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MIL-53 represents one of the most notable metal—organic frame-
works given its unique structural flexibility and remarkable thermal
stability. In this study, a shaker-type ball milling method has been
developed into a facile and generalizable synthetic strategy to
access a family of MIL-53 type materials under ambient conditions.
During the explorations of [M(OH)(fumarate)] (M = Al, Ga, and In),
we report a positive correlation between the metal-ligand (M-L)
bond reversibility and the size of resultant crystallites under the
mechanochemical process. The more kinetically labile the M—L
bond is, the larger the afforded crystallite size is.

MIL-53 (MIL = Matériaux de DI'Institut Lavoisier), one of the
most widely explored metal-organic frameworks (MOFs) over
the last two decades, has been well known for its structural
flexibility, compositional modularity, and remarkable thermal
stability."* Isostructural to Cr-MIL-53 initially reported in
2002,®> AI-MIL-53 consists of trans chains of corner sharing
AlO4(OH), octahedra linked together by 1,4-benzenedicarboxy-
late (bdc) ligands, ultimately forming a 3-dimensonal network
with rhombic channels and the formula of [Al(OH)(bdc)]
(Fig. 1). AI-MIL-53 exhibits a unique structural flexibility - fully
reversible between open and closed conformations - described
as the breathing effect.*”” The pore expansion/contraction
process provides valuable opportunities to fundamentally
understand dynamic changes in solid-state structures and
tune the selectivity and/or diffusivity of guest molecules in
MOFs during practical applications.®’

The synthesis of MIL-53 type materials is typically accom-
plished by solvothermal (e.g., N,N-dimethylformamide (DMF)
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as the solvent) or hydrothermal reactions at elevated tempera-
ture (Fig. 1)."'"" The employment of such harsh conditions
makes the reversible formation of metal-ligand (M-L) coordi-
nate bonds possible, which thus leads to the formation of
(poly)crystalline samples over periods of hours to days.
Additionally, known solid-state synthesis for Cr-MIL-53 and
other AI-MOFs must depend on extended thermal annealing
processes (>160 °C) following the initial grinding to deliver
the crystallinity.">"® A direct yet facile preparation method is
still highly desirable to access MIL-53 and its isoreticular ana-
logues in a sustainable manner, given its great application
potential.
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Fig. 1 In contrast to the previously known solvothermal or hydro-
thermal reactions, this work reports a facile mechanochemical synthesis
strategy to access Al-MIL-53, which is immediately generalizable to iso-
structures of MIL-53 based on a series of ligands, as well as other
elements in group 13.

This journal is © The Royal Society of Chemistry 2024
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Over the last decades mechanochemistry has resurged as
an alternative and green synthetic strategy using commercially
available mills to build an array of MOFs with advantageous
features of solvent volume reduction, high reaction yield, and
easiness to scale-up.'*'® Based on our long-standing interest
in mechanochemistry’®™® and inspired by the preparation of
[Al(OH)(fum)] (fum = fumarate) through a twin-screw extrusion
method reported by James et al,'® herein we report that a
family of MIL-53 type materials has been successfully built by
mechanochemical synthesis, more specifically a shaker-type
ball milling, under ambient conditions. Not only is the devel-
oped synthetic strategy compatible with ligand variation, but it
also allows us to produce gallium (Ga)- and indium (In)-based
MOFs in addition to the Al congener. Moreover, a positive cor-
relation between M-L bond reversibility kinetics and crystallite
sizes has been observed for the first time and further elabo-
rated for the solid-state mechanochemical reactions. It is
worth noting that, prior to this study, there has been no
known case of AI-MIL-53 or Ga-based MOFs being made
through mechanochemistry.”> Previously known mechano-
chemistry has been primarily restrained to the (first-row) tran-

sition and rare-earth metals delivering HKUST-1,>%*!
MOF-5,2*7%° ZIFs, 25729 MOF-74,3732 pillar-layered
structures,®*?* Ui0s,>**3° and others.**** However, both

MIL-53 and other group 13 element-based MOFs remain rare
to be accessed by direct milling.****

