 gas adsorption analyzer (Anton Paar) was used at 77 K.

Helium pycnometery/density

A Micromeritics Accupyc 1340 helium pycnometer was used to
measure the density of the starting materials, using at least
120 mg of sample on a cycle of 10 measurements.

Variable-temperature PXRD (VT-PXRD)

Samples were mixed with approximately 10 wt% by volume of
Si standard powder using a mortar and pestle prior to
measurement. Data were collected using a Bruker D8 Advance
equipped with an MRI high-temperature chamber and a
Vantec detector, using Cu Ko radiation (1 = 1.5418 A) under
vacuum (8.5 x 10~ mbar). Before measurement, height adjust-
ments were performed to optimise the full width at half-
maximum (FWHM) of the (111) silicon standard reflection at
26 ~28.45°. The samples were heated from 30 °C in 25 °C
increments until 355 °C. Data were recorded in a 26 range of
6-36° in 0.04° steps and a time/step of 0.6 s.

Reported thermal expansion data for Si provided an accu-
rate calculation of unit cell parameters for the Si standard.
Peak positions could then be corrected for sample displace-
ment. XRD data were refined sequentially using the reported
crystallographic information file of ZIF-8, with atomic posi-
tions included but constrained. A broad Gaussian peak was
added and refined sequentially to account for the diffuse scat-
tering background of the inorganic glass. Subsequent refine-
ments in the series were performed using the final values for
the previous pattern as initial values. A Pearson VII function
and an eighth-order Chebychev polynomial background were
used to model the peak shape and the background respect-
ively. Scale factors and unit cell parameters were refined indivi-
dually for all scans. Data were analysed with TOPAS academic
(V7) software.®*

Results and discussion
Integrity of the ZIF-8 component

The ZIF-8 starting material was characterised by PXRD, Pawley
refinement, SEM, TGA, CHN microanalysis and "H NMR spec-
troscopy (Fig. S1-51). The inorganic glass starting material was
characterised by PXRD, SEM-EDS, TGA and DSC (Fig. S6-97).
The composites were synthesised according to the schematic
in Fig. 1c. After pelletisation and heat treatment, compact and
non-pulverulent pellets were produced (Fig. S107). The integ-
rity of the ZIF-8 component, integral for potential applications
of the MOF-CIGCs, was determined using PXRD, FTIR, Raman
and "H NMR spectroscopy (Fig. $11-251). The PXRD patterns
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of all composites comprise ZIF-8 Bragg peaks and diffuse scat-
tering background from the inorganic glass, where the ZIF-8
peak height increases as the wt% ZIF-8 increases. However,
only two Bragg peaks are visible in the (ZIF-8),4(Inorganic)o.o
composite (Fig. 2).

Pawley refinements of the PXRD patterns confirm that no
extra peaks are present corresponding to recrystallisation of
the glass or decomposition of either component
(Fig. S12-157), except for the (ZIF-8), 3(Inorganic), ; composite
in which an additional peak was observed which did not
correspond to either material and is ascribed to minor recrys-
tallisation of the glass.

Pawley refinements were also carried out on the PXRD pat-
terns measured from the physical mixtures, the pelletised
physical mixtures prior to heat treatment and the composites
formed after heat treatment. The PXRD of the (ZIF-8)(Inorganic)
(10/90) physical mixture contained ZIF-8 Bragg peaks, with a
decrease in their height after pelletisation (Fig. S11t). After the
thermal treatment at 200 °C for 30 minutes, Bragg peak intensi-
ties drastically decrease. A similar trend is observed for the other
samples, where pelletisation culminates in decreased Bragg peak
heights, with further decreases observed post heating. This
decreased peak height is an indication of reduced crystallinity of
ZIF-8, where a combination of ball milling, pelletisation and heat
treatment, combined with the low wt% of ZIF-8 in the
(ZIF-8),.1(Inorganic), o composite, obscured the visibility of the
ZIF-8 Bragg peaks. Negligible changes in lattice parameter relative
to pristine ZIF-8 are observed for the physical mixtures, pelletised
mixtures and composite for all compositions (Tables S3-6+).

FTIR analysis shows that ZIF-8 is preserved for the higher
wt% ZIF-8 composites (30-40 wt%), with only minor band
broadening from the presence of the inorganic glass
(Fig. S17f). The (ZIF-8)y,(Inorganic),s composite exhibits
ZIF-8 bands, with considerable broadening consistent with the
disordered structure of the glass. The (ZIF-8),,(Inorganic)oo
and glass FTIR spectra are very similar, with only several ZIF-8

(ZIF-8)q 4(Inorganic)q

| I LN T N W
\ l ST, g b Vgt i

(ZIF-8), 5(Inorganic), ;

Intensity (a.u.)

