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Investigating the melting behaviour of
polymorphic zeolitic imidazolate frameworks+
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Recently, there has been growing interest in the amorphous states of metal-organic frameworks (MOFs).
Particular focus has been given to melt-quenched MOF glasses. In this work, to improve our understanding
of the factors influencing melting, the thermal response of four closely related zeolitic imidazolate

Received 17th March 2020,
Accepted 6th May 2020

DOI: 10.1039/d0ce00408a

frameworks (ZIFs) was studied. Electron withdrawing ligands were found to lower both the melting and
glass transition temperatures, providing a promising strategy for improving the processability of MOFs in
the liquid state. Crucially, dense frameworks appear to be essential for melting, with their presence also

initiating the melting of open pore frameworks. This opens up the rich polymorphic landscape of ZIFs to

rsc.li/crystengcomm

Introduction

The field of metal-organic frameworks (MOFs) has developed
considerably in the last 30 years."™ MOFs are composed of
metal-containing nodes, known as secondary building units
(SBUs), connected by organic linkers.* The symmetry and
connectivity of the nodes and linkers influence the resulting
framework topology.® The high internal surface area of
MOFs along with the potential for open metal sites has
prompted research into their potential applications as
sorbents, catalysts and biomedical materials.” " Other
applications as molecular sensors and redox active materials
are also beginning to emerge.'? Facile solvothermal synthetic
methods combined with the large number of metal nodes
and organic linkers available has led to the crystal structures
of over 80000 MOFs being deposited in the Cambridge
Structural Database."

Recently, there has been growing interest in the
physical properties of MOFs, with framework flexibility

“ Department of Materials Science and Metallurgy, University of Cambridge,
Cambridge, CB3 OFS, UK. E-mail: tdb35@cam.ac.uk

b Institute of Materials Research (IIM-UNAM), Circuito Exterior, Ciudad
Universitaria, Coyoacdn, 04510, D. F., Mexico

¢ Cavendish Laboratory, University of Cambridge, Cambridge CB3 OHE, UK

4 Diamond Light Source Ltd, Diamond House, Harwell Campus, Didcot,
Oxfordshire, OX11 ODE, UK

¢ISIS Facility, Rutherford Appleton Laboratory, Harwell Campus, Didcot,
Oxfordshire, 0X11 0QX, UK

t Electronic supplementary information (ESI) available. CCDC 1990640. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
d0ce00408a

This journal is © The Royal Society of Chemistry 2020

the preparation of novel MOF liquids and glasses.

and defect incorporation being investigated.*™” The

thermo-mechanical stability of MOFs, and particularly the

changes which occur upon exceeding the limits of
stability, are also of increasing interest. Pressure or
temperature  induced solid-state = amorphisation, ie.

structural collapse without passing through a liquid phase,
has been studied in a number of structural families."®"
Solid-liquid transitions, or melting, have also been
observed in MOFs, though the majority of work centres
on one family, known as zeolitic imidazolate frameworks
(zIFs).'7**>* Additionally, some 1D and 2D coordination
polymers have been reported to melt, particularly by
Horike et al.**7*

ZIFs are composed of divalent transition metal ions
connected by imidazolate (Im - C3H;3N, ) based linkers; they
gain their name from their structural similarity to zeolites.?*™*
First-principles molecular dynamics simulations have
demonstrated that melting of ZIFs occurs on a picosecond
timescale: rapid de-coordination of an imidazolate linker from
a metal ion is followed by dissociation and re-coordination of a
new linker in its place.”*** The temperature at which the
transition to the liquid state is complete is referred to as the
melting temperature (7,,). The liquids formed upon heating
can then be quenched upon cooling, yielding melt-quenched
glasses.>***? On re-heating, MOF glasses exhibit a glass
transition (7T,) to a liquid-like state which is reversible on
cooling.’”?*%3 Several MOFs have been reported to retain
porosity to gases after melt-quenching and glass
formation.***” MOF liquids and glasses are thus an exciting
prospect not simply for their novelty but also for their
enhanced processability, ie. the feasibility of preparation of
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bulk MOF materials, compared to the more ubiquitous
crystalline powders.”*>°

The first example of a melting MOF was ZIF-4 [Zn(Im),],
which crystallises in an orthorhombic Phca space group with
the cag topology.”>*® It undergoes thermal amorphisation
on heating above 300 °C before recrystallising to a more
dense polymorph with the I4,cd space group and the zni
topology above 400 °C.***? This polymorph then melts at
T, = 593 0(,33:38,39

A number of mixed linker ZIFs also melt and form glasses
(Table 1). Of these materials, ZIF-62 and TIF-4 crystallise in an
orthorhombic Phca space group with the cag topology (TIF -
tetrahedral imidazolate framework).**%*° However, both forms
of ZIF-76 have a cubic crystal structure with the P43m space
group and the LTA topology.***” Interestingly, another open,
cubic framework, ZIF-8 [Zn(mIm),] (mIm - 2-methylimidazolate
- C4H;5N,7), decomposes prior to melting.****>** Theoretical
calculations performed by Gaillac et al. demonstrated ZIF-8
melts significantly above its experimental decomposition
temperature.”>*" This is attributed to the relatively high barrier
to linker diffusion between zinc tetrahedra due to the open
network structure.”>*>* 1t was concluded that dispersion
interactions from the framework stabilise the uncoordinated
linkers as they move to new metal sites during melting.*?
Consequently, denser frameworks will have more dispersion
interactions stabilising the linker and hence present a lower
energy barrier to dissociation.*® It is clear, therefore, that
framework topology and density are important factors
influencing melting.

