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Introduction

Metal-organic frameworks (MOFs) are a class of materials
composed of inorganic nodes joined by organic linkers." The
high porosity of many MOFs has led to a wide range of
reported applications in gas storage, separation and
catalysis,”™ though their microcrystalline nature has necessi-
tated research into the formation of industrially suitable
macroscale MOF architectures such as pellets, monoliths, and
thin films.>®> Composite materials have also been produced in
which the MOF crystallites are embedded in a matrix.
Examples include mixed-matrix membranes (MMMs), which
contain crystalline MOFs embedded within an organic
polymer matrix.'® Other composite materials reported include
MOF crystal-glass composites (MOF-CGCs), formed through
the combining of the crystalline and glassy states of MOFs in
the same material,""* or those formed by growing MOFs
within activated carbon matrices."®

The chemical, mechanical, and thermal stabilities of func-
tional MOF structures are also important considerations in
their in-service use. Zeolitic imidazolate frameworks (ZIFs) are
a subset of MOFs comprised of divalent metal cations co-
ordinated tetrahedrally by imidazolate linkers,"* whose stabi-
lity has been extensively studied.'® Advantages of ZIFs include
their thermal stability in a wide variety of atmospheres,
though care needs to be taken given their reported acid sensi-
tivity and weak mechanical stability under ball-milling."®"”
Further problems arise when considering stability during com-
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The thermal behaviour of ZIF-8, Zn(melm), in the presence of a sodium fluoroaluminophosphate glass
melt was probed through differential scanning calorimetry and thermogravimetric analysis. The structural
integrity of ZIF-8 was then determined by a combination of powder X-ray diffraction, Fourier transform
infra-red and *H nuclear magnetic resonance spectroscopy.

posite formation, such as reported correlations between incor-
porated ZIF amount, and mechanical failure in MMMs."®*°
Motivated by the promising results obtained when using a
ZIF glass matrix to embed a variety of different crystalline MOFs
into composite materials,""'*?° this work examines the possi-
bility of expanding the MOF CGC concept, to incorporate struc-
tures in which the glass matrix is an inorganic glass. This
would greatly expand the range of different matrices available,
as the number of glass forming MOFs is extremely limited com-
pared to the vast amount of known inorganic glasses. In order
to form a successful MOF-inorganic CGC two criteria must be
fulfilled: (i) Thermal compatibility; a processing temperature
must be found at which the inorganic glass matrix is sufficiently
above its glass transition (T}), that its viscosity is low enough to
promote mixing and composite formation. The temperature
however, should also be low enough that the crystalline MOF
remains thermally stable. (ii) Chemical compatibility; the MOF
crystal inorganic glass pair must have compatible chemical
bonding such that they can be bonded at the interface to
produce a robust material, and no reactions which promote
decomposition should occur during high temperature liquid
phase mixing between the MOF and inorganic components.
Previous work has demonstrated successful composite for-
mation between ZIF-62 (Zn(Im); ;5(bIm)y,s Im = imidazolate
C3H;3N, ™, bIm = benzimidazolate C;H;N,”) glass and a series
of fluoroaluminophosphate glasses, where the final composite
material formed was composed of separate inorganic glass
and ZIF-62 glass domains which displayed bonding at the
interface.>' That work therefore indicates that these glasses are
chemically compatible with ZIF-62 and therefore may imply a
more general chemical compatibility with other ZIF frame-
works. The lowest T, glass of the series, 78([Na,O]; ¢[P,0s5])-22
([AlO; 5][AlF;]o.7), was selected for use as a matrix material in
this study because it would enable the use of the lowest proces-
sing temperatures and therefore increase the likelihood of the
crystalline MOF being thermally compatible. ZIF-8, Zn(meIm),
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Fig. 1 (a) Local structure around the zinc centre in ZIF-8. (b) Unit cell of
ZIF-822 viewed down the b axis. Element key. N: blue, C: grey, Zn: green,
H omitted for clarity. (c) Schematic of the local bonding around the
phosphorous and aluminium polyhedra in the inorganic glass, m indi-
cates phosphate tetrahedra of varying polymerisation (chains, branching,
etc.). The degree of localisation of the PO double bond depends on the
local P environment.

