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Modulated self-assembly of hcp topology MOFs of
Zr/Hf and the extended 4,4'-(ethyne-1,2-diyl)
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Careful control of synthetic conditions can enhance the structural diversity of metal-organic frameworks
(MOFs) within individual metal-linker combinations. Herein, we show that hcp topology MOFs of both Zr(iv)
and Hf(v), linked by the extended (ethyne-1,2-diyl)dibenzoate linker, can be prepared by modulated self-
assembly. The controlled addition of acetic acid and water to solvothermal syntheses is essential to
generate these phase pure hcp topology materials, which are characterised experimentally and
computationally. The central alkyne unit of the linker can be quantitatively brominated, but this results in
partial degradation of the hcp phase, in contrast to the more stable fcu topology analogues. Nevertheless,
the MOFs represent new members of the hcp topology isoreticular series showing high crystallinity and
porosity, and demonstrate that new materials can be discovered in existing MOF phase spaces through
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Introduction

Metal-organic frameworks (MOFs) comprise metal ion or
metal cluster nodes (also referred to as secondary building
units, or SBUs) connected by multitopic organic ligands into
multidimensional network structures.! To date, it is estimated
that over 100 000 MOF structures have been deposited in the
Cambridge Structural Database,” with this huge number
attributed to the chemical diversity in the choice of both
metal SBU and organic ligand.® In addition, it is possible to
isolate multiple phases from the same metal-ligand
combination—topological diversity—by careful control of
reaction parameters.’ A pertinent example is that of trivalent
metals linked by linear ditopic dicarboxylates, which can yield
structurally rigid (MIL-101) and flexible (MIL-88 and MIL-53)
phases.” Furthermore, we have also previously shown that, in
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judicious adjustment of key synthetic parameters.

the specific case of Fe(ur) MOFs with 1,4-benzenedicarboxylate
(BDC*), coordination modulation—the addition of reagents
to MOF syntheses that can tune the coordination and pH
equilibria during self-assembly®—is a viable strategy for
kinetically selecting a specific material from a complex phase
landscape.”

The multiple series of MOFs comprising Zr(iv) or Hf(iv)
SBUs connected by linear ditopic dicarboxylate ligands
present a particularly striking case study into the isolation of
different MOF phases via synthetic control.® Predominant
among MOFs prepared from Zr(iv) or Hf(v) and BDC?™ or its
derivatives is the UiO-66 series, in which [Mg(13-O)a(pts-
OH),(RCO,);,] metal clusters (M = Zr, Hf, Fig. 1a) are
connected by twelve linear dicarboxylate linkers in a face-
centred cubic (fcu) topology MOF (Fig. 1b). UiO-66(Zr)
specifically exhibits the ideal formula [ZrsO4(OH),(BDC)c],’
and a wide range of isoreticular derivatives of these
materials, including interpenetrated UiO-66 topology phases,
have been reported with both longer and functionalised
linkers.” ™"

Varying the reaction composition can also affect the
resultant MOF structure. For example, changing the metal
source from ZrCl, to Zr('OPr), has led to the discovery of a
polymorph of UiO-66 with a different connectivity and hex
topology.'® Addition of monotopic carboxylic acids as
coordination modulators has induced formation of “defect”
phases where the modulators themselves are incorporated as
charge-compensating defects. Such defect phases can form in
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Fig. 1 Comparison of the fcu and hcp topology MOFs adopted by
tetravalent metals and linear dicarboxylate linkers, specifically
focussing on those of Hf(iv) and biphenyl-4,4'-dicarboxylate (BPDC). a)
The [Hfg(uz-0)4(ns-OH)4(RCO,)12] SBU. b) A section of the packing
structure of fcu topology [HfgO4(OH)4(BPDC)gl, also known as UiO-
67(Hf) C) The [Hflz(},l3'o)3(},l3'OH)g(Mz‘OH)é(RCOz)isl SBU. d) A section
of the packing structure of hcp topology [Hf1,0g(OH)14(BPDC)ol. Hf:
blue spheres (or, demonstrating Hf coordination environments in
SBUs, polyhedra); C: grey; O: red. H atoms omitted for clarity.