The metal centre present within a ZIF can also alter its
melting behaviour. For example, a cobalt-containing analogue
of ZIF-62 [Co(Im);e5(bIm)ys5] (bIm - benzimidazolate -
C,H;N, ) melts at a lower temperature (432 °C) than the zinc-
containing material [Zn(Im), ,5(bIm), 5] (437 °C).** However,
the different stoichiometry of these two ZIFs may influence
their thermal response. For example, it has recently been
demonstrated that for mixed linker ZIFs composed of Im and
a bulkier linker such as bIm, reducing the concentration of
bIm in the framework can reduce the melting point of the
ZIF significantly (Table 1).*> However, the complete absence
of the bulky bIm linker leads to the formation of ZIF-4 and a
rise in the melting temperature due to recrystallisation to the
zni topology prior to melting.*® Further studies on mixed
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linker ZIFs demonstrated that the presence of a third ligand
also lowers the melting point by introducing more disorder
in the crystal structure.’” These examples highlight the
importance of framework chemistry on melting.

In order to expand the number of MOFs that melt prior to
decomposition and find novel MOF glasses with interesting
properties, the melting process must first be understood in
greater depth. However, it is still unclear how factors such as
crystal structure and chemistry can be used to control melting.
To investigate this, four closely related ZIFs were studied: TIF-4
[Zn(Im), g(mbIm),,], ZIF-UC-5 [Zn(Im), g(ClbIm),,], ZIF-76-
mbIm [Zn(Im)(mbIm)] and ZIF-76 [Zn(Im)(ClbIm)] (Fig. 1,
Table 2) (ClbIm - 5-chlorobenzimidazolate - C;H,N,Cl", mbIm
- 5-methylbenzimidazolate - CgH,N, ). These names are those
reported in the literature, though the chemical compositions
reported here are different due to the different synthetic
methods used.”>?%*7*%*3 The selection of these four materials
allows the effect of both linker chemistry and crystal structure
upon melting to be studied. For example, TIF-4 and ZIF-UC-5
contain different substituted benzimidazolate linkers: mbIm
and ClbIm. However, they both crystallise in an orthorhombic
Phca space group and have the cag topology. In addition, TIF-4
and ZIF-76-mbIm both contain tetrahedral zinc SBUs and Im
and mbIm organic linkers. However, TIF-4 crystallises in an
orthorhombic Phca space group with the cag topology whilst
ZIF-76-mbIm crystallises in a cubic P43m space group with the
LTA topology.

Experimental

Materials

Imidazole (99.5%), 5-chlorobenzimidazole (96%) and D,O
(20% DCI) were purchased from Sigma Aldrich. Dimethyl
sulfoxide (DMSO)-ds (99.8 atom% D, contains 0.03% (v/v)
tetramethylsilane (TMS)) was purchased from VWR. Zinc
nitrate hexahydrate (98%) and 5-methylbenzimidazole (98%)
were purchased from Alfa Aesar. N,N-Dimethylformamide
(DMF) (99.5%) and sodium hydroxide pellets were purchased
from Fischer Scientific. N,N-Diethylformamide (DEF) (99%)
and dichloromethane (DCM) (99.9% stabilised with amylene)
were purchased from Acros Organics. All materials were used
without further purification.

Table 1 Examples of ZIFs reported to melt. All values reported here are under ambient pressure. Raised pressures have been demonstrated to lower
the melting point.*”#® ZIF-62 (Zn) and ZIF-62 (Co) have been reported with a range of compositions so exhibit a range of melting temperatures and

glass transition temperatures

MOF Formula Space group Tm (°C) Ty (°C) Ref
ZIF-4 Zn(Im), Pbca 593 292 23, 33, 38, 49
ZIF-62 (Zn) Zn(Im),_(bIm), (x = 0.05-0.35) Phca 372-441 298-320 23, 34, 35, 49, 50
ZIF-62 (Co) Co(Im),_,(bIm), (x = 0.10-0.30) Phca 386-432 260-290 23, 34, 35, 49, 50
ZIF-76 isomorphs Zn(Im); 6(ClIbIm)o 35 Pi3m 451 310 37, 49

Zn(Im); 33(mbIm)g 7 Pi3m 471 317 37, 49
TIF-4 Zn(Im), 5(mbIm), 5 Pbca 467 343 23
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/ mbim
Im | ZnN, or
\4 Clblm

cag LTA

Fig. 1 Comparison of the cag (TIF-4 and ZIF-UC-5) and LTA (ZIF-76-
mblm and ZIF-76) frameworks and the components of both: Im, ZnN,4
tetrahedra and either mblm or Clblm. Atoms shown: carbon (black),
nitrogen (blue), zinc (green) and linker substituent (purple). Hydrogens
omitted from all structures for clarity. Linker substituent omitted from
LTA framework for clarity. Adapted from originally reported CIF
files.>04°

Table 2 Four ZIF systems studied in this work

MOF Formula Space group Topology
TIF-4 [Zn(Im), g(mbIm), 5] Phca cag
ZIF-UC-5 [Zn(Im), g(ClbIm), 5] Phca cag
ZIF-76-mbIm [Zn(Im)(mbIm)] Pi3m LTA
ZIF-76 [Zn(Im)(ClbIm)] Pi3m LTA

Characterisation techniques

Single crystal X-ray diffraction (SCXRD). Single crystal
X-ray diffraction data on a ZIF-76-mbIm crystal were collected
on an Oxford Diffraction Gemini E Ultra single crystal
diffractometer equipped with an Atlas CCD area detector. Cu
K, (4 = 1.54184 A) radiation was used. The experiment was
performed at 298 K on a single crystal (0.25 x 0.20 x 0.18 mm)
with a collection time of 2 hours to achieve completeness.
Structure solution was performed using SUPERFLIP (a
charge-flipping based program) and the refinement was
performed using SHELXL both in the WinGX suite version
2018.2.%47¢ See ESIt for full refinement details.

