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Green synthesis of a new AI-MOF based on the aliphatic linker

mesaconic acid: structure, properties and in-situ crystallisation

studies of Al-MIL-68-Mes

Helge Reinsch,*®" Thomas Homburg,® Niclas Heidenreich,® Dominik Fréhlich, ! Stefan

Hennninger,© Michael Wark™ and Norbert Stock*@

Abstract: A new aluminium MOF based on the short aliphatic linker
molecule mesaconic acid (H:Mes; methylfumaric acid) is reported.
Al-MIL-68-Mes with composition [AI(OH)(O,C-C3Hs-CO2)]-nH,0 is
obtained after short reaction times of 45 minutes under mild,
aqueous synthesis conditions (95 °C). It exhibits a kagome-like
framework structure with large hexagonal and small trigonal
channels (diameters of ~ 6 and ~2 A, respectively) and a specific
surface area of Sger= 1040 m%g (Vmc = 0.42 cm®g). A sigmoidal
vapour sorption isotherm for water and uptakes of water and
methanol above 30 wt% were observed. Al-MIL-68-Mes is stable
against water ad-/desorption and its thermal stability is 350 °C in air.
The proton conductivity for the hydrated MOF showed values up to
1.1*10° S/cm at 130°C and 100 % relative humidity, which exceeds
the values observed for the non-hydrated compound by up to four
orders of magnitude. Using synchrotron radiation we also studied the
crystallisation of the MOF by in-situ PXRD at temperatures from 80
to 100 °C. Kinetic evaluation revealed that the induction periods and
crystallization times vary depending on the synthesis batch but the
rate limiting steps are consistently observed.

Introduction

During the recent two decades there has been a steadily
increasing interest in the class of porous materials designated
as metal-organic frameworks (MOFs).! Such compounds are
obtained by assembling organic and inorganic building units into
porous framework structures in which the respective building
blocks can be theoretically replaced by topologically equivalent
analogues. > Due to their porous nature, MOFs are often
discussed to be used in fields of application such as catalysis,®
separation,* sensing,® gas storage® or heat transformation.” The
most intensely studied sub-class of MOFs is based on
polycarboxylates and as a general tendency it has been be
observed that such compounds exhibit higher stability when tri-
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and tetravalent metal ions are implemented as inorganic building
unit.® Hence the industrial interest is focussed on such high-
valent cations.® Especially MOFs based on aluminium ions are
of interest'® since the reactants are inexpensive and easily
available and the diverse known frameworks often show
remarkable stability under industrially relevant conditions, for
example as adsorbents in heat-transformation experiments.t!
The AI-MOF denoted as aluminium fumarate or MIL-53-Fum has
attracted serious commercial interest due to its stability'? and its
facile and benign synthesis.'® The crystal structure of this MOF
with composition [AI(OH)(O,C-C;H,-CO,)] adopts the well-known
topology of MIL-53 * but unlike its analogues based on
terephthalate®® it does not exhibit strong framework flexibility -
also called “breathing” - under ambient conditions. The inorganic
building units are infinite chains of trans-corner sharing AlOs
polyhedra which are connected via fumarate molecules to form a
porous framework with rectangular channels. Its water sorption
behaviour makes it an interesting candidate for implementation
in heat-exchange devices'® and its stability could allow for CO,
capture ¥’ while it is also suitable for fluoride removal by a
decomposing mechanism.® Aluminium fumarate is also able to
separate hydrocarbons via shape selectivity 1° and since it
exhibits breathing only under very high pressure, it can be also
used for the storage of mechanical energy.?

We have been interested for a long time in MOFs based on Al®*
ions due to their outstanding properties ?*:22:23 and their
magnificent structural features.?#25:26 Therefore we decided to
evaluate whether a functionalisation of AI-MIL-53-Fum is
possible. Thus methylfumaric acid, also known as mesaconic
acid (H:Mes), was investigated as linker molecule. This
compound has hardly been used in the synthesis of MOFs
although it is commercially available. It is known to form a Zr-
MOF 2728 with a framework structure similar to the one of
zirconium fumarate.?® Moreover a zinc mesaconate is known
which is obtained using itaconic acid (methylenesuccinic acid).*°
This linker is isomerised in-situ to mesaconic acid and in a
similar reaction, a one-dimensional lead mesaconate
coordination polymer was obtained when itaconic acid was

employed (Fig. 1).3*
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Figure 1. The dicarboxylic acids discussed in the text. From left to right:
fumaric acid (A), mesaconic acid (B) and the isomeric itaconic acid (C).