(meIm = 2-methylimidazolate, C,HsN,”), was chosen as it is
the ‘prototypical’ crystalline ZIF, whose properties and struc-
ture have been extensively studied and which is available com-
mercially under the name Basolite® Z1200. ZIF-8 is a monolin-
ker framework (Fig. 1a) with the cubic space group 43m and
the sod topology (Fig. 1b).?*** The local structure of the in-
organic glass is composed of unconstrained tetrahedrally co-
ordinated phosphate chains, which are strongly bonded to
highly constrained, octahedrally coordinated aluminiumoxy-
fluoride islands, Al(OP),F, (Fig. 1c) **

Experimental
Syntheses

Synthesis of ZIF-8. ZIF-8 was synthesised using a method
previously reported in the literature. Zinc nitrate hexahydrate
(8.75 g, 29.41 mmol) was added to 2-methylimidazole (5 g,
60.9 mmol) and both powders were dissolved in N,N-dimethyl-
formamide (DMF) (375 ml). The mixture was covered and
stirred for 1 hour at room temperature to ensure a hom-
ogenous solution. The solution was then decanted in equal
volume amounts into 5 solvothermal jars, which were then
heated at 120 °C for 24 hours. The product was then collected
under vacuum and washed with DMF to yield a light-yellow
crystalline powder (yield 64% by mol Zn).
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Synthesis of the inorganic glass 78([Na,O]; ¢[P,0s])-22
([AlO, 5][AlF;];). High purity reagents (optical grade) of
NaPO; (66.3 g, 108.37 mmol) and AlF; (13.7 g, 163.2 4 mmol)
were melted in a Pt crucible in an electric muffle furnace. Due
to the known volatility of fluoride, care was taken to initially
melt at 800 °C for one hour to allow NaPO; to melt and dis-
solve the AlF;, before heating to 850 °C for 30 min to achieve
homogeneity and then pouring onto a room temperature brass
plate. The glass was then pulverized in a Retsch PM
100 grinder at 350 rpm with 1 min intervals for 30 min using
Siz;N, balls (with roughly equal sample and ball volume).

Production of composite samples. The as-synthesised ZIF-8
and 78([Na,Ol; ¢[P,0s])-22([AlO; 5][AlF;], ;) glass were added in
appropriate ratios, to a total mass of 1.6 g, into a 15 ml stain-
less steel jar. The powders were mixed through ball milling
with one 5 mm stainless steel ball for 5 minutes at 25 Hz in a
Retsch MM400 grinder mill. These ball-milled powdered mix-
tures were then activated by soaking in n-butanol for 24 hours
followed by vacuum filtration and heating under vacuum at
120-130 °C for 24 hours. Pellets of the evacuated powders were
produced by placing 200 mg samples of the ball-milled powder
mixture into a 13 mm die and compacted using 10 tons of
weight applied for one minute. Heat treated samples were pro-
duced by heating approximately 10 mg samples of these
pellets in a TA instruments Q600 SDT to either; (i) 450 °C for
30 minutes or (ii) 480 °C for 1 minute, under argon at 10 °C
min~". Following this, samples were cooled under argon to
150 °C at 10 °C min~" and then in air to room temperature at

approximately 40 °C min™".

Thermal properties measurements

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) curves were recorded using a TA instruments
Q-600 series differential scanning calorimeter. Approximately
10 mg of powdered sample was placed in open alumina cruci-
bles. The samples were left to equilibrate for 5 minutes under
argon before any heat treatment. Heating and cooling rates,
under argon, of 10 °C min~" were used. Data were analysed
using TA Universal Analysis software, and the glass transition
temperature (Ty ") and recrystallisation temperature (7¢'""®)
were determined using the onset of the gradient change and
the exothermic peak respectively.