Powder X-ray diffraction (PXRD). Data were collected on a
Bruker D8 ADVANCE diffractometer equipped with a position
sensitive LynxEye detector. Cu K, (1 = 1.54184 A) radiation
was used. The samples were compacted into 5 mm disks and
rotated during data collection in the 20 range of 5-40° at
ambient temperature. Pawley refinements were performed
using TOPAS-Academic Version 6.°" Thompson-Cox-Hastings
pseudo-Voigt (TCHZ) peaks shapes were used along with a
simple axial divergence correction. The lattice parameters

This journal is © The Royal Society of Chemistry 2020
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were refined against reported values for the structure in the
26 range of 5-40°. The zero point error was also refined.

Differential scanning calorimetry (DSC). Data were
collected on a Netzsch DSC 214 Polyma Instrument. Heating
and cooling rates of 10 °C min" were used in conjunction
with a flowing argon atmosphere. Sealed aluminium pans
(30 puL) were used with a hole punctured in the lid to prevent
pressure build-up. An empty aluminium pan was used as a
reference. Background corrections were performed using the
same heating cycle on an empty aluminium crucible. The
melting temperature (7,,) was taken as the offset (the end
point) of the melting endotherm. The glass transition
temperature (T,) was taken as the mid-point of the change in
gradient of the heat flow of the DSC on the 2nd upscan. This
marks where the glass changes from a rigid to a more flexible
state.

Thermogravimetric analysis (TGA). Data were collected on
a TA Instruments SDT-Q600 using alumina pans (90 pL).
Heating rates of 10 °C min™" were used along with a flowing
argon atmosphere.

'H nuclear magnetic resonance (NMR) spectroscopy. 'H
NMR spectra were recorded at 298 K using a Bruker AVIII 500
MHz Spectrometer with a dual **C/*H (DCH) cryoprobe at the
Department of Chemistry, University of Cambridge. All
samples were dissolved in a mixture of DCI (20%)/D,O and
DMSO-d in a 1:5 ratio. Tetramethylsilane (TMS) was used as
a reference. All data processing was performed using TopSpin
4.0.7.%

Variable temperature pair distribution function (PDF). X-
ray total scattering data were collected at beamline I15-1,
Diamond Light Source, UK (EE20038-2). All samples were
ground and sealed in quartz capillaries (1.30 mm inner
diameter). Data were collected for the background, empty
capillary and for all samples to a Qmax of 26.0 A (1 =
0.161669 A, 76.69 keV). Data were collected at 25, 100, 200,
300, 400, 430, 450, 460 and 25 °C for ZIF-76-mbIm with 10%
flux to minimise sample damage. Data were collected at 25,
100, 200, 300, 400, 420, 440 and 25 °C for TIF-4 with 100%
flux. Data were processed in a Q range of 0.55-19.0 A™* for
ZIF-76-mbIm and a Q range of 0.50-26.0 for TIF-4. Data
correction and subsequent Fourier transform was performed
using the GudrunX program to obtain the PDF for each
sample at each temperature.®>**

Synthetic methods

Synthesis of TIF-4 and ZIF-UC-5. Zinc nitrate hexahydrate
(0.38 g, 1.28 mmol), imidazole (1.84 g, 27.0 mmol) and
either 5-methylbenzimidazole (0.396 g, 3.00 mmol) or
5-chlorobenzimidazole (0.458 g, 3.00 mmol) were dissolved
in N,N-dimethylformamide (DMF) (18.8 ml) and heated at
130 °C for 48 hours. The polycrystalline powder was isolated
by vacuum filtration and washed with fresh DMF. The
sample was then soaked in dichloromethane (DCM) (3 ml)
for 24 hours. Excess DCM was decanted and the sample was
activated by heating under vacuum at 100 °C for 3 hours.

CrystEngComm, 2020, 22, 3627-3637 | 3629
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This was based on reported syntheses of TIF-4 and ZIF-
62‘30,40,47

Optimisation of ZIF-76-mbIm synthesis. Imidazole and
5-methylbenzimidazole were dissolved in a mixture of DMF
(5.75 ml) and N,N-diethylformamide (DEF) (5.75 ml). Zinc
nitrate hexahydrate (0.26 g, 0.87 mmol) and sodium
hydroxide solution (2.5 mol dm™) were added and the
solution was heated at 90 °C for 120 hours (Table S17). The
polycrystalline powder was collected by vacuum filtration and
washed with fresh DMF. The sample was then soaked in
DCM (3 ml) for 24 hours. Excess DCM was decanted and the
sample was activated by heating under vacuum at 100 °C for
3 hours. This was based on reported methods for the
synthesis of ZIF-76 and ZIF-76-mbIm.>*>">°

Synthesis of phase pure ZIF-76-mbIm and ZIF-76.
Imidazole (0.12 g, 1.76 mmol) and either 5-methylbenzimidazole
(0.11 g, 0.83 mmol) or 5-chlorobenzimidazole (0.13 g, 0.85 mmol)
were dissolved in a mixture of DMF (5.75 ml) and DEF
(5.75 ml). Zinc nitrate hexahydrate (0.26 g, 0.87 mmol) and
sodium hydroxide solution (2.5 mol dm™>, 0.26 ml, 0.65 mmol)
were added and the solution was heated at 90 °C for 120 hours.
The polycrystalline powder was recovered by vacuum filtration
and washed with fresh DMF. The sample was then soaked in
DCM (3 ml) for 24 hours. Excess DCM was decanted and the
sample was activated by heating under vacuum at 100 °C for
3 hours. Based on previously reported methods.***"