An analogue of MOF-5 incorporating mesaconic acid was also
reported.®? Despite this scarce use in MOF chemistry mesaconic
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acid can be considered a promising organic building block for
the green synthesis of MOFs,® especially since a biosynthetic
pathway for its production from glutamate in water was already
described.3*

Herein we report the synthesis and properties of the new
mesaconate based Al-MOF Al-MIL-68-Mes with the composition
[AI(OH)(Mes)]:nH,O.  The compound was thoroughly
characterized by means of powder X-ray diffraction, IR
spectroscopy, thermogravimery and regarding its sorption
properties towards N;, CO,, water and methanol vapour.
Moreover its proton conductivity under humid conditions was
investigated by means of electrical impedance spectroscopy.
The crystallization of Al-MIL-68-Mes was studied by in-situ
PXRD using synchrotron radiation, kinetically analyzed and
compared to the formation behavior of Al-MIL-53-Fum.

Results and Discussion
Synthesis and crystal structure

The well-known Al-MIL-53-Fum was originally obtained using the
toxic and teratogenic N,N’-dimethylformamide as solvent.3® Such
chemicals pose a major drawback for synthesis at large scale
and subsequently a much milder and environmentally more
benign route has been developed.’®* This green preparative
route utilizes a solution of sodium fumarate and a solution of
Al>(SO4)3-18H,0 which are combined at 60 °C under stirring.
After several minutes at this temperature Al-MIL-53-Fum can be
isolated by filtration. Al-MIL-68-Mes can be obtained in a similar
manner by dissolving mesaconic acid and NaOH in water and
adding a solution of Aly(S0,);-18H,0 (ratio Al**:linker:NaOH
1:1:3, [APF*] and [H.Mes] 0.15 M each). This immediately leads to
the precipitation of an X-ray amorphous solid. The crystalline Al-
MIL-68-Mes is obtained after subsequently heating the mixture
in a microwave oven under stirring at 95°C for 45 min. The
applied microwave heating is not necessarily facilely
implemented into a prospective up-scaling of the synthesis.
However, since the reaction can be also carried out under
conventional dielectric heating (see section on in-situ
experiments), we anticipate that multigram amounts of Al-MIL-
68-Mes can be easily obtained. Since the MOF is obtained as a
microcrystalline powder its structure was determined from PXRD
data (for details see experimental section). The final Rietveld
plot is shown in Figure 2 and some relevant parameters are
shown in Table 1. The structure of Al-MIL-68-Mes is formed by
the interconnection of chains of trans-corner sharing AlOg
polyhedra (in which OH groups act as p-connecting ligands) via
mesaconate linker molecules in four directions. Hence small
trigonal channels and large hexagonal channels are formed
which exhibit diameters of approximately 2 and 6 A, respectively
(measured based on Van der Waals radii and omitting protons).
The formation of the kagome-like MIL-68 framework is quite
remarkable. When approximately linear dicarboxylates are
employed for the synthesis of AI-MOFs, in most cases a
framework  with  MIL-53  structure and  composition
[AI(OH)(linker)] is obtained.36:37:38:39
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Figure 2. Rietveld plot for Al-MIL-68-Mes. The black line is the measured data,
the red line gives the calculated data and the blue line is the difference curve.
Vertical bars indicate the peak positions.

Table 1. Crystallographic parameters for Al-MIL-68-Mes as
obtained from Rietveld refinement.