To prepare [Al(OH)(bdc)] (Al-MIL-53) mechanochemically,
we investigated a number of experimental variables systemati-
cally: (1) aluminium(m) precursors — milling aluminium sulfate
octadecahydrate (Aly(SO4)3-18H,0, 1.0 equiv.), H,bdc (2.0
equiv.), and NaOH (6.0 equiv.) in the presence of DMF (i =
0.3 uL. mg™") in one pot for 1 h at a frequency of 30 Hz provides
a crystalline phase, that matches the powder X-ray diffraction
(PXRD) patterns from the calculated ones of MIL-53 (Fig. 2a).
However, the employment of Al(OH)s;, AI(OH)(OAc), or Al
(NO3)3-9H,0 instead of Al,(SO);-18H,0, does not generate the
desired phase under similar conditions (Fig. S1 in ESIf{). We
tentatively attribute this phenomenon to the release of rela-
tively abundant water molecules from Al,(SO);-18H,0 in the
solid mixture, which facilitates the milling reaction. The dis-
sociation of labile aqua ligands along with non-coordinating
S0,>~ anions*® makes Al(m) sites readily available for carboxy-
late bonding compared to coordinated hydroxide or acetate. (2)
Liquid additive - the addition of DMF in an appropriate
amount (; = 0.30-0.45 pL mg™") also matters to the formation
of MIL-53 - no mechanochemical reaction proceeds under the
neat condition and replacing DMF with either H,O or MeOH
generates poor crystalline phases (Fig. S2 and S3). We suspect
a DMF-derived microenvironment, which dissolves reagents
and promotes their mobility, is necessary for the formation of
AI-MIL-53. (3) Milling time — the mechanochemical reaction is
complete after milling for 1 h at 30 Hz and the extension of
milling time leads to the broadening of PXRD peaks (Fig. S47).
(4) One-pot vs. stepwise reaction — a much higher surface area
(1143 m? g7, P/P, = 0.007-0.03) is observed from a stepwise
approach than that (666 m”> g—*, P/P, = 0.007-0.03) of the one-
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Fig. 2 (a) PXRD patterns of [Al(OH)(bdc)] mechanochemically prepared
by a one-pot reaction (red line) and a stepwise procedure (blue line) are
compared to the calculated patterns of [Al(OH)(bdc)] (black line). (b) N,
adsorption isotherms are collected at 77 K on the samples of [Al(OH)
(bdc)] prepared by a one-pot reaction (red) and a stepwise procedure
(blue).

pot method based on their N, adsorption isotherms at 77 K
(Fig. 2b), though PXRD patterns collected from the two
samples look comparable to each other (Fig. 2a). The pre-
milling of H,bdc and NaOH before adding Al,(SO);-18H,0 and
DMF allows us to reach a surface area value comparable to the
hydrothermally prepared sample.' The enhancement in
material quality is tentatively attributed to a great degree of
ligand deprotonation from the initial milling leading to the
presence of rich bdc anions, which can readily coordinate with
Al(m) to form the extended lattice.

Further characterizations were also carried out on the
mechanochemically obtained [Al(OH)(bdc)]. The completeness
of the reaction was monitored by infrared (IR) spectroscopy
(Fig. S57) - the disappearance of the uncoordinated carbonyl
stretch at around 1675 cm™ " indicates the absence of free
H,bdc, while bands around 1410 cm™ and 1600 cm™", corres-
ponding to -CO, asymmetric and symmetric stretching, are
characteristic to the coordinated carboxylate group and indi-
cate its presence in the product. The thermogravimetric ana-
lysis (TGA, Fig. S6t) indicates that [AI(OH)(bdc)] prepared by
ball milling exhibits a continuous weight loss prior to 100 °C
corresponding to the removal of guest molecules and then
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keeps its stability up to 520 °C, which is consistent with the
reported thermal behaviour of the solvothermally generated
MIL-53."