Results and discussion

Effect of organic linker chemistry on thermal behaviour

TIF-4 and ZIF-UC-5 were studied in order to distinguish
between the effects of linker chemistry and framework
topology. TIF-4 [Zn(Im); s(mbIm), ;] melts at 467 °C whilst
ZIF-UC-5 [Zn(Im), 3(ClbIm),3,] melts at the lower
temperature of 432 °C.>****3 However, it is unclear whether
this difference is caused by the different linker chemistry or
by the different stoichiometry of the two materials. To
address this, TIF-4 and ZIF-UC-5 were prepared by a
modification of the originally reported synthesis, avoiding
the use of benzene as a structure directing agent.’"* A
microcrystalline powder was obtained in both cases. Both
crystallise in an orthorhombic Phca space group. Phase purity
and crystallinity were confirmed by powder X-ray diffraction
(PXRD) (Fig. S1 and S2, Tables S2 and S3f). The ratio of
imidazolate to substituted benzimidazolate [Zn(Im); g
(XbIm)y,] for our samples was confirmed by 'H NMR
spectroscopy (Fig. S3 and S4f), a ratio that is different to
those in the original reports.*** The synthetic method used
here was based on one used for ZIF-62, which yielded particle
sizes of ca. 10 um.*” Additionally, the maximum particle size
of ZIF-UC-5 was found previously to be 50 um.** Significantly
larger particles were not observed here. Previous calculations
have demonstrated that a methyl group has a larger van der
Waals volume (13.67 cm® mol™) than a chlorine atom
(12.0 em® mol™) and hence that 5-methylbenzimidazolate has
a marginally larger van der Waals volume (121.5 cm® mol™)
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than 5-chlorobenzimidazolate (119.0 cm® mol™).>%%”
However, chlorine is electron withdrawing whilst a methyl
group is electron donating. So, both steric and electronic
effects are likely to affect melting behaviour.

The thermal response of both TIF-4 and ZIF-UC-5 was
investigated by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) (Fig. 2 and S5-S101). TGA
showed that significant mass loss for both samples occurred
above 575 °C suggesting that decomposition began above this
temperature (Fig. S5 and S6t1). Both structures exhibited
broad endothermic features in the DSC in the range from
150-250 °C that were associated with desolvation due to
residual solvent left in the pores after activation. They also
exhibited a clear endotherm coupled with a minimal loss in
mass: a characteristic feature of melting. The melting
temperature for TIF-4 was found at 440 °C whilst that of ZIF-
UC-5 was found at 428 °C (Fig. 2 and S7 and S8, Table 3).
After heating above the melting offset, the samples were
cooled back to room temperature and then re-heated to
400 °C. This yielded glass transition temperatures of 350 and
336 °C for a,TIF-4 and a,ZIF-UC-5 respectively (Fig. 2, Table 3,
Fig. S9 and S107). Subsequent PXRD confirmed both samples
were amorphous (Fig. S11f) and 'H NMR spectroscopy
confirmed both glasses had a ratio of Im to XbIm near
identical to the crystalline frameworks (S12 and S137). These
are denoted a,TIF-4 and a,ZIF-UC-5 in keeping with previous
nomenclature,>***8

The lower melting offset of ZIF-UC-5 compared to TIF-4 is
attributed to two factors: i) the electron withdrawing chlorine
substituent weakening the Zn-N coordination bond, and ii) the
smaller van der Waals volume of ClbIm causing a reduction in
steric hindrance around the metal centre and therefore
facilitating linker dissociation during melting (as suggested by

TIF-4

T,=440°C

T,=350°C
agTIF-4

T, T,,=428°C

ZIF-UC-5

Heat Flow (a. u.)

T,=336°C
agZIF-Uc-s

* 1 f 1 ¢ 7 @ & &% & = &% &5 v 5 v 7T
50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Fig. 2 DSC traces of structural isomorphs: TIF-4 (blue) and ZIF-UC-5
(pink). Heat flow traces stacked by y offset. Features of interest, i.e. Ty,
and T, are highlighted in the figure as a guide. The melting
temperature (T,,) was taken as the offset of the melting endotherm.

The glass transition temperature (Tg) was taken as the mid-point of the
change in gradient of the heat flow of the DSC on the 2nd upscan.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Summary of thermal data for TIF-4 and ZIF-UC-5 in this work

Sample Composition Tm (°C) Ty (°C)
TIF-4 Zn(Im); g(mbIm), , 440 350
ZIF-UC-5 Zn(Im), ¢(ClbIm), , 428 336

Henke et al.*®). Previous studies on halogenated systems have
demonstrated the influence of the electron withdrawing
effect.*”** For example, replacing 5-chlorobenzimidazolate in
ZIF-UC-5 with 5-fluorobenzimidazolate was previously shown to
lower the melting temperature by 11 °C, with this effect
attributed to the stronger electron withdrawing nature of the
fluorinated linker.*> This was supported by density functional
theory calculations, highlighting a reduction in the average
Zn-N bond energy by 2.88 k] mol™ in the fluorinated ZIF.**
However, a reduction in steric hindrance at the tetrahedral
metal site has also been demonstrated to lower the melting
temperature, by facilitating linker dissociation.*® It is therefore
likely that both steric and electronic factors have a degree of
control over this process with both favouring a reduction in 7},.

One possible strategy to deconvolute these two effects
would be the use of a sterically bulky but strongly electron
withdrawing linker such as 5-(trifluoromethyl)benzimidazole
in the synthesis of a ZIF. The formation, and subsequent
measurement of the thermal response of this as-yet-unknown
ZIF would determine whether the steric hindrance at the
tetrahedral metal centre, or, the weakening of the Zn-N
coordination bond is the dominant factor controlling
melting. This is a highly promising avenue for future work.