Formula [AI(OH)(02C-C3H4-CO2)]-H20
Crystal System trigonal
Space Group P-3
a=b[A] 16.8912(7)
c[A] 6.669(2)
a=8[ 90
vy [l 120
Rwe, Rexp, Reragg [%6] 55,35,2.1
GoF 1.58

Only few examples describe the synthesis of other framework
topologies like the mesoporous MIL-101 framework with
approximate composition [Al3(O)(OH)(H20)(linker)s] *° and even
fewer reports deal with the synthesis of an AI-MOF with MIL-68
structure and composition [AI(OH)(linker)].#! It is even more
surprising that only by adding a CHs-group to the linker
molecules - in comparison with fumaric acid - a different
framework topology is observed. We assume that this originates
from the different conformations of the linker molecules. In Al-
MIL-53-Fum, the carboxylate groups are arranged in-plane with
the central C-C double bond and hence the MIL-53 framework is
preferentially formed. In Al-MIL-68-Mes, the carboxylate groups
are arranged perpendicular to the double bond, probably
induced by the steric repulsion of the CHs-group, and the MIL-68
framework is obtained (Fig. 3). To further corroborate this
observation and assignment, additional solid-state NMR
experiments would be very useful.



Figure 3. Framework structures and linker conformations for Al-MIL-53-Fum
and fumarate (top left) and Al-MIL-68-Mes and mesaconate (bottom left and
right).

Properties of Al-MIL-68-Mes

Al-MIL-68-Mes possesses similar porosity towards N2 as Al-MIL-
53-Fum (Fig. 4, top). The isotherm measured at -196 °C exhibits
a typical Type | shape, indicating a microporous material. The
apparent specific surface area amounts to Sger=1040 m?/ g and
the micropore volume as determined at p/po=0.5 is 0.42 cmq/g.
The latter is in excellent agreement with the expected value of
0.425 cmd/g, calculated for a nitrogen probe molecule with
kinetic diameter of 3.6 A and a structural model bearing protons
generated using Material Studio.*? These values are also similar
to the ones observed for Al-MIL-53-Fum (maximum Sger=1080
m?/g).** The sorption behaviour towards water and methanol
vapour was also investigated (Fig. 4, bottom). The water vapor
isotherm shows a sigmoidal shape without pronounced
hysteresis and with a steep increase in uptake around p/po of =
0.5 (from 60 mg/g at p/po= 0.45 to 340 mg/g at p/po= 0.55) and a
maximum capacity of 374 mg/g at p/po = 0.9, which indicates a
similar capacity as for other water stable MOFs like Al-MIL-53-
Fum (450 mg/g)*? or CAU-10-H (340 mg/g).*® Very often MOFs
decompose upon water ad-/desorption and thus the remaining
porosity after water vapor sorption on Al-MIL-68-Mes was
evaluated by nitrogen sorption measurement. Remarkably, the
nitrogen isotherms measured prior and after water sorption are
virtually identical (see SI, Fig. S3). However, while MOFs are
often discussed as adsorbents in heat-pumps using water as
fluid”* the position of the sigmoidal uptake around p/po=0.5 is
actually at a too high partial pressure to be efficiently employed
in such devices.*® Another currently discussed potential field of
application for stable MOFs is water harvesting from comparably
dry air.6 Again, the comparably low affinity of Al-MIL-68-Mes
towards water vapor would not suggest that it is a suitable
material for this controversially discussed application.*” Alcohols
like methanol and ethanol are also discussed as fluids in heat-
exchangers*® and therefore we also measured methanol vapor
isotherms at 25 °C. The shape of the isotherm changes from
sigmoidal to a moderately steep but linear uptake below p/po =
0.4. The absolute capacity at this partial pressure is 28 wt% and
the absolute capacity at p/po=0.9 is 37 wt% which is lower than
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the uptake measured for [Cus(CoH306)(H20)3] (50 Wt%)*°® which
is, however, not stable towards water. No hysteresis can be
observed upon desorption. Hence the use of a less hydrophilic
fluid leads to a clear shift of the adsorption towards lower partial
pressure while preserving the gravimetric capacity. This
indicates a comparably hydrophobic framework. Additional data
on CO; adsorption can be found in the Sl (Fig. S4). For CO,, Al-
MIL-68-Mes shows a virtually linear isotherm with a maximum
uptake at 25°C and 1 bar of 43.4 mg/g.
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Figure 4. Sorption isotherms of Al-MIL-68-Mes measured using N2 at -196°C
(top, black squares), H20 at 25 °C (bottom, blue triangles) and methanol
(bottom, red circles). Filled symbols represent the adsorption, open symbols
the desorption branch.

