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Abstract: Industrial synthesis is driven by a delicate balance of
the value of the product against the cost of production.
Catalysts are often employed to ensure product turnover is
economically favorable by ensuring energy use is minimized.
One method, which is gaining attention, involves cooperative
catalytic systems. By inserting a flexible polymer into a metal-
organic framework (MOF) host, the advantages of both
components work synergistically to create a composite that
efficiently fixes carbon dioxide to transform various epoxides
into cyclic carbonates. The resulting material retains high
yields under mild conditions with full reusability. By quanti-
tatively studying the kinetic rates, the activation energy was
calculated, for a physical mixture of the catalyst components to
be about 50 % higher than that of the composite. Through the
unification of two catalytically active components, a new
opportunity opens up for the development of synergistic
systems in multiple applications.

Catalysis has long been the driving force in facilitating
improvements to chemical reactions. Its impact is seen in the
development of new systems that would otherwise not occur,
and in the improvement of current processes for incorpora-
tion into the industrial-scale."! Traditional catalysis employs
a single substrate, which works to lower the energy barrier for
the reacting species to more efficiently interact.’! While these
catalysts have enhanced a nearly endless number of reactions,
there is still room for improvement with regards to activity,
selectivity, and reusability. Confinement and cooperativity are
important design principles used by nature to optimize the
catalytic activity of enzymes. In these biological systems,
complicated organic compounds can be catalytically con-
structed in a confined pocket. By utilizing multiple active
residues they work in a concerted manner to allow metabolic
processes to proceed with minimal energy input (Scheme 1).F!
Integration of multiple catalytically relevant functionalities
into a confined nano-space has recently emerged as a strategy
to tailor and enhance properties far beyond that of the
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Scheme 1. Activation energy diagram with representative catalytic
systems.

individual parts.¥ This is, however, only feasible if the
combined distribution and inter-site distance allows for
a concerted catalytic mechanism. This remains an ongoing
challenge in the field of catalysis.

A recent material design approach involves polymer
inclusion within porous materials, which has already been
implemented in numerous applications ranging from acid
catalysisP! to ion exchange for precious metal recovery.l’! Our
group previously employed this strategy within a covalent
organic framework (COF) to demonstrate the enhanced
catalytic activity for the chemical fixation of carbon dioxide
into epoxides to form cyclic carbonates.”! This process uses
one of the top greenhouse gases as a carbon feedstock in
a 100 % atom-economical reaction; not only removing carbon
dioxide but also providing it a function, rather than traditional
approaches of underground adsorption.”! It was found that
due to the absence of binding, the linear ionic polymer
threaded with high flexibility enables the catalytic component
therein and the Lewis acid sites anchored on the COF wall
worked in a concerted manner, outperforming the individual
components and many benchmark catalysts for this reac-
tion."” Another class of advanced materials that have shown
potential for cooperative use in catalysis is metal-organic
frameworks (MOFs),” which are characterized by their
diverse structures, tunable pore sizes, and high surface
areas.'”! These properties have led to their use in a range of
applications such as gas storage and separation,') optoelec-
tronics,"” and catalysis.'¥ The functional space within the
pores of MOFs provides ideal conditions for catalytic
reactions, thus they have been used extensively in heteroge-
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neous catalysis for many common reactions."” The modu-
larity that comes with MOFs stems from the expansive list of
metal centers/clusters and organic ligands. By judiciously
selecting the building blocks, a microenvironment is created
to aid the targeted catalytic process such as the aforemen-
tioned cycloaddition of CO, with epoxides.

This reaction has been widely used to demonstrate the
activity of several catalysts, in particular for MOFs as the
unsaturated metal centers provide Lewis acid sites to activate
the epoxide ring."”! This removes the need for an extra metal
doping step that purely organic materials require.”) However,
in most cases a molecular co-catalyst is required for MOF
systems, which complicates the separation process due to its
homogeneous nature. To help prevent this, further research
has integrated nucleophilic functional groups onto the frame-
work of the MOF to promote the epoxide ring opening.['’]
While this has been relatively successful, the rigid structure of
the MOF reduces the freedom of the active sites to cooperate
with each other.

