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We demonstrate a mechanochemical strategy that allowed the
first successful mechanosynthesis of IRMOFs based on an
oxo-centred SBU. The study indicates that controlling the
acid-base relationships between reagents is key to
mechanochemical synthesis of IRMOFs, and a pre-assembled
oxo-zinc amidate cluster appeared as a very efficient
precursor to IRMOFs.

Metal—organic frameworks (MOFs) have attracted major interest due
to their applications in gas storage, separation, catalysis and
sensing.! One of the archetypal and still most prominent groups of
MOFs are IRMOFs, based on {Zn,0}*" oxo-zinc secondary build-
ing units (SBU) and organic carboxylate linkers. The most recog-
nized member of this compound family is MOF-5, composed of oxo-
zinc SBUs and terephtalate linkers.? Conventional synthetic
approaches to IRMOFs utilize either solvothermal or strongly basic
conditions under which zinc salts undergo slow hydrolysis to form
the oxo-zinc SBUs which further assemble with dicarboxylic acids
into porous structures.® Very recently, an alternative solvothermal
strategy involving oxo-zinc acetate or benzoate clusters has been
demonstrated for the MOF-5 synthesis.*

Over the last decade, chemical transformations driven by mechani-
cal forces have recently experienced a renaissance of scientific in-
terest. Mechanochemical synthesis, i.e. chemical synthesis per-
formed by milling or grinding, has emerged as a powerful method
for environmentally-friendly, clean, as well as energy-efficient con-
struction of molecules and materials.®> Mechanosynthesis is advan-
tageous to conventional solution-based or solvothermal synthetic
methods as it allows shortening of reactions times while avoiding
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bulk solvents and high temperatures. So far, mechanosynthesis has
successfully been utilized for the solid-state organic syntheses,® the
preparation of discrete metal complexes,” 1D and 2D coordination
polymers® and even porous MOFs®. The emerging solid-state ap-
proaches for MOF synthesis often utilize small amounts of a liquid
(liquid-assisted grinding; LAG) or/and a salt (ion- and liquid-
assisted grinding; ILAG)® which accelerate the synthesis and ena-
ble control over the MOF topology. Such approaches have been
highly successful in providing rapid, room-temperature access to a
number of microporous MOFs based on zinc, copper(ll), and a
handful of other metals, from a variety of simple precursors,% %%
including industrially attractive metal oxides.®° However, de-
spite highly promising successes, mechanochemical methodologies
have remained unable to generate the {Zn,0}%" SBUs,'! in that way
leaving the assembly of archetypal IRMOFs out of reach of solvent-
free synthesis. Recently, we described a series of oxo-zinc carbox-
ylate clusters with molecular geometries resembling the SBUs of
IRMOF materials.*? Structural similarity sparked our interest in
using such clusters as a means to access and explore IRMOFs using
mechanochemistry.

We now describe the "SMART" (SBU-based Mechanochemical
Approach for pRecursor Transformation) strategy that exploits the
oxo-zinc clusters as pre-assembled precursors for mechanosynthesis
of IRMOFs. In developing this strategy, we first explored a model
oxo-zinc  benzoate cluster [Zny(us-O)(O,CPh)s] (1) as a
mechanochemical precursor to IRMOFs, but then discovered that
efficient mechanochemical reactivity requires switching to its ami-
date analogue [Zn,4(4-O)(HNOCPh)g] (2). This study indicates that
controlling the acid-base relationships between reagents is key to
mechanochemical synthesis of MOF-5 as archetypal IRMOF.
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Fig.1. A schematic representation of SMART strategy for the synthesis of MOF-5

Our initial attempts of MOF-5 mechanosynthesis focused on
milling ZnO and terephthalic acid (H,bdc) in 4:3 stoichiometry,
anticipating the in situ formation of the zZn,O SBU. However,
powder X-ray diffraction (PXRD) patterns of milled reaction
mixtures revealed only the formation of simple zinc terephthalates
(see Fig. S2). Recognizing that the assembly of the Zn,O unit is a
crucial obstacle to IRMOF mechanosynthesis, we therefore turned to
pre-assembled oxo-zinc benzoate complex 1 as a potential
mechanochemical precursor.le Indeed, similar clusters have been
utilized in solution chemistry for generation MOF-5 and analogues.*
However, after 60 min milling of 1 with Hybdc in the required 1:3
stoichiometric ratio, PXRD revealed only broad Bragg’s peaks
consistent with the presence of H,bdc, and no trace of MOF-5 (Fig.
2a-d).