MOFs that can withstand high relative humidity are also potential
candidates for the incorporation into proton conducting
devices.® In addition there have been suggestions that water
mediated proton conduction in MOFs can be enhanced by
hydrophobic subunits like methyl-groups in the framework
channels.5! Hence the proton conductivity of Al-MIL-68-Mes was
investigated by means of electrochemical impedance
spectroscopy (EIS). A sample of the MOF was placed between
two graphitic slices, placed in a Teflon sample holder between
stainless steel electrodes and pressed with an angular moment
of 30 cNm to obtain pellets (thickness between 0.7 and 1.0 mm).
The impedance was measured at controlled relative humidity (50
or 100 %, respectively) at different temperatures between 80



and 130 °C (see experimental section and Sl, Figs. S5, S6 for
details).5? At a lower relative humidity of 50% the MOF only
exhibits very low proton conductivity with a maximum of 6*10°
S/cm at 110°C. We attribute this to the fact that hardly any water
is adsorbed into the pores under these conditions and the
conductivity results mostly from water adsorbed on the external
particle surface. However, at higher relative humidity (100 %)
the pores are filled with adsorbate and the conductivity
increases by several orders of magnitude, resulting in values
between 9.9%*107 (at 80 °C) and 1.1*10° S/cm (at 130 °C) as
depicted in figure 5. The activation energies calculated for the
temperature ranges 80 to 110 °C and 110 to 130°C at 100 %
relative humidity are approximately 0.15 eV and 0.45 eV,
indicating a Grotthuss mechanism for proton conduction.®® The
different regimes for the activation energy can be attributed to
the measurement temperature exceeding the boiling point of
water. Thus above 100 °C the properties of the adsorbed
species could differ from the properties below this temperature.
After the EIS experiment the sample pellet was crushed and
characterized by PXRD. The pattern showed no decomposition
of the MOF and thus indicates stability under the employed
experimental conditions (see SI, Fig. S7).
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Figure 5. Arrhenius plots for the proton conductivity of Al-MIL-68-Mes at 50 %
and100 % relative humidity depending on the temperature.

Hence, the absolute conductivity values of Al-MIL-68-Mes are
orders of magnitude lower compared to other state of the art
MOFs, metal phosphates or polymers.>* Nevertheless the results
underline the stability of the MOF and illustrate very well the
correlation between sorption properties and proton conductivity.

We also investigated the thermal stability of Al-MIL-68-Mes by
means of thermogravimetry (see Sl, Fig. S2) and temperature
dependent PXRD (Fig. 6, Fig. S8 in the SI for a top view
representation), the latter being measured in a capillary under
air. The data .indicates that the relative intensities change
substantially upon removal of the solvent molecules from the
pores, which takes place above 100°C under the spatially
confined conditions in a capillary. The evaporation of the solvent
from the pores is thus delayed compared to the
thermogravimetric experiment (solvent removal above 50°C).
Similarly the decomposition temperature in the TG experiment is
lower (350°C) than in the temperature dependent PXRD
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measurement (400°C) which is due to the limited accessibility of
the capillary and the slower heating in the thermo-balance. The
observed weight losses in the TG experiment for solvent
removal (10.3 wt%) and framework combustion (60.5 wt%) are
in reasonable agreement with the expected values (9.6 wt%
weight loss for removal of 1 H,O per formula unit and 64.5 wt%
weight loss for framework combustion).
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Figure 6. Temperature dependent PXRD data (A = 1.5406 A) measured in a
capillary under air.