We extended the above mechanochemical synthetic method
to generate [Al(OH)(fum)],*® isostructural to MIL-53. We have
found that milling Al,(SO,);-18H,0 (1.0 equiv.) and fumaric
acid (Hyfum, 2.0 equiv.) with a stoichiometric amount of
sodium hydroxide (NaOH, 6.0 equiv.) as well as a small
amount of DMF (i = 0.30 pL mg™") for 90 minutes affords the
desired crystalline phase of [Al(OH)(fum)] (Fig. 3, experimental
details in ESI}). The added NaOH deprotonates fumaric acid
and provides hydroxide anions to complete AlO4(OH), octahe-
dra, similar to its role in the synthesis of [Al(OH)(bdc)]. No
mechanochemical polymerization was observed in the absence
of NaOH, evidenced by the reaction mixture being completely
dissolved in water during the workup. Meanwhile, unlike the
mechanochemical synthesis of [Al(OH)(bdc)] that is sensitive
to the additive liquid (DMF), [Al(OH)(fum)] is readily accessi-
ble regardless of additives - the neat condition or adding DMF
(7 = 0.30-1.5 pL. mg™"), MeOH ( = 0.30 pL mg ™), or H,O (i =
0.30 pL mg™ ") consistently generates [Al(OH)(fum)] (Fig. S7-
S9t). Other characterization data, e.g., IR (Fig. S10f), TGA
(Fig. S11%), and N, adsorption isotherms (Fig. S12) included in
ESIL, T are consistent with those of the reported solvothermally
prepared sample.'®*%*

The developed mechanochemical process exhibits great tol-
erance towards a series of different functional groups, when
preparing other Al-based MOFs, [Al(OH)L] (H,L = 2-aminoben-
zene-1,4-dicarboxylic acid (H,NH,bdc), 2,5-bis(trifluoromethyl)
benzene-1,4-dicarboxylic acid (H,btfmbdc), and 2-methyl-
fumaric acid (H,mfum)). We have found the milling method
produces crystalline materials of [Al(OH)(NH,bdc)] (Fig. S13-
S18t), [Al(OH)(btfmbdc)] (Fig. S19-S23t), and [Al(OH)(mfum)]
(Fig. S24-5287) (reaction and characterization details in ESIT),
which are isostructural to MIL-53 confirmed by PXRD (Fig. 3).
The completeness of the mechanochemical reactions was simi-
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Fig. 3 PXRD patterns of mechanochemically prepared [AI(OH)(fum)]
(magenta), [A(OH)(mfum)] (orange), [Al(OH)(btfmbdc)] (olive), [AI(OH)
(bdc)] (red), and [A(OH)(NH,bdc)] (blue) were collected and compared
to the calculated PXRD patterns of [Al(OH)(bdc)] (black line), which indi-
cates they are all isostructural to MIL-53.

4408 | Dalton Trans., 2024, 53, 4406-4411

Dalton Transactions

larly monitored by IR (Fig. S16, S22, and S26f) and the
obtained materials were also characterized by TGA (Fig. S18,
S23, and S287) and N, adsorption analysis (Fig. S17 and S277).
While all milling reactions proceeded at a stoichiometric
1:2 molar ratio of Al,(SO);-18H,0 and the ligand, slight vari-
ations are necessary to generate the quality crystalline phases
regarding reaction time, the additive liquid, and its amount.
Beyond Al(m) being employed as the metal node, we have
also discovered that other group 13 elements-based MOFs, [M
(OH)(fum)] (M = Ga or In), are accessed through mechano-
chemical synthesis for the first time, confirmed by PXRD
(Fig. 4a) and other characterizations (Fig. S29-S3671). These
two materials were previously prepared by solvothermal
methods.*® The trivalent cations Al(m), Ga(m), and In(m) featur-
ing closed shell electron configurations follow an increasing
trend in their ionic radii (53 < 62 < 80 pm), which leads to the
expansion of MOF lattice parameter consistently reflected by
the observable shifting of PXRD peaks towards lower angles
(Fig. 4a). Moreover, dramatic differences of peak width show
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Fig. 4 (a) PXRD patterns of the mechanochemically obtained [Al(OH)
(fum)] (black line), [Ga(OH)(fum)] (red line), and [IN(OH)(fum)] (blue line)
are compared. As we move down in group 13 of the periodic table,
PXRD peaks systematically shift towards low angles indicated by the
dotted lines and the diffraction peak width is consistently decreasing. (b)
A positive correlation is presented between the crystallite size and the
metal-ligand reversibility. The metal-ligand reversibility is indicated by
the water exchange rate constants (k/s™)) previously reported for
aquated trivalent metal cations.
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up in those PXRD patterns, particularly between [Al(OH)(fum)]
and the other two. The crystallite sizes of [M(OH)(fum)] (M =
Al, Ga, and In) are calculated to be 13(3) nm, 39(4) nm, and 49
(2) nm, respectively, based on these PXRD patterns and
Scherrer equation.”® Although we recognize various factors
may contribute to the observed PXRD peak width entangled by
the milling process, the discrepancy of crystallite sizes among
the three MOFs should still be appreciated and is worth
further discussion.