Powder X-ray diffraction measurements (PXRD)

Data were collected using a B3 (BB) Bruker D8 DAVINCI diffr-
actometer using Cu Ka (4 = 1.5418 A) radiation and a LynxEye
position sensitive detector in Bragg-Brentano parafocussing
geometry. A 5-40° 26 angular range was used with a step size
of 0.02° and a step time of 0.75 s. Quantification of the
changes in ZIF-8 crystallinity was achieved via peak fitting in
Fityk.?® For further details see section 1 in the ESL

Fourier transform infra-red spectroscopy (FTIR)

FTIR spectra of the powdered samples, approx. 2 mg, were col-
lected on a Bruker Tensor 27 FTIR spectrometer in attenuated
total reflection mode. All scans had a resolution of 4 cm™. A
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background scan was collected between each sample.
Quantification of relative changes in ZIF-8 and inorganic glass
via curve fitting is discussed in section 2 of the ESI.}

'H nuclear magnetic resonance (NMR) spectroscopy

Approximately 6 mg of sample powder was digested in a
mixture of DCI (35%)/D,O (0.1 ml) and DMSO-d¢ (0.6 ml) and
the spectra recorded using a Bruker 500 MHz DCH Cryoprobe
Spectrometer. Processing and analysis were conducted in
TopSpin (3.6.1). A more detailed discussion of the D,O peak
present in all the samples can be found in section 3 in the ESL}

Scanning electron microscopy (SEM) and image analysis

In order to get an initial estimate of the particle size of the
ZIF-8, evacuated samples were prepared for SEM by mounting
on pin stubs using carbon tape. The powder was then coated
with palladium using an Emtech K575 sputter coater with a
deposition current of 40 mA under a pressure of 1 X 10> mbar
for approximately five minutes. These samples were then
imaged using a FEI Nova NanoSEM scanning electron micro-
scope detecting backscattered electrons. Samples of evacuated
ZIF-62 [Zn(Im), ;5(bIm)y,s] used to form composites with
fluoroaluminophosphate glasses in a previous study*' were
prepared identically and also examined to provide a point of
comparison. Although these images where useful for a quali-
tative estimate of the particle size of each framework, agglom-
eration made a quantitative estimate impossible. Following a
method reported in the literature,”” samples of ZIF-8 and
ZIF-62 were each hand ground using a pestle and mortar for
30 seconds before being suspended in methanol via soni-
cation. Two droplets of each framework suspension were
pipetted on to carbon tape mounted on pin stubs. The metha-
nol was allowed to evaporate before the samples were coated
with palladium as above. These samples were imaged using a
Thermo ScientificTM Phenom ProX scanning electron micro-
scope also using backscattered electrons. Image processing to
quantify particle size was conducted using Ilastik®® and the
Fiji*® distribution of Image],*® for further details refer to the
ESL.{ The authors thank Lambda Photometrics Ltd for the use
of this microscope.

Results and discussion

ZIF-8 and 78([Na,O]; ¢[P20s])-22([AlO; 5][AlF;3], ), the latter of
which is referred to from here on as the inorganic glass, were
synthesised  according to  published reports (see
Experimental)*"** and then ball milled together in the appro-
priate quantities to produce samples containing 5 wt%,
10 wt%, 15 wt% and 30 wt% ZIF-8 respectively. These samples
were subsequently activated, and the crystallinity of the ZIF-8
confirmed through powder X-ray diffraction (PXRD) (Fig. S1
and S2 ESI}). These evacuated ball-milled mixtures are sub-
sequently referred to as X wt% ZIF-8 in the text.

The thermal responses of the samples were measured
during heating at 10 °C min™" to 600 °C under argon (Table S1
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and Fig. S3 ESIt). The differential scanning calorimetry (DSC)
heating curve of the inorganic glass control was flat until a
glass transition (T,) with an onset at 350 °C, which was fol-
lowed by an exotherm, with an onset of 530 °C, ascribed to
recrystallisation. The heating curve of a ZIF-8 control sample
was relatively featureless until around 500 °C, then became
rapidly endothermic, in accordance with thermal decompo-
sition (Fig. S3 ESIf). The 5 wt%, 10 wt% and 15 wt% ZIF-8
samples displayed similar behaviour to the inorganic glass,
with T,s between 350-360 °C followed by exotherms with
onsets at approx. 520 °C (Table S1 ESIT). The recrystallisation
exotherm in the 30 wt% ZIF-8 sample was much shallower and
harder to unambiguously assign, this is ascribed to the
increased ZIF-8 content.