(ZIF-8), »(Inorganic), o

(ZIF-8), 4(Inorganic), o

[ e o o O R R R R R e R AR AR RN AR RAR R AR

T T T T T T T T

5 10 15 20 25 30 35 40 45 50
26 ()

Fig. 2 PXRD patterns of the four composites (10-40 wt% ZIF-8),
showing ZIF-8 Bragg peaks in all compositions except for the
(ZIF-8)g.1(Inorganic)g o composite. An extra peak is visible at 20 = 43° for
the (ZIF-8)0 3(Inorganic)o ; composite.
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bands present because of the higher content of inorganic glass
and band broadening likely obscuring ZIF-8 bands. The FTIR
analysis of the physical mixtures and composites show negli-
gible changes after heat treatment for all compositions
(Fig. S18t). This indicates preservation of the ZIF-8 and in-
organic glass structures after composite synthesis.
Additionally, the Raman spectra of the composites display
bands corresponding to the ZIF-8 framework, with broadening
evident on account of the inorganic glass, a similar effect
shown in the FTIR data (Fig. S197).

Acid-digested "H NMR was used to further assess the ZIF-8
structure in the composites. It has been used previously to
determine the preservation of ZIF materials post heat treat-
ment by assessing the integration of the linker peaks.”'” For
the (ZIF-8),i(Inorganic),o composite (Fig. 20-21), only one
proton environment is visible in the "H NMR spectrum.
However, both proton environments of the 2-methylimidazole
linker are present in the "H NMR spectra of the 20-40 wt%
ZIF-8 composites (Fig. S22-25t), with the correct integrated
peak ratios, indicating no decomposition of the linker during
the composite preparation.

The low wt% of ZIF-8 in the (ZIF-8), (Inorganic), ¢ compo-
site led to difficulties in assessing ZIF-8’s preservation after
composite formation. However, the presence of two ZIF-8
peaks in the PXRD, as well as ZIF-8 bands present in the
Raman spectrum, suggests its integrity was maintained post
composite synthesis.

Microscopy and thermal analysis

SEM images of the (ZIF-8),;(Inorganic),, composite show
ZIF-8 particles embedded within the glass matrix surface
(Fig. 3a) and evidence of inorganic glass flow around the ZIF-8
particles within the bulk (Fig. 3b). By observing the inside of
the 10-40 wt% ZIF-8 composites, it is evident that the glass
fully surrounds the ZIF-8 particles (Fig. S267). This includes
the (ZIF-8),1(Inorganic), o composite, which shows the pres-
ence of ZIF-8 particles after composite formation. SEM-EDS on
the composites shows a heterogenous elemental distribution
in the samples, indicating separate domains of ZIF-8 and in-
organic glass (Fig. S27-307).

0.9

exo
|

0.8
(ZIF-8), 4(Inorganic), ¢

0.7

| 3 067(ZIF-8)(norganic),,
z
S 0'5-_*,,_/—/*/‘/'7 T———
§ 0.4_(ZIF-8)°2(Inorganic)°5 B

03 A’//Tg =168°C
(ZIF-8), 4(Inorganic), o
0.24

0.1 ] 20Na,0-10NaCI-70P,0,

T T T T T T
60 80 100 120 140 160 180 200 220
Temperatrure (°C)

Fig. 3 SEM images of the (ZIF-8)q3(lnorganic)y; composite on (a)
Surface of the pellet, (b) Bulk within the pellet and (c) Second DSC
upscan of all four composites and the inorganic glass.
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Mass loss features in TGA of the physical mixtures indicate
a lower onset of decomposition compared to the starting
materials, with Tys in the range of 318-355 °C for the 10, 20,
30 and 40 wt% ZIF-8 physical mixtures (Fig. S31-347), lower
than the Tys of both starting materials (ZIF-8 T4 = 607 °C and
inorganic glass T4 = 660 °C). This lower onset of decompo-
sition may be the result of interactions between the two com-
ponents, which has been reported elsewhere.’ This lower onset
of decomposition is also observed for the composite samples,
with Tys in the range of 301-364 °C (Fig. S35a and S36-397).
For comparison, TGA measurements were also performed on
ZIF-8 controls under the reaction conditions (Fig. S35b¥),
which also demonstrate decreased Tgs relative to ZIF-8. This
decreased in Ty is evident after ball milling, which has been
reported previously.>® No significant changes in T4 occur after
pelletisation and heat treatment. However, the decreased Ty is
smaller than the reduction in Ty observed for the composites,
suggesting possible interfacial interaction.