In-situ diffraction experiments during crystallization

The formation of AI-MIL-68-Mes proceeds via an X-ray
amorphous precipitate that forms immediately upon combining
the reactant solutions. In order to elucidate how this affects the
formation of the MOF, in-situ PXRD experiments using
synchrotron radiation were carried out during the reaction, and
the obtained data were kinetically evaluated. Such
measurements have been shown to be a useful tool to
investigate the formation of MOFs % as well as other
compounds® and to detect crystalline intermediates which can
be hardly observed otherwise.5” The used set-up is described in
more detail elsewhere® and consists mainly of a Pyrex glass
tube equipped with magnetic stirrer and devices for accurate
heating and cooling of the reaction mixture. This reaction
chamber is placed inside the beam path of monochromated
synchrotron light and the PXRD data is collected as a function of
time using a 2D detector. A typical time dependent 3D plot as
observed for an experiment at 90 °C is shown in Fig. 7. These
experiments were carried out at 80°C, 90°C and 100°C. Two
different batches of slurry were investigated since such in-situ
experiments are most often carried out on homogeneous
systems like solutions or gels, and the precipitation of the X-ray
amorphous intermediate upon mixing of the reactants was
speculated to affect the reproducibility of the experiment.
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Figure 7. 3D plot for the time dependent crystallisation experiment at 90 °C,
measured with a wavelength of 0.53906 A and a temporal resolution of 30 s.
Peaks are marked with the respective Miller indices.

As seen in Figure 7 the relative intensities of the product peaks
are similar to the ones of a solvent loaded framework, in contrast
to the pattern of the virtually solvent-free framework used for
Rietveld refinement (Fig. 1) for which the 010 reflection shows
the highest intensity. Thus the 020 reflection is the strongest
product peak observed in-situ. It is also obvious that the
crystallization of Al-MIL-68-Mes proceeds rapidly after an initial
induction period (Fig. S9). The normalized integrated intensity of
the 020 reflection was considered proportional to the amount of
product formed and thus used to monitor the reaction progress a
over time and depending on the reaction temperature (Fig. 8
shows the curves for batch 1).
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Figure 8. Reaction progress a for the formation of Al-MIL-68-Mes from batch 1
at different temperatures. The normalized integrated intensity of the 020 peak
was considered proportional to the amount of product.

From these experiments we could deduce that the induction time
for crystallization varies only between 3 minutes at 100 °C and 6
minutes at 80°C and thus is only slightly affected by the
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temperature (see also Tab. 2). The shape of the curve is
apparently differing substantially, depending on the synthesis
temperature, and this impression already allows anticipating that
temperature increase does not only simply accelerate the
reaction as one could expect.

To analyze this observation we employed the Sharp-Hancock
plot (Fig. 9, SI Figs. S10-S12)°%° based on the theories of
Avrami®® (the approach of Gualtieri®* to analyze kinetic data did
not allow for a reasonable fitting of the experimental curves).
This method of plotting In(-In(1-a)) over In(t-to) should result in an
approximately linear correlation during a certain period of
reaction time, at least in case a constant reaction mechanism
dominates the crystallization during this period. The slope of a
linear regression gives the so called Avrami exponent n which is
indicative of the slowest reaction step and thus the most
probable reaction mechanism. The intercept equals n-In(k) and
thus gives a pseudo rate constant for the crystallization. We
have to mention that this method of data interpretation is actually
restricted to the crystallization from homogenous systems like
solutions or gels. Especially the occurrence of the X-ray
amorphous by-product could limit the validity of the employed
theories. However, based on the observations for Fe-MIL-89
[FG30(CH3OH)3[02C—(CH)4—C02]3C|], 62 and MOF-74 ¢ which
form from intermediates via re-dissolution and crystallization, a
similar mechanism seems to be likely in our case. Nevertheless,
this kinetic analysis was predominantly carried out to evaluate if
and to which extent it can be applied to such slurry based
systems at all.

For the crystallization of Al-MIL-68-Mes from slurry batch 1 we
observed more than one distinguishable linear region in the
Sharp-Hancock plots at all temperatures (Fig. 9). Therefore two
linear regressions were carried out for the reactions at 80 and
90 °C, covering an initial and a later reaction stage. At 100 °C
three different stages of the reaction were deduced from the
Sharp-Hancock plot. Hence, three different Avrami exponents
and rate constants were determined, respectively.
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Figure 9. Sharp-Hancock plots for the crystallisation of Al-MIL-68-Mes from
batch 1 for the different temperatures. At 80 and 90 °C, two different linear
regions can be observed while three different regions are visible for the
reaction at 100 °C. See also linear regressions in the supporting information.