The mass curves of the controls and samples were also
measured by thermogravimetric analysis (TGA) (Fig. 2). The
mass curve of the inorganic glass control showed a small loss
of approx. 1% at 600 °C. A small peak in the mass curve was
observed at approx. 540 °C, coinciding with the exotherm in
the DSC curve and attributed to an increase in noise during
recrystallisation. The ZIF-8 control lost approximately 3% of its
mass before 500 °C, indicating successful activation of the
framework. Above 500 °C, the mass loss increases sharply, in
line with the rise in the DSC baseline and further confirming
this as the onset of decomposition (75¥8). The 5 wt% and
10 wt% mixtures have mass curves that show intermediate
behaviour between the controls, as would be expected from a
rule of mixtures, however after 400 °C the 15 wt% and 30 wt%
samples both lost mass at a faster rate than the ZIF-8 control.

In order to examine this unexpected effect the following
construction was used; the average mass percentage signals
measured from the inorganic glass control, m™8, and ZIF-8
control, m*'* (Table S1 ESI{) were combined in the appropri-
ate mass proportions, x“F and x™°® respectively, as a

100
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® 96
@©
= - - - Inorganic Glass
94 | —5wt% zIF-8
—— 10wt% ZIF-8
921 | —— 15wt% ZIF-8
94 + 00l | —30wt% zIF-8
- — - ZIF-8 Control
88
86 , .
200 400
92 T T T
300 400 500

Temperature (°C)

Fig. 2 Thermogravimetric analysis (TGA) curves of the ZIF-8, inorganic
glass and composite samples in the region 250-550 °C. Inset: the same
TGA data shown over the full measured range.
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measure of the mass loss that would be expected from a non-
interacting mechanical mixture of the ZIF-8 and inorganic
(m(T)non-int).

m(T)non-int _ xZIFm(T)ZIF + xlnorgm(T)Inorg (1)

This can then be subtracted from the mass signal directly
measured for each of the mixtures in order to approximate the
mass loss due to interaction between the inorganic glass and
ZIF-8 (Am(T)):

Am(T) _ m(T)mixture . m(T)non-int (2)

The results of this calculation (Fig. 3) reveal that below
300 °C all Am(T) values are near zero, indicating relatively
little interaction between the ZIF-8 and inorganic glass
powder. However, at elevated temperatures, all samples lose
more mass than would be expected from a non-interacting
mixture (Am < 0). Although Am(T) is consistently negative
above 300 °C, at T > 400 °C the gradient increases rapidly.
Above 520 °C, i.e. in the region in which the ZIF-8 control
decomposes on its own, Am(T) begins to level off.

To further investigate the origin of this effect, the X wt%
ZIF-8 samples were compressed into pellets to promote pro-
duction of mechanically robust composites (see
Experimental). Heat treatments of 450 °C for 30 minutes and
480 °C for 1 minute were selected as a compromise between
promoting flow in the inorganic glass to join the ZIF-8 and
glass together into a solid body, while avoiding decomposition
of the ZIF-8 and recrystallisation of the inorganic glass. These
samples were produced by heating in a DSC-TGA experiment
(see Experimental).

PXRD was then conducted on the X wt% ZIF-8 composites,
as well as the ZIF-8 and the inorganic glass controls before
and after heat treatment (Fig. S4-S9 ESIt). The area under the
three most intense peaks of the ZIF-8, at approximately 7.3,

Tignorg. Tg\FJﬁ
0 -
-1 4
g 29
§
-3 4
— 5wt% ZIF-8
4 — 10wt% ZIF-8
7 — 15wt% ZIF-8
—— 30wt% ZIF-8
-5
-6 T T T T 1
100 200 300 400 500 600

Temperature (°C)
Fig. 3 Am(T) for the X wt% ZIF-8 samples. The glass transition temp-

erature of the inorganic glass (T§°"®) and the approximate onset of ZIF-8
decomposition as measured from the control (T4F-8) are indicated.
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12.7 and 18.0° 26, was used as metric for the relative change in
crystallinity across the series (see section 1 in ESI}), and
expressed as a fractional percentage of the peak area in the
evacuated, ball-milled ZIF-8. The results show that some crys-
tallinity is lost on pelletisation in the case of the ZIF-8 control
and the 30 wt% ZIF-8 sample, but relatively little change is
observed in the 5, 10 and 15 wt% ZIF-8 samples (Fig. 4,
Table S2 ESIf). This difference is ascribed to the effect of the
relatively dense and rigid inorganic glass, which shields the
ZIF-8 from some applied stress. The 30 wt% sample displays
far less stress-shielding than the other samples due to its
higher fraction of ZIF-8; estimated as being over 50% by
volume using densities reported in the literature.>"**

These results also show that while the crystallinity of the
ZIF-8 control did not decrease further on heating, the crystalli-
nity of all the X wt% ZIF-8 samples was reduced on heat treat-
ment, with some samples appearing completely amorphous
after heat treatment (Fig. 4, Table S2 ESIt).

