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The mechanism of mixed-ligand metal-organic framework (MOF) formation, and the possible role of
intermediate single-ligand metal complexes during mechanosynthesis, have not been explored yet. For the
first time, we report here in situ real-time monitoring of the mechanochemical formation mechanism of

mixed-ligand MOFs. Our results show that binary phases can act as intermediates or competing products
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Metal-organic frameworks (MOFs) are crystalline porous
materials built from inorganic metal nodes connected with
organic ligands resulting in two- or three-dimensional
network structures with potential voids."® Thanks to their
inherent porosity and large surface area, these materials are
ideal candidates in gas storage/separation,>* sensing,”® and
catalysis.” The unique combination of compositional
modularity of MOFs by varying the organic/inorganic subunit
has further propelled research interest in these materials.®®
In this regard, mixed-ligand approaches comprising two
different types of ligands with distinct functionalities, such as
carboxylate or phosphonate groups combined with a basic N,
N'-donor ligand, were introduced as a successful strategy for
tuning the physicochemical properties of MOFs.'*** Despite
several advancements, the development of new MOF
materials is still typically based on trial-and-error. The
investigation of the reaction parameters such as
concentration, time, temperature, or solvent conditions
required for a desired MOF structure is demanding and needs
combinatorial screening. Recently, different spectroscopic
and computational approaches have been used to study the
crystal nucleation and growth of MOFs."**® However, there is
still a lack of understanding of the formation mechanism, i.e.
, how chemical coordination between metal nodes and
organic ligands occurs during MOF self-assembly or which
fundamental building units govern the MOF synthesis.
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in one-pot and stepwise synthesis.

In this regard, environmentally benign rapid
mechanochemical syntheses provide an opportunity to study
the real-time chemical transformations of a wide range of
solid molecules and materials including nanomaterials,
alloys, organometallic complexes, pharmaceutical cocrystals,
and MOFs."” > Mechanochemical grinding or milling of
solids performed either under solvent-free conditions or
using catalytic amounts of solvent can easily be monitored by
time-resolved in situ (TRIS) X-ray diffraction or spectroscopy
probing the local geometry, phase composition, and
crystallinity of intermediates and products.**™° TRIS X-ray
powder  diffraction,® ™ Raman spectroscopy,”® and
thermography®® or combinations thereof***® provided
insights into the mechanism of mechanochemical syntheses
of MOFs. Very recently, our group demonstrated the accurate
measurement of the microstructure of ZIF-8 during ball
milling by introducing a new kind of milling jar in time-
resolved  in  situ-XRD ~ measurements.’®  Typically,
investigations are focused on the synthesis of single ligand
MOFs and examples of mixed-ligand MOFs are scarce. The
competitive coordination of the metal ions by two different
ligands allows to tune the network structures in mixed-ligand
MOFs. Different possibilities for the formation of single-
component coordination complexes exist along with dual
ligand complexes. The question arises as to what role the
individual coordination complexes play in the formation of
the MOFs with mixed ligands. Thus, the formation
mechanism of these materials must be better understood
before such materials can be selectively prepared in bulk
scale for targeted practical applications.

In this work, we explored the mechanochemical synthesis
of two isostructural mixed ligand phosphonate-based proton
conductive MOFs,*”  {Co(H,PhDPA)(4,4"-bipy)(H,0)-2H,0},
(BAM-1),  {Fe(H,PhDPA)(4,4"-bipy)(H,0)-2H,0},  (BAM-2)
[where H,PhDPA®" = phenylenediphosphonate and 4,4'-bipy =
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4,4'-bipyridine] by using tandem real-time in situ powder
X-ray diffraction (PXRD). Along with the one-pot synthesis,
the step-by-step reactions where the metal source reacts with
one ligand first and subsequently with the second ligand are
monitored to extract detailed information on the
development of the product structure. The insight gained
from these incremental and one-pot syntheses allows us to
estimate formation mechanisms for BAM-1 and BAM-2.

Liquid assisted grinding (LAG) of a stoichiometric mixture
of Co(OAc),-4H,0 or FeCl,-4H,0 and NaHCO; with 4,4"-bipy
and H,PhDPA at 50 Hz for 30 min led to the formation of
BAM-1 and BAM-2 (Fig. 1). BAM-1 was obtained as a pure
phase, whereas the formation of BAM-2 was not completed
even after prolong grinding. A washing step with water was
needed to remove the side products from the obtained
powder of BAM-2.

The formation mechanism of phosphonate based mixed-
ligand MOFs could in principle follow different pathways: i)
the metal precursor can react with one of the organic linkers
to form a single ligand-based metal complex, which further
reacts with the second linker to form the final framework. ii)
Alternatively, the simultaneous coordination of both ligands
to the metal centre is also a plausible mechanism. To
understand which pathway leads to the final MOF and which
is favoured, we split the mechanochemical synthesis of BAM-
1 and BAM-2 into two two-step reactions, consisting of one
ligand offered in each step. The synthesis increments and
the one-pot reactions are monitored by in situ PXRD to assess
the conversion and formation rates of the reactions and the
possible mechanisms.