DSC was used to identify the inorganic glass’ T, to confirm
the integrity of the inorganic glass structure after composite
synthesis. The second and third DSC upscans from all compo-
sites except the (ZIF-8), ;(Inorganic), o composite show notice-
able endothermic features in the temperature range around
the T, of the inorganic glass indicated by the shaded region in
Fig. 3c. No other features were observed in the DSC upscans
from these samples, except for distinct endothermic peaks in
the first upscans corresponding to surface water loss from the
inherently hygroscopic phosphate glass (Fig. S40-447).

The (ZIF-8),;(Inorganic), o composite has two, unassigned
features in the second and third upscans close to the tempera-
ture range of the inorganic glass’ transition temperature
(Fig. S401).

Pair distribution function analysis

Pair distribution function (PDF) analysis gives atom-atom cor-
relation histograms®”~® and is increasingly used to analyse the
local structure of materials.>® The positions of the peaks in the
PDF correspond to atom-atom correlation distances within a
given material. The intensity of these peaks is determined by the
scattering power of the specific atom pairs within the material, as
well as the frequency with which the distance between atom
pairs is observed.>**® Synchrotron X-ray total scattering measure-
ments were collected on the I15-1 beamline at the Diamond
Light Source (Methods) and the data were normalised to produce
total scattering structure factors, S(Q), of the four composites and
starting materials (Fig. S45-467). The S(Q) of ZIF-8 and the com-
posites contain ZIF-8 Bragg peaks observed in the PXRD data.
The inorganic glass S(Q) shows an absence of Bragg features, as
expected. These structure factors were Fourier transformed to
produce the real-space PDFs (D(r)).

The PDF of ZIF-8 contains the main correlations (Fig. 4,
peaks and distances labelled A-E) of the 2-methylimidazolate
ring joined to Zn and the Zn-Zn correlation F, consistent with
the crystallographic structure of ZIF-8 (Fig. S47t). Key corre-
lations in the inorganic glass PDF have been assigned
(Fig. S487) based on a crystalline phase of sodium phosphates
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Fig. 4 X-ray pair distribution functions, D(r)s, of all four composites
with the assigned correlations from the parent materials, namely A—F
from the 2-methylimidazolate ring — Zn structure of ZIF-8 and inorganic
peak assignments at 1.54 A, 2.48 A and 3.45 A for P-0O, Na—O and P-Na
respectively. Zinc (pink), carbon (black), nitrogen (blue) and hydrogen
(white) atoms are displayed in the inset.

(NazP30,) and previous total scattering experiments.”****!

The PDFs of the 20-40 wt% ZIF-8 composites contain corre-
lations from both ZIF-8 and the inorganic glass, with several
correlations, such as A (ZIF-8) and the P-O bond (inorganic
glass) overlapping (Fig. 4). Correlations corresponding to ZIF-8
increase with increased ZIF-8 incorporation, whereas the peaks
from the inorganic glass D(r)s decrease. The increased inten-
sity of such correlations is more evident in the ZIF-8 peaks,
concordant with the larger relative changes in ZIF-8 pro-
portions across the compositional series. ZIF-8 correlations are
difficult to discern in the PDF of the (ZIF-8),,(Inorganic)e
composite, where its PDF resembles the inorganic glass’ PDF
closely.

Interfacial interactions between the ZIF-8 and inorganic
glass could not be readily deduced from the D(r)s alone. To
understand these interactions, multiple linear regression
(MLR) was performed on the composite D(r)s. Previously, this
MLR approach was used to obtain possible interactions
between ZIFs (glassy and crystalline) and sodium phosphate
glasses, in which potential interface peaks were suggested at r
~3.2-3.3 A. The same methodology was applied here; each
composite D(r) was fitted according to Eqn 1 for 0 < r < 10 A,
where C; and C, are linked to the amount of inorganic glass
and ZIF-8 in the composite respectively (Fig. S49%). This
r-range was selected because of the observed differences in
Bragg peak shapes for pristine ZIF-8 and a ZIF-8 control
sample that had undergone the same reaction conditions of
the composites (Fig. S51); the broadened ZIF-8 Bragg peaks in
the composites reduce the PDF peak intensities at higher-r
relative to those from the pristine ZIF-8 and fitting data to
higher-r would skew regression results.

