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Solvent-assisted linker exchange enabled preparation of cerium-
based metal-organic frameworks constructed from redox active
linkers

Florencia A. Son,® Ahmet Atilgan,® Karam B. Idrees,? Timur Islamoglu,® and Omar K. Farha*?

Cerium based MOFs have shown much potential in fields such as catalysis and gas separation. However, hexanuclear Ce(IV)
node MOFs are challenging to form in the presence of redox active species due to the ease of formation of Ce3* in solution.
Here, a facile solvent-assisted linker exchange procedure was developed to functionalize Ce-UiO-66 with amine and hydroxyl
groups to produce MOFs that were unachievable via de novo methods. The resulting functionalized MOFs showed enhanced
catalytic activity when testing the hydrolysis of the nerve agent simulant, dimethyl 4-nitrophenyl phosphate. By using an
amine functionalized analogue of Ce-UiO-66, the hydrolysis rate was nearly doubled. With this study, we demonstrated that
solvent-assisted linker exchange (SALE) is an effective tool to incorporate redox active linkers in Ce based MOFs that are

otherwise unattainable de novo.

Introduction

Metal-organic frameworks (MOFs) are porous, crystalline
materials composed of inorganic nodes and organic linkers* that
have gained much interest due to their applications in gas
separation processes,?™ gas storage,®® and catalysis,>'% among
many other fields. While their high degree of tunability makes
them desirable materials due to the ability to target specific
applications,’ some MOFs are unattainable via de novo
methods due to some thermodynamically favoured unwanted
phases and/or functional group incompatibility which can lead
to side reactions.11713

In order to overcome these limitations, MOFs can undergo
postsynthetic modifications (PSM).1* More specifically, we can
target a topology with a specific linker and node combination
using a process called solvent-assisted linker exchange (SALE),
also known as postsynthetic exchange,’> where structural
linkers in a pre-existing MOF can be replaced with a desired
linker.16=23 With SALE, we can not only synthesize MOFs that are
inaccessible de novo, but we can also tune pore sizes2425 control
catenation,2627 and alter their reactivities.1>2829 While SALE has
been successfully performed on many MOFs, there is no
procedure that can be used universally on cerium MOFs.

For this study, we focused on developing a SALE procedure
for Ce-UiO-66, a Ce(lV) based UiO-66 analogue with the
structural formula of [CegO4(OH)4(BDC)s].3%3! Like the zirconium
analogue, the ideal structure of Ce-UiO-66 has hexanuclear
clusters of [CegO4(OH)4]*%* that are connected by 12
dicarboxylate linkers.3° Due to the high degree of connectivity,
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Figure 1. Depiction of SALE in Ce-UiO-66, where the pink polyhedra
represent the metal nodes and the linkers are denoted by grey
(parent) and orange (daughter).

UiO-66 and its analogues are able to withstand defects in the
structure, such as missing linkers,3273¢ which aids in increasing
the catalytic activity of the MOF.37:38 Previously, our group has
looked at utilizing Zr(IV) based MOFs for the detoxification of
chemical warfare agents (CWAs) and later we reported that
Ce(lV) analogues showed enhanced catalytic activity compared
to Zr (V) analogues.31:3%40 The higher activity for the hydrolysis
of organophosphate nerve agents of Ce(IV) compared to that of
Zr(IV) has been credited to the presence of the 4f orbitals in
Ce(lV), which allows for hybridization with the P=0O bond’s
orbitals.3! Additionally, we previously found that water binding
is stronger in zirconium-based nodes than in cerium-based
nodes, suggesting that there is an easier exchange of water on
the cerium-based node with the substrate.*! Due to the
potential exhibited by Ce-UiO-66, we wanted to further
enhance its catalytic activity through the functionalization of its
linker by amino groups, which we showed its efficacy in
zirconium-based MOFs.4243 However, the Ce MOFs of interest
could not be synthesized de novo. Ce(lV) can easily be reduced
during synthesis (Ce(lll)/Ce(IV) of 1.61 V vs SHE),** which poses
a challenge in synthesizing Ce (IV) MOFs with redox active
linkers.4>