The lower glass transition temperature of ZIF-UC-5 than
TIF-4 was ascribed to the smaller van der Waals volume of
chlorine compared to the methyl group.’”°®*” Hence, the
dispersion forces in TIF-4 are stronger and more energy is
required for the methyl groups to move past one another and
for the glass to transition to a more liquid-like, mobile
state.”>*” The particle size of these ZIFs may affect their
ability to conduct heat and hence the temperature at which
they undergo the glass transition. However, crystalline
particle size alters significantly on transition to the liquid
state, with the coalescence of many particles being a
common observation.’” As such, it was not possible to infer
the influence of particle size on the glass transition here.
Overall, the results presented here suggest that the use of
halogenated linkers may provide a promising strategy for
lowering the melting and glass transition temperatures of
MOFs.

The melting offset of TIF-4 [Zn(Im); g(mbIm),,] (440 °C) in
this work is lower than that previously reported for TIF-4
[Zn(Im), 5(mbIm),s] (467 °C).>* Additionally, the melting
offset of ZIF-UC-5 [Zn(Im), g(ClbIm), ] (428 °C) observed here
is lower than the offset previously observed for ZIF-UC-5
[Zn(Im), 65(ClbIm)y35] (ca. 462 °C).** Henke et al. recently
found the same phenomenon in a series of ZIF-62 MOFs of
varying composition [Zn(Im),_(bIm),]: reducing the content
of bIm reduced the melting temperature of ZIF-62 by as

This journal is © The Royal Society of Chemistry 2020
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much as 60 °C.** This was rationalised by the smaller steric
hindrance of the zinc tetrahedra when less benzimidazolate
was present in the framework, thus assisting the dissociation
and re-association of imidazolate linkers during melting.*®
The results obtained here support their work and suggest
that lowering the content of the more sterically bulky linker
in mixed linker MOFs is a promising strategy for lowering
the melting temperature.

To investigate the thermal response of TIF-4
[Zn(Im), g(mbIm),,] further, variable temperature total
scattering data were collected at beamline I115-1 at the Diamond
Light Source (Fig. 3 and S147). TIF-4 [Zn(Im); g(mbIm),,] was
heated to 440 °C, i.e. beyond the offset of melting. Data were
collected at ca. 100 °C intervals to 400 °C, then at 420 °C and
440 °C. Measurements were also taken before and after heating
to allow comparison between the crystalline sample and the
glass. Fourier transformation of the corrected total scattering
data gave the pair distribution function G(r). Here we make use
of the D(r) form to accentuate the high r correlations (Fig. 3).

The short-range order was maintained throughout heating
with the first five correlations corresponding to C—=C/C-N,
Zn-N, Zn-C, Zn-N and Zn-Zn (Fig. 3). These are the expected
short-range order correlations found for most ZIFs,
suggesting that the sample has not decomposed on heating
or exposure to the beam.’® However, the long-range order
was lost at 400 °C as no clear high r correlations (r > 8.0 A)
are visible above this temperature. This is just below the
onset of melting in the DSC trace. We ascribe the lower onset
of melting in the PDF either to the presence of synchrotron
radiation, or to the non-linear heating profile with multiple
isothermal segments used to collect the total scattering data
compared to the DSC data.

No substantial changes in the D(r) after liquid formation
were observed, suggesting that the time spent in the liquid
state has minimal influence on the resulting glass structure.

1.5
2
——25 °C (before)
100 °C
——200°C
5 ——300°C
1.0 ——400 °C
3 420°C
1 ——440°C
4 —— 25 °C (after)
0.5+
=
Q
0.0
-0.54
T T T T T T T T T

r(A)

Fig. 3 Pair distribution function, D(r), of TIF-4 at 25, 100, 200, 300,
400, 420, 440 and 25 °C. Inset shows an imidazolate ion coordinated
to two zinc ions. The first five correlations are shown on this diagram.
Atoms shown: carbon (black), nitrogen (blue), zinc (green).
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Whilst some broadening is observed due to increased
thermal motion, the recovery upon cooling suggests chemical
connectivity is largely retained on glass formation and that
thermal disorder in the crystalline and glass state are similar.
Together, these results support melting and glass formation
of TIF-4.

Optimisation of ZIF-76-mbIm synthesis

To investigate how crystal structure influences melting, TIF-4
was then compared to ZIF-76-mbIm, a structural polymorph,
previously reported to melt at 471 °C of composition
[Zn(Im), 35(mbIm)y,].>” The synthesis in the original report
of ZIF-76 only gave quantities sufficient for single crystal
X-ray diffraction.®® Subsequent efforts then concentrated on
increasing the product yield through addition of NaOH,
resulting in various chemical compositions reported for the
bulk products.*”>

Replication of the synthesis reported by Zhou et al. using
1.30 mmol of NaOH led to a mixed phase product (Fig. 4 and
S15 and S16, Tables S4 and S51) with additional peaks visible
in the diffraction pattern (marked by asterisks).®” This mixed
phase material had a formula unit of [Zn(Im), ,(mbIm),e]
determined by 'H NMR spectroscopy (Fig. S17). These
additional peaks were found to index to the crystal structure
of TIF-4. Peralta et al. reported that too much NaOH led to a
mixed phase product.”® The volume of NaOH in the synthetic
route to ZIF-76-mbIm was therefore varied (Fig. 4 and S18-

NaOH added

* 1.30 mmol

0.98 mmol

0.65 mmol

0.33 mmol

Intensity (a. u.)