MOFs with the linker 2,6-naphthalenedicarboxylate, where
the connectivity of the hexanuclear SBU is reduced by the
presence of charge-capping, monotopic acetate units."”
Modulated synthesis can even lower the connectivity of the
structure in an ordered manner, as seen in the formation of
reo UiO-66, which can be described as a missing cluster
defect phase, where modulator incorporation (for example
formic acid) leads to eight-connected SBUs that form well-
defined nanodomains of the missing-cluster defect phase reo
within the bulk of feu Ui0-66."®" Increasing reaction
temperatures leads to the MIL-140 series of MOFs phase,
which have an infinite one-dimensional chain SBU.>* MIL-
1404, linked by BDC>", is representative of the isoreticular
series, having overall formula [ZrO(BDC)]. It is suggested that
the presence of a condensed 1-D chain SBU and its isolation
at higher reaction temperatures means that MIL-140A is the
thermodynamic phase and UiO-66 is a kinetic product,”
although addition of water to syntheses promotes UiO-66
formation.*!

Further careful synthetic control*” enables the synthesis of
MOFs with higher nuclearity Zr(iv) or Hf(iv) SBUs linked by
ditopic dicarboxylates.”*®” For example, MOFs containing
the condensed [M;,(p3-O)s(p3-OH)g(p,-OH)6(RCO,),5] SBU
(Fig. 1c) and adopting the hep topology (Fig. 1d) have been
reported with a range of linkers, including BDC*>  and
functionalised derivatives,?®3
1,4-naphthalenedicarboxylate,” and longer linkers such as
biphenyl-4,4-dicarboxylate,>**%3 1,1:4',1"-terphenyl-4,4"-
dicarboxylate,>>>°  4,4'-di(4-benzoato)-2,2"-bipyridine,”” and
5,15-di(p-benzoato)porphyrin.®®  An  example  using
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poly(ethylene terephthalate) as the source of the BDC*” linker
via direct synthesis has also been described.*® Individual
systems have also been shown to undergo delamination by
sonication, forming a hexagonal layered (hxl) phase and
eventually hexagonal nanosheets (hns),>> which can also in
specific cases be directly synthesised themselves.*®

The hep topology MOFs have been increasingly studied
due to potential applications in luminescence,” water
remediation,* heterogeneous catalysis,**?%3°
photocatalysis,*” nanomedicine,*® and molecular
separations.’® Herein, we describe the synthesis and
characterisation of Zr(iv) and Hf(iv) analogues of the hcp
phase MOF linked by 4,4'-(ethyne-1,2-diyl)dibenzoate (EDB*"),
which we have termed GUF-12 (GUF = Glasgow University
Framework), by careful control of acetic acid and water
content in solvothermal syntheses in DMF. We show the
syntheses are scaleable, and that the MOFs have high
porosity. Their metastability is demonstrated through efforts
to postsynthetically modify them by bromination of their
internal alkyne units, which, in the case of the Hf analogue,
results in partial delamination or degradation.

Results and discussion

During attempts to prepare nanoparticulate versions of fcu
topology Zr(iv) MOFs"**° as part of our investigations into
drug delivery,* it was found that addition of high quantities
of acetic acid and water to DMF-based solvothermal
syntheses containing ZrCl, and EDB-H, resulted in formation
of a new phase. This new MOF, termed GUF-12(Zr), was
suspected to be the hcp analogue due to its characteristic
hexagonal plate morphology and the nature of its powder
X-ray diffractogram.