Here, an effective SALE method (Figure 1) was investigated
for the facile incorporation of the desired linkers into Ce-UiO-
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Figure 2. PXRD patterns of as-synthesized Ce-UiO-66 and SALE
samples of Ce-UiO-66-NH,, Ce-UiO-66-OH, and Ce-UiO-66-(0H),

66. Using methanol as our solvent,*® we were able to successfully
perform SALE on our solvothermally synthesized Ce-UiO-66 sample
using 2-aminoterepthalic acid (BDC-NH,), 2-hydroxyterephthalic acid
(BDC-OH), as well as 2,5-dihydroxyterephthalic acid (BDC-(OH),). The
hydrolysis experiments demonstrated that the functional groups
were effective in enhancing the catalytic behavior of the parent Ce-
UiO-66. Importantly, we were able to obtain three new MOFs that
we could not obtain via solvothermal synthetic methods.

Experimental
Synthesis of Ce-UiO0-66 [CegO4(OH)4(BDC)s]

Ce-UiO-66 was synthesized solvothermally using
terephthalic acid (BDC) according to published procedures,3°31
with a few alterations which can be found in the ESI.

Solvent-Assisted Linker Exchange (SALE) on Ce-UiO-66

In order to simplify calculations, we used the assumption
that the formula of Ce-UiO-66 was that of a defect-free MOF.
Ce-UiO-66 (0.1 mmol BDC), 2-aminoterephthalic acid (0.4
mmol), and 10 mL of methanol were vortexed to ensure
dispersion in the solvent and then sonicated at room
temperature for five minutes. The resulting MOF was washed
three times with DMF to remove any excess linkers, washed
three times with ethanol, and then soaked in ethanol overnight.
The resulting powder was collected by centrifugation and dried
in a vacuum oven at 80°C for half an hour to remove excess
solvent. The powder product was transferred to a sample tube
and then activated under vacuum at 40°C for 24 hours to
remove any residual solvent molecules. To prevent any
potential collapse due to thermal activation, lower
temperatures were used. The same procedure was utilized for
linker exchange with 2-hydroxyterephthalic acid and 2,5-
dihydroxyterephtalic acid. We were able to successfully scale up
the procedure. Further information can be found in the ESI.

Hydrolysis of dimethyl (4-nitrophenyl) phosphate (DMNP)

Ce-UiO-66 (1.5 umol) was sonicated in 1 mL of a 10% D,0
solution (0.9 mL DI water/0.1 mL D,0) for 10 seconds and 50 uL
of the buffer ethyl morpholine (0.45 M) was subsequently
added. The nerve agent simulant DMINP (25 umol, Figure S6 and
S7) was added and the mixture was shaken for 10 seconds and
then transferred to an NMR tube. 3P NMR spectra was
collected in situ every minute for a total of 60 minutes.

2| J. Name., 2012, 00, 1-3
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Figure 3. Experimental and fitted XPS spectra of Ce-UiO-66, Ce-
Ui0-66-NH,, and Ce-Ui0-66-OH corresponding to Ce 3d

Table 1. XPS data of Ce-UiO-66, Ce-UiO-66-NH,, and Ce-UiO-66-
OH

Sample Binding Energy (eV) Ce3*
Ce-UiO-66 883.95 4.16%
Ce-UiO-66-NH; 883.84 8.51%
Ce-UiO-66-0OH 884.46 8.22%

Results and Discussion

SALE Characterization

As illustrated in Figure 2, we were able to confirm that the
fcu topology and structural integrity in the SALE products were
maintained by comparison of powder X-ray diffraction (PXRD)
patterns before and after incorporation of the new linkers.
Scanning electron microscopy (SEM) images showed that the
overall particle morphology after SALE was not altered,
indicating that the sonication method used for SALE was not
harmful towards the crystals (Figure S1). X-ray photoelectron
spectroscopy (XPS) revealed that the oxidation state of the
MOFs after SALE predominantly remained at Ce(IV) (Figure 3).
The electronic properties of the Ce MOFs were investigated by
comparison of the binding energies. As anticipated, the more
electron withdrawing groups yielded higher binding energies,
while electron donating groups lowered the binding energies
(Table 1).