Composite D(r) = C1(IG D(r)) + C, (ZIF-8 D(r)) (1)

Good agreement was obtained for the composite D(r)s with
20-40 wt% ZIF-8 using the starting material D(r)s. The
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residuals from these fits contain two key peaks, the first peak
at r ~1.35 A can be assigned to the C-C/C-N bond in the
2-methylimidazolate ring of ZIF-8. The second peak at r ~3.2 A
is not present in either starting material PDF, nor is it present
in the empty capillary D(r) used for data processing. Moreover,
this peak is consistent with previous results on similar compo-
sites and is in the region of bond lengths involving O, P and
Zn atoms obtained from several crystalline zinc phosphate
phases (Fig. S507). As a tentative conclusion, this second peak
could correspond to a potential interaction between the
phases in which Zn and P atoms are bridged via an oxygen
atom, the same interaction identified previously in ZIF-8/
50Na,0-50P,0; *° and a,ZIF-62/30Na,0-70P,05 systems.*'
However, the residual obtained from the fitting of the
(ZIF-8),.1(Inorganic), o composite shows a negative peak at r
~1.6 A, consistent with the Si-O bond length in the boro-
silicate capillary (Fig. S511) and suggests that the empty capil-
lary data have been over-subtracted during data normalisation.
The presence of a positive or negative PDF peak at this r-value
indicates a potential lack of efficient capillary subtraction from
the data. Here, the sample’s peaks partially overlap the Si-O
peak from the capillary which makes this challenging to
observe in the PDF. However, it is detected in the linear
regression differential. Hence, the capillary scattering used in
the data normalisation for this sample was reduced by 7.5%j;
the new, adjusted D(r) and S(Q) were visually very similar to
the original, unadjusted D(r) and S(Q) (Fig. S51f). MLR was
then rerun on this re-normalised sample, producing a similar
residual (peaks at r ~1.35 A and r ~3.2 A) but without the peak
at r ~1.6 A. The proposed interface peak’s position and inten-
sity are largely unchanged, and the residual overall now
resembles the 20-40 wt% ZIF-8 residuals more closely (Fig. 5).

CO,, uptake and stability

CO, gas sorption measurements were performed on a pelle-
tised sample of ZIF-8 (0.22 GPa), because of the broadening
and reduction in Bragg peak height after applying pressure,

o (ZIF-8), ,(Inorganic),

B s o

~1.35 A
2.0 N

| i\ aN
NAS U \f\ ,\’ I \/\/;'\\ . /\ /_J o~
AV] -

(ZIF-8)q 5(Inorganic),

LN

(ZIF-8)q (Inorganic), 5

Residual D(r)
5
1

0.5

(ZIF-8)q 4(Inorganic), o
0.0+

Fig. 5 Residuals obtained from the MLR fitting of the four composite
samples (10-40 wt% ZIF-8), using an adjusted D(r) for the
(ZIF-8)g.1(lnorganic)gs composite to counteract capillary subtraction
issues (see main text for details).

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt00894d

Open Access Article. Published on 03 June 2024. Downloaded on 8/3/2025 12:47:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

giving a better comparison versus pristine ZIF-8, where
pressure has been linked to gas uptake and separation ability
of ZIF-8.2%*>* previous work on MOF-CIGCs comprising ZIF-8
and a different phosphate glass, 50Na,0-50P,05, show a small
decrease in uptake capacity of pelletised (0.22 GPa) ZIF-8
versus pristine ZIF-8.° The maximum uptake values of the
composites are in the range 0.16-0.66 mmol g~ (Table S91)
which, as expected, increases as the ZIF-8 loading increases
(Fig. S521). All composites have a higher uptake of CO, than
the dense, non-porous inorganic glass which shows minimal
uptake (0.056 mmol g~*). These results confirm that porosity,
an intrinsic property of MOFs, has been retained within the
MOF-CIGCs.

