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Adipic acid, an industrially-important chemical that can be sustainably
derived from biomass and post-consumer nylon, is traditionally over-
looked as a linker for MOFs. Herein, we report the first direct one-pot
method for synthesising UiO-66 MOFs with an unprecedented
69 mol% adipate content, as well as the feasibility of these materials
for MOF defect engineering by rapid and selective adipate thermolysis.

As the field of metal-organic framework (MOF) chemistry has
matured over the years, so has the interest in the development of
large-scale sustainable syntheses and applications." Organic
ligands are a major component of MOFs, and the material and
energy costs of synthesizing such ligands are important consid-
erations for scale-up.”> In this regard, terephthalic acid, a core
organic component of many MOFs, is especially suitable, as it is a
widely available industrial chemical,® and can be derived from
biomass® or post-consumer polyethylene terephthalate.® Similarly,
adipic acid is another industrially-important diacid as a compo-
nent of nylon-66,° with an annual production of nearly 3 million
tonnes.” Furthermore, adipic acid’s sustainable production has
been extensively studied,® and it can also be obtained from post-
consumer plastic or biomass.” Adipic acid would thus be an
attractive sustainably producible ligand to synthesize MOFs.
However, synthesizing MOFs with aliphatic linkers is inherently
challenging, due to the flexibility of the alkyl backbones.'® Indeed,
adipate can take different conformers even within one unit cell,"*
and to date, there have only been a few reports of using adipic
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acid as a linker in MOFs."""> We thus sought to investigate the

behaviour of adipate as a co-linker, together with terephthalate to
provide rigidity to the framework.

We selected UiO-66"2 as the platform for our study, as it is a
prototypical MOF with many varied applications, such as
catalysis'* and drug delivery’®> amongst others.’® The wide
utility of UiO-66 stems in part from its excellent hydrolytic
and thermal stabilities,"”” owing to the strength of the Zr-O
bonds. In addition, the crystal nucleation and growth mechan-
isms of UiO-66 are well understood,'® which is advantageous
for tailoring the synthetic conditions. Incorporation of adipic
acid into UiO-66 would be of particular interest, as incorpora-
tion of aliphatic diacids can result in an increased CO,
uptake.'® Furthermore, it is possible to selectively introduce
defects by controlled thermolysis of adipic acid.*® It has been
reported that crystalline MOFs can be synthesized from Zr
precursors and adipic acid;>* however, better crystallinity was
obtained when using 3-methyl adipic acid,?" due to stronger non-
covalent interactions, or trans-1,4-cyclohexanedicarboxylic acid,
which is more rigid.**“** Unlike pure adipic acid, 3-methyl adipic
acid and trans-1,4-cyclohexanedicarboxylic acid cannot be sustain-
ably sourced on an industrial scale. In addition, the post synthetic
ligand introduction of adipate into UiO-66 via ligand exchange
has also been reported, allowing for 17.3% adipate content
concentrated on the exterior of the crystals.™

We herein report a highly convenient, one-pot synthetic method
for synthesizing UiO-66 with adipate content as high as 69% while
still retaining the crystallinity (Fig. 1). This allows us to study the
structural stability and gas uptake properties with unprecedented
content of the highly flexible adipate linker. We also show that
adipate can be selectively thermolyzed at lower temperatures than
terephthalate within only 5 minutes, allowing for the generation of
missing linker defects.*® Other than being much more facile than
other thermolabile linkers previously reported, which require sus-
tained heating for >2 hours for defect generation, this also allows
considerable energy savings for sustainable MOF synthesis.

Initial attempts to synthesize UiO-66 containing adipic acid
were met with some unexpected observations. Using ZrOCl,-8H,0O

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic illustration of the synthesis of UiO-66 containing mixed
adipate and terephthalate linkers. Adipate in the MOF is highlighted in

orange.

SN

and an acid modulator (100 equiv. of formic or acetic acid),a 1:1
(mol: mol) mix of terephthalic acid and adipic acid in the reaction
mixture was found to completely suppress any crystal nucleation,
under conditions which otherwise typically furnish crystalline
Ui0-66 in good yield."****” We hypothesized that the presence
of flexible adipic acids on the surfaces of precursor clusters would
inhibit their ability to form nanocrystal nuclei.*®” Decreasing the
amount of modulator used did allow for solids to form, however
all materials formed under these conditions were amorphous.
Conditions that promoted faster nucleation, while still allowing
for crystal growth slow enough to afford good quality crystals,
were thus required.'®*?