Nitrogen isotherms that were collected at 77 K (Figure 4,
top) showed Brunauer-Emmett-Teller (BET) surface areas of
1235 m?/g for Ce-UiO-66, 1000 m?/g for Ce-UiO-66-NH,, and
1050 m?/g for Ce-UiO-66-OH. Sorption data is not reported for
Ce-UiO-66-(0OH), since we were unable to activate it thermally
under vacuum and using supercritical CO,. The pore size
distribution analysis revealed the presence of defective sites,
while maintaining similar pore sizes across all samples (Figure 4,
bottom).

The success of the linker exchange was probed by looking at
1H NMR spectra. Exchanges of 85+2%, 86+1%, and 85+2% were
obtained when using BDC-NH,, BDC-OH, and BDC-(OH),,
respectively (Figure S5). Higher exchanges could be achieved
with the BDC-NH, linker by repeating the SALE procedure twice;

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. N, adsorption (closed markers) and desorption (open

markers) at 77 K (top) and pore size distribution plots (bottom) for
Ce-Ui0-66, Ce-Ui0-66-NH,, and Ce-UiO-66-OH.

however, for the purpose of keeping comparable linker
exchanges among all MOFs, we determined that the complete
exchange was not necessary. The linker exchange rate was
ascribed to the relatively weaker carboxylate-Ce coordination
comparing to carboxylate-Zr coordination. When performing
the same procedure on the zirconium analogue, UiO-66, less
than 1% exchange with BDC-NH, was obtained.

We further investigated the effect of the functional group
on the SALE process. Our experiments, in line with previous
reports, showed that the pKa of the linker can impact the
effectiveness of SALE.2%4347 Typically, carboxylic acids with
higher pKa would result in stronger coordination with the Lewis
acidic metal nodes. When using the procedure described above,
but instead using equimolar amounts of both BDC-NH;, and BDC-
OH, the resulting MOF was found to contain 6% BDC, 30% BDC-
NH,, and 64% BDC-OH. Additionally, when performing SALE
sequentially with first the amino functionalized linker and then
followed by the hydroxyl functionalized linker, the final sample
contained 3% BDC, 21% BDC-NH,, and 76% BDC-OH.

Finally, based on thermogravimetric analysis results (Figures
S2-S4), we were able to calculate the number of linkers per
node for calculating the missing linker amounts. Ce-UiO-66 had
4.4 linkers per node, Ce-UiO-66-NH, had 4.5 linkers per node,
and Ce-UiO-66-0OH had 4.0 linkers per node, while a defect free

This journal is © The Royal Society of Chemistry 20xx

Inerganic Chemistry, Frontiers

sample would have 6 linkers per node. Surprisingly, performing
SALE did not result in healing any present defects. Furthermore,
additional defects were not generated, as was described to
occur in Zr-UiO-66 when using methanol as the solvent which
can imply the presence of missing cluster type defects.*®

SALE Conditions

Prior to obtaining the SALE procedure described in the
Experimental section, we tested and elucidated the impact of
various factors such as solvent, time, temperature, and
concentration.

To begin with, we first tested the effect of the solvent on the
degree to which the linker exchange would occur. We started
off by using methanol as our solvent system which was recently
found to play a role in creating and stabilizing dangling linkers
in the post-synthetic linker exchange of UiO-66.4¢ These
dangling linkers were found to behave similarly to
monocarboxylate linkers and were able to undergo fast
exchange.*® Methanol was also found to be a highly efficient
solvent for facilitating SALE in Ce-UiO-66 with the BDC
derivatives. Furthermore, when comparing SALE with BDC-NH,
in methanol versus in N,N-dimethylformamide (DMF) with a
ratio of 2:1 of the daughter to the parent linker, we found that
the exchange in methanol was 78% compared to 10% in DMF.

Due to SALE being an equilibrium process, we predicted that
the equilibrium could be shifted to favor the incorporation of
the daughter linker by having an excess of it present in solution.
We began our studies by looking at a 2:1 daughter to parent
linker ratio. Upon increasing the ratio to be 4:1 for BDC-NH,, the
exchange was increased from 78% to 85%.