With the success of our previous COF work, we wanted to
investigate further why a cooperative method is advantageous
over earlier efforts. To do so, a quantitative approach was
taken to determine the effect adding a cooperative MOF
catalyst has on the activation energy of a reaction. Presented
here is the utilization of free radical polymerization to
produce a linear ionic polymer (IP) within the pores of
a well-known MOEF, MIL-101. MIL-101 was selected for its
characteristically large surface area, two types of mesoporous
cages, high stability, and the open metal sites of the
chromium(II1) metal center.'”] In particular, the large mes-
opores, with a total pore volume of 1.46 cm®g !, allow for the
polymer to move freely within the MOF while also giving
access to the reactants to enter. Furthermore, the halide ions
on the linear polymer eliminate the need for a molecular co-
catalyst. The halide ions successfully cooperate with the Cr™
Lewis acid sites of MIL-101 to efficiently fixate carbon
dioxide with epoxides to form the desired cyclic carbonates.
This will lower the energy barrier required for this reaction,
thus giving potential for future large-scale processes.

To achieve this, MIL-101 was prepared following a modi-
fied reported procedure.™® To incorporate the ionic polymer
within the pores, the monomer and MIL-101 were stirred in
DMF overnight. Following this, a free-radical initiator,
azobisisobutyronitrile (AIBN), was introduced into the
system to induce polymerization (details in Supporting
Information) resulting in MIL-101-IP (Scheme 2). The poly-
merization procedure was confirmed by 'H and *C NMR
spectroscopy. The IP was leached from a sample of MIL-101-
IP and the supernatant was analyzed by NMR spectroscopy
(Figures S1 and S2). The spectra mirror that of the pure IP
synthesized in solution, specifically lacking peaks in the
'HNMR between 5.5-7.0 ppm corresponding to the vinyl
groups of the monomer (Figure S3). To further characterize
the composite material, powder X-ray diffraction (PXRD)
was used to confirm the retention of the crystalline nature of
the host after reaction. The diffraction pattern reflects that of
the original MIL-101 sample (Figure 1 A).

Another important aspect to consider is whether porosity
is retained to allow space for the epoxide and resulting cyclic
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Figure 1. Characterization methods for MIL-101 (black), MIL-101-

IP (red), and IP (blue): A) Powder X-ray diffraction patterns. B) Nitro-
gen sorption isotherms at 77 K with BET surface areas of 2610 and
2232 m’g™" for MIL-101 and MIL-101-IP, respectively, C) and D) SEM
images of MIL-101 and MIL-101-IP, respectively, with inset image of
single particle (scale bars denotes 100 nm). E) XPS spectra of N 1s,
F) Thermogravimetric analysis plots.

carbonate to move in the system. To determine this, nitrogen
sorption measurements were collected at 77 K and the
Bruanuer-Emmett-Teller (BET) surface area was calculated
to be 2232 m*g !, demonstrating a minimal drop compared to
pristine MIL-101 with a surface area of 2610 m*g~' (Fig-
ure 1B). Carbon dioxide sorption measurements were also
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collected with only a slight decrease in uptake observed
compared to the original MIL-101 sample (Figure S4).