The use of aqueous HCl and ZrCl, has been shown to speed up
nucleation,”**® and monotopic carboxylic acids could be avoided
under these conditions. Under these conditions, a series of ten
samples with an increasing mole ratio of adipate to terephthalate
were successfully obtained (Fig. 2a, see ESIT for experimental
details). We herein will refer to our synthesized materials as UiO-
66-x, where x is the mole fraction of adipate that replaces ter-
ephthalate in the material, following previously reported
conventions.”***® The ratio of the two ligands in the final products
was determined by "H NMR spectroscopy of the samples digested
in K5P0O4/D,0 solution (ESLt Section 4), as well as by TGA.>* The
materials were also characterized by scanning electron microscopy
(SEM), powder X-ray diffraction (XRD) and solid-state nuclear
magnetic resonance (NMR) spectroscopy (see ESL,T Sections S2-S5).

Compared to previously reported syntheses of mixed linker
MOFs,?***?* where the ratio of the two linkers in the final product
was comparable to the ratio used as starting material, adipic acid
was found to be much more reluctant to be incorporated into the
framework. Indeed, when a 1:1 ratio of terephthalic acid and
adipic acid was used in the reaction mixture, hardly any adipate
could be detected in the final product (Fig. 2b, see Table S3, ESL,t
for mole ratio determined by "H NMR and TGA, calculated by
previously reported methods).”® This would be expected, given the
larger loss of conformation entropy when a free adipate is fixed
between two nodes compared to rigid diacid incorporation.
However, measurable quantities of adipate start being incorpo-
rated into the MOFs when adipic to terephthalic acid ratios
beyond 1:1 were used in the synthesis. The MOFs are all crystal-
line except for UiO-66-87, for which the powder XRD data showed
only broad diffraction, indicative of an amorphous product.

We were then interested in the conformations adopted by the
adipate linkers within UiO-66. Using computational modelling

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Powder XRD patterns for adipic acid containing UiO-66-x,
where x is the mole percentage of adipic acid. (b) Graph of mole
percentage of adipic acid incorporated into the final MOF versus mole
percentage of adipic acid used during synthesis.

with ORCA,”” we probed the relative energies of different con-
formers that adipate can adopt while bridging two Zr¢O,(OH),
nodes, while retaining the same unit cell size of UiO-66 bridged by
terephthalate. The MOF was modelled using a cluster model,>®
using two truncated ZrsO,(OH), nodes which were extracted from
the crystal structure reported by Lillerud and coworkers,?® and the
bridging terephthalate replaced with adipate. An initial conformer
search using semiempirical methods was done,* followed by
reoptimizing the conformers at the DFT level. Fig. 3 shows the
most stable conformer found, where the adipate backbone is
folded into a chair-like structure. The next most stable conformer,
where the adipate backbone was in a linear conformation, was
found to be 6.8 kcal mol ™" higher in energy (see ESI,} Section 8 for
additional computational details).

MOFs built from flexible aliphatic ligands are prone to lose
crystallinity upon evacuation.’**** Indeed, upon studying the
gas uptake of our materials, our mixed ligand materials showed

Fig. 3 DFT optimized structure of the most stable conformer of adipate
bridging two ZrgO4(OH)4 nodes, viewed from two directions.
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an almost identical gas uptake trend to those of the mixed
terephthalate/cyclohexane dicarboxylate UiO-66 reported
previously,>®* where increasing quantities of adipic acid
resulted in decreased gas uptake by the MOF (Fig. 4a). We
surmise that observation can be explained by the collapse of
pores upon evacuation, due to ligand flexibility. The instability
of the adipic acid-containing MOFs towards evacuation was
further investigated by powder XRD analysis. As shown in
Fig. 4b, the XRD pattern of a sample UiO-66-40 treated
by vacuum in a Schlenk tube (labelled as UiO-66-40-vac) for
12 hours revealed significant peak broadening. Analysis of the
peak width before and after evacuation using the Scherrer
equation®' indicated that the crystallite size decreased from
about 50 nm to 25 nm after evacuation (see ESI,i Table S5),
which could be due to the collapse of pores and fragmentation
of the crystallites into smaller pieces. This agrees with the
observed low N, sorption measurements. Furthermore,
UiO-66-51 was found to lose all crystallinity under the same
vacuum treatment (Fig. 4c).