0 mmol

l Simulated ZIF-76-mbim
AL lll A ll NI " A A
1 " 1 " 1 " 1 " 1 M 1 " 1

5 10 15 20 25 30 35 40
26 (°)
Fig. 4 Powder X-ray diffraction patterns of ZIF-76-mblm with varying
NaOH in the synthesis. Reduction of the number of moles of base used
in the synthesis from 1.30 mmol (light green) to 0 mmol (dark blue)
systematically improved the purity of the product with 0.65 mmol

providing the best combination of purity and yield. Asterisks used to
highlight additional peaks in the diffraction pattern.
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S22, Tables S6-S97). Reducing the volume of NaOH increased
the purity of the product and omitting NaOH from the
synthesis gave single crystals with a 6% yield and a particle
size of ca. 500 um (Fig. S2371). This particle size agreed with
previous reports that obtained single crystal samples.’>*
This single crystal sample was found to have a formula unit
of [Zn(Im), o(mbIm), ;] by "H NMR spectroscopy (Fig. S19%).
Notably, the single crystal material had a considerably higher
content of mbIm in its formula unit than the mixed phase
material. Halving the molar volume of base added, ie.
0.65 mmol NaOH, yielded ZIF-76-mbIm as a microcrystalline
phase pure product with a yield of 67% (Table S1t). Previous
reports of bulk ZIF-76 reported particle sizes of less than 10 um.”
To confirm the structure reported previously for ZIF-76,>° a
single crystal of ZIF-76-mbIm was selected and the structure
solved by single crystal X-ray diffraction in the cubic P43m
space group (a = 22.6840(6) A, V = 11 672.4(9) A®, Table S107%).

One possible explanation for the appearance of the TIF-4
phase with increasing volumes of NaOH may be the change
in pH of the reaction mixture. Imidazole possesses a higher
pK, (14.4) than benzimidazole type ligands (12.75).°°
Increasing the pH of the solution through NaOH addition
therefore results in the deprotonation of more imidazole,
and facilitates inclusion within the MOF structure. This
would hence favour the formation of TIF-4 as it has a higher
content of imidazole in the formula unit.

The formula of ZIF-76-mbIm was found by 'H NMR
spectroscopy to be [Zn(Im)(mbIm)] compared to that of
[Zn(Im), g(mbIm),,] for TIF-4 (Fig. S247). Efforts were made
to investigate the effect of increasing the ratio of Im: mbIm
to provide a system of [Zn(Im),g(mbIm),,] composition
crystallising in the LTA topology, which could be compared
to the identical composition with the cag topology, i.e. TIF-4.

Increasing the Im : mbIm ratio led to immediate formation
of TIF-4 as an impurity, whilst further increases resulted in
the formation of TIF-4 as the only product (Fig. 5 and S25-
S36,f Tables S11-S161). This was accompanied by a
sequential decrease in the content of mbIm in the formula
unit from [Zn(Im)(mbIm)] for an input ratio of 2.0:1 Im:
mbIm to [Zn(Im), ,(mbIm), ;] for an input ratio of 5.0:1. We
rationalise this through consideration of the relative linker
ratios in ZIF-76-mbIm and TIF-4, their relative energies and
the symmetry constraints of the Pbca space group. To the
best of our knowledge, no report has calculated the relative
energies of ZIF-76-mbIm and TIF-4. However, DFT
calculations on ZIFs with the formula [Zn(Im),] have revealed
that the LTA topology is higher in energy than the cag
topology.®>®* This implies that TIF-4, with the cag topology,
is the more thermodynamically stable phase. Additionally, it
has a much higher content of Im in its structure. Therefore,
the addition of more Im immediately causes the formation of
the more stable polymorph, TIF-4. Crystallographically, for
the Pbca space group, asymmetric units with three or four
bulky linkers have very low statistical frequencies (5%).**
Additionally, mbIm cannot have an occupancy at any site of
more than 0.5 to prevent collisions. Therefore, structures

This journal is © The Royal Society of Chemistry 2020
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5 10 15 20 25 30 35 40

26 (°)
Fig. 5 Powder X-ray diffraction patterns of ZIF-76-mbim.
Systematically increasing the Im:mblm ratio in the ZIF-76-mbim
synthesis from 2.0:1 to 5.0:1 gave sequentially pure ZIF-76-mbim

(pink), mixed phase ZIF-76-mblm and TIF-4 (purple) then pure TIF-4
(dark blue).

with a formula with more mbIm than [Zn(Im), 5(mbIm), 5] are
inconsistent with the Pbca space group. Hence, to
accommodate more bulky mbIm linker, the more porous
cubic P43m space group of ZIF-76-mbIm forms. Altering the
linker ratio in the synthesis therefore gives subtle control
over the resulting ZIF that forms.

Effect of framework topology on thermal behaviour

The thermal response of pure phase ZIF-76-mbIm
[Zn(Im)(mbIm)] was measured (Fig. 6 and S37 and S38f).
Fluctuations in the DSC trace in the range of 150-250 °C are
ascribed to desolvation of residual solvent after activation.
The presence of two peaks may be due to desolvation from
different sized pores in the structure. ZIF-76-mbIm
[Zn(Im), 33(mbIm)y ;] (mixed phase) is reported to melt at
471 °C with a decomposition temperature of 596 °C.%’
However, the DSC trace in this work for phase pure ZIF-76-
mbIm [Zn(Im)(mbIm)] does not exhibit an endotherm in the
expected temperature range. A very small endotherm with a
lower offset of 409 °C was observed (Fig. 6 and S387t). This
was followed by an exotherm accompanied with significant
mass loss associated with sample decomposition.