The air stability of the (ZIF-8),4(Inorganic),, composite
was tested to determine whether ZIF-8 reduced the known
hygroscopic nature of ultraphosphate glasses.”"** The in-
organic glass and (ZIF-8),4(Inorganic), were left in air for
three weeks. After this time, the inorganic glass displayed a
visible wetting effect (Fig. S53at) caused by its water uptake,
though PXRD shows that it maintained an amorphous struc-
ture. The composite retains its non-pulverulent, compact
nature, but water uptake is also evident in the wetting of the
composite’s surface after air exposure (Fig. S53b7). PXRD ana-
lysis of the (ZIF-8), 4(Inorganic), ¢ after air exposure indicates a
decrease in height of the Bragg peaks of the composite over
time, suggesting that the ZIF-8 structure is maintained in the
composite even after three weeks air exposure, although some
reduction in crystallinity occurs (Fig. S54bt).

This water uptake is also evident in the first DSC upscans
of both samples. DSC results from the glass after three weeks
air exposure display a large endotherm in the first upscan at
105.7 °C showing that a large amount of water had been taken
up by the glass (Fig. S54-567). The first upscan shows the in-
organic glass’ T, at the same temperature as the pristine glass,
however the second and third upscans indicate two T, fea-
tures, one near the expected inorganic glass’ T, (168 °C) and
another much lower at 65 °C. This decrease in T, is a well-
studied effect in ultraphosphate glasses which have been
exposed to water vapour. Water is able to depolymerise the
glass network, decreasing the extent of cross-linking and in
turn, decreasing the T,.**

The first DSC upscan of the composite has a large
endothermic feature at 89.1 °C corresponding to surface water
loss, confirming the hygroscopic nature of the composite. The
inorganic T, is present in this upscan before the onset of
decomposition. However, the second DSC upscan shows a
shifted T, to a temperature of 137.3 °C, a decrease in the orig-
inal T, of about 30 °C. This corresponds to depolymerising of
the glass network as described above, but the decrease is less
than the inorganic glass control, suggesting that ZIF-8 might
stabilise the glass structure to some extent.

Maximum ZIF-8 incorporation

To determine the maximum loading of ZIF-8 in the glass
matrix, samples where the ZIF-8 proportion was increased to
50, 60 and 70 wt%, were synthesised. Non-powdery, cohesive
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pellets were produced for the 50-70 wt% ZIF-8 composites
(Fig. S571) and PXRD analysis, including Pawley refinement,
confirms the presence of ZIF-8 in the composites (Fig. S58-
59t). However, the heights of the ZIF-8 Bragg peaks decrease
above 50 wt% ZIF-8, despite the increased loading of ZIF-8,
which is opposite to what is observed for the 10-40 wt% ZIF-8
composites. Examination of the ZIF-8 Bragg peaks of the physi-
cal mixtures, pelletised mixtures and corresponding compo-
sites for the 50-70 wt% ZIF-8 samples show a decrease in peak
height post pelletisation, accompanied by peak broadening.
The peak height partially recovers after heating (Fig. S597), as
observed in the ZIF-8 controls (Fig. S5t). This partial recovery
is not observed for the 10-40 wt% ZIF-8 composites. A possible
explanation for the differences observed for the 50-70 wt%
ZIF-8 samples relative to the 10-40 wt% ones is that the glass
matrix can shield the ZIF-8 from structural changes during pel-
letisation, but is unable to do so when the content of inorganic
glass in the composite is too low (<ca. 50%), where it cannot
add resistance against structural changes/collapse of the ZIF-8.
This effect has been observed in similar composites with
ZIF-8.2%°

N, at 77 K and CO, adsorption experiments at 273 K and
283 K were performed on the 50-70 wt% ZIF-8 composites
(Fig.S60a-ct) to determine the optimum ZIF-8 loading for gas
sorption efficiency as a supplement to the CO, measurements
on the 10-40 wt% ZIF-8 composites (Fig. S521). For the
50-70 wt% ZIF-8 composites specifically, CO, sorption experi-
ments at 273 and 283 K indicate the optimum loading for
ZIF-8 in the glass is 50 wt% (Fig. S60a-ct). After 50 wt% ZIF-8
loading, the sorption capacity for CO, decreases. This is con-
sistent with the PXRD results, where a decrease in Bragg peak
heights are observed after 50 wt% ZIF-8 loading.