The evaluated values are summarized in Table 2. During the
initial reaction period the Avrami exponents are consistently



between 3.46 and 3.67, indicating that nucleation is the rate
limiting step (exponents typically between 2 and 4 %). The
formation is accelerated at higher temperatures during the initial
reaction stage, as indicated by the pseudo rate constants which
are increasing from 0.077 min at 80°C to 0.231 min** at 100°C.
The length of this time period depends on the synthesis
temperature and decreases from 13 min at 80 °C to 4 min at
100 °C. Thus during the starting period the crystallization
proceeds in a consistent manner. When the reaction mechanism
changes the reactions have already proceeded to values for a
between 0.65 and 0.82.

During the respective second stage, the Avrami exponents are
0.949(8) and 0.63(2) at 80 and 90 °C, respectively, ranging
between diffusion limited reaction (typically n<0.7) and first order
reactions (typically n = 1). At 100 °C this second and thus in this
case intermediate stage has an Avrami exponent of only
0.352(6) and is therefore also considered limited by diffusion,
while an Avrami exponent of 0.85(1) is observed during the third
stage. The pseudo rate constants are indicative of a
substantially accelerated crystallization at 90°C (increase of k
from 0.0925 min* at 80°C to 0.592 at 90°C). At 100°C the value
for k decreases compared to the reaction at 90°C (0.300 during
the second stage and 0.100 during the last stage).

Table 2. Parameters deduced from the in-situ PXRD data for slurry batch 1.

Reaction Temperature 80 °C 90 °C 100 °C
Induction time 6 min 3.5 min 3 min
Reaction time (a=1 77.5 min 40.5 min 62.5 min
after)
initial Avrami Exponent 3.57(4) 3.46(9) 3.67(10)
initial k [min't) 0.077 0.206 0.231
change after t-to = 13 min 5.5 min 15t 4 min; 0.68
ata= 0.65 0.82 2nd: 22 min; 0.86
later Avrami Exponent 0.949(8) 0.63(2) 1% 0.352(6)
2n: 0.850(12)
later k [min‘t) 0.0925 0.592 1% 0.300
2" 0.100
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composition and preparation of this slurry batch 2 was exactly
the same, the formation of Al-MIL-68-Mes is not decelerated (Fig.
10). Nevertheless, the same changes for the Avrami exponents
are observed in the Sharp-Hancock plots, indicating differing
rate limiting steps during the reaction at all temperatures (see Sl,
Figs S15-S17).
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Figure 10. Reaction progress a for the formation of Al-MIL-68-Mes from batch
2 at different temperatures.

Hence the kinetic parameters evaluated from these Sharp-
Hancock plots are also differing for batch 2 (Table 3). The
induction times hardly differ but the reaction times are drastically
varying. However, the values for the Avrami exponents are very
similar for the reactions at 80 °C and 90 °C, and the rate
constants are also similar to the ones observed for batch 1. For
the synthesis at 100 °C from batch 2, the kinetic parameters
during the initial stage are comparable for batch 1 while they
differ substantially for the later reaction stage.

Table 3. Parameters deduced from the in-situ PXRD data for slurry batch 2.

This unexpected, decelerated crystallization at 100 °C is
reproducibly observed for a second experiment at 100 °C using
slurry batch 1 (Fig. S13). The curves for the reaction progress
are not perfectly overlapping but nevertheless similar and the
evaluated Kkinetic parameters are consistent with the ones
evaluated in the first experiment (Fig. S14, Avrami exponents of
3.41, 0.32 and 0.85 with rate constants of 0.269, 0.441 and
0.097 mint at 80, 90 and 100 °C). In summary this means that
the overall reaction is accelerated at 90°C compared to 80°C but
it is decelerated at 100°C compared to 90°C and thus a higher
reaction temperature does not speed up synthesis in the case of
Al-MIL-68-Mes.