Considering the time allowed for SALE to occur, we
concluded that this was a fast equilibrium exchange process and
that additional equilibration time was unnecessary. Many
studies on other systems showed that a longer period of
exchange time was necessary for the complete exchange with
the desired linker. However, we found that in Ce-UiO-66 there
was no enhancement in incorporation beyond the five-minute
time frame. For example, with a 4:1 ratio of BDC-NH, to BDC
with exchange times of 5 minutes, 30 minutes, and 2 hours, we
found exchanges to be 85%, 84%, and 85%, respectively, which
were highly comparable values.

Finally, we performed SALE at both room temperature and
at 40°C where no enhancement was found in the exchange rate
and/or extent. It is important to note that near complete SALE
at room temperature could be beneficial for incorporating heat
sensitive functional or protecting groups.

Hydrolysis of DMNP

The catalytic performance of MOFs for the degradation of
the organophosphate nerve agents were previously shown to
improve by using Ce(lV) over Zr(IV)3! and additionally by
incorporating amine functionality into the linkers.*®8 We
predicted that the combination of these characteristics would
further improve the catalyst performance; however, a MOF

O,N o o O,N
| | P. +
P. T 1Ny
o~ |\O/ Catalyst HO (l) o OH
O\

~N
DMNP

Scheme 1. Reaction scheme for hydrolysis of DMNP
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combining the Ce precursor with the BDC-NH, linker could not
be obtained without the use of SALE. We investigated the
efficacy of our Ce MOFs obtained through SALE by looking at the
hydrolysis of the nerve agent simulant dimethyl 4-nitrophenyl

Table 2. Initial rates analysis for the hydrolysis of DMNP.

Sample Rate constant t12
Ce-UiO-66 0.052+0.009 13.4+2.4
Ce-UiO-66-NH, 0.112+0.005 6.21+0.3
Ce-UiO-66-OH 0.085+0.003 8.2+0.4

phosphate (DMNP) (Scheme 1). The heterogeneity of the
catalyst system has been previously demonstrated in other
studies.30:31

Using a catalyst loading of 6%, we monitored the conversion
of DMNP over time (Figure 5 and S8), and the initial rates
analysis (Table S1 and Figure S9) of Ce-UiO-66, Ce-UiO-66-OH,
and Ce-UiO-66-NH, revealed half-lives of 13.4+2.4, 8.2+0.4, and
6.2+0.3 minutes (Table 2). With the UiO-66 system, pendant
amines were determined to influence the microsolvation
environment around the node, which helped lower the
activation barrier for the rate determining step of the
nucleophilic attack of water at the phosphorous center.*® The
improvement in the half-life of the amine functionalized Ce
MOF compared to the parent MOF was observed, indicating
that the amino group in the Ce analogue still manipulated the
microsolvation around the node.

Beyond the functional group and electronic properties of
the linker, the enhanced catalytic activity of the SALE samples
was also attributed to the increase in the amount of Ce3*
present. As previously stated, there was a slight increase from
4.16% Ce3* in Ce-UiO-66 to 8.51% for Ce-UiO-66-NH, and 8.22%
for Ce-UiO-66-OH. The oxidation state of Ce has previously been
demonstrated to influence it’s catalytic behavior,%°-53 and work
in our group has shown that increased Ce3* character leads to
enhanced DMNP hydrolysis,>* which corroborates our observed
results. The presence of Ce(lll) has been proposed to enhance
the catalytic activity due to the increased lability of water
ligands on Ce(lll) compared to Ce(lV), which can improve the
hydrolysis of the simulant.>#>> However, further work is needed
to understand the role of Ce(lll) in the catalytic degradation of
organophosphate nerve agents.

Conclusions

4| J. Name., 2012, 00, 1-3
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In conclusion, we developed a methodology that allowed for
the fast and efficient exchange of linkers for the introduction of
functional groups within Ce-UiO-66 that were unattainable de
novo. We demonstrated that this procedure was reproducible
for several BDC derivatives.

We further demonstrated that this procedure allowed for
altering the catalytic activity of the Ce-MOFs for the hydrolysis
of the nerve agent simulant DMNP. The enhanced catalytic
activity was found to be a result of not only the newly
introduced functional groups, but also the oxidation state of the
Ce node. The work presented represents a facile way to
produce Ce MOFs that are unattainable via de novo methods.
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