Crystalline MOF formation counts on the reversibility of M-
L coordinate bonds during the chemical reactions regardless
of solution or solid state.'®>® Thus, the M-L bond lability
plays a critical role in mechanochemical reaction kinetics and
is expected to guide the growth of lattice in its size and quality.
To gauge the reversibility of metal-oxygen (M-O) dative bonds
in the (near) solid-state mechanochemical reactions, we
propose to employ water exchange rate constants of aquated
metal ions in aqueous solutions as a conceptual model. The
water exchange rate constants (k/s™ at 298 K) were experi-
mentally measured and reported as 1.29 s~ for Al(m)*" and 4 x
10*> s~ for Ga(m),”® in addition to In(m) having a predicted
value of around 107 s™* caused by difficulties in measuring its
fast exchange.> A positive correlation between the crystallite
sizes and the water exchange rate constants is thus presented
(Fig. 4b). The more labile the M-L bond is, the bigger crystal-
lite size the reaction affords under similarly optimized
mechanochemical conditions. The borderline water exchange
rate of Al(ur) between kinetic inertness and lability truly chal-
lenges the access to large crystallite sizes of Al-based MOFs.
This also explains why suitable-size crystals of AI-MOFs are
typically rare for single-crystal X-ray diffraction even in the
solvothermal reaction systems.>

As we know, larger ions have faster ligand exchange rates
due to decreasing electrostatic attractions. During the mechan-
ochemical formation of extended MOF lattices, other factors
that need to be considered regarding the reversibility of M-L
connection include milling time duration and the number of
the ligand binding sites. On one hand, the slow kinetics of Al
(m) manifests in the extended 90-min milling time to access
the quality [AI(OH)(fum)], while the Ga or In analogue only
requires 45-min reaction time. However, it is obvious to envi-
sion the constant and extended milling can break down gener-
ated large-size crystallites, leading to the broadening of PXRD
peak width. On the other hand, the reversibility of M-L con-
nection can be impeded by a high number of ligand binding
sites specially at ambient temperature. Mechanochemistry
rarely delivers MOFs based on the ligands containing hexacar-
boxylic acid or more.">***> This may be rationalized by rather
sluggish M-L reversibility owing to the multiple binding sites,
while productive M-L reversibility demands high mechanical
energy input simultaneously being detrimental to anticipated
quality crystallites in size.

In summary, we report the development of a mechano-
chemical method for the synthesis of a family of MOFs based
on Al(m), Ga(um), and In(m) sharing the same topology with
MIL-53. The described mechanochemical synthetic process

This journal is © The Royal Society of Chemistry 2024
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features remarkable sustainable features, including short reac-
tion time, ambient reaction temperature, and (near) solvent
free conditions. The mechanochemical strategy is generaliz-
able to ligands owning different functional groups and
enables access to various isostructures, including [Al(OH)
(NH,bdc)], [Al(OH)(btfmbdc)], [Al(OH)(fum)], and [Al(OH)
(mfum)], in addition to [Al(OH)(bdc)]. Moreover, a positive cor-
relation between the metal-ligand (M-L) reversibility (gauged
by water exchange rate constants in aquated metal complexes)
and the size of resultant crystallites is observed. The kinetic
lability of the M-L bond leads to increasing crystallite size in
the solid-state mechanochemistry. We expect this conceptual
correlation can be applied to other types of crystal growth
process, where the formation of extended lattices is ruled by
the evolution of M-L bonds.
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