However, using a different slurry batch this slow-down of
crystallization is not necessarily reproducible. While the

Reaction Temperature 80 °C 90 °C 100 °C
Induction time 3 min 2 min 2.5 min
Reaction time (a=1 47 min 47.5 min 18.5 min
after)

initial Avrami Exponent 3.31(4) 3.30(6) 3.07(8)
initial k [min't) 0.093 0.164 0.203
mechanism change 13.5 min 7.5 min 7 min;
after t-to = a=0.84 a=0.80 a=0.91
later Avrami Exponent 1.08(3) 0.64(2) 0.95(1)
later k [mint) 0.129 0.313 0.378

This surprising finding cannot be unambiguously explained
solely from the available data. Nevertheless we propose the
following interpretation: The Avrami exponents indicate that the
initial crystallization is always limited by nucleation. At this stage



the reaction should be consuming mostly reactants which are
present in solution and have not precipitated. After the
consumption of these reactants, the dissolution of the X-ray
amorphous intermediate limits the accessible amount of
reactants and therefore the Avrami exponents indicate a change
in the formation mechanism. Thus the chemical properties and
especially the homogeneity of the intermediate solid are
probably strongly affecting the formation kinetics during the later
reaction stages. However, due to its X-ray amorphous nature
and the rapid precipitation upon mixing of the reactants these
properties differ from batch to batch. Based on the measured
data this can drastically affect the kinetic constants and thus the
reaction times, however, the rate limiting step behind the
crystallization as indicated by the Avrami exponent remains the
same.

For comparison we also investigated the crystallization of Al-
MIL-53-Fum, which can be obtained simply by using fumaric
acid instead of mesaconic acid for the synthesis. Under such
conditions no precipitate is formed upon mixing but a viscous gel
is obtained. Nevertheless the crystallization starts virtually
instantaneously upon reaching the synthesis temperature and is
completed after = 3 minutes (see SI, Fig. S18). Hence the
kinetics of formation for Al-MIL-53-Fum and Al-MIL-68-Mes differ
substantially while the compounds can be obtained under very
similar conditions.

Conclusions

The title compound AI-MIL-68-Mes was synthesised under
sustainable conditions and exhibits a high specific surface area
of 1040 m?/g, accompanied by remarkable thermal (350 °C) and
chemical stability (stable upon water vapour sorption). Moreover
the EIS experiments illustrate very well how the affinity towards
water can affect the proton conductivity. The vapour sorption
curves demonstrate clearly the influence of the comparably
hydrophobic inner surface unto water and methanol adsorption.
The discovery of AI-MIL-68-Mes gives an example for the
promising opportunities that are given by green synthesis
conditions and the use of sustainable linker molecules for the
future. We expect that several, yet unexplored, porous and
stable MOFs await their discovery under such reaction
conditions. There exist several linker molecules which are
derivatives of citric acid,® just like the employed mesaconic acid,
which could be utilised for the synthesis of MOFs. Moreover the
in-situ experiments indicate that the formation of MOFs is still
largely unexplored and future studies will show if the complexity
observed for AI-MIL-68 is a singular phenomenon or can be
observed rather commonly under similar synthesis conditions.

Experimental Section

Materials. All used chemicals are commercially available and were
employed without further purification.
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Methods. The synthesis of Al-MIL-68-Mes was carried out in glass vials
(Vmax = 20 mL) equipped with a magnetic stirring bar using a Biotage
initiator microwave oven. Powder X-ray diffraction (PXRD) data were
collected on a STOE Stadi MP diffractometer equipped with a Mythen
detector using monochromated CuKau radiation in transmission geometry.
All processing of the crystallographic data was done with TOPAS.%¢ IR-
spectra were measured on a Bruker ALPHA-FT-IR A220/D-01
spectrometer equipped with an ATR-unit. The thermogravimetric
analyses were recorded using a NETZSCH STA 429 CD analyzer with a
heating rate of 4 Kmin under flowing air (flow rate 75 mlmin).
Elemental analysis was measured with a Eurovector EA analyzer. The
force field based geometry optimizations were carried out using the
Forcite package available in the Materials Studio software based on the
implemented Universal Force Field (UFF).*? For the electrical impedance
spectroscopy measurements, a ZahnerZennium electrochemical
workstation was used to determine the proton conductivity over the
frequency range of 1 to 10% Hz and employing an oscillating voltage of
100 mV. The in-situ diffraction experiments were measured at beamline
P09 at DESY, Hamburg.5” The reaction cell was place inside the beam
path and the data was recorded using a 2-D XRD 1621 PerkinElmer
detector (2048 x 2048 pixel, pixel size 0.2 x 0.2 mm) with a temporal
resolution of 30 s. Prior to the experiments the set-up was parametrized
using LaBs as standard (wavelength 0.53906 A, sample-detector
distance 820 mm). All data conversion of the 2D data was carried out
using Fit2D.5 Sorption isotherms for N2, CO2 and H20 were measured
using a BelSorpMax and methanol adsorption characteristics were
obtained by volumetric methods using a Quantachrome AutoSorp
instrument.