[Zn,(u-O)(O,CPh)] (1)

*

c) simulated MOF-5
A \ : : (EDUSIF)
- . neat grinding
W e
) : : 1+ H,bdc,
A . A LAG (50uL DEF)

f) : : 1+ H,bdc,

A A ALAG (100uL DEF)
: © 1+H,bdc
9) . bdc,
A o A

_LAG (150uL DEF)
h) :
N
10 T

diffraction angle 26/ °
Fig. 2. Comparison of experimental and simulated PXRD patterns for the synthesis of
MOF-5 by grinding 1 with H,bdc: a) 1. b) 1,4-benzenedicarboxylic acid. ¢) simulated
pattern for MOF-5 (EDUSIF). d) neat grinding of 1 and Hpbdc. e-g) LAG of 1 and
H,bdc using DEF. h) after activating with THF. Reflection of Hybdc are labeled with
asterisks (*).
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Guided by the observation that small amounts of a liquid can
enhance the scope and rate of mechanosynthesis as well as improve
product crystallinity, we turned to liquid-assisted grinding (LAG).*®
LAG of 1 and H,bdc in the presence of N,N-diethylformamide
(DEF; 50-150 pL for 0.150 g of reagent mixture) led to the
formation of MOF-5 after 60 min, as indicated by PXRD analysis of
the freshly milled reaction mixture (Fig. 2e-g). Although most of the
reflections in the resulting PXRD pattern could be matched to MOF-
5 (Fig. 2c; CSD code EDUSIF), reflections of the residual H,bdc
were also apparent when using lower amounts of DEF. Increasing
the amount of DEF in the reaction mixture improved the crystallinity
of MOF-5 only slightly (Fig. 2e-g), suggesting that the principal
problem in the mechanosynthesis of MOF-5 from 1 is poor reactivity
of Hybdc in the proposed proton-transfer reaction (Fig. 1). Bragg’s
peaks at 6.8° and 9.7° in the PXRD pattern of the as-synthesized
mechanochemically sample of MOF-5 (designate as MOF-5;)
exhibit a different ratio of intensities than previously reported for
MOF-5. These differences might be associated to residual zinc-based
or benzoic acid species trapped in the MOF.* This is supported by
the observation that activating MOF-5; with anhydrous THF yields a
mat?gial whose PXRD pattern is fully consistent with MOF-5 (Fig.
2h).

Considering that acid-base reactivity is one of the driving forces
for ligand exchange, we hypothesized that oxo-zinc clusters
involving a more basic amidate ligand (generated from amides),
rather than a carboxylate (generated from carboxylic acids), should
favour the formation of IRMOFs in reactions with dicarboxylic
acids. Importantly, oxo-zinc amidate ligands have previously never
been explored in IRMOF synthesis. As the amidate source we first
chose benzamide, exhibiting much less acidic character (pKa=14.5)
than benzoic acid (pKa=4.2) (Fig. 1). The corresponding oxo-zinc
amidate cluster [Zn,(l,-O)(NHOCPh)g] (2) was obtained following a
procedure previously reported for analogous oxo-zinc carboxylate
clusters,'® by reacting three equivalents of benzamide with two
equivalents of Et,Zn in THF, followed by the addition of 0.5
equivalent of H,O. Recrystallization from THF at 20°C gave crystals
suitable for X-ray single-crystal determination, revealing 2 as a new
example of this type of cluster family.'® The crystal structure of 2
consists of discrete clusters, based on the expected oxide-centered
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tetranuclear [Zn,0]%" core surrounded by six p-1,2-amidate ligands.
The Zn-Oyyiqe distances fall into the expected range of 1.94-1.95 A
(Fig. S1).

Next, we applied 2 as the precursor for the mechanosynthesis of
MOF-5 by milling with three equivalents of H,bdc. In contrast to the
1/H,bdc system, neat grinding for 30 min led to the disappearance of
all reflections characteristic of 2 and H,bdc in the PXRD pattern and
the appearance of broad reflections clearly consistent with MOF-5
and benzamide (Fig. 3e). Quantitative transformation of reactants
was indicated by the absence of reactant absorption peaks in the
Fourier-transform infrared (FTIR) spectrum of the ground product.
After washing with THF to remove the benzamide byproduct, the
resulting material (designated as MOF-5,) exhibited a PXRD pattern
fully consistent with MOF-5 (Fig. 3f). The PXRD analysis suggests
that mechanosynthesis yields MOF-5 as poorly crystalline
framework whose crystallinity, and therefore the sharpness of
diffraction features, improves upon exposure to organic solvents.
This view is consistent with SEM images of MOF-5 samples as-
prepared and after activating (see Fig. S10-S11). The importance of
a mobile organic phase for crystallization of the MOF-5 structure is
also evidenced by systematic LAG experiments involving increasing
amounts of THF in the mechanochemical reaction of 2 and H,bdc.
Adding small volumes of THF improved the sharpness of MOF-5
reflections in the diffraction pattern (Fig. S3). Notably, the THF
volume was between 25 pL (ca. 0.3 mmol, 0.75 equivalents THF per
zinc atom) and 100 pL (ca. 1.2 mmol, 3 equivalents THF per zinc
atom), which remains ca. 100 times below typical values used in
solution-based synthesis.’” The described SMART strategy generates
solid amide as the only byproduct, which can be re-utilized for the
synthesis of pre-assembled oxo-zinc precursor.*?
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Fig. 3. Comparison of experimental and simulated PXRD patterns for the synthesis of
MOF-5 by grinding 2 with H,bdc: a) 2. b) 1,4-benzenedicarboxylic acid. ¢) benzamide.
d) simulated pattern for MOF-5 (EDUSIF). e) neat grinding of 2 and Hjbdc. f) neat
grinding of 2 and Hbdc after activating with THF. Reflection of benzamide are labeled
with asterisks (*).