The optimal conditions to isolate the hep phases of both
the Zr(iv) and Hf(iv) congeners of GUF-12 were identified via
modulated solvothermal self-assembly. Specifically, 0.34
mmol each of MCl, (M = Zr or Hf) and EDB-H, (prepared
according to a modified literature protocol'>*?) were
combined in 15 ml DMF, with addition of 75 pL deionised
water (0.5% v/v) and 2.12 mL acetic acid (37.1 mmol, or 110
equiv. compared to the metal ion). The mixture was heated to
150 °C overnight in a PTFE-lined stainless steel autoclave,
and the product isolated by centrifugation once cooled. Both
the deliberate addition of water, and the use of a specific
quantity of acetic acid as modulator, were key to ensure
isolation of the hep phases rather than the fcu analogue or
other materials (see ESI; Section S2). These observations tally
with our previous mechanistic study that describes how the
addition of large amounts of carboxylate modulator to
syntheses is required to form the classical [MgO4(OH),]
clusters found in the fcu phases, while concomitant addition
of water induces cluster merging to form the [M;,04(OH),4]
units that comprise the hep phases.”® Increasing water
content in syntheses containing Hf(iv) and BPDC>” has
previously led to the isolation of the hns phase over the hep
analogue,’® but with the EDB>  linker only hep phase

This journal is © The Royal Society of Chemistry 2023
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materials were formed when water content in syntheses was
increased while retaining 110 equiv. of added acetic acid. In
contrast, reducing the amount of acetic acid modulator in
syntheses occasionally resulted in the failure to produce a
MOF.

Even with careful optimisation of the synthesis conditions,
single crystals large enough for characterisation by single
crystal X-ray diffraction were unable to be grown for either
GUF-12 analogue. SEM analysis showed formation of micron-
scale hexagonal plates <100 nm in depth that are aggregated
into a “desert rose” morphology, which is characteristic of
MOF materials with this hep topology (Fig. 2a and b).*° The
structure of these materials was therefore determined by a
combination of powder X-ray diffraction analysis and the use
of model structures derived from density functional theory
(DFT) calculations. Structural models of the hep phase were
constructed from the parent fcu phase, and then geometry-
optimised by DFT calculations using the CP2K code (see ESI,}
Section S3). These optimised structures confirmed the kinetic
stability of the hep topology models for the Zr(iv) and Hf(w)
analogues.

Qualitative comparison of the powder X-ray diffractograms
calculated from these DFT-derived hep structures with those
found experimentally (as well as those calculated from the
crystal structures of the fcu phases) clearly indicate that GUF-
12(Zr) and GUF-12(Hf) adopt the hcp topology (Fig. 2c).

- - ”~ 1 A w
B

500 nm GUF-12(Zr) 500 nm GUF-12(Hf)
C) T Zr-EDB fcu (pred)
i A\

-] GUF-12(Hf) (expt)
<
> A
K7
i GUF-12(Zr) (expt)
[

Zr-EDB hcp (pred, DFT)

4 6 8 10 12 14

20 / Degrees

Fig. 2 Scanning electron micrographs of the desert rose morphology
of a) GUF-12(Zr) and b) GUF-12(Hf). c¢) Stacked powder X-ray
diffractograms of GUF-12(Zr) and GUF-12(Hf) compared to patterns
predicted for the hcp phase, derived from DFT model structures, and
for the fcu phase, derived from the single crystal structures.*®
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Quantitative Pawley fitting of the diffractograms (see ESL}
Section S4) in space group P6z/mmc, using the Topas
Academic 6.0 software package,” confirmed that these
materials were phase pure, and allowed accurate
determination of the lattice parameters of these materials:
GUF-12(Zr) a = 21.6121(31) A, ¢ = 48.014(12) A; GUF-12(Hf)
a = 21.5349(32) A, ¢ = 47.869(13) A (Fig. 3). The DFT-
optimised lattice parameters were within 0.6% of the
experimental parameters. We also note that GUF-12(Hf) has a
slightly smaller unit cell than GUF-12(Zr), due to slightly
shorter Hf-O bonds.

