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ABSTRACT: Metal—organic frameworks (MOFs) have been VIOF-808-acetate

heavily researched due to their porous and crystalline nature. = 3 C
Because of this, MOFs are enticing materials for fields as diverse as :::::: AL [ricremeeee ]

gas separation and purification, water harvesting, and heteroge- g '\'\-Q‘m’”""““ };a
neous catalysis. Within most potential applications, it is critical for ~ gie] o——*——o  * '
the material to remain unchanged when operating over prolonged gmv \.

periods and/or at elevated temperatures. Therefore, thermal €7 \ A\

stability is crucial in order to utilize MOFs industrially. In this £z .

article, we present a method to thermally stabilize MOF-808 by & ° .
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employing post-synthetic functionalization to incorporate benzoate Temperature (°C)
moieties into its framework. We further describe how this

incorporation changes the MOFs  physicochemical properties

(ie, surface area, gas-adsorptive behavior, and crystallographic

structure). The materials described herein are well characterized and provide novel options for the design of stable catalysts and
adsorbents for future technologies.
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D 1 etal—organic frameworks (MOFs) have rapidly ex-

panded as a field of research over the past 30 years due
to the exceedingly porous and crystalline nature of these
coordination polymers. MOFs have also been commended for
their structural predictability, which has led to the develop-
ment of reticular chemistry as a field."” The highly defined
crystallinity of MOFs, coupled with the level of synthetic
control that they afford and the possibility to tailor the
surroundings of the functional groups present in the
framework, are remarkable—elevating their potential as
superior platforms for heterogeneous catalysts.

In order to prevail as a heterogeneous catalyst, or as a
catalyst support, it is vital for the MOF to remain unchanged
after prolonged exposure to elevated temperatures. Moreover,
it is important to consider the feasibility of synthesizing or
functionalizing an MOF to be used in industrial processes. The
synthesis must be aﬂordable’ robust, scalable, and Preferably Figure 1. Schematic overview of MOF-808 (a), its tetrahedral tertiary
green. Some MOFs provide options that fulfill many of these building unit (TBU) (b), its simplified network (spn, shown as dia-a,
requirements. Zirconium-based MOFs (Zr-MOFs) in partic- ¢), and an illustration of tl.le secondary buildipg unit (SBU).shQWing
ular, primarily due to their thermal, chemical, and physical r)vhere the non-structural ligands are geometrically l(?cated, 1nd1cat.“.ed
stability, appear to be promising candidates. 7 srar.lgle)l SPI? eres (d). ’ ngdrggen .ato.rnls)l e O{n}llttzd for dc farity.

In this article, we investigate MOF-808, which could be ideal sct:xcz;lr'al li;;d:o};}rlilgl.e. rec, wiconium: biue poyhedra, and non-
as a scaffold material or as a heterogeneous catalyst itself. In
addition to being synthesizable using a green, water-based
protocol, MOF-808 also maintains great stability and is highly
amenable to post-synthetic functionalization due to the
presence of non-structural sites on its unique six-coordinated
clusters. Herein, we report a novel derivative of MOF-808, in
which incorporation of benzoate moieties into the available
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non-structural sites of the framework results in a material,
MOF-808-benzoate, with unique physicochemical properties
and exceptional stability.