Electrochemical Impedance Spectroscopy. The powdered samples
were incorporated into a stack comprising the sample sandwiched
between two graphitic slices. The stack was placed in a PTFE sample
holder, where two porous stainless steel electrodes (diameter 8 mm)
served as working and counter electrode. The sample holder bath was
placed in a temperature-controlled custom-made stainless steel chamber
and pressed with an angular moment of 30 cNm to obtain pellets
(thickness between 0.7 and 1.0 mm). Before measuring at different
relative humidity values (50 % and 100 %) the samples were equilibrated
overnight under the respective conditions. For each series of temperature
dependent measurements, the samples were equilibrated for 2-4 hours
at the desired temperature before measuring each data point. Every
measurement was carried out three times to ensure reproducibility. The
proton conductivity (see Sl) was obtained by using the Ohmic resistance
of the samples determined by EIS.

Synthesis. Al-MIL-68-Mes was synthesized by dissolving 390 mg (3
mmol) mesaconic acid in 15.2 mL H20 and 1.8 mL freshly prepared
aqueous NaOH solution (5 M, 1.8 mL, 9 mmol) under stirring. A 0.5 M
solution of Al2(SO4)3-18H20 (3 mL, 1.5 mmol corresponding to 3 mmol
AI**) was added under vigorous stirring leading to the precipitation of an
X-ray amorphous solid. This slurry was placed inside the microwave
oven and heated for 45 min at 95 °C under stirring. The obtained white
solid was filtered off and re-dispersed under stirring in 15 mL H20 at
ambient conditions for 15-30 min. This washed product was filtered off,
rinsed with acetone and dried under ambient conditions. To obtain a
nearly guest free framework, the MOF is heated for 30 min at 90 °C in a
drying oven and quickly prepared for PXRD measurement. Please note
that due to the water adsorption properties the intensities in the PXRD
pattern can easily change, even depending on the weather. Elemental
analysis for [AI(OH)(O2C-C3sH4-CO2)]-1.5H20 measured/calculated: C
30.2%/30.2 %, H 2.7 %/4 %.

In-situ experiments. A large reaction slurry batch of 30 mL was
prepared and constantly stirred to give a homogenous mixture. 3 mL



fractions were filled into the Pyrex tube inside the reaction chamber. A
large stirring bar (=15x5 mm) was used to warrant constant agitation and
homogeneity of the reaction mixture throughout the experiments. The
reactions were carried out at 80, 90 and 100 °C. The PXRD data was
measured with a temporal resolution of 30 s. To account for beam
intensity fluctuations the data was normalized based on the strongest
reflection of the heating mantle made of aluminium. The integrals of the
reflections being proportional to the reaction progress a were determined
using the software F3 tool.®®

Structure determination. The PXRD pattern could be successfully
indexed, suggesting a hexagonal or trigonal cell (a=b=16.890(3) A and
c= 2.2157(5) A or a multiple thereof). This symmetry and the intensity
distribution let us suspect a similarity to the structure of MIL-68. However,
the known crystallographically characterized terephthalates exhibit
orthorhombic C-centered symmetry”™ (which is related to the hexagonal
symmetry) and thus only an indirect relation was anticipated. Structural
models of Al-MIL-68-Mes in a hexagonal/trigonal cell ((a=b=16.890 A and
c= 6.63 A as the threefold of the indexed value) were thus generated
from scratch in several hexagonal or trigonal space groups using Material
Studio.Errort Bookmark not defined. Haowever, none of the hexagonal models
could be refined by Rietveld methods. The model in the trigonal space
group P-3 could be eventually refined, taking into account one residual
water molecule which was identified by Fourier synthesis. The refinement
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moreover indicated an ordering of the functional methyl groups which
were initially considered only statistically ordered in the starting models.
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