During the three-component reaction of BAM-1, the early
stage of the transformation shows a loss of intensity of the
diffraction of starting materials. This could be attributed to
an amorphization of the starting materials or the powder
getting stuck in the milling vessel. The sudden appearance of
reflections at ¢ = 9.1 nm™ for 15 s and ¢ = 14.3 nm ™" for 10 s
suggests that crystalline material is present but does not pass
through the beam. After 1 min of milling, reflections of BAM-
1 start to grow, and reach a plateau after approximately 2
min (Fig. 2a and S1f). For BAM-2, Bragg reflections from
starting materials disappear after 30 s and new reflections
grow in the early stage of the reaction. These new reflections
(g = 7.61, 10.53, 17.28 nm™") are consistent with a mixture of
FeCl,(4,4"-bipy) and unidentified phases. With continued
milling, the reflections of BAM-2 appear. After 30 min of
grinding the reflections of BAM-2 reach the maximum

PO3H, N

| Mechanochemical
synthesis

+  Co(ll)/Fe(ll) +

PO3H,

BAM-1/BAM-2

Fig. 1 Schematic presentation of the mechanochemical synthesis of
BAM-1 and BAM-2 by ball milling.
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Fig. 2 TRIS XRD pattern of the mechanochemical one-pot reactions
of BAM-1 (a) and BAM-2 (b).

intensity, leading to a mixture of BAM-2, FeCl,(4,4-bipy)*®
and an unknown phase, that persist even after 10 h of
extensive grinding (Fig. 2b and S27).

The three-component reactions showed a difference for
the two metal atoms (M = Co, Fe). Specifically, the formation
of BAM-2 passed through a binary phase intermediate in
contrast to BAM-1. We therefore aim to better understand if
the difference in reaction pathways relates to the existence of
binary phases of both metal complexes, the relative reactivity
of the binary phases, or relative kinetics of their formation.

To probe this, we have conducted step by step reactions
where the ligands are added sequentially in the reaction
vessel (Scheme 1). The TRIS XRD data for milling 4,4-bipy
with Co(OAc),-4H,0 or FeCl,-4H,0O (Scheme 1, reactions Ia)
show a rapid consumption of the starting material, leading
to the formation of {Co(OAc),(4,4-bipy)}, (ref. 39) or
{FeCl,(4,4-bipy)},, respectively. ~Both reactions were
completed within 4 min and 30 s for Co(u) and Fe(u), and no
further changes were observed within 30 min of grinding
(Fig. 3a and e and S3 and S4f). The subsequent addition of
H,-PhDPA (Scheme 1, reactions Ib) led to the conversion of
{Co(OAc),(4,4"-bipy)},, to BAM-1, which was completed after 3
min of grinding (Fig. 3b, and S5t). Whereas, during milling
of {FeCl,(4,4"-bipy)}, with H,-PhDPA and NaHCO;, BAM-2
starts to grow with simultaneous consumption of {FeCl,(4,4'-
bipy)}, (Fig. 3f and S6f). After 35 min of grinding,

o{—1o{1I—310O
T i i
Y . oi—oi—o »
D oI—roIT—1o
4,4Bipy
—
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M-Coe —1 -
o} mn
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L
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Scheme 1 Three synthesis pathways towards BAM-1 and BAM-2
either as incremental approaches (top, blue, la and Ib; or bottom, red
Ila and Ilb) or direct one-pot approach (middle, black, IlI).
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Fig. 3 TRIS PXRD data of the mechanochemical reactions la (a), Ib (b), lla (c), and IlIb (d) for BAM-1 and reactions la (e) and Ib (f) for BAM-2 (see

Scheme 1 for reaction overview).

approximately 65% conversion to BAM-2 was observed. The
incomplete conversion to BAM-2 is consistent with the one-
pot synthesis, see Fig. 2b and S2.}

Initially, no crystalline phases were detected in the
experiments reversing the order of ligand addition milling
Co(OAc),-4H,0 with H,-PhDPA (Scheme 1, reactions IIa, Fig. 3¢
and S77). Reflections appear around 4 min and continue to
grow, reaching a plateau at 8 min. The reflections could not be
assigned to any known crystalline phase, but it can be assumed
that mixtures of cobalt-phenylenediphosphonates (e.g. Co(H,-
PhDPA)) with varying stoichiometry are present (Fig. 3b and
S7t). With the addition of 4,4-bipy (Scheme 1, reactions IIb),
the presumed mixture of Co(H,PhDPA) is consumed within the
first minute of milling (Fig. 3d and S9f). Finally, the
crystallization of BAM-1 starts and continues over the next 14
min. In contrast, co-grinding FeCl,-4H,0 with H,-PhDPA, and
NaHCO;, yielded reflections of the side product NaCl and
another unknow crystalline phase, presumably Fe(H,-PhDPA)
(Fig. S8T). We suspect that this is the same unknown phase as
observed in the one pot synthesis. Surprisingly, milling this
unknown phase with 4,4-bipy (IIb), did not yield BAM-2, but a
complete consumption of NaCl and a partial consumption of
4,4-bipy can be observed. This can be explained by the
formation of a 4,4"-bipy-hydrogen chloride salt or a hydrate
thereof (Fig. S107).

Moreover, we have tested the bulk synthesized BAM-1 and
BAM-2 as electrocatalysts for water splitting (see ESIL:{ Fig.

This journal is © The Royal Society of Chemistry 2022

S17). Both compounds exhibit moderate reactivity towards
oxygen evolution reaction (OER), which need further
investigations for a follow-up work.

Our stepwise synthesis demonstrates that the binary
phases can in principle behave as intermediates for the
formation of BAM-1. Their absence in the one-pot synthesis
can be ascribed to their rapid consumption, consistent to the
speed of their reactivity during step-wise synthesis. However,
we have shown that BAM-2 can only form via a single step
reaction or the binary phase, {FeCl,(4,4"-bipy)},. The binary
phase Fe(H,-PhDPA) is instead a competitive product, and its
formation is responsible for the inability to achieve the
quantitative yield of BAM-2 during the one-pot synthesis. Our
studies reveal the complex behaviour of mechanochemical
synthesis of mixed ligand metal organic frameworks. We
expect further investigation in these directions will provide
exciting insights into the mechanisms of materials synthesis
by environmentally benign ways.
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