B BACKGROUND

Interest in Zr-MOFs began with the discovery of UiO-66
(Zrs0,(OH,)(BDC)y) published by Cavka et al. in 2008,” and
since that time, they have remained a benchmark standard for
new MOFs because of their groundbreaking stability. This
stability is derived from their fcu structure, consisting of each
[Zrs(u3-0)4(u5-OH),]"** unit fully connected by 12 ditopic
linkers (terephthalic acid, H,BDC). This provides a saturated,
12-coordinated SBU (a deviation from this 12-coordination
can be referred to as an unsaturated SBU, where a structural
vacancy is present). However, although a fully 12-coordinated
Zr-SBU provides stability, an unsaturated SBU can often be
desired since a lesser connected cluster will have more
accessible metal sites. Hence, several MOFs have recently
shown interesting catalytic properties due to structural
vacancies.” Such vacancies are achieved by structural
defectivity (e.g,, missing linkers) or by the MOF’s inherent
topology. Examples of Zr-MOFs with inherent topological
vacancies are DUT-69 (10-coordinated),® NU-1000 (8-
coordinated),” MOF-808 (6 coordinated),” and NU-1400
(4-coordinated).” These structural vacancies, in addition to
being potentially catalytically active, provide the possibility of
post-synthetic functionalization using monotopic ligands such
as monocarboxylates. Lu et al. recently published an article
describing ligand exchange and activation of NU-1000, a
method to obtain a homogeneously decorated cluster.'® The
development of methods to tailor the chemical functionality of
MOFs remains a critical area for research involving design and
testing of Zr-MOFs in fields such as catalysis, gas storage, gas
separation and purification, drug delivery, and fluorescent
sensing.11

General Properties and Uses. MOF-808 is a zirconium-
based MOF first described by the Yaghi group from the
University of Berkeley in 2014.% Although sharing the same Zr-
SBU as UiO-66, the crystal structure of MOF-808 differs
greatly, as it consists of only six tritopic linkers (trimesic acid,
H3BTC) coordinating each SBU. This topology (spn) requires
an additional six monotopic ligands to be located in an
equatorial belt around the SBU to provide charge compensa-
tion. These six non-structural ligands (depicted as L), which
have been described in the literature to be a mixture of formate
and H,O/OH", are relatively labile and therefore easily
exchanged.

MOF-808’s topology is best described as corner-sharing
tetrahedral subunits consisting of SBUs on the vertices and
linkers on the faces (Figure 1). These form a network
described with the spn topology or by the augmented diamond
net (dia-a) if one considers the tetrahedral TBU. This topology
results in two pore shapes: a cage within each tetrahedral TBU
and one large adamantane-shaped pore with a pseudohex-
agonal pore window.”'” As a consequence of this geometry,
each ligand is pointing directly into a large pore. The ligand
position ensures availability to guest molecules and, combined
with the aforementioned lability of ligands, provides a reliable
and effective way of introducing new functionality into the
MOF via solvent-assisted ligand exchange (SALE). Several
procedures have previously been developed to incorporate
functionality such as metal-coordinating ligands,"> proton
conductivity,"* and superacidity into MOF-808."
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There is a vast difference in the chemical nature of MOF-
808 depending on the identity of the non-structural ligand.
Because of this, we suggest that MOF-808 should be referred
to as a family of materials, rather than as a specific MOF with a
specific structure. The most researched member of this family
to date is MOF-808-formate, the material which was initially
described (Figure 2b). MOF-808-formate was originally
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Figure 2. (a) MOF composition of MOF-808-acetate (left), MOF-
808-benzoate (middle), and MOF-808-formate (right) shown relative
to one Zrg-SBU [ZrO,(OH,)"**]. Ilustration of (b) MOF-808-
formate, (c) MOF-808-acetate, and (d) MOF-808-benzoate. Orange
and yellow spheres indicate empty space. Hydrogen atoms are
omitted for clarity. Carbon: black, oxygen: red, and zirconium: blue
polyhedra.

investigated as a potential water-adsorbing agent.” Although
outcompeted by other Zr-MOFs under very low humidity
conditions, it exhibited the second highest total water uptake
of the MOFs tested. Various MOF-808s have also shown
promising results in the adsorption of highly toxic chemical
species such as organoarsenic acids,'® organophosphorus nerve
agents,17 and heavy metal ions such as Hg(II), Cd(II), and
Pb(I1)."*"” The Farha group have shown that in addition to its
adsorptive capability, activated MOF-808 (Zry(p5-O),4(15-
OH),(BTC),(OH)s(H,0)s) displays the highest reported
catalytic hydrolysis rate of DMNP, a nerve agent simulant.”
These diverse examples of applications for a single member of
the MOF-808 family clearly demonstrate the great potential for
ligand exchange at non-structural sites to produce novel MOF-
808 derivatives with as yet undiscovered properties.