Analysis of the CO, uptake capacity across the whole com-
positional series shows that the maximum CO, uptake at a
relative pressure of 0.025 increases non-linearly as the wt%
ZIF-8 increases in the composite, until a maximum point at
50 wt% ZIF-8 (Fig. 6). Anomalous points are observed at
20 wt% and 50 wt% ZIF-8, where the uptake values are higher
than expected from the trend. The jump at 20 wt% can be par-
tially explained by observing the PXRD differences in the physi-
cal mixture, pelletised mixture and composite of the 20 wt%
ZIF-8 samples (Fig. S111), where minimal loss in peak height
is observed after ball milling, pelletisation and heat treatment.
This is in contrast to the composites with 10, 30 and 40 wt%
ZIF-8, which show decreases in peak height after pelletisation
and heat treatment. The differences in peak height can arise
from varying ratios of inorganic glass and ZIF-8, which can
affect the composite’s microstructure, including cracks and
microscale voids between the heterogenous domains observed
in the SEM images of the composites (Fig. $26-307), which in
turn could affect the diffusion of CO, molecules through the
composite. This effect on CO, sorption has been observed in
composites comprising ZIF-8 and 50Na,0-50P,05.%°

Additionally, a relatively large increase in CO, uptake can
be observed between 40 wt% and 50 wt% ZIF-8. The isotherms
for 10-40 wt% ZIF-8 composites show hysteresis, with iso-
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Fig. 6 CO, uptake versus wt% ZIF-8 incorporated in the 10-70 wt%
composites at a relative pressure of 0.025. Different coloured circles are
used for 50-70 wt% samples because of the different equipment used,
see Experimental methods.

therm shapes deviating from pelletised ZIF-8 (Fig. S527).
However, the shape of the 50-70 wt% ZIF-8 composites’ iso-
therms exhibit pelletised ZIF-8 more closely, with minimal hys-
teresis which can help explain the jump after 40 wt%. Overall,
a clear, qualitative increase in CO, uptake is observed as the
wt% ZIF-8 increases, up to a maximum point of 50 wt% ZIF-8.

N, adsorption experiments were not performed on the in-
organic glass as it is dense and non-porous and would result
in minimal uptake of N,, similar to what is observed for its
CO, uptake. This would preclude BET surface area analysis on
the glass. However, N, sorption experiments were performed
on pristine ZIF-8 and pelletised ZIF-8 (0.22 GPa) (Fig. S60d and
Table S117). BET analysis on pristine ZIF-8 indicates a surface
area of 1867 m” g~*, which is reduced to 1318 m”> g™ " after pel-
letisation. Both samples exhibit a Type I isotherm consistent
with that reported for ZIF-8, indicating microporosity of the
samples.”> The reduction in BET surface area is consistent
with the decreased CO, uptake observed for pelletised ZIF-8
versus pristine ZIF-8 and the reduced peak height in the
PXRDs (Fig. S51).

N, adsorption experiments indicate retained porosity of
ZIF-8 in the 50-70 wt% ZIF-8 composites, with reasonable BET
surface areas (327-628 m” g~') calculated for the composites
(Fig. 7 and Table S117).

N, capacity is highest for the (ZIF-8),,(Inorganic),; and
lowest for (ZIF-8),¢(Inorganic), 4, a different trend to what is
observed for the CO, uptake. Discrepancies in uptake trends
can be attributed to differences in the polarisability and
kinetic diameters of CO, and N, adsorbates. The composites’
CO, isotherms (Fig. S60t) exhibit a near-linear shape until a
relative pressure of ca. 0.03, commonly observed for this type
of ZIF and observed for the ZIF-8 and pelletised ZIF-8
samples.”® As the wt% ZIF-8 increases in the 50-70 wt% ZIF-8
composites, there is a slight deviation from linearity to a
Langmuir-type isotherm at 273 K when compared to the iso-
therms at 283 K (Fig. S607). This deviation suggests the pres-
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Fig. 7 N, gas sorption isotherms at 77 K for pelletised ZIF-8 (0.22 GPa),
(ZIF-8)o.5(Inorganic)g s, (ZIF-8)g g(Inorganic)g 4 and (ZIF-8) s(Inorganic)e 3
composites. Closed and open circles indicate adsorption and desorption
respectively.

ence of polar sorption sites promoting interactions with CO, at
283 K or the occurrence of additional voids in the samples
facilitating faster diffusion. Additionally, higher uptake at
283 K in comparison to 273 K in the case of
(ZIF-8), ;(Inorganic), ; composite suggests either chemisorp-
tion or enhanced diffusion taking place at higher temperatures
because of additional pore openings. The absence of visible
desorption hysteresis for the (ZIF-8),(Inorganic),; isotherm
at 283 K indicates that additional pore openings likely contrib-
ute to the differences in the isotherms, which explains the
improved BET surface area for this composite. The CO, iso-
therms at 273 K and 283 K, as well as the N, isotherms, for the
50-70 wt% ZIF-8 composites show negligible desorption hys-
teresis, in contrast to the 10-40 wt% ZIF-8 composites, where
visible hysteresis is observed. This could be the result of the in-
organic glass partially encapsulating the ZIF-8 in the compo-
sites with higher wt% inorganic glass. However, when the in-
organic content decreases, additional pore openings of the
50-70 wt% ZIF-8 composites lead to higher CO, uptake values
and negligible hysteresis.