Bulk composition was also assessed by thermogravimetric
analysis (TGA) of the GUF-12 samples after activation at 120
°C for 20 h under turbomolecular pump vacuum to remove
residual solvents (Fig. 4a). The metal oxide residue remaining
after heating in air to 800 °C is indicative of metal content in
the pristine MOF. For both GUF-12(Zr) and GUF-12(Hf), the
residues were slightly higher than would be predicted for a
pristine hep phase; 42.1% wt for GUF-12(Zr) (theoretical:
40.8% wt) and 56.8% wt for GUF-12(Hf) (theoretical: 54.1%
wt). These values suggest that the fcu phase is not
significantly present in either case as the hep phase has a
higher overall metal weight percentage than the analogous
fcu phase (theoretical residues of 34.9% wt and 47.8% wt
would be expected for the pristine Zr(iv) and Hf(iv) feu
phases, respectively). Furthermore, these TGA results suggest
that the hep phases may exhibit some missing linker defects
(replacement of EDB>” linkers by smaller charge-
compensating acetates reduces the relative organic content in
the MOF, increasing the metal weight percentage and
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Fig. 3 Quantitative Pawley fitting (with insets to show low intensity
reflections) of the powder X-ray diffractograms of a) GUF-12(Zr) and b)
GUF-12(Hf).
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Fig. 4 a) Thermogravimetric analyses of GUF-12(Zr) and GUF-12(Hf) in air. b) N, adsorption desorption isotherms (77 K) of GUF-12(Zr) and GUF-
12(Hf) with c) pore-size distributions (N, at 77 K on carbon, slit pore, QSDFT, equilibrium model) calculated from the isotherms. d) Portion of the
DFT model structure of GUF-12(Zr) viewed down the crystallographic c axis to visualise the hexagonal channel 11 A in diameter.

subsequent TGA residue).”' This is commensurate with 'H
NMR spectra of acid-digested samples (see ESLi Section S5),
which show the presence of acetate even after activation,
indicating that the acetate groups are present as charge
compensating defects rather than pore-bound solvents.
Resonances that could be assigned to formate, produced by
decomposition of DMF, were not observed in the materials.

A pristine defect-free hep structure would have formula
[M;,04(OH)14(EDB)s]. 'H NMR spectroscopic analysis of
activated, then acid-digested GUF-12(Zr) gives a 1:3.3 ratio of
acetate to linker; assuming that one EDB? is replaced by two
acetates gives a formula of [Zr;,05(OH);4(EDB); ¢(CH;COO), 4],
which would leave a theoretical 42.5% wt ZrO, residue after
thermogravimetric analysis, matching well with the observed
42.1% wt. For GUF-12(Hf), the acetate content measured by
'"H NMR spectroscopy is higher, at an approximate 1:2.5
acetate to EDB”” ratio. Similar levels of defectivity have been
observed elsewhere for the hep phase prepared from Zr(wv)
and BDC>™ using acetic acid modulated syntheses; these
defects enhance its catalytic activity.”> Taking a similar
approach, a formula of [Hf;,04(OH);4(EDB); 5(CH;COO);,0]
for GUF-12(Hf) would correlate with the NMR spectroscopic
data and leave a theoretical HfO, residue of 56.3% wt, close
to the experimental value of 56.8% wt. This greater acetate
incorporation of the Hf(iv) congener may be reflected in its
lower overall thermal decomposition temperature compared
to the Zr(iv) analogue, as observed by TGA (Fig. 4a). The
decomposition temperatures are broadly similar to the fcu
analogues.”

The reliability of the synthetic method allowed us to
upscale the synthesis of the hep phases to quantities suitable
for porosity analysis. N, adsorption/desorption isotherms of
GUF-12(Zr) and GUF-12(Hf) were collected at 77 K after
activation of the samples at 120 °C for 20 h under vacuum
(Fig. 4b). Both MOFs exhibit typical type I isotherms,
associated with microporous materials, with small increases
in uptake between 0.9 and 1.0 P/P,, indicating adsorption
occurring in interparticle spacing or surface roughness. This
can be explained by the aggregated “desert rose” morphology
of the ~100 nm thick hexagonal particles, which feature
multiple surfaces and crevices where nitrogen can be