A sequence of DSC heat treatments was performed in
conjunction with ambient temperature powder X-ray
diffraction in order to determine the origin of the
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Fig. 6 TGA trace of ZIF-76-mblm (blue) with significant mass loss

occurring above 400 °C. DSC trace of ZIF-76-mblm (pink) has an

endothermic feature with an offset of 409 °C (marked by an asterisk

and highlighted as a guide) followed by an exotherm associated with

sample decomposition.

endotherm. Firstly, ZIF-76-mbIm was heated to 410 °C, ie.
beyond the offset of the endotherm, then cooled to room
temperature (Fig. S39f). X-ray diffraction after heating
revealed Bragg peaks, suggesting it was still crystalline
(Fig. S40, Table S17%). Secondly, the sample was heated to
480 °C, ie. within the exothermic region, then cooled to
room temperature (Fig. S41f). X-ray diffraction again
contained Bragg peaks assigned to the starting ZIF-76-mbIm
framework (Fig. S42, Table S181). '"H NMR spectroscopy
confirmed that the samples of ZIF-76-mbIm after heating
to 410 °C and 480 °C had the same ratio of imidazolate
to 5-methylbenzimidazolate as the parent material
(Fig. S43 and S447). Subsequently, these samples were re-heated
in the DSC to 400 °C, i.e. above the glass transition temperature
previously reported.’” However, they did not exhibit features
that might readily be linked to a glass transition.

To investigate this further, variable temperature total
scattering data were collected (Fig. 7 and S45f). Total
scattering data were collected at ca. 100 °C intervals to
400 °C, then at 430 °C, 450 °C and 460 °C. Measurements
were also taken at room temperature before and after
heating. Conversion to the corresponding D(r) revealed that
long-range order, i.e. atom-atom correlations exceeding 8 A,
reduced markedly after 400 °C (Fig. 7a). Significant changes
were also observed in the short-range order region after
200 °C, i.e. for atom-atom correlations up to 8 A. Comparison
of a pristine sample of ZIF-76-mbIm and that returned to room
temperature after heating to 460 °C showed marked
differences (Fig. 7b) For example, the C—=C/C-N correlation
at 1.38 A (1) shifts to 1.55 A, i.e. close to that expected for a
C-C single bond.”> Im and mbIm are almost exclusively
composed of aromatic C—=C double bonds, so the formation
of more C-C single bonds supports decomposition of the
organic linkers or possible polymerisation. However, the
sample changed colour in the X-ray beam from pale yellow to
dark brown so decomposition may have been enhanced by
beam damage. Furthermore, the Zn-N correlation peak at 2 A
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Fig. 7 Variable temperature PDF of ZIF-76-mblm: a) long-range order is lost on heating above 400 °C; b) short-range order of ZIF-76-mbim
before and after heat treatment. The first five correlations are labelled (see Fig. 3 for imidazolate ion with these correlations labelled). Most notably,
the C-C correlation (1) shifts to higher r and the Zn-N correlation (2) decreases. The same composition of [Zn(Im)(mbIlm)] was used for the
processing of all the data. However, it should be noted that as ZIF-76-mblm had begun to decompose in the X-ray beam, it is unlikely that the

sample composition would have remained constant throughout heating.

(2) decreases in intensity, which is unexpected given the
retention of Zn-N bonding in other ZIF liquids and glasses.>
Correlations (3) and (4), which are non-bonding interactions
between Zn and C and N respectively, undergo minimal
changes on heating. Finally, the Zn-Zn correlation (5)
decreases in intensity and broadens significantly. This is
accompanied by the growth of a broad correlation centred
around 5.1 A. These changes suggest that the local structure
of the ZIF-76-mbIm framework evolves markedly on heating,
hence supporting decomposition rather than melting.

To verify the original reports by Zhou et al. of ZIF-76-
mbIm [Zn(Im), 33(mbIm),e,] melting at 471 °C, a sample of
ZIF-76-mbIm was synthesised using the reported procedure.®’
A mixed phase product (Fig. 4 and S15f) was prepared
containing both ZIF-76-mbIm and TIF-4 with bulk
composition [Zn(Im); 4(mbIm)ye], confirmed by 'H NMR
(Fig. S46t). The thermal response of this sample was then
investigated by DSC and TGA and confirmed the melting and
decomposition features reported previously (Fig. S47 and
$481).” This means that samples of pure ZIF-76-mbIm, and
samples containing a small amount of a dense polymorph
impurity, behave differently upon heating. Longley et al. have
reported the use of one high temperature MOF liquid, as a
solvent for a secondary MOF component, which itself does
not melt in the pure state under ambient pressure.®* In the
glass domain, the high temperature MOF liquid would be
referred to as a flux.®* They used ZIF-62 as a flux to induce
melting in ZIF-8.°* As discussed earlier, Gaillac et al.
concluded that ZIF-8 does not melt on its own because of the
high energy barrier to linker diffusion in its open network
structure.>**>%3

These observations can rationalise both the results in this
paper and those previously reported.®” ZIF-76-mbIm, like ZIF-

3634 | CrystEngComm, 2020, 22, 3627-3637

8, is a relatively porous, cubic framework. The barrier to
linker dissociation therefore may be too high for melting to
occur prior to sample decomposition. However, when TIF-4 is
present as an impurity, it can assist the melting of ZIF-76-
mbIm by acting as a flux. These results highlight the
importance of crystal structure on melting and suggest the
use of impure samples may be beneficial for glass formation,
providing the impurity is a dense polymorph of the major
product.