It is known that the surface area and gas adsorption capacity of
MOFs are strongly affected by the method of their synthesis.!®
Therefore, we decided to investigate thermal stability and gas
adsorption properties of the mechanochemically synthesized
materials. Samples of MOF-5; and MOF-5, were all activated by
washing with anhydrous THF and desolvation under a dynamic
vacuum (10 mbar) at 100°C for 12 h, yielding samples MOF-5,,
and MOF-5,, that have no guest within frameworks as confirmed by
'H NMR and thermogravimetric (TGA) analysis.® At 77 K, MOF-
5. and MOF-5,, exhibit type | N, adsorption isotherms typical for
microporous materials, with maximum uptakes of 450 cm® g* and
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650 cm® g (at standard temperature and pressure (STP); Fig. S12),
respectively. The Brunauer-Emmett-Teller (BET) areas for MOF-5,,
and MOF-5,,, calculated from N, adsorption isotherms are 1831 m?
g and 2345 m? g}, respectively. We compared our N, adsorption
results with molecular simulation using grand canonical Monte Carlo
(GCMC). Fig.4a and Fig.S15 show the comparison between
experimental and GCMC isotherms. The BET area of the simulated
isotherm is 3134 m?/g, which corresponds to a scaling factor of ¢ =
0.739.% As can be seen in the inset of Fig. 4a, both the experimental
and simulated isotherms show the characteristic step of MOF-5 at
very low pressure (ca. 0.002 P/P0) and the unusual sigmoidal shape
of the curves.?

By representing snapshots and density distributions of the N,
isotherms, GCMC simulation shows that the step is related to the
existence of adsorption sites with different interaction strength. In
this way, N, molecules are first adsorbed close to the metal cluster
before being adsorbed in the rest of the porosity (Fig.4b and Fig.
S16).
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Fig. 4. a) Adsorption isotherms of N, on MOF-5 at 77 K. Experiment MOF-5,,, black
triangles; GCMC, red circles; scaled GCMC (¢ = 0.739). b) Density distributions (top)
and snapshots (bottom) of N, adsorption on MOF-5 at 77 K at low (left) and high
(right) loadings, obtained by GCMC. Black points and blue spheres represent the N,
molecules in the density distributions and snapshots, respectively.

We showed previously that the presence of unusual sigmoidal
behavior during the adsorption process is a result of relatively weak
guest—host interactions, which is in turn a consequence of the
relatively open nature of the MOF framework compared with other
microporous adsorbents.?® These values are moderate, compared
with  MOF-5 materials synthesized by different solvothermal
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methods,?? but significantly higher than those obtained for MOF-5
from room-temperature precipitation (Sger= 700 m?g).2 Evaluation
of the H, adsorption in MOF-5,, and MOF-5,, at 77 K revealed an
uptake of 0.82 wt% and 1.3 wt% (92 cm®g? and 150 cm®g™ STP,
respectively; Fig. S13-S14). These values are similar to those
originally reported for MOF-5 (1.3 wt%).2°

In summary, we have demonstrated the first mechanochemical
strategy for the synthesis metal-organic frameworks based on oxo-
centred SBUSs, specifically the member of the archetypal IRMOF
materials, central to the history and development of modern MOF
chemistry. In contrast to solution-based ligand exchange reactions,
the efficient mechanosynthesis of IRMOFs mandates the use of a
basic pre-assembled oxo-zinc amidate precursor. We believe that the
presented results open new possibilities in the clean and efficient
synthesis of microporous MOFs, as well as add a new strategy for
exploring the phase space of new metal-organic frameworks.
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