To gain a better understanding of the entrapment of the
polymer within MIL-101, scanning electron microscopy
(SEM) images were collected, with negligible changes in
morphology, indicating the ionic polymer is included within
the pores of MIL-101 and not on the surface (Figure 1C,D).
X-ray photoelectron spectroscopy (XPS) was utilized to
obtain the N 1s spectra. As evidenced from Figure 1E,
MIL-101 has no visible peak while MIL-101-IP has a distinct
peak at 401 eV, corresponding to the tertiary nitrogen of
imidazole in the polymer."”! Thermogravimetric analysis
(TGA) corroborates the presence of the ionic polymer
within the pores, with a 10% weight loss for MIL-101-1P at
approximately 300°C that is not evidenced for pristine MIL-
101 (Figure 1F). At this temperature the ionic polymer is not
thermally stable and is no longer present in the system. To
further quantify how much of the ionic polymer is present
within the composite material, elemental analysis was per-
formed. It was found to have a Br species content of 5.0 wt %,
which corresponds to 12.6 wt% of the ionic polymer or
0.625 mmolg .

After confirming the inclusion of the ionic polymer within
the channels of MIL-101, the composite material was used to
catalyze the conversion of epichlorohydrin to its cyclic
carbonate form using carbon dioxide as the C1 source. As
seen from Table 1, MIL-101-IP has essentially full conversion

Table 1: Cyclic carbonate yield through cycloaddition of CO, into
epichlorohydrin.!
o

Cl\/& + COZ _>c|\3__/o

Catalyst Yield [%)]
MIL-101-1Pt! 99
lonic Polymer' 3
MIL-1011 32
MIL-101 + [P 80

[a] Reaction conditions: epichlorohydrin (1 g, 10.5 mmol) at 50°C under
1 atm CO, for 68 h. [b] 50 mg of MIL-101-IP (0.0313 mmol Br7).

[c] 6.3 mg of IP (0.0313 mmol Br7). [d] 50 mg of MIL-101. [e] Physical
mixture of 43.7 mg MIL-101 and 6.3 mg IP (0.0313 mmol Br").

of the reactant under relatively mild conditions. This greatly
outperforms the individual components, which only have 3
and 32% conversion for the ionic polymer and MIL-101,
respectively. With the ionic polymer threaded in the pores, the
Lewis acid sites of the metal center within the MOF and the
nucleophilicity of the halide ions of the polymer can
cooperatively interact to significantly enhance the perfor-
mance. Specifically, the Lewis acid site of the MOF works to
activate the epoxide, then the nucleophile of the polymer,
which is in close proximity, opens the ring. This process allows
carbon dioxide to insert itself and as the ring closes the cyclic
carbonate product is formed (proposed mechanisms in
Supporting Information, Scheme S1,S2). Further runs were
completed with a physical mixture of the ionic polymer and
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MIL-101, with a higher yield than the individual parts, but still
lower than the composite at the same conditions. This lower
performance may be due to the ionic polymer coiling,
blocking some of its active sites and preventing it from fully
entering the pores of MIL-101. This further demonstrates the
importance of polymerization within the material, to keep the
polymer trapped within the pores for full activity. Along with
the solid state, this property also attributes to the reusability
of the composite, allowing for easy separation and recycling
for at least four cycles with minimal loss in performance, still
reaching 94 % conversion under the same conditions, and full
retention of the catalyst’s structural integrity and inclusion of
the polymer after use (Figures S5-S8).

Many catalytic systems are hindered by their inability to
convert large, bulkier epoxides into their cyclic carbonate
forms, due to smaller pore sizes.™ With the mesoporous
nature of MIL-101 and the retention of a high surface area
after incorporation of the ionic polymer, MIL-101-IP is not
limited with regards to the size and shape of the epoxide. As
evidenced by Table 2 and Table S1, the composite is success-

Table 2: Cyclic carbonate yield through cycloaddition of CO, into various
epoxides.”!

Entry Epoxides Products t [h] Yields [%]
X
o)
1 gpa 3_/0 48 99
X
o
2 NGPA oo 48 95
0
3 A O)LO 96 82
/\/O\/A /\/O\)—/
Z
o
4 ~~_O \/& o)Lo 96 84
\/\/0\)_/
o}
0 PN
0" o
5 Ej/o\/Q o 72 33

[a] Reaction conditions: epoxide (1 g) with MIL-101-IP (50 mg) at 25°C
under 1 atm CO,.

ful for a variety of epoxides with high conversion for all. This
is even true for glycidyl phenyl ether (Table S1, entry5),
a large, rigid epoxide with a bulky phenyl group, obtaining
91% conversion at 80°C in just 24 h. Advantageously, the
pore channels are large enough to enclose the ionic polymer
while also allowing epoxide groups to enter and cyclic
carbonates to exit as the final product.