adsorbed. Brunauer-Emmett-Teller (BET) areas were

2122 | CrystEngComm, 2023, 25, 2119-2124

calculated from the experimental adsorption isotherms using
BETSI, a publicly available software package that fully
implements the extended Rouquerol criteria for an
unambiguous BET area assignment (see ESL} Section $6).**
The BET areas were found to be 1798 m* g™* and 1005 m* g™*
for GUF-12(Zr) and GUF-12(Hf), respectively, with pore
volumes of 1.03 cm® g™ and 0.59 cm® g™'. As expected,***
these are lower than those reported for the fecu analogues
(3280 m* g™ and 2000 m* g™, for the Zr and Hf congeners,
respectively).”> Grand Canonical Monte Carlo (GCMC)
simulations were performed to assess the potential total
porosity of the two MOFs (see ESLj Section S7). Simulated N,
adsorption isotherms for both GUF-12(Zr) and GUF-12(Hf)
showed higher N, uptakes and larger predicted BET areas
(2765 m* g™ and 2127 m? g, for the Zr and Hf congeners,
respectively). GCMC simulations often overpredict porosity
compared to experiment, but the magnitude of the difference
between the experimental and simulated N, uptakes suggest
that the isolated MOFs may be partially amorphized or not
fully activated.

In each isotherm, small type H4 hysteresis loops are
discernible, which are indicative of minor levels of
mesoporosity that could be a consequence of defectivity in
the samples. Pore-size distributions (Fig. 4c), calculated from
the experimental isotherms (N, on carbon at 77 K, slit pore/
QSDFD equilibrium) show a significant pore around 11 A in
diameter for each MOF, which correlates closely to the
hexagonal pore evident along the crystallographic ¢ axis
(Fig. 4d), and is smaller than the major pore observed in the
fcu analogues (~12.5 A).** A broad feature is observed around
34 A for each hep MOF, which may be indicative of the
defectivity implied by "H NMR spectroscopy and TGA. This
combination of high porosity and significant defectivity
indicates the potential for application of the GUF-12
congeners in catalysis.*?

We and others have previously shown that MOFs linked by
ligands with internal alkene'>**™*® and alkyne'>'**%°°
subunits can be postsynthetically modified by halogenation.
Specifically, we have demonstrated that the Zr(iv) and Hf(wv)
fcu phases linked by EDB>” can be quantitatively brominated
in a single-crystal to single-crystal manner.'® With two
different linker environments in the hep phases in this work,

This journal is © The Royal Society of Chemistry 2023
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we wished to determine if (i) the linkers were accessible to
bromination, and (ii) if this would result in a reactive
delamination to form a nanosheet phase. Under conditions
identical to those we have previously utilised for the fcu
analogue,” it was possible to quantitatively brominate the
EDB* ligands of the hep materials, as assessed by 'H and
C NMR spectroscopy of acid-digested samples. However,
PXRD analysis of the brominated materials showed that
stability was an issue when samples were scaled up, with
inconsistent results. In the case of GUF-12(Hf), additional
Bragg reflections were present that may represent
degradation of the MOF or delamination, underlining the
metastability of the hep MOFs (see ESLj Section S8).

Conclusions

We have shown that, by careful consideration of synthetic
conditions, it is possible to synthesise Zr(iv) and Hf(iv) MOFs
of EDB®>" with the hep topology to complement their
established fcu analogues. The role of both water and acetic
acid has been explored to optimise syntheses and reliably
reproduce the materials on an increased scale, allowing
characterisation of their porosity and possible defectivity,
suggesting potential applications in heterogeneous catalysis.
The hcp phases are likely kinetic products relative to the
analogous fcu topology MOFs; moreover, the hep materials
are metastable, as demonstrated by partial degradation of
GUF-12(Hf) during attempts to postsynthetically brominate
the EDB”” linkers, in contrast to the stability of the fcu phase
under identical conditions.® Nevertheless, this work shows
that careful control of modulated self-assembly allows access
to new MOF materials exhibiting desirable physical
properties within well-established phase spaces.
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