ZIF-8 decomposition at elevated temperatures and in
different atmospheres has previously been studied by FTIR
spectroscopy.>® FTIR of the ZIF-8 control samples contained
peaks matching those recorded in the literature for as-syn-
thesised ZIF-8, except for a broad peak at approximately
3000 ecm™', due to O-H bonding, the absence of which in
these samples is attributed to framework activation (Fig. S10
ESIT). The FTIR spectra of the ZIF-8 controls were unchanged
upon heat treatment (Fig. S10 ESI}). The inorganic glass con-
trols showed very broad absorbances (Fig. S11 ESIt), which is
typical of IR spectroscopy on glasses where the high degree of
structural disorder leads to a wide variety of similar
vibrational modes.** The positions of these peaks were found
to match those reported for other polymeric phosphates
(Fig. S11 ESIt).**?! The heat-treated and pellet pressed in-
organic glass controls also showed very little change. A band
at approximately 2300 cm ™", which is observed in all samples
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Fig. 4 Change in crystallinity, relative to the ball-milled evacuated
ZIF-8 control. Inset: the heat treated and pellet pressed samples.
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and controls, though with very variable intensity, was
ascribed to atmospheric CO, present in the open measure-
ment set-up.*”

In order to investigate the changes in the relative pro-
portions of the inorganic glass and ZIF-8 in the samples
during heat treatment, the area under the ZIF-8 peak at
1440 cm™" and the inorganic glass peak at 910 cm™" were inte-
grated and a ratio taken (see section 2 in ESI}). These ratios
show a general decrease in ZIF-8 content on heat treatment
(Fig. S12-23, Table S3 ESIT). Peaks at 904 cm ™', 1041 cm™,
1251 em™ and 2200 ecm™' are reported in the literature to
appear upon decomposition, and are ascribed to disordering
in the CN bonding and the formation of aliphatic amines.*>
Some of these peaks are indeed observed in the 10 wt%,
15 wt% and 30 wt% samples on heat treatment, though
due to the inorganic glass background their unambiguous
assignment is difficult. They are not observed in the 5 wt%
sample, which is due to the overall low ZIF-8 content
(Fig. S12-23 ESI¥).

To confirm that the reduction in Bragg scattering in PXRD,
and relative ZIF-8 peak intensity in FTIR coincides with a
reduction in the amount of 2-methylimidazole, 'H NMR spec-
troscopy was conducted on the 15 wt% ZIF-8 sample heated to
450 °C for 30 minutes (Fig. S24-28, Tables S4 and S5 ESIf).
This sample was selected because it showed a substantial drop
in ZIF-8 content, as measured by PXRD and FTIR. Although
peaks matching those of the ZIF-8 control were observed, their
integration trace had fallen by a factor of five relative to the
non-heat-treated sample, using the DMSO-d6 peak as a stan-
dard (Fig. S24-28, Tables S4 and S5 ESIT). This confirms the
results of the FTIR experiments, showing that the 2-methyl-
imidazolate linker is destroyed during heat treatment, and
indicates that the reduction in the intensity of the Bragg peaks
is due to decomposition of the linker and not to thermal amor-
phisation of the framework. However, no decomposition pro-
ducts could be observed in the "HNMR results. This is
explained by decomposition being reported as proceeding via
formation of tertiary amines with no H environments.*?