Overall, these results suggest suitability of the composites
for applications involving N, uptake and separation, whereby
the mechanical barriers of pristine ZIF-8 are circumvented.

Thermal behaviour of ZIF-8 in the glass matrix

To assess the effect of the inorganic glass on the response of
ZIF-8 to temperature, especially considering the degree of flexi-
bility exhibited by ZIF-8 in response to external stimuli, in situ
variable temperature PXRD (VI-PXRD) measurements were per-
formed on the (ZIF-8),s(Inorganic),s composite and a ZIF-8
control sample, both heated to 355 °C (Fig. S62-647). The control
was prepared under the reaction conditions of 0.22 GPa, 200 °C
for 30 minutes. TGA on the (ZIF-8),5(Inorganic),s composite
shows a T4 of 300 °C (Fig. S617).

The behaviour of the (ZIF-8),s(Inorganic)y,s composite
upon heating between 30 and 130 °C shows a slight increase

This journal is © The Royal Society of Chemistry 2024
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in the cell volume of ZIF-8 in this temperature range (linear
thermal expansion coefficient, a, = 10.5 x 10°® K™'). This is
consistent with molecular dynamics simulations, which
predict positive thermal expansion of ZIF-8, in corroboration
with experimental VI-FTIR data showing slight lattice expan-
sion below 200 °C (Fig. $641).%® At 155 °C, as the inorganic
glass enters its supercooled liquid state, there is small unit cell
volume decrease of 0.31% until 180 °C.

After 180 °C, there is a linear increase of the unit cell until
300 °C (@, = 22 x 107° K™"). Positive thermal expansion in this
region is consistent with pristine, evacuated ZIF-8 in the litera-
ture (@, = 9.2 x 107° K™), but ZIF-8 in the composite has a
larger coefficient of linear expansion (Fig. 8).*” At 300 °C, the
unit cell volume begins to decrease as sample decomposition
occurs, also evident in the increased Rietveld R, fitting values
and a noticeable decrease in Bragg peak heights (Fig. S64 and
Table S137). Overall, the ZIF-8 encased within the glass matrix
behaves in a similar manner to pristine ZIF-8 except across the
glass transition temperature range.

The behaviour of ZIF-8 in this composite at T, is in contrast
with composites consisting of flexible MIL-118, [Al,(OH),
(C100sH,)], encased in a,ZIF-62, where the unit cell volume
increased as the glass matrix softened.*® A possible, tentative
explanation for this difference is that during composite for-
mation the ZIF-8 is heated to a T, of 200 °C, where it expands
and is held in this slightly expanded form by the inorganic
glass because of interactions between the two phases; inter-
actions have been suggested by PDF and thermal analysis.
Moreover, several studies have investigated the behaviour and
flexibility of the 2-methylimidazolate linker in ZIF-8 across
various temperature ranges, including the temperatures used
in this study, which would support the framework’s ability to
deform slightly.”*° As the composite is heated to the Ty in the
VT-PXRD experiments, this slightly expanded unit cell can
revert to its thermodynamic equilibrium value as the viscosity

5000 T T T T T
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Fig. 8 Refined unit cell volume of the (ZIF-8)q s(Inorganic)gs compo-
site, where two regions of volumetric expansion have been fitted. The
straight-line fit of first region (30—130 °C) has been extrapolated (dotted
line). The slopes of both lines were calculated using the linear thermal
expansion coefficients obtained from the corresponding lattice para-
meter-temperature graph.
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of the glass starts to decrease and its thermal expansion coeffi-
cient increases. This behaviour is linked to the noticeable
increase in thermal expansion coefficient of phosphate glasses
at Tp.”' After the glass transition range, the ZIF-8 expands
faster (@, = 22 x 107° K™') within the now less-viscous glass,
exhibiting a larger lattice coefficient than pristine ZIF-8 in the
literature (@, = 9.21 x 10~° K™*) from 200-500 °C.*”