B EXPERIMENTAL SECTION

Synthesis. MOF-808-formate is typically synthesized using the
original protocol published in 2014 by Furukawa et al,® or slightly
modified versions of it. These protocols generally yield MOF-808-
formate in microcrystalline form of excellent quality. However, these
protocols involve the usage of toxic and flammable N,N-
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Figure 3. Heat stability assessment of MOF-808-X, where X is acetate (red), benzoate (blue), or formate (green), using nitrogen adsorption
isotherms [top, x-axis: relative pressure (p/p,)], powder X-ray diffractograms [middle, x-axis: diffraction angle (26, Cug,)], and thermogravimetric
analysis (TGA) [bottom, x-axis: temperature (°C)]. The temperature is increasing from left to right. Each sample of MOF was heated and kept at

the denoted temperature for 16 h.
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Figure 4. Temperature-dependent PXRD of MOF-808-benzoate (left), MOF-808-acetate (middle), and MOF-808-formate (left) plotted against
their respective thermogravimetric curves (colored lines, differential scanning calorimetry (DSC) signal as dotted line, where a negative signal is
indicating exothermicity, unit: mW). The vertically arranged diffractograms are lined up with the TG curve’s x-axis (temperature) and indicate the

structure collapse in agreement with the weight loss curve. The heating rate in both the TG and X-ray diffraction experiments was 5 K min™".

1

dimethylformamide (DMF), as well as sealed glass vessels, very dilute
reaction mixtures, and long reaction times.*'® Therefore, in this work,
we applied a more efficient procedure which is a modified version of
the water-based protocol published by Reinsch et al.*' that employs a
concentrated synthesis and requires a shorter reaction time. Using this
protocol, we were able to synthesize high-quality MOF-808-formate
as well as MOF-808-acetate (Figure 2c) at a large scale (10—1000 g).

The products yielded by the water-based syntheses differ from the
DMEF-based protocol in two major ways. First, the material
incorporates chloride anions, occupying roughly two out of the six
open coordination sites. However, the chloride can be exchanged for
formate or acetate using aqueous solutions of their respective sodium
salts. Once chloride has been exchanged, the characteristics of the
products appear to be otherwise indistinguishable from the DMEF-
based material, in terms of X-ray diffraction patterns, surface areas,
and approximate chemical composition. Second, the crystallite size of
the product from the water-based protocol is significantly larger than
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the ones from the original protocol. Although, this is in many cases a
benefit, as it aids general handling of the material, the size could limit
the applicability of the method for synthesizing materials for
applications in which diffusion paths into the material must be
minimal.

Ligand Exchange. By post-synthetic SALE, we were able to
synthesize the novel material MOF-808-benzoate with the approx-
imate chemical formula ZrsO,(OH),(BTC),(Ph-CO,)s Benzoate
incorporation was achieved by dispersing MOF-808-acetate (as
synthesized, with chloride) in a saturated aqueous solution of benzoic
acid at elevated temperatures (60 °C) for between 16 and 20 h (see
the Supporting Information for detailed synthetic conditions). The
resulting powder, isolated either by centrifugation or by filtration, was
then washed with warm water, followed by acetone, and dried in an
oven at 120 °C overnight, yielding MOF-808-benzoate (Figure 2d).

https://dx.doi.org/10.1021/acs.chemmater.0c04823
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Figure S. (a) Nitrogen adsorption isotherm (a, left) and pore size distribution (b, right) for MOF-808-acetate (red), benzoate (blue), and formate