The results presented here indicate that an interaction
occurs between ZIF-8 and the inorganic glass, which has a
destabilising effect on the ZIF framework. The fact that Am(T)
becomes rapidly more negative at temperatures above 400 °C,
i.e. approx. 50 °C above Ty"%, is consistent with increasing
decomposition due to a more intimate mixing between the in-
organic and the ZIF, i.e. mixing occurring when the inorganic
glass is sufficiently fluid. PXRD data indicate the reduction or
complete loss of crystallinity on heating the pellet pressed X
wt% samples. FTIR and "H NMR confirm that this loss is due
to linker decomposition rather than amorphisation of ZIF-8.
New peaks that emerged during heat-treatment in the FTIR
spectra are consistent with those previously reported as being
observed during decomposition of ZIF-8 in the literature.*?
This indicates that decomposition in the inorganic
ZIF-8 mixtures may proceed via a similar mechanism to
decomposition of the pure ZIF-8, but that it occurs at a lower
temperature due to the presence of the inorganic glass.

This journal is © The Royal Society of Chemistry 2021
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Previous work has shown that ZIF-62 formed stable com-
posites with this inorganic glass and so the instability of
ZIF-8, a framework with a similar chemistry, is somewhat sur-
prising.”! SEM on evacuated and dispersed samples of both
frameworks coupled with image processing and analysis (see
section 4 ESIt) confirmed that this difference was not due to
a drastically smaller particle size in the ZIF-8 relative to
the ZIF-62, with the ZIF-8 in this study having a
comparable range of particle sizes to the ZIF-62 used pre-
viously (Fig. S29-S34 ESIf).

This leaves differences which are intrinsic to the two frame-
works, namely linker chemistry and framework topology,
which have both been found to be key factors in determining
framework stability.*® More dense frameworks, for example,
are reported as being more stable due to enhanced dispersion
interactions between the linkers,’” and so the instability of
ZIF-8 relative to ZIF-62 could therefore be ascribed to its lower
framework density.>>*® The addition of a methyl group to the
imidazole ring has also been shown by molecular dynamics
simulations to have a substantial effect on the high-tempera-
ture dynamics around the Zn centre®® and so will also have an
effect on the linker reactivity.

These findings illustrate the difficulty of finding chemically
compatible MOF-inorganic glass pairs. Interfacial interactions
are inherently difficult to characterise due to the small size of
interfacial regions relative to the bulk of both components in
the composite. This means that interface specific interactions,
though vital to successful composite formation, are often not
observed by bulk experimental methods. Moreover, inter-
actions at the interfaces involving decomposition may be even
more difficult to fully characterise due to the transient nature
of the decomposing ZIF framework which makes ex situ
measurement difficult. The results here underscore the
inherent difficulty of predicting chemical compatibility ahead
of time.

Conclusions

In conclusion the presence of an inorganic glass, 78
([Na,O]y.6[P205])-22([AlO; 5][AlF;]o ;), was found to have a dele-
terious effect on the thermal stability of the ZIF-8 framework.
However the combination of a crystalline MOF component
with an apposite inorganic glass to create a porous composite
with the high specific surface areas and chemical selectivity
typical of MOFs, combined with the rigidity, processability and
mechanical properties of inorganic glasses remains a worth-
while research objective. The use of low T, inorganics would
allow processing at lower temperatures in which the MOF com-
ponent is more intrinsically stable. However the nature of the
viscosity change of the inorganic glass above Ty, i.e. strong vs.
fragile glass formers,*® may play a more important role than
absolute processing temperature, as may the availability of
oxygen anions in the melt, as measured by the optical basicity
of the glass.*’ Both MOFs and glasses display a wide variety of
chemistries and physical properties, indicating that the scope

Dalton Trans., 2021, 50, 3529-3535 | 3533
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of potential composite pairs is likely to be very broad.*®*? This
study, combined with the fact that previous work had illus-
trated the compatibility of the same inorganic glass with
another ZIF framework, also illustrates the difficulty of predict-
ing the compatibility of a given MOF-inorganic glass pair a
priori, and therefore underscores the need for a set of general
research guidelines are to help guide further research efforts.
Once compatible MOF crystal - inorganic glass pairings have
been discovered, it is hoped that studies can also expand to
examine the functional properties of such composite
materials, i.e. via gas sorption studies, however in this case the
inherent instability of the samples precluded such work.
However, in spite of this, the authors hope that these results
demonstrate an experimental methodology for determining
the viability of a given MOF-inorganic glass pair, and that such
a methodology can be used as the basis of a screening process
to find compatible chemistries in the future.
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