To further investigate the efficiency of MIL-101-IP as
a catalytic system, kinetic studies were performed at 25°C and
40°C under regular conditions. As demonstrated in Fig-
ure 2A, the conversions at both temperatures steadily
increase over time and follow a first-order reaction! (Fig-
ure S9) with rate constants of 0.0115 and 0.0394 s™" for 25°C
and 40°C, respectively. When comparing to the physical
mixture (MIL-101 + IP) under the same conditions (Fig-
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Figure 2. Kinetic rates of epichlorohydrin conversion for catalysts: A) MIL-101-IP

and B) MIL-10T + IP at 25°C (orange) and 40°C (blue).

ure 2B), the kinetics are similar at the higher temperature
(0.0394 vs. 0.0411 s7'), however, the real difference lies in the
rates at room temperature, with the composite material’s rate
constant almost double that of the physical mixture (0.0115 vs.
0.00699 s™"). This indicates that much more energy is required
for the physical mixture compared to the composite to obtain
the same conversion results.

From the kinetic results for MIL-101-IP and MIL-101 +
IP the activation energies were thus calculated using Equa-
tion (1), with the physical mixture demonstrating an activa-

k\  E,f(1 1
ln(ki)—‘?(ﬁ‘f)

tion energy approximately 50% higher than that for the
composite (91.6 vs. 63.6 kImol ™). This further indicates the
advantages of including the ionic polymer within the pores of
MIL-101; with the intrinsic cooperation of the active sites
reducing the energy barrier present to catalyze the conversion
of epoxides with carbon dioxide to their cyclic carbonate
forms.

This method is not limited to only MIL-101 and can be
applied to other catalytically active MOFs, such as PCN-333.
Following a similar synthetic procedure the ionic polymer was
successfully entrapped within the pores of PCN-333 (charac-
terization shown in Supporting Information, Figures S10—
S16). Elemental analysis was then employed to quantify the
exact amount of polymer assimilated into PCN-333, with
a Br~ content of 7.6 wt%, equivalent to 19.2wt% or
0.951 mmolg ™' of the ionic polymer. After confirmation of
the ionic polymer within PCN-333, epichlorohydrin was used
as the model epoxide to investigate conversion. Compared to
a physical mixture of PCN-333 and the IP, the composite had
much higher yields, reaching 42% compared to only 15%
after 96 h at 50°C (Figure S17), following a similar trend of
that seen for MIL-101-IP. Further, with an increase in
temperature to 80°C we see a drastic effect on the yield,
achieving a conversion of 92% within 72 h. These results
demonstrate the applicability of this method for other MOF
systems and the potential to modify the structure based on
specific needs for different functions.

By integrating two species with catalytically active
components, the advantages of both can be incorporated
into one composite material to successfully catalyze the
fixation of carbon dioxide into epoxides to form cyclic

(1)

www.angewandte.org

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

composite material’s usage. The intrinsic cooperation
of the Lewis acid sites on the MOF and nucleophilic
halide ions on the ionic polymer, work in a synergistic
manner, lowering the energy barrier required when
compared to the physical mixture. This makes the
reaction more energy efficient, with potential to evolve into
industrial-scale reactions. This design strategy has been shown
to be successful in multiple applications and allows for
modulation regarding which MOF can be used, as demon-
strated by creating the same system with PCN-333 with
promising results. This work progresses the current research
for composite materials and gives a new outlook on the
potential for MOFs to improve their catalytic performance.
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