(green).
B RESULTS <2250
—u— MOF-808-acetate
The shape and color of the isolated materials were identical ‘g0 —e— MOF-808-benzoate
when compared to the parent material. The obtained powder = 1750 - A MOF-808-formate
X-ray diffracton patterns indicated no significant change, apart tH 1500 1 .
from a unit cell expansion of approximately 0.2 % (Supporting bt —_ .
Information SI-1). The progression of ligand exchange was @ 1250 \
evaluated by using a combination of TGA, proton nuclear :1000- o
magnetic resonance ("H NMR), and energy-dispersive X-ray 8 750
spectroscopy. The results from these techniques were then ‘g
combined and the amounts of linker, ligand, and chloride, 3 500
reported relative to one zirconium SBU ([Zr;O,(OH,)]"*"), & 250 .
were obtained. The combination of these techniques provides §. o
an overview of the MOFs’ approximate composition, as shown 1) . . T . .
150 200 250 300 350

in Figure 2a. An almost complete incorporation of benzoate
was observed, achieved by displacing acetate as well as
chloride.

Long-Term Thermal Stability. In four independent
experiments, the samples of MOF-808-formate, MOF-808-
acetate, and MOF-808-benzoate were heated at different
temperatures (200, 250, 300, and 350 °C) for 16 h under an
ambient atmosphere. The heated MOFs’ porosity and surface
area were then measured by N,-adsorption and the crystallinity
of the samples was evaluated using PXRD. In addition,
thermogravimetry was performed in order to establish how the
heat treatment affected the MOFs’ overall composition, as well
as response to further thermal stress. Our results, presented in
Figure 3, indicate that MOF-808-formate loses both porosity
and crystallinity at lower temperature than the benzoate and
acetate varieties. The decline in the calculated Brunauer—
Emmett—Teller (BET) surface areas is presented in Figure 6.

Short-Term Thermal Stability. Samples from each of the
three materials were analyzed by means of variable temperature
PXRD and thermogravimetry. The temperature ramp rates for
the two independent experiments were the same (S K min™"),
and both performed in synthetic air under normal atmospheric
pressure. The results are presented in Figure 4, with the
temperature-respective diffractograms superimposed with the
thermogravimetric curves.

Nitrogen Adsorption. Nitrogen adsorption isotherms for
the three synthesized materials are presented in Figure §,
together with their respective pore size distributions, which
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Temperature (°C)

Figure 6. Scatter plot of BET surface areas vs temperature of heat-
treated samples of MOF-808.

were estimated using non-localized density functional theory
(NLDET).

Adsorption of Other Gasses. Gas sorption experiments””
were conducted using carbon dioxide, methane, propylene,
propane, isobutylene, and isobutane. Isosteric heats of
adsorption were calculated using the Clausius—Clapeyron
relation between two sets of isotherms, measured at 273 and
295 K. The adsorption enthalpies are presented in Table I.
The results are also summarized in Supporting Information SI-

16.

Table 1. Calculated Isosteric Heats of Adsorption (kJ
mol ™) for MOF-808-Acetate, MOF-808-Benzoate, and
MOF-808-Formate Using Isotherm Adsorption Curves at
273 and 295 K

CO, CH, C3Hg C;Hg C,Hg CHy,
AC 21.5 9.7 25.5 24.4 29.8 29.5
BA 24.0 16.2 30.8 31.5 36.7 36.6
FO 20.7 12.6 25.4 28.7 30.4 29.5
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Bl DISCUSSION

The vast majority of research using MOF-808 that is reported
in the literature has been conducted using exclusively the
formate analogue. This analogue, as originally described by the
Yaghi group, consists of the MOF-808 spn structure decorated
by a varying amount of formate anions and water/hydroxide
pairs which occupy the structural vacancies on each cluster.
However, as seen in the thermostability experiments presented
in Figures 3 and 4, the formate analogue exhibits the lowest
stability within this suite from the family of MOF-808
materials. We also show that the acetate variant of MOEF-
808, which has been synthesized with a water-based protocol,
can tolerate up to 300 °C for 16 h before structural collapse.