The CO, uptake of our materials was also found to decrease
with increasing adipate mol% (Fig. S59, ESIt). This contrasts
with previously reported findings,"® and could be due to some
of the adipate introduced not completely bridging the
Zrs04(OH), nodes. With only one COOH group attached to a
node, the other pendant COOH within the pores could enhance
CO, interaction and adsorption (see ESI, Fig. S74-S81 for
infrared spectra, which indicate that free COOH groups are
not present in our materials).*>

Having found that high adipate contents affected the stabi-
lity of UiO-66 to evacuation, we next investigated if the materi-
als were stable towards thermolysis. Given that adipate,
containing aliphatic C-H bonds, should combust in air at a
lower temperature than terephthalate, it would be possible to
thermally remove the adipate while leaving the remaining
framework intact, while also generating missing linker defects.
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Fig. 4 (a) N, sorption isotherms of UiO-66-x at 77k, (b) XRD pattern of

UiO-66-40 and UiO-66-40-vac, and (c) XRD pattern of UiO-66-51 and
UiO-66-51-vac.
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Fig. 5 Thermogravimetric plot for UiO-66-14 (orange) and UiO-66-14-th
(purple).

Similar selective thermolysis of mixed ligand MOFs has been
shown with UiO-66 containing 2-aminoterephthalic acid and
1,4-cyclohexanedicarboxylic acid.*

Thermogravimetric analysis (TGA) of the UiO-66-x samples
under air clearly displayed a drop in weight at about 250 °C,
with the magnitude of the drop being proportional to the
adipate content of the MOFs ((Fig. 5), see Fig. S48-S58, ESIT
for all TGA plots). We chose 300 °C as the thermolysis tem-
perature to ensure complete removal of adipate. Heating the
UiO-66-x samples at 300 °C for only 5 minutes in a furnace
under air was sufficient to oxidize all adipate from the samples,
as indicated by solid state "*C NMR spectroscopy (Fig. $35-547,
ESIt) and liquid state "H NMR spectroscopy of the digested
samples (Fig. S14-S34, ESIY).

Powder XRD of the thermolyzed materials, herein referred to
as UiO-66-x-th, showed that MOFs with up to 40 mol% adipate
retained their crystallinity after thermolysis, while thermolysis
of samples containing higher adipate contents yielded amor-
phous materials (Fig. S11, ESIf). Interestingly, analysis of the
XRD pattern of UiO-66-40-th indicated that the crystallite sizes
had decreased less upon thermolysis than upon evacuation
(Fig. S12 and Table S5, ESIt). In addition, SEM images of all
samples showed that the crystal morphologies did not change
noticeably after thermolysis (Fig. S1-S9, ESIt). Gas sorption
measurements of the UiO-66-x-th materials were conducted
and revealed a general increase in gas uptake after thermolysis
for adipate content of less than 30%, which is consistent with
previous reports where defects are created post-synthetically.>
The pore size distribution analysis (Fig. S60-S65, ESIt) revealed
that no macropores were formed after thermolysis, indicating
that the increase in gas uptake is due to missing linker defects
rather than missing cluster defects, again in agreement with
the previous reports of defects generated by thermolysis.”*

To test the general compatibility between aliphatic diacids
with terephthalic acid within UiO-66, we extended our study to
3-methyladipic acid, which has been previously shown to be a
suitable linker in Zr MOFs.”" We found that 3-methyladipic
acid was more readily incorporated into UiO-66, where a 1:1
ratio of 3-methyladipic acid to terephthalic acid in the starting
solution yielded UiO-66 containing 11 mol% 3-methyladipate,
compared to 0 mol% when adipic acid was used (see ESIt for
details).?" Finally, we attempted to extend our synthetic method

This journal is © The Royal Society of Chemistry 2022
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to the shorter succinic acid, considering that Zr MOFs have
been shown to accommodate linkers of varying lengths.>®
However, no succinate incorporation was detected in the pro-
duct by "H NMR and TGA, suggesting that while Zr MOFs can
accommodate a length mismatch between fumarate and
terephthalate, the length and flexibility mismatch between
succinate and terephthalate makes them incompatible with
each other.

In summary, we have overcome the challenge of building
crystalline MOFs using the flexible adipate linker under one-pot
synthesis conditions by using terephthalate as a co-linker to
provide rigidity to the framework. Adipate is a very attractive
ligand as a MOF building block, as it is very inexpensive and
can be sourced sustainably, and can be used for engineering
defects in UiO-66 at 300 °C quickly. We also found that large
quantities of adipate reduce the stability of UiO-66 towards
evacuation, which has important implications for using this
ligand in MOFs for gas storage. Numerous other applications
for incorporating adipate into MOFs are still open for
exploration, such as the tuning of electronic structure®® or
hydrophobicity.**?
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