These results shed light on the thermal behaviour of the
composite, which is important for its potential use in appli-
cations requiring dynamic temperature control. It is also
crucial from a microscale perspective, where the thermal
response is closely linked to the MOF’s pore size and shape,
which is important for applications such as gas uptake/storage
and separation. For these applications specifically, pore size
affects host-guest interactions and lattice stiffening, observed
for some MOFs such as ZIF-8 when heated. These effects can
improve gas capture performance and selectivity.’?
Additionally, the results provide insight into the effect that
ball milling, pressure and heating have on pristine ZIF-8 versus
ZIF-8 encased in an inorganic glass matrix, shown by the con-
trasting changes in unit cell volume between the samples
across the experimental heating range.

Conclusions

In this study, we have described the fabrication of a compo-
sitional series of MOF-CIGCs, (ZIF-8),(20Na,0O-10NaCl-
70P,05);_y, expanding the library of potential host matrices for
crystalline MOFs. Crystalline ZIF-8 (20-40 wt%) was success-
fully stabilised in an inorganic glass matrix, confirmed by 'H
NMR, FTIR, Raman spectroscopy and PXRD analysis.
Difficulties arose when assessing preservation of ZIF-8 within
the (ZIF-8),.1(Inorganic), o composite because of the low wt%
of ZIF-8 in the composite. Nonetheless, evidence for the pres-
ence of ZIF-8 in this composite was provided by Raman spec-
troscopy, PXRD (where two ZIF-8 Bragg peaks were evident),
PDF MLR analysis and SEM. Additionally, CO, sorption ana-
lysis indicated an increased uptake of CO, by the
(ZIF-8), 4 (Inorganic)y o composite relative to the inorganic
glass, also suggesting preservation of ZIF-8 in the composite.

Distinct endothermic features in the temperature range
around the inorganic glass’ T, were visible in the DSC upscans
of the 20-40 wt% ZIF-8 composites, indicating preservation of
the inorganic component. The (ZIF-8),,(Inorganic), ¢ compo-
site displayed two, unassigned features in the DSC upscans in
the region of the inorganic glass’ transition temperature.

SEM imaging revealed the flow of the glass around the
ZIF-8 particles, showing reasonable chemical compatibility
between ZIF-8 and the glass in the 10-40 wt% ZIF-8
composites.

Additionally, air stability tests on the (ZIF-8), 4(Inorganic)e ¢
composite indicated retention of ZIF-8’s crystallinity, despite
the decreased height of the ZIF-8 Bragg peaks, after three
weeks of air exposure. Furthermore, the composite pellet
maintained its cohesive morphology despite its water uptake.
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Interfacial interactions, which are key for mechanical per-
formance, between the ZIF-8 and glass matrix were analysed by
total scattering PDF data on the 10-40 wt% ZIF-8 composites,
in which a potential Zn---O-P bond was proposed based on the
location of a residual peak obtained from MLR analysis,
present in the residuals of all four composites.

The thermal behaviour of a MOF-CIGC containing
50:50 wt% ZIF-8: inorganic glass was studied by VT-PXRD.
Rietveld refinements indicated a small unit cell contraction of
the ZIF-8 in the composite over a temperature range coinciding
with the inorganic glass’ glass transition, allowing small
changes in the ZIF-8’s lattice parameter as the glass entered its
supercooled liquid state, in line with the known decreased vis-
cosity and increased thermal expansion of inorganic glasses
upon heating to T,. Such information is important for deter-
mining suitable applications of these composites, where
thermal expansion may or may not be desired.

A relatively high ZIF-8 loading (70 wt%), the active com-
ponent for applications, was achieved for the glass matrix.
Importantly, the CO, adsorption capability of the MOF-CIGCs
increased non-linearly as the incorporation of ZIF-8 increased
up until 50 wt% ZIF-8, showing the gas uptake capability of
ZIF-8 was retained in the synthesised composites. After
50 wt% ZIF-8, the CO, adsorption values decreased, in line
with the decreased height of the ZIF-8 Bragg peaks of the com-
posites. N, adsorption experiments were also performed on
the composites comprising higher amounts of ZIF-8
(50-70 wt%), where the composites demonstrated adequate N,
uptake. Gas sorption results indicate these composites would
be desirable for applications requiring uptake capacity in
devices consisting of different shapes, in which the microcrys-
talline nature of ZIF-8 and other MOFs is unsuitable.
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