The thermally induced structural collapse of MOF-808-
acetate and MOF-808-benzoate, witnessed by PXRD, occurs
contemporarily with the final, exothermic weight loss step
observed in the thermogram. Surprisingly for MOF-808-
formate, the structural collapse happens at a significantly
lower temperature than the exothermic step and rather occurs
together with a smaller, endothermic step at 250 °C. In order
to investigate the nature of this endothermic step, 'H NMR
spectroscopy (Supporting Information SI-15) of digested
MOF was performed on a sample before and after heating to
250 °C. The spectra reveal a clear absence of formate in the
heat-treated sample. Therefore, it is likely that the structural
collapse occurs due to decomposition of formate potentially
catalyzed by the presence of acidic Zr-metal sites. This
observation motivates future studies that lie outside the scope
of this work.

The relative instability of MOF-808-formate compared to
other members of the MOF-808 family is in accordance with
the results from a similar study by Liang et al. from 2014.” In
their study, the authors compared MOF-808-formate with the
structural analogues MOF-808-acetate and MOF-808-propio-
nate. These materials were obtained by modifying the original
DMEF-based synthesis, replacing formic acid with acetic acid or
propionic acid, respectively. The authors observed MOF-808-
acetate exhibiting higher thermal stability when compared to
the other two analogues, a finding that is also observed in our
study. We therefore propose that MOF-808-acetate, synthe-
sized either in water or in DMF, can be a viable replacement
for the formate analogue with few if any downsides. When
comparing gas-adsorptive behavior to several gasses, as
presented in Table 1, we observed comparable behavior
between the acetate and the formate MOF. An example of an
application where it may be beneficial to choose the acetate
variant over the formate variant would be as a support for a
heterogeneous catalyst. We believe that the almost 100 °C
difference of stability is quite significant in terms of reaction
conditions for many heterogeneous reactions.

Furthermore, our study also revealed the possibility to
drastically modify the MOF’s adsorptive behavior by
substituting the non-structural ligands with benzoate. Although
this substitution results in some reduction in surface area,
MOF-808-benzoate exhibits higher affinity to all the tested
adsorbates while still displaying the thermal stability advantage
of MOF-808-acetate. We believe that this retention of stability
is key in order to be trialed as a potential catalyst support.

In addition to the increased heat of adsorptions, the
introduction of benzoate changes the behavior of MOF-808
in several other ways. The MOF no longer forms a stable
suspension in water, which the parent material MOF-808-
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acetate does. This change of hydrophobicity is likely due to the
addition of the phenyl rings. Nitrogen physisorptive behavior
(isothermal at 77 K, Figure Sa) is also drastically changed. The
introduction of the bulky phenyl rings is associated with loss in
both surface area and capacity. The general shape of the
isotherm also changes from the two-step isotherm visible for
both MOF-808-acetate and formate into a more typical type-I
isotherm with a single step. This is, according to pore-width
analysis by NLDFT (Figure Sb), due to partial filling of the
large adamantane-shaped pore. This filling results in a pore
width similar to the tetrahedral cage (approximately 10 A),
creating an apparent monomodal pore size distribution. We
find that this change increases the reproducibility of the surface
area determination by applying the BET equation to the
isotherm. Finally, we argue that the ability to tune the diffusive
properties of materials within the MOF-808 family provides
unique opportunities for research into tailored MOF materials.

B CONCLUSIONS

In this work, we have demonstrated that MOF-808-acetate
provides a better starting point for many applications than the
more commonly described MOF-808-formate. The MOF-808-
acetate is more tolerable to heating, where it retains its high
surface area after exposure to higher temperatures than the
formate-based material. We also introduce the novel MOEF-
808-benzoate, which can easily be synthesized from both the
acetate and the formate analogues. The introduction of the
benzoate ligands yields a thermally stable MOF, such as the
MOF-808-acetate. Benzoate incorporation also changes the
gas-adsorptive behavior of the MOF. We believe that the
opportunity to fine-tune the thermal stability and adsorptive
behavior of these MOFs paves the way for optimizing their
properties in a variety of applications including heterogeneous
catalysis and separation technologies.
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