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Metal-organic frameworks (MOFs) of the MIL series of materials
have been widely studied as a result of their high tunability and
the diversity of structure types that exist for these typially M3*
containing frameworks. We explored the use of amide-
functionalized ligands in the synthesis of Fe-MIL-101 as a means to
tune the water stability and water vapor adsorption in this
important class of frameworks. We further show that slow
leaching of Fe from NdFeB magnets can afford MIL-101 or MIL-88
under various conditions where the phase of the framework is
controlled by length of the carbon chains on amide substituents.
NdFeB can also be used to prepare these materials at room
temperature in the absence of additional metal salts.

Metal-organic frameworks (MOFs) have garnered a great deal
of attention over the last few decades due to their high surface
areas,! wide range of topologies,? and ease of modification.3
By utilizing judicious design principles, MOFs can be tuned for
specific applications.*>® Their ease of rational design is a result
of their modular construction? where ligand functionalization,
which can take place before or after framework assembly,8?
can be tuned to generate specific desired properties.*°

One of the major drawbacks that has plagued many MOFs,
particularly those based on carboxylic acid, is their relative lack
of water stability due to protonation of weaker metal-
carboxylate bonds.!! Some carboxylate-based materials,
however, including those featuring metal cations in higher
oxidation states such as Zr* or M3* (M = Al, Cr, Fe) have
displayed excellent thermal, chemical, and hydrolytic stability.
The chromium(lll) variants of the well-known MIL (Materials
Institute Lavoisier)!? series of frameworks display excellent
stability.'3 Although this makes them attractive candidates for
a broad range of applications, the chromium-oxygen bonds
that endow the framework with high stability'* increases
harshness of the synthetic conditions required to assemble the
materials, often requiring high temperature and/or corrosive
additives, such as HF, for synthesis.!> The nature of the
synthetic conditions required to assemble these structures
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may limit the number of functionalized analogs that can be
easily isolated, however, they are highly stable toward post-
synthetic modification strategies.® While the chromium-based
materials are highly promising, chromium is a well-known
environmental hazard and regulatory restrictions may become
an obstacle for its use in many future applications.'”
Fortuitously, the MIL-101 structure type is compatible with
alternative metals, such as aluminum,® vanadium,?® or iron.2°
Although MIL-101(Fe) is relatively stable, it is prone to
hydrolysis,?! resulting in the breakdown of the framework
under aqueous conditions. However, incorporation of
functional groups into the structure can lead to increased
chemical stability while simultaneously tuning the adsorptive
properties to fit a particular application. In a straightforward
manner, incorporation of amide functional groups onto the
terephthalic acid backbone of aluminum-based MiIL-series
MOFs?2 and UIO-66 via post-synthetic modification (PSM) can
tune stability and adsorption properties. However, when
relying on PSM to alter framework pore surface chemistry,
complete conversion to the amide ligand can be difficult to
achieve.??

The work reported here focuses on constructing a variety
Fe-MIL-101-amide frameworks by modifying 2-
aminoterephthalic acid before synthesizing the MOF in order
to obtain a fully functionalized material. Multiple amide
functional groups were used in order to probe the effects that
these modifications have on water stability, as well as pore
sizes and gas adsorption properties. Along with a liquid and
vapor water stability study, the functionalized MOF were
exposed to a range of acidic/basic conditions to better
understand the effects pH has on the overall stability.

Numerous procedures have been reported for the
synthesis of both Fe-MIL-101 and Cr-MIL-101 (see ESI for full
synthetic procedures).?* Although they are relatively
straightforward, care must be taken to avoid competing
phases for these frameworks, which include MIL-53 and MIL-
88 (Figure 1). For the materials isolated here, the reaction of
iron(lll) chloride with terephthalic acid in DMF at 110 °C for 12
hours affords Fe-MIL-101 in high vyield. Rather than hot
ethanol washes, we employed DMF washes, as terephthalic
acid is highly soluble in this solvent. We also utilized thorough
dichloromethane washes after amide washing to facilitate
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activation of samples for water testing or gas adsorption
analysis. Heating Cr-MIL-101 to 150 °C and Fe-MIL-101 to 120
°C afforded samples with BET (Langmuir) surface areas of 2603
(3940) and 2680 (3501) m2/g, respectively. These surface areas
are in line with previously reported BET values which typically
average 2276 m?/g for Cr-MIL-101 and 2686 for Fe-MIL-101.2°

Fig. 1 A portion of the structures of Fe-MIL-88 (top) and Fe-MIL-101 (bottom) where
black, red, and gray spheres represent iron, oxygen, and carbon atoms, respectively.
The large pentagonal and hexagonal windows in the later are compatible with the
installation of relatively bulky functional groups.

Journal Name

pores of a MOF.

Although amide groups have been installed post-
synthetically, we investigated the incorporation of these
groups prior to material formation as a means to guarantee
the level of  functionalization as post-synthetic
functionalization strategies can lead to incomplete reactions.
Amide functionalized ligands are readily obtained via the
straightforward reaction of butyryl chloride, 3,5,5-
trimethylhexanoyl chloride, lauroyl chloride, or phenyacetyl
chloride with 2-aminoterephthalic acid (H,bdc-NH;) cleanly
affording the ligands shown in Figure 2 in high yield. The
synthetic route to Fe-MIL-101 is broadly applicable to yield
functionalized frameworks via reaction with functionalized
ligands as framework syntheses proceed regardless of the
nature of functional group incorporation. Powder X-ray
diffraction confirms the successful synthesis of these materials
with unit cell parameters similar to the parent structure
(Figures 3, S10-S13, S52-S55) lIsolation of these materials,
followed by subsequent solvent exchanges (DMF then DCM)
affords MOFs with BET surface areas of 1989, 1427, 870 m?/g
for Fe-MIL-101-butyrylamido, Fe-MIL-101-trimethylhexamido,
and Fe-MIL-101-lauroylamido, respectively.
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Fig. 2 The amide-based ligands used in this study where the reaction of 2-
aminoterephthalic acid with acyl chlorides affords product in quantitative yield.

The high water stability of Cr-MIL-101 is well known.
Indeed, the material prepared here shows no decrease in
crystallinity after water exposure of at least two weeks at pH 5,
8, or 11 (Figure S14). In contrast, Fe-MIL-101 is nearly
completely amorphous under the same conditions and
displays significant structural degradation, as judged by PXRD,
after less than two days of water exposure (Figure S14). Water
vapor similarly has a tremendously negative effect on material
properties as Fe-MIL-101 becomes nonporous after recording
a vapor adsorption isotherm and attempting to reactivate the
material (Figure S34). As the utility of amide-functionalization
as a means to tune the stability, solubility, phase, or
adsorption properties of metal-organic frameworks is well-
documented, we targeted the installation of these groups on
the interior surface of Fe-MIL-101 to determine the optimal
trade-off between surface area and stability that invariably
comes with the incorporation of functional groups inside the

2| J. Name., 2012, 00, 1-3

To assess the water stability of these materials, they were
soaked in water for two weeks with samples removed for
PXRD characterization at regular intervals. Although Fe-MIL-
101-butyrylamido does lose crystallinity over the course of two
weeks in DI H,O, prominent peaks remain (Figures S16-S20).
This increased stability is similarly observed at pH 2 and pH 5.
The size of the butyryl groups decorating the pores of this
material limits its water stability. The increased bulk of the
methyl groups on the hexane functionalized material Fe-MIL-
101-trimethylhexamido are expected to endow it with
increased stability. Indeed, the sample exhibits only slight
losses in crystallinity upon soaking in pH 2, 5, 8, or 11 solutions
for as long as two weeks (Figures S26-S30). Similarly, the 12-
carbon chains in Fe-MIL-101-lauroylamido result in
hydrophobic pore surfaces and a relatively water-stable
framework (Figure $S21-525).

In addition to increased stability to liquid water at various
acid concentrations, the amide functionalization pursued here

This journal is © The Royal Society of Chemistry 20xx
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can be used to tune the adsorption of water vapor in Fe-MIL-
101 at room temperature. This has been a particularly active
area of research over the past 5 years as MOFs have shown
incredible utility for the production of pure water from arid
environments.?® The working pressures of MOFs in this
application have been shown to be governed by the pore size
and shape of the parent frameworks.?” Amide-
functionalization serves as a straightforward and facile method
for tuning pore size. As compared to Fe-MIL-101, which
becomes non-porous after exposure to water vapor, Fe-MIL-
101-butyrylamido, Fe-MIL-101-trimethylhexanoylamido, and
Fe-MIL-101-lauroylamido retain surface area and crystallinity
after this treatment. Specifically, the BET surface areas of each
material decrease from 1949 to 177, 1425 to 1124, and 929 to
480 m?/g, respectively. Consistent with the dramatic decrease
in surface area for Fe-MIL-101-butyrylamido after water
adsorption, subsequent H,0 adsorption isotherm experiments
show decreased uptake under the same conditions. As the
amide functionalization tunes the pore sizes of these materials
(Figure S33) it not only limits the amount of surface area
degradation displayed by each framework after water
exposure, it drastically tunes the shape of the H,O adsorption
isotherm and its saturation capacity (Figure 3).
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Fig. 3 Powder X-ray diffraction patterns of Fe-MIL-101-butyrylamide (top) and Fe-MIL-
101-lauroylamide (bottom) with their respective unit cells.

The room temperature water adsorption isotherm for Fe-
MIL-101 (Figure 4) displays a gradual increase in uptake to
approximately P/Py = 0.40 where it sharply increases then
plateaus until P/Py = 0.80 where it displays a sharp increase to
installing
functional groups, both the saturation uptake and position or
presence of steps in the isotherms are tunable. For both the

a saturation capacity near 32 mmol/g. Upon
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trimethylhexanoyl- and lauroyl-functionalized MOFs, the pre-
step uptake is decreased and the position of the step shifts
above P/P, = 0.38. The vapor isotherms collected for both
frameworks lack a second sharp uptake step and saturate near
15 mmol/g. The decreased saturation uptake is expected
based on the decreased BET surface areas of both materials.

In an effort to fully tune water adsorption in Fe-MIL-101,
we prepared a family of amide-functionalized frameworks
featuring propyonyl-, naphthoyl-, cyclohexanoyl-, and, phenyl-
amido groups. The water isotherms of these materials (Figure
4) are substantially shifted as compared to those of Fe-MIL-
101. The saturation uptake capacities of these frameworks
generally correlate with Langmuir surface area. However, the
shapes of the isotherms vary dramatically, particularly in the
position of the steps that are present. The first abrupt step
occurs at pressures ranging from P/Py = 0.33-0.40 while the
second step is at P/Py = 0.44-0.59. Importantly, the steps
roughly correlate with pore size as determined from 77 K N,
adsorption isotherm experiments.

As the bulky, alkyl-based functional groups that decorate
the pores can be used to tune the stability and water
adsorption properties of Fe-MIL-101, we also investigated
their ability to tune phase. Fe3* and terephthalic acid can
combine to form multiple structures, including MIL-101, MIL-
88, and MIL-53. While MIL-53 is based on 1-D channels of
hydroxide-bridged iron cations, MIL-101 and MIL-88 are both
based on trinuclear clusters featuring a p3-O and six
carboxylate ligands. The arrangement of these clusters in their
structures is significantly altered (Figure 1). MIL-101 is highly
porous and rigid while MIL-88 is a flexible material with lower
surface area and pore volume. It is expected that the presence
of large functional groups on the bridging ligand would
disfavor the formation of MIL-88. Using the ligands reported
here, any of the typical hydrothermal or solvothermal reaction
routes we tested afforded MIL-101 as the favored phase.
Changing the M:L ratio, pH, temperature, solvent, or any of the
reaction parameters that have previously been shown to affect
the phase of these structures had no discernible impact on
phase of the product.
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Fig. 4 Adsorption of water vapor in Fe-MIL-101-propyonylamido (purple), Fe-MIL-101-
butyrylamido (green), Fe-MIL-101-naphthoylamido (black), Fe-MIL-101-
cyclohexanoylamido (orange), Fe-MIL-101-phenylamido (maroon), Fe-MIL-101-3,3,5-
trimethylhexanoylamido (red) and Fe-MIL-101-lauroylamido (blue) samples at 25 °C.
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We ultimately targeted the rate of delivery of Fe3* to
solution as a means to tune material phase. Iron metal, iron
powder, or iron filings did not produce significant quantities of
MOF over any useful reaction times. The leaching of iron from
NdFeB magnets under acidic conditions has previously been
employed to recycle the rare-earth portion.?® With this in
mind, we targeted the addition and/or utilization of NdFeB to
reaction solutions as a means to slowly introduce iron cations
into the reaction media. When ligands with amide groups
containing four or more carbon atoms were used, MIL-101 was
consistently isolated. Utilization of shorter ligands, however,
allowed us to tune the phase of isolated MOF under various
conditions. Under typical solvothermal conditions, the reaction
of acetyl- or propyonyl-amido functionalized H,bdc in DMF
with FeCl; affords highly crystalline MIL-101 (Figure S32).
However, addition of NdFeB to the reaction mixture prior to
heating affords MIL-88 for both ligands, as confirmed by PXRD
(Figure S32).

For a subset of the ligands utilized here, product phase was
observed prior to the application of heat. Indeed, the reaction
of NdFeB with amide-functionalized ligands in DMF at room
temperature produced significant quantities of MOF over 24
hours. Interestingly, the nature of the amide groups still had
an impact on phase with MIL-101 being isolated upon reaction
with butyryl, isobutyryl, and propanoyl-functionalized ligand
while  2-acetylamidoterephthalic acid afforded MIL-88.
Reaction of various iron(lll) salts with ligands under similar
conditions in the absence of NdFeB afforded no isolable solid
after multiple weeks.

The work described here details the use of amide
functionalized ligands to tune the water stability and phase of
iron(lll)-based metal-organic frameworks of the MIL-101 or
MIL-88 structure types. This strategy, which also had a marked
impact on water vapor adsorption at room temperature,
should also be highly applicable to the highly-stable
chromium(lll) versions of these structure types. We also
showed that the use of slow iron release via decomposition of
iron-containing magnets afforded a level of control over phase
and also facilitated the room temperature, salt free synthesis
of these structures. Ongoing efforts in our lab are interested in
elucidating the exact mechanism of NdFeB decomposition and
subsequent MOF formation in the synthesis of MIL-101 and
MIL-88 analogs.
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