Effect of organic linker chemistry on ZIF-76

In a highly similar manner to ZIF-76-mbIm, the dense phase
polymorph ZIF-UC-5 was also found to be an impurity in
synthetic routines that aimed at producing ZIF-76 in high
yields (Fig. S49, Table $191).>” In this previous work, ZIF-76
[Zn(Im); 6,(ClbIm), 35] Was reported to melt at 451 °C.*” The
synthetic protocol which yielded pure phase ZIF-76-mbIm
here was adapted to obtain phase pure ZIF-76 (Fig. S50, Table
S207). The chemical formula was found to be [Zn(Im)(ClbIm)]
by 'H NMR (Fig. $51%). Phase pure ZIF-76 [Zn(Im)(ClbIm)]
was then analysed using DSC and TGA (Fig. 8 and S52 and
S53t). It exhibited fluctuations in the DSC trace from 150-
250 °C due to desolvation from residual solvent present in
the pores. A small exotherm with an offset of 477 °C was
present followed by a large second exotherm associated with
mass loss and decomposition. Significant mass loss began
above 450 °C suggesting that phase pure ZIF-76 has similar
thermal stability to the sample reported previously.*”

To investigate the nature of the first exotherm at 477 °C, a
sequence of DSC heating treatments were performed along with
room temperature powder X-ray diffraction. Firstly, ZIF-76 was
heated to 410 °C, ie. before the onset of the exotherm, then

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 TGA trace of ZIF-76 (blue) with significant mass loss occurring
above 450 °C. DSC trace of ZIF-76 (pink) has an exothermic feature
with an offset of 477 °C (marked by an asterisk and highlighted as a
guide) followed by a larger exothermic feature associated with sample
decomposition.

cooled to room temperature (Fig. S541). Bragg peaks were
visible in the X-ray diffraction pattern after heating, suggesting
crystallinity was retained (Fig. S55, Table S211). Secondly, ZIF-76
was heated to 480 °C, i.e. beyond the offset of the first exotherm
but before the onset of the second larger exotherm, then cooled
to room temperature (Fig. S567). However, crystallinity was lost
after heating ZIF-76 to 480 °C as the sample exhibited diffuse
scattering in the X-ray diffraction pattern (Fig. S571). "H NMR
spectroscopy confirmed that after heating to 410 °C and 480 °C,
ZIF-76 had the same ratio of imidazolate to
5-chlorobenzimidazolate as the parent material (Fig. S58 and
S597). Subsequently, these samples were re-heated in the DSC
to 400 °C, i.e. above the glass transition temperature previously
reported.”” However, there were no discernible changes in the
heat flow that may be consistent with a glass transition
(Fig. S54 and S567).

These results further show that the presence of a dense
polymorph as an impurity is essential for porous glass
formation. However, the thermal behaviour of ZIF-76 in the
pure state is more complex than that of ZIF-76-mbIm. The
major difference is that after heating to ca. 480 °C, the
recovered sample of ZIF-76 is amorphous, whilst that of ZIF-
76-mbIm remains crystalline. The amorphous sample of ZIF-
76 does not however exhibit a glass transition. There are
three possible explanations for this behaviour: (i) thermal
solid-state amorphisation, which is observed in several other
systems,”" (ii) that the organic ligand decomposes, or (iii) the
organic ligand undergoes a different structural change, i.e.
rearrangement. The peak for the imidazole proton on
5-chlorobenzimidazole splits into multiple singlets on
heating to 480 °C (Fig. S591) so decomposition of the linker
could be a viable explanation for the loss in crystallinity.
Additionally, significant mass loss begins above 450 °C,
which also supports sample decomposition. It is clear that
subtle changes in linker chemistry have a strong influence
over the thermal response of MOFs.
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Conclusions

This work has used changes in linker chemistry and crystal
structure to probe the resulting effects on MOF melting. It
has also highlighted some promising strategies for reducing
the melting temperature and glass transition temperature in
ZIFs.

The control of linker chemistry over the thermal response
of MOFs has been demonstrated. Changing the linker from
mbIm to the more electron withdrawing ClbIm lowered the
melting point from 440 °C to 428 °C and the T, from 350 °C
to 336 °C for the polymorphs TIF-4 and ZIF-UC-5.
Additionally, changing the linker from mbIm to ClbIm
caused ZIF-76 to exhibit diffuse X-ray scattering prior to
decomposition. It was also found that increasing the ratio
of Im:mbIm in TIF-4 from [Zn(Im);s(mbIm)ys] to
[Zn(Im); g(mbIm),,] caused a reduction in the melting
temperature from 467 °C to 440 °C.>**°

The importance of the crystal structure of the parent
crystalline MOF for melting has also been demonstrated. It
has been found that melting and glass formation at ambient
pressure do not occur in phase pure ZIF-76 [Zn(Im)(ClbIm)]
or ZIF-76-mbIm [Zn(Im)(mbIm)], but can be induced by the
presence of a dense polymorph in the product. This melts
first, and then acts as a high temperature solvent for the
remaining open pore polymorph.

In terms of potential for porosity, a,TIF-4 and the
crystalline phase of ZIF-UC-5 have been reported as effectively
non-porous to N, gas, with BET surface areas of 0.49 m* g™,
and 7.1 m> g”' respectively.>>** Both glasses here are thus
also anticipated to be dense in nature. ZIF-76 and ZIF-76-
mbIm have however been reported to possess BET surface
areas ranging between ca. 1200 and ca. 1600 m> ¢!, and
micropore volumes of 0.60 pem® ¢™' and 0.58 pem® g™
respectively.*”>® The retention of a portion of this porosity
upon melting with a dense phase impurity leads to the ability
to uptake CO,.”” These results are highly promising in
suggesting that the rich polymorphic landscape in ZIFs may
be taken advantage of to produce a range of flux-melted
glasses arising from materials that do not melt